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Abstract: The provenance of observations from a Sensor Web enabled remote sensing
application represents a great challenge. There are currently no representations or tracking
methods. We propose a provenance method that represents and tracks remote sensing
observations in the Sensor Web enabled environment. The representation can be divided into
the description model, encoding method, and service implementation. The description model
uses a tuple to define four objects (sensor, data, processing, and service) and their relationships
at a time point or interval. The encoding method incorporates the description into the
Observations & Measurements specification of the Sensor Web. The service implementation
addresses the effects of the encoding method on the implementation of Sensor Web services.
The tracking method abstracts a common provenance algorithm and four algorithms that
track the four objects (sensor, data, processing, and service) in a remote sensing observation
application based on the representation. We conducted an experiment on the representation
and tracking of provenance information for vegetation condition products, such as the
Normalized Difference Vegetation Index (NDVI) and the Vegetation Condition Index
(VCI). Our experiments used raw Moderate Resolution Imaging Spectroradiometer
(MODIS) data to produce daily NDVI, weekly NDVI, and weekly VCI for the 48 contiguous
states of the United States, for May from 2000 to 2012. We also implemented inverse
tracking. We evaluated the time and space requirements of the proposed method in this
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scenario. Our results show that this technique provides a solution for determining
provenance information in remote sensing observations.

Keywords: provenance; remote sensing observation; Sensor Web; Normalized Difference
Vegetation Index (NDVI); Vegetation Condition Index (VCI)

1. Introduction

The Sensor Web is an infrastructure that establishes a bridge between sensor resources and
applications through a series of information models and interface specifications defined by the Open
Geospatial Consortium (OGC) [1]. The Sensor Web has been extensively used in remote sensing
applications, where observations often undergo complex processing between their origin and data
product [2—7]. The provenance of remote sensing products is important when tracing their histories,
validating their trustworthiness, and analyzing their qualities. Moreover, it is particularly important to
track the four aspects (sensor, processing, data, and service) [8—10] that are associated with the following
frequently asked questions. Which sensor was used to observe these remote sensing observations, what
method or algorithm was applied to these remote sensing observations to generate the products, what
remote sensing observations were processed to create these products, and what were the services and
processing related to these observations? Here, an observation is an act of measuring or otherwise
determining the value of a property [1], a sensor is a mechanical device used to obtain a remote sensing
observation, data are similar to products, a processing is a method or algorithm that produces remote
sensing data, and a service is a Web service. We have focused on the provenance of these four objects.
However, it can be hard to capture provenance information in the Sensor Web enabled environment
for remote sensing observations, because there is a lack of representation and tracking methods in
loosely-coupled and standards-based service environments [8].

With respect to provenance, researchers have investigated database, workflow/Web, international
specification, and sensor network systems. Database methods were the first to be considered.
Researchers have focused on transformations performed on a view, a table, or an item in a database, and
the inverse provenance method [11-14]. Data provenance within a workflow/Web environment records
the workflow process and describes the Web data [15—19]. Some international specifications have been
proposed for building open provenance models (OPMs). An OPM defines an open data model from an
inter-operability viewpoint, with respect to the community of contributors, reviewers, and users [20].
The W3C Provenance Incubator Group maps a core set of provenance vocabularies and models,
including the OPM. W3C developed a general provenance data model called PROV-DM, to offer a basis
for interoperability across diverse provenance management systems [21]. The ISO 19115 and ISO
19115-2 Lineage Models were proposed to break the data provenance heterogeneity and integrate
resources, such as the Web Coverage Service [22,23]. A remotely sensed data processing provenance
system called Karma was based on the OPM. Provenance-aware applications for sensor networks were
studied in terms of naming, indexing, and mapping using the OPM method [24].

Great progress has been made with respect to provenance, but existing methods cannot be directly
applied to the Sensor Web. The Sensor Web environment is a specification framework, and it must
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properly integrate provenance representation and tracking. Database techniques focused on what the
provenance information was and how the provenance information was stored and queried in a database.
However, in the Sensor Web enabled environment, it is more important to consider the standards
themselves. There are issues that should be considered by the developer who concretely implements the
specification. Workflow/Web methods provided some approaches for organizing provenance
information, but have not effectively built provenance models that can be seamlessly integrated with
current Sensor Web specifications, because they cannot fuse the provenance model and specifications.
International provenance models are open and abstract models that are used to exchange provenance
information between systems. However, they do not provide a domain-specific provenance model.
For example, in the Sensor Web domain, OPMs and PROV-DM need concrete expressions. This
requires a Sensor Web, domain-specific provenance method. Although the Sensor Web has some
descriptive specification information for sensors, processes, and observations (Sensor Model Language
(SensorML) [25] and Observation & Measurement (O&M) [26,27] specifications), there are no explicit
representation models and tracking methods for provenance. For example, it cannot represent the
provenance relationships and associated tracking method.

The objective of this paper was to propose a provenance information representation and tracking
method for remote sensing observations in the Sensor Web enabled environment. We considered the
provenance issue in the Sensor Web enabled environment (and not the common open remote sensing
production service, Web Coverage Service) for the following reasons. (1) Sensor Web technologies have
been extensively applied to remote sensing applications, and there are existing provenance issues [8];
(2) The provenance issue for the Web Coverage Service has been solved to some degree by the ISO
19115 and ISO 19115-2 Lineage Models [22]; (3) The Web Coverage Service has been applied to the
inputs and outputs of the Sensor Web [4,5], so the provenance in the Sensor Web enabled environment
is also associated with Web Coverage Service provenance. In this paper, we focused on four aspects
(sensors, data, processing, and services) and investigated two procedures: (1) modelling the direct and
implicit relationships between the sensors, data, processing, and services as a tuple descriptor, providing
a representation and linkage solution for the entire remote sensing observation processing; and (2) developing
an indicator that helps users trace historic information, validate trustworthiness, and analyze the quality
of remotely sensed observations in their applications. The contributions of this paper are as follows.

(1) We propose a method for representing and tracking provenance information in the Sensor Web
enabled environment for remote sensing applications.
(2) We tested this method by applying it to vegetation condition applications.

The remainder of this paper is organized into four sections. We demonstrate a provenance method in
Section 2, and describe our method, experiments, and results in Section 3. Finally, Section 4 contains a
discussion of our results and conclusions.

2. Provenance Method

In remote sensing applications, final products are created from original observations through a series
of complex processing steps. Therefore, the representation of provenance information for remote sensing
observations at each stage of the processing is a prerequisite for tracking the provenance of the final
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products. The representation refers to modeling (provenance description model), encoding (encoding
method used for the provenance description model), and implementation (service implementation
considering the provenance description model) in the Sensor Web enabled environment. The provenance
description model formalizes provenance objects and their relationships, making it easier to represent
and track provenance information. The encoding method incorporates the provenance model into Sensor
Web specifications. Accordingly, the service implementation is a response to changes made by the
encoding method. The ability to track provenance information depends on the content of the representation.
Thus, we must: (1) define the provenance description model for remote sensing observations; (2) encode
the provenance description model and incorporate it into Sensor Web specifications; (3) implement
provenance-compatible Sensor Web specifications into the services; and (4) track provenance
information in the Sensor Web enabled environment based on the developed representation. These four
problems are referred to as the description model, encoding method, service implementation, and
tracking algorithm, and are discussed further in Sections 2.1-2.4.

2.1. Description Model

The description model is the formal representation of the relationships between provenance objects
for remote sensing observations. The description model is responsible for building relationships between
the four objects with the following conventions. All data in a Sensor Web are encoded with O&M. The
data are accessed/stored using the Sensor Observation Service (SOS) [28], and all data flow, discovery,
accessing, management, and processing stages use standard Web services. These conventions guarantee
that the description model was made in a “pure” Sensor Web enabled environment. As mentioned in
Section 1, we focused on the provenances of data, sensor, processing, and service in a Sensor Web
enabled environment. The “process” in SensorML can be a sensor or an algorithm, whereas the
processing in this paper (Definition 2.1) refers to an algorithm. O&M states that an “observation” has a
process (e.g., sensor or algorithm) and a result, whereas data in this paper (Definition 2.1) refers to the
result. This helps to distinguish between a sensor, an algorithm, and a result, and also their provenance.
Therefore, we can consider that observations build the relationships between the four objects by either
direct or implicit links (Definition 2.1). Provenance is the utilization of available information to track
historical information. Thus, it is meaningful to distinguish between available and historical information,
to derive an explicit provenance scope. This distinction is defined in Definitions 2.2 and 2.3 from the
observation perspective. Finally, the observation provenance is defined in Definition 2.4.

Figure 1 shows an example of the observation provenance and Definitions 2.1-2.4.
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Figure 1. Example observation provenance.

Assume that we have four raw observations (directly obtained from sensors without undergoing any
processing): observation _n, observation k, observation [, and observation _m for diffident times.

They are obtained using data (data _n, data _k, data [,and data m) from four sensors ( sensor n,
sensor _k, sensor [, and sensor m) at times ¢0, t1, 3, and 2, respectively. Data data _n and
data _k generate data data nk at time t4 based on Processing nk and Service nk . Similarly,
data | and data _m generate data Im at time ¢5 based on Processing Im and Service Im, and
data _nk and data Im generate data nk Im at time t6 based on Processing nk Im and
Service _nk Im . The purpose of an observation provenance (for example, observation nk Im’s
provenance) is to find all related data (data _nk, data _Im, data _n, data _k, data [,and data _m),
their processing (Processing nk Im,Processing nk, and Processing Im), and their services
(Service _nk _Im ,Service nk ,and Service Im) at particular time.

Definition 2.1: The Status Observation (SO) is an observation that occurs at a time point or time
interval tn without any process. The time point or time interval is called the Status Time (S7, where
ST = tn) of the observation. Observation SO contains (or points to): observation entity Ppservation tns
sensor Pgepsor o OF source observations SOm-1s (that directly result in the SO), data Pyq¢q ¢y, processing

Pprocessing._tn and service Pgeryice ¢n. That is,

SOm = {])data_ln ’ Psensor_lO ’ SOtn—ls’ Pservice_tn > Pproces sing_tn | R} (1)
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where R is the relationship (

GC|”

) between Psensor_t0= SOm-1s, Pdata_tns Pprocessing_tn and Pservice_tn-

When =10, Equation (1) can be written as

SOIO = {Pdala_tO’ Psensur_lO | Rl} (2)
where R is a restriction defined as
R ={GP—"=0P o} 3)

which indicates that a Geographical Phenomenon (GP) with the effect of Pgg50r o Tesults in Pggeq ¢,
The symbol “— " is used here to denote the phrase “results in”.
When time #n is later than #0 (tn — 1 > ¢0), Equation (1) can be written as

SOm = {Pdata_tn s SOtn—ls’ Pservice_tn 4 Pproces sing _tn | RZ } (4)

where R is a restriction defined as

P

R2 — {SOtnilS Pp/<oces sing t>! service > SOm } (5)

which indicates that SO is derived from SOwm-1s with the processing Pprocessing tn @nd the service
Pservice_tn-

For example, in Figure 1, observation observation n for time period [t0, t4) and observation Im for
time period [t5, t6) are SOs.

Definition 2.2: A Current Status Observation (CSO ) is a SO at a designated ST.

For example, in Figure 1, if the designated ST is for time period [t4,t5), observation nk and
observation_[ are both CSOs.

Definition 2.3: A Historic Status Observation (HSO) is a SO relative to a CSO. Its ST is before that
of the CSO. Furthermore, the CSO should be directly or indirectly derived from the HSO.

In Figure 1, if observation nk Im is a CSO, observation nk, observation Im, observation n,
observation_k, observation [, and observation_m are its HSOs.

Definition 2.4: Observation Provenance (OP) is the process of determining all of the HSOs of a
CSO, that is

OP(CSO)={HS0,i =0,1,..,m~1} (6)

where OP(CSO) denotes the data provenance for the CSO. The result is the set of the CSO’s HSOs.

These definitions can be summarized as follows. An SO contains the provenance information for a
time point or interval. Provenance is a recursive issue. The starting point of the recurrence is a CSO, and
this loops directly to determine its HSOs. If the CSO is a root node, then the HSOs are element nodes
and their relationships are linked to the root node and other element nodes to form a “tree”, as shown in
Figure 1. Provenance, in this case, refers to a backwards trace over the whole “tree”.

As previously mentioned, we consider the provenance issue in a “pure” Sensor Web enabled
environment. However, the processed data may not come directly from a sensor, and may be from an
impure data source (e.g., a Web Coverage Service or a data system). In this case, the provenance of the
data source is not supported by the proposed method, but it can be determined by its own provenance
method. For example, if the Web Coverage Service is the data source, the provenance problem can be
dealt by the ISO 19115 and ISO 19115-2 Lineage Models [22]. Moreover, we can strategically map the
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description model to a standard provenance model. If the impure data source can follow or map a
standard provenance model, the problem may be solved. We extended the formalized description of
a provenance model from PROV-DM [21], as shown in Figure 2, so that the provenance model is
machine-readable and capable of sharing and interoperation. The W3C provenance (PROV) family of
specifications is based on the PROV-DM conceptual data model. PROV-DM distinguishes core
structures, derives provenance information from extended structures, and caters to more specific uses.
PROV-DM defines the objects and relationships of Entity, Activity, and Agent. Data and sensors are
extensions of Entities, processing is extension of Activity, and services are extensions of Agents.

Extented from

Data 'y sDerivedFrom  S€MSO' | PROV-DM
Entlty WasDerivedFrom Entlty PROV-DM

e ————

WeratedBy
Agent i Activity

- WasAssociatedWith

Dat Dat Extented from

ala  wasDerivedFrom ata PROV-DM
—_—
Used WasGene%t&iBy
Service Processing

—~ WasAssociatedWith

Figure 2. Formalized description of the provenance model extended from PROV-DM.

2.2. Encoding Method

The encoding of the model is used to implement a provenance-aware system. Sensor Web is a
Web-based and standard specification-based environment. It is therefore better to incorporate the
provenance representation method into existing specifications (e.g., SensorML and O&M), to reduce
manpower and material resources, and to maintain consistent sharing and interoperational environments.
Considering this, we encode the description model by defining the XML schema for sensors, processing,
data, and services. The Sensor Web has some provenance-related information (SensorML and O&M),
which describes sensors, processes (algorithms), and observations. SensorML has already modeled
sensor and process information, and O&M has modelled all four objects. Thus, in this paper, we mainly
use the provenance encoding from O&M 2.0 and SensorML 2.0. In O&M 2.0, the root element is
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OM_Obsevation, and the main elements branching from it are: type, metadata, relatedObservation,
phenomenonTime, resultTime, validTime, procedure, observedProperty, featureOfInterest,
rsultQuality and result. SensorML 2.0 classifies the processes into atomic-non-physical,
atomic- physical, composite-non-physical, and composite-physical. They are defined by four elements
SimpleProcess, AggregateProcess, PhysicalComponent, and PhysicalSystem.

Based on these existing specifications and encoding methods, the provenance encoding strategies are
as follows. The observation object is encoded by the OM_Observation element in the O&M schema, the
sensor object is encoded by the PhysicalComponent element or the PhysicalSystem element in
SensorML, the data object is encoded by the result element in SensorML, the processing object is
encoded by the SimpleProcess element or the AggregateProcess element in SensorML, and the service
object is encoded by newly defined elements such as ParentOM, ProcessService, and CurrentOMService,
as shown in Figure 3. ParentOM is an element that defines the information track of the parent O&M,
which is processed to create the current O&M. The ParentOM XML schema is shown in Figure 4. The
input element of the SimpleProcess or AggregateProcess elements in SensorML records the Sensor Web
Enablement common data type AnyData. Therefore, the parent O&M, as the input, is not expressed by
the input element. It uses ParentOM to record the element. SimpleProcess or AggregateProcess simply
show the processing, and do not indicate the provided services. A ProcessService records the processing
service, as shown in Figure Sa. It displays processing service capability information and links. The
CurrentOMService is similar to the ProcessService and can display current O&M service capability
information, as shown in Figure 5b. The result element in O&M does not have a specified type. Given
these considerations, the set elements ParentOM, ProcessService, and CurrentOMService are the output
elements of the result, which maintain the structure and save the provenance information in O&M, as
shown in the red rectangle in Figure 6.
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Figure 3. O&M provenance encoding model.
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Figure 6. Extended elements in O&M.
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2.3. Service Implementation

The implementation of the remote sensing observation provenance model in Sensor Web services is
important to applications. The proposed provenance model is embedded in O&M and adds some child
elements to the O&M result element. All Sensor Web services should respond to this new information
when implemented. This response requires an understanding of the relationships between services and
the O&M, and the exact effect that the O&M has on the services. The interactions and internal
implementations of the O&M and Sensor Web services (SOS, Web Processing Service (WPS) [29] and
Sensor Planning Service (SPS) [30]) are shown in Table 1.

Table 1. Relationships between Sensor Web services and O&M.

Service Name Operation Name Input Parameters Output Parameters
. any parameters that can be O&M
SOS GetObservation Oo&M
and also cannot be O&M
SOS InsertObservation Oo&M SOS response

Can generate an O&M Output for
any parameters that can be O&M

SPS Submit DescribeResultAccess
and also cannot be O&M . .
operation exposing

WPS Execute May include O&M Can be O&M

Table 1 shows that, the services and their operations, input, and output parameters have relationships
with O&M.

SOS is a standard service interface in SWE. SOS provides access to observations from sensors and
sensor systems in a standard manner that is consistent for all sensor systems, including remote, in-situ,
fixed and mobile sensors. GetObservation and InsertOservation operate the O&M in SOS. GetObservation
is invoked to obtain O&M. InsertOservation is invoked to insert O&M into SOS. SOS stores and
manages O&M. The three elements (omp:ParentOM, omp:ProcessService, and omp:CurrentOMService),
in the om:result should be carefully considered in the storing strategy, when storing the O&M in a
SOS system.

SPS is also a standard service interface in SWE. SPS was designed and developed to allow clients to
determine the feasibility of a desired set of collection requests for one or more sensors/platforms in
an interoperable service. A client directly submits collection requests to these sensors/platforms.
GetCapabilities, DescribeTasking, Submit, and DescribeResultAccess are the main operations in SPS.
Submit is the core operation in SPS that allows planning sensor or sensor systems to submit a task.
It contains two processes: submitting a task, and encapsulating the processing into SimpleProcess or
AggregateProcess, or the SPS service into the ProcessService when planning the O&M result. The result
of the Submit operation is exposed by the DescribeResultAccess operation.

WPS is an OGC specification. WPS defines a standardized interface that facilitates the publishing of
geospatial processes (including any algorithm, calculation, or model that operates on spatially referenced
data), the discovery of these processes and the binding of these processes by clients. GetCapabilities,
DescribeProcess, and Execute are the three operations in WPS. After the Execute operation, the O&M
contains the provenance information if the output is O&M and processes provenance information similar
to SPS.
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The above analysis highlights factors of particular importance to O&M provenance, but methods for
developing the services are unrestricted.

2.4. Tracking Algorithm

This section introduces the algorithms that track provenance information based on the described model
and encoding method. A CSO may be dealt with by complex processes. To obtain the provenance
information, we need to know: what are the HSOs for a CSO; what are the HSOs for a CSO at a specified
time point or time interval; to which sensors does a CSO refer; and what processing and services were used
to result in a certain CSO? To answer these questions, we designed an abstract algorithm and four
implementations for tracking Pudata, Pprocessing, Psensor, and Pservice. The abstract processes of Algorithm 1
are: input the provenance data and the required provenance object, track the provenance, obtain the nearest
historical provenance information, validate the provenance information, and return the provenance result,
as shown in Figure 6a. To better explain Algorithm 1, we used a pseudofunction to describe the abstract
process, as shown in Figure 7b. Algorithms 2—-5 are implementations of Algorithm 1, so they have the
same steps. The specific implementations of Algorithms 25 are as follows.

| START |

'

; Input data: SO,
required provenance indicator: Pladicator’

'

Do current provenance Lracking:
doTracking(SQ,,, Plndicator)

'

“Validate  whether  the .
current time fnis later than e frue
the original time (0 of a
~data derived by a sensor;.
e i<t

{talse
Obtain nearest ancestral provenance
information Pﬂ,\,_,,,,,,i,,i including the four
objects (data, sensor. processing, and
service) with function ger4(§0,)
Loop P = geid(S0,)

bjectser _in

" Validate whether the™.
" provenance information is the
required information with function: -~
compare(L, .., ..Pindicator)

lalse

Obtain nearest ancestral data with -
function: lv.tl'tlc
80,5 = getPareni(SO,))

-t

add provenance result
l into output with function:

add (e oo Output)

Iterate the operation that sct the

nearest ancestral data as the .
No required Provenance
current data:

) N information has been found
Joreach SO, in SO, _ s b

50, =50, l—f

rcturn output: POuiput

_1

{END

Figure 7. Flow of Algorithm 1.
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Algorithm 1: Abstract tracking algorithm

Input: current status observation SOy,

Output:
Use:

STEP 1:
STEP 2:

STEP 3:

STEP 4:

STEP 5:

required provenance information indicator Plndicator
provenance result POutput indicated by Plndicator
doTracking(SO,, ,Plndicator) tracks the provenance information of SO, at tn
get4(SO,,) obtains the set of four objects, Popjeciser m, from SOy,
compare(Fyp ior g Flndicator) determines whether Pindicator 18 10 Fypioroer
add(Bpiocsser >POuput) adds the provenance information into the output POuiput
getParent(S0,,)) obtains the latest historical observations
Start tracking using the function doTracking(SO,,,Plndicator) .
Validate that the current observation time (¢72) occurs before the initial time of the sensor
t0(tn < ¢0). If this is true, the correct result cannot be found, even at the initial observation, and we return a
“not found” exception. If it is false, we proceed to the next step.
Obtain the set of four objects ( £pjyser 1) from SOy using the function ger4(SO.). The implementation of
get4(S0, ) is based on the encoding method of the provenance model in SO;.
Compare the provenance objects from Plndicator with the objects in
Pol_)jectsetitn (Pobjecl:setilnz{Pcklla’Psemorim ’Pprocessitn’Pserviceitn ) uSing compar e(e)ly'ectselitn’P[mﬁwmr) . The function will
return true if the objects in Pindicator are in Fypjeyey > and then the result is added to the output ( oupu ) using
add(Fpociser m>POuPHt) . Otherwise, we obtain the latest historical observations (parent observations), S0, s,
using getParent(SO, ) and proceed to the next step. The observations for each SO,,_; in SO,,_;s comprise the
current observation set.
Reset each 50,1 in 50,45 as SO, and invoke doTracking(SO, ,Pladicator) . If doTracking(SO,, ,Plndicator) and its

recursive functions are finished, return the provenance result, pouspu: .

Algorith

m 2: Tracking historical data

Input: current status observation SOy,

Output:

required provenance information indicator Plndicator = P m
historical data Paas m

Annotation: Algorithm 2 is an implementation of Algorithm 1. The steps are the same as in Algorithm 1, and we

define the necessary functions as follows.
For get4(SOu), SOy, is an O&M. The O&M embeds the four objects of the provenance model and thus
returns SOy,.
compare( By oo goPlndicator) returns true if the times match. Otherwise, it returns false.
add(Fypiocsser >POuPHt) directly adds Paawam 10 oupu , Where Paawa m is obtained from the child element of
//result/om:OM_ Observation/result.
50, (s=getParent(S0,) executes the following steps.
1: If the child element of //result/om:OM_Observation (which shows the element ParemtOM in
O&M with an XML Xpath (http://www.w3.org/TR/xpath/)) is om:OM_Observation, we return
om:OM_Observation. If not, we proceed to the next substep.
2: If the child element of //result/omp:ParemtOM is not om:ParentObject, we return an error
message. Otherwise, we obtain the om:ParentObject: xlink:href, method, mineType, encoding, and
schema values. If the method is HTTP GET or POST, we return an error message. If the method is
a HTTP GET, we send a GET request to xlink:href to obtain the result (O&M). If the method is
HTTP POST, we proceed to the next substep.
3: If the Header is required, we obtain the Header message and POST the message from the body or
bodyReference. Then, we send a POST request to xlink:href by integrating the POST with the Header
message to obtain the result. If the Header is not needed, we directly obtain the POST message from
the body or bodyReference. We then send a POST request to xlink:href to obtain the result.
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Algorithm 3: Tracking processing objects

Input: current status observation S0,
required provenance information indicator Plndicator=P, . . .
Output: processing object £, ping m
Annotation: Algorithm 3 is an implementation of Algorithm 1. The steps are the same as Algorithm 1, and we define
two specific functions as follows.
compare(Fypo o goFlndicator) returns true if the times match. Otherwise, it returns false.

add (FpoersermPOutpur) executes the following steps.
1: If the child element of om:OM_Observation/om:procedure is SimpleProcess, £,ypsing m 15

assigned the SimpleProcess information. If the child element of om:OM_Observation/om:procedure
is AggregateProcess, £, eing m 18 assigned the AggregateProcess information. Otherwise, we
return an error message.

2: The omp:ProcessService information ~ of &, s obtained  using
Xpathom:OM_ Observation/om:result/omp:ProcessService. ~ Then, the omp:ProcessService
information is added to £, occing im-

3: Return Pnrocessing m -

Algorithm 4: Tracking service objects

Input: current status observation S0,
required provenance information indicator Phdicator=F,, . ..
Output: service object B0 m
Annotation: Algorithm 4 is an implementation of Algorithm 1. The steps of Algorithm 4 are the same as Algorithm
1, and we define two specific functions.
compare( o oo gFlndicator) returns true if the times match. Otherwise, it returns false.
add(Fypiocsser m>POuPHY) executes the following steps.
1: The omresult information of &0, is obtained using Xpathom:OM_Observation/
om:result. If the children elements have omp:ParentOM, 7. ;m includes omp:ParentOM
information. If the children elements have omp:ProcessS;rvice, Pooice mm  includes
omp:ProcessService information. If the child elements have omp:CurrentOMSerVi_ce, Bemice tm
includes omp:CurrentOMService information. )

2:Return B0 -

Algorithm 5: Tracking sensor objects

Input: current status observation S0,
required provenance information indicator Plndicator=F,, . o
Output: sensor object 7,0 ;0
Annotation: Algorithm 5 is an implementation of Algorithm 1. The steps of Algorithm 5 are the same as Algorithm
1, and we define two specific functions.
compare(Fypo isor goFindicator) returns true if the times match. Otherwise, it returns false.
add([z)ly'ectset _m’
1: The om:procedure information of 00 is obtained using
Xpathom:OM_Observation/om:procedure. If the child element of om:procedure is

PhysicalComponent, 7, ;o includes PhysicalComponent information. If the child element of

POuput) executes the following steps.

om:procedure is PhysicalSystem, P, ;o includes PhysicalSystem information. Otherwise, it

returns an error message.
SUBSTEP 2: Return A0 9.
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3. Experimental Section

To test the proposed provenance method, we ran an experiment that generated and tracked vegetation
conditions in a Sensor Web enabled environment. Vegetation conditions are critical to decisions in
agriculture and ecology, in the public and private sectors. Numerous methods and observations can be
used to evaluate the vegetation condition [31,32]. It can be derived using statistical indices such as the
normalized difference vegetation index (NDVI) and the vegetation condition index (VCI) [32]. These
are defined as

NDVI = —]]\Vﬁ — IR (7)
+ IR

and

_ NDVI-NDVI,
NDVI__—NDVI ®)

In Equation (7), NIR is the near-infrared band data for a pixel, and IR is the infrared band data. In
Equation (8), NDVImin and NDVImax are the minimum and maximum NDVIs for a pixel during a specific
time period. We used Moderate Resolution Imaging Spectroradiometer (MODIS) observations to
calculate the NDVI and VCI. The MODIS observations were obtained from the Land Processes
Distributed Active Archive Centre (https://Ipdaac.usgs.gov/). We used the “MODIS/Terra Surface
Reflectance Daily L2G Global 250 m SIN Grid v005” dataset. The MODIS provides 250-m resolution
daily images for the red and NIR bands (0.6 um—0.9 um). The experimental observation period was May
of each year from 2000-2012, and the area under investigation covered the 48 contiguous states of the
United States.

In this experiment, the MODIS data were planned using SPS, encoded with O&M, published with
SOS, and processed with WPS. After this, we set up the provenance instance of the MODIS data in a
Sensor Web enabled environment. We tracked the provenance of four objects using this provenance
instance to evaluate the performance of our method.

3.1. Experiment Design
The six main processing of this experiment are shown in Figure 8.

Processing 1: SPS used the raw MODIS observations rather than real MODIS sensor terra
data, because it cannot control the sensor [5]. The MODIS observations were planned based on
spatio-temporal information by invoking the SPS submit operation from the MODIS data center [5].

Processing 2: We assumed that MODIS scans the earth’s surface after the SPS. All the required
MODIS observations were collected. The MODIS observations encoded in the O&M format were
inserted into SOS by invoking the InsertObservation operation from the FTP server. At this point, the
MODIS sensor information has already been registered into SOS by the client using the RegisterSensor
operation. An SPS instance simulated the planning of the satellite that carries the MODIS sensor. The
parameters of the planning task include information on the time and location. The MODIS FTP server
provided 250-m resolution daily images for the red and NIR bands (0.6-0.9 pm). The time parameter
was the date. The location should was transformed into tiles [33] that cover the 48 contiguous states of
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the United States. There were 25 MODIS tile Hierarchical Data File (HDF) files for each item in
the dataset.

Processing 3: The MODIS files were pre-processed by the WPS to generate a daily MODIS file. This
processing adjusted for noise, cloud, and snow cover, corrected the angles, and implemented mosaic and
clip procedures. The files were then inserted into SOS in the O&M format using the standard method.

Processing 4: The daily NDVI was calculated be the WPS. The inputs for this WPS processing were
the daily MODIS O&M products from SOS. The output was the daily NDVI product with O&M
formatting. The result was inserted into SOS by the InsertObservation operation.

Processing 5: The weekly NDVI was calculated be the WPS. The input for this WPS contained seven
daily NDVI. The output was a weekly NDVI. After processing, the result was inserted into SOS.

Processing 6: The weekly VCI was calculated. The inputs were the current weekly NDVI product
from the current year and the 7-day daily NDVI products from the previous year, which have the same
date order. The output was a weekly VCI product, which was managed by SOS.

All the O&Ms included the provenance information created by the method in Section 2.2.

AAAAAAAAAAAAAAAAAA Sensor
r 1 Generate ) Provenance
| | Processing 1
I 1 A
1 : Daily titled HDF
} M : MOD09GQ.A2012152.h13v
] N T
! MODIS FTP 04.005.2012154062915 hdf
L server |
Processing 3
Processing 1 Processing 2 Daily MODIS
AODIS O&M - .
2012.05.08.hdf’| |2012.05.09.hdf | ===e=-
MODIS O&M
Submit InsertObservation < Prcmcmn% 3 Preprocess +Proucwng 4
Daily MODIS O&M algorithm Dﬂi[y NDVI
_ | Daily MODIS O&M “ a0
< Processing 4 o = &/ :.‘a?
NDVI O&M E\: NDVI & .
> [Daily NDVI 0&M_ | ® algorithm + Processing 5
. Processing 3 -
SPS S0s Weekly NDVI O&M ” Weekly NDVI
Daily/weekly VCI WPS
NDVI O&M | algorithm “convert
RegisterSensor . Processing 6 —»
-
A A Weelly VCLO&M A Processing 6
MODIS sensor
Weekly VCI
Y A Y = p
Client '

Figure 8. Six processing of the experiment.
3.2. Experiment Results and Discussion
3.2.1. Representation of the Provenance Model in O&M

We ran the six processing in Figure 8. The observations from a single month (May) over 13 years
(from 2000 to 2012) were downloaded with SPS using spatio-temporal information. This resulted in
10,051 HDF files that were over 700 gigabytes in size, which covered the 48 contiguous states of the
United States. An HDF file with an O&M format is shown in Figure 9.
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<?xml * n="1.0" encoding="UIF-8"7?2>
<om:0M_Observation xmlns:om="http://www.opengis.net/om/2.0" xmlns:omp="http://swe.whu.edu.cn/omp"
xmlns:sml="hctp://www.opengis.netc/sensorML/2.0"
xmlnsg:xlink="http://www.w3.0rg/1999/x1link"
xmlns:gml="http://www.opengis.net/gml/3.2"
xmlns:swe="http://www.cpengis.net/swe/2.0"
xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance”
gml : id="MODISOM"
xsi:schemalocation="htcp://www.opengis.net/om/2.0 http://schemas.opengis.net/om/2.0/cbservacion.xsd
http://swe.whu.edu.cn/omp OMProvenance.xsd">
<om:phenomenonTime>
<gml:TimeInstant gml:id="ptid">
<gml:timePeosition>2012-05-31</gml:timePosition>
< 1l :TimeInstant> - . .
< ,mfg:e,‘c,mmlm, Time information
<om:resultTime>
<gml:TimeInstant gml:id="rcid">
<gml:timePosition>2013-04-06T13:28:09.49</gml:timePosition>
</gml:TimeInstant>
</om:resultTime>
<om:precedure>
<sml:PhysicalComponent gml:id="urn:swe:definition:procedure:modis">
<gml:description> Static Location - Temperature sensor on my window </gml:description>
<sml:outputs>
<sml:Outputlist>
<sml:output name="modis data">
<sml:0ObservableProperty definition="urn:swe:definition:phenomenon:modis:radiation™/>
</sml:outpuc>
</sml:Outputlist>
</sml:outputs>
<sml:position>
<swe:Text>
<swe:value>in the continental United States</swe:value>
</swe:Text>
</sml:position> i i
</sml:PhysicalComponent> Sensor information
</om:procedure>
<om:observedProperty xlink:href="urn:swe:definition:phenomenon:modis:radiation"/>

£ I =n -8080/yfs? = £ I - id=] ra "

<om:result xlink:href="ftp://e4ftl0l.cr.usgs.gov/MODIS_Dailies B/MOLT/MOD0SGQ.005/2012.05.31/MOD0SGQ.A2012152.h13v04.005.2012154062915.hdf">|
<omp:ProcessService xlink:href="http://localhost:8080/SPS?request=GetCapabilitiessamp;service=SPS&amp;v 0
<omp:CurrentOMService xlink:href="hctp://localho=t:8080/505?request=GecCapabilitiessamp; sexrvice=505&amp;

</om:result> . . .

</4m:0M_Observation> Result and processing service information

Figure 9. Original tile HDF file.

The entire O&M document was composed of the current observations. The sensor information was
encoded using sml:PhysicalComponent. The observation entity was linked with the xlink:href attribute
in the om:result element. All observation entity links have the string pattern, “ftp://e4ftl01.cr.usgs.gov/
MODIS Dailies BMOLT/MOD09GQ.005/” + date + *“/” + tile observation name, similar to the
observation link in Figure 9 “ftp://e4ftl01.cr.usgs.gov/MODIS Dailies B/MOLT/MOD09GQ.005/
2012.05.31/MOD09GQ.A2012152.h13v04.005.2012154062915.hdf”. This linked the observation entity in
the O&M document without encoding the observation entity, which was between tens to hundreds of
megabytes in size. A large XML document is difficult to process and deliver to the Web through general
programming methods [34]. This hinders XML [35]. The processing service and current O&M service
were linked with the omp:ProcessService and omp:CurrentOMService elements, respectively.

We generated daily MODIS files that covered the 48 contiguous states of the United States. In the
WPS, the pre-processing algorithm simply performs mosaic and clip operations, and does not implement
the other pre-processing steps discussed in Section 3.1. However, we assumed that the pre-processing
algorithm eliminated noise, cloud, and snow cover, corrected the angles, and generated a usable daily
MODIS file. This daily MODIS file recorded all the O&M processing. The lack of noise, cloud, and
snow cover, and the angle correction may be why it was hard to generate a perfect daily NDVI product,
and why there was no effect on the provenance model. The model simply records the algorithm and
ignores the precision. The daily NDVI O&M is shown in Figure 10.
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1 <?xml version="1.0" encoding="UTF-8"2>

2E <om:0M Observaticon xmlns:on="http://www.opengis.net/om/2.0" xmlns:omp="http://swe.whu.edu.cn/omp"
3 xmlns:wps="http://www.opengis.net/wps/1.0.0"

4 xmlns:sml="http://www.opengis.net/sensorML/2.0"

5 xmln link="http://wwW.Ww3.0rg/1999/x1ink"

[ xmins:gml="http://www.opengis.net/gml/3.2"
7
a8

xmlns:swe="http://www.opengis.r

12 <om:phenomenonTime>
xmlns:xsi="http://www.w3.0rg/2q P

. :id="dailyMODISOM™ 13 <gml:TimeInstant gml:id="ptid">
gms YHCE 14 <gml:timePosition>2012-05-31</gml:timePosition>
10 xsi:schemaLocation="" T . on.xsd
. 15 </gml:TimeInstant>
it = G.cn/omp OMErg 16 </om:phenomenonTime>
12 <om:phencmenonTime> =) -
16 |- </om:phencmenonTime> Bl <sweivalues>
38 fop://ed4frlol 3gs.gov/MODIS_Dailies B/MOLT/MODO9GQ.005/MOD0OSGQ.A2012152.h06w03.005. 54 Jhdf
174 Jom:resulclimes 3s fop://edtel .gov/MODIS_Dailiss_B/MOLT/MODOSGQ. 005/MODI9GR.A201 hO7v03.005.201215 naf
N I Lrp://edfol .gov/MODIS_Dailies B/MOLI/MODOSGQ.005/MOD0SGR.A2012152.h07%05.005.2012154062607 . hdf
21 < I om:resulcTime> 41 ftp://e4fel0l.cr.usgs.gov/MODIS_Dailies B/MOLT/MODO9GQ.005/MOD09GQ.A2012152.h07v06.005.2012154062226. . hdf
223 <om:procedure> a2 frp://esfe10l.cr.usgs.gov/MODIS_Dailias_B/MOLT/MODOSGQ.005/MODOSGQ. A2012152 . h08w03.005. 2012156062931 . hat
N N P ] fopr +gov/MODIS_Dailies B/MOLT/MODOIGQ.005/MODOSGQ.A2012152.h08v04.005.2012154062714.haf
23 <sml:SimpleProcess gml:id="urn:swe:definif. £up: +9Ov/MODIS_Dailies_B/MOLI/MODOSGQ.00S/MODOSGQ.A2012152 . ROBV0S. 005, 2012154062747 . ndt
249 <5ml . in uts> 45 fops +@ov/MCDIS Dailies B/MOLT/MODOSGQ.005/MODOSGQ.A2012152.h08v06.005.2012154063342.hdl
- D 4% ftp://e4LTl0l. +@ov/MODIS_Dailies_B/MOLT/MOD09GQ.005/MODO9SGQ.A2012152.h09v03.005.2012154063854 . hdf
25 = <sml:Inputlist> 4 I fl frp://edfe1on. -gov/MODIS_Dailies_B/MOLT/MODD9GQ.005/MODO9GQ.A2012152 . h09w04 . 00S. 2012154063216 . hdf
: i o Input files e {g0v/HODTS  Dax1 125 B/HOLT/40D09G]. 005,/MODOSGY. A2012152  RO9VOS 008 2012154963304  nae
ze[H] <sml:input name="modisdata"> | fup://edfelol. .gov/MODIS Dailies B/MOLT/MODOOGQ.005/MODOSGR.A2012152. h0Sv0E. 005. 2012154063010 .hdf
. 50 fop://edfclol. +gov/MODIS_Dailies_B/MOLT/MODOSGQ.005/MODISG 20121 h10v03.005.2012154064017. . haf
270 <swe: Dﬂtmray> 51 fop://e4Ltlol. ~@ov/MODIS_Dailies_B/MOLI/MODO9GQ.005/MODO9GQ.A2012152.h10v04.005.2012154062806. hat
z2[@ <swe:elementCounty> s2 frp://e4fel0l.cr.usgs. gov/MODIS_Dailies_B/MOLT/MODOSGQ.005/MODDSGQ. A2012152 . h10V05. 005. 2012154062438 . hdf
58 £tp://e4£8101.0r . usgs. gov/MODIS_Dailies B/MOLT/MODDIGR. 005/MODOIGR. A2012152 . h10¥06. 005, 2012154062636 . haf
32 - </swe:elementCount> 54 fup: .gov/MODTS_Dailies B/MOLT/MODOSGQ. 005/MODOY 2012152.h11v 5.201 1 '3
. 113 fopr +gov/MODIS_Dailies B/MOLI/MODOOCQ.O005/MODOSGR.A2012152.h21v04.00S. 4 Jhdf
33 <swe:elementType se fop: gov/MODIS Dailies B/MOLT/MODOSGQ.005/MODO9GR.A2012152 . h11v05. 005 . 2012154062802 . hdt
3a[@ <swe:encoding> 57 fop: +Gov/HODIS_Dailies B/MOLI/HODOSGQ.005/MODU9GQ. A2012152 . h11v06,005. 2012154062610 . ndt
58 frpr .gow/MODIS_Dailies_B/MOLT/MODDIGQ.005/MOD0IGQ. k2012152 . h12¥03. 005. 2012154063345 . haf
36 |- </swe:encoding> 59 fop://e4fel0l.or.usgs.gov/MODIS_Dailies B/MOLT/MODOSGQ.005/HOD0SGR.A2012152. . h12w04.005.2012154063523 . hdf
. €0 fup://e4fclll.cr.usgs.gov/MODIS Dailies E/MOLT/MODOSGQ.00S/MODOSGQ.R2012152.h12v05.005.2012154062732 . hdf
37 <swe:values> = epir/edEri01 cr. usgs . Gou/HODIS Daslies B/MOLT/MODDSGS, 005/MODISGY. A2012152 h13v03 005, 2012184063045 hat
€3 | </5we :values> :: L (/::Eicifj::ib. . -gov/MCDIS_Dailies B/MOLT/MODO9GQ.005/MODO9GR.A2012152.013v04.005.2012154062915.hat
64 | </swe:DataArray>
&5 | </sml:input>
66 | </sml:Inpuclisc> o <’"’“““§P:“>
.d N (5] <sml:QOutputlisc>
67 </sml:inputs> 70 <sml:output name="dailymodisdata™>
€a[@ <sml:ocutputs> 7 <sml:ObservableProperty definition="urn:swe:definition:phenomenon:dailymodis:radiation”/>
74 </sml:outputs> _> 7z </sml:ouctpuc> . .
75 <sml:method xlink:hrf="htt] 73 </sml:Cutpuclisc> Output and processing algorithm
L . 74 </sml:outpucs>
:: <7 </sml.S;mpl§Frccess> 75 <sml:method xlink:href="http://localhost:B080/preprocessMethod.xml"/>
o om:procedure
78 <om:observedProperty xlink:href="urn:swe:definition:phenomenon:dailymodis:radiation™/>
79 <om:featureOfipterest xlink:href=vhttp://localhost:8080/wfsdrequest=CetFeatureByldsamp;id=dailyMODISFeature "/>
80 <om:result xlink:href="http://localhost:8080/dailyMODIS2012.05.31.hdEf">
g1[@ <omp:ParentOM gml:id="parentModisOM">
105 </omp:ParenctOM>
108 <omp:ProcessService Xlink:hrefq http://localhost:B0B0/WES request-GetCapabilitiessanyp; service=WPSsamp;version=1.0.0"/>
107 <omp:CurrentCMService xlink:hrqf="http://localhost:8080/505/sos?request=GetCapabilitiessamp;service=505&amp;versi 2.0.0"/>
108 | </om:result>
80 <om:result xlink:href="http://localhost:8080/dailyMODIS2012.05.31.hdf">
81 <omp:ParentOM gml:id="parentModisOM"> Record provenance O&M
8z [ <omp:ParentObject method="POST"
83 schema="http://schemas.opengis.net/so0s/2.0.0/30sGetObservation.xsd"
84 xlink:href="http://localhost:8080/S05/s038">
8s <wps:Body>
= <so0s:GetObservation xmlns:sos="http://www.opengis.net/sos/2.0" xmlns:ogc="http://www.opengis.nec/ogc"
87 xmlns:fes="http://www.opengis.net/fes/2.0"
a8 service="505"
B89 version="2.0.0">
90 <sos:procedure>urn:swe:definition:procedure :modis</sos:procedure>
91 <sos:offering>urn:swe:definition:offering:modis</sos:offering>
92z <sos:cbservedProperty>urn:swe:definition:phenomenon:modis:radiation</sos:cbservedProperty>
93] <sos:temporalFilcter>
94 «fes:TEquals>
85 <fes:ValueReference>phenomenonTime</fes:ValueReference>
ss[ <gml:TimeInstant gml:id="tp">
37 <gml:timePosition>2012-05-31</gml:timePosition>
88 | </gml:TimeInstanty>
89 </fes:TEquals>
100 </sos:temporalFilter>
101 <sos:responseFormat>text/xml; subtype="om/2.0.0"</sos:responseFormat>
102 </sos:GetObservaticn>
103 | </wps:Body>
104 | </omp:ParentObject>
105 | </omp:ParentOM>
106 <omp:ProcessService xlink:href="http://localhost:B8080/WPS?request=GetCapabilitiessamp;service=WPS&amp;versicn
107 <omp:CurrentOMService xlink:href="http://localhost:8080/505/s0s?request=GetCapabilitiesgamp;service=505&amp;version=2.0.0"/>
108 | </om:result>
108 - </om:0M Observation>

Figure 10. Daily MODIS file.

The inputs of this pre-processing algorithm were the daily MODIS tile files. The method was linked
using a pre-processing method.xml file that describes the calculations in detail. The omp:ParentOM was
used to record the tracking request of the parent’s provenance information. In this document, we only
used one omp:ParentObject to request the 25 (except 23 May 2001 and 11 May 2012) input “parent”
provenance data. The request is an O&M GetObservation request, and the procedure, offering,
observedProperty, and time information point to the 25 “parent” observations.
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The generated daily and weekly NDVI (a week starts on a Tuesday) have a provenance information
structure similar to that of the daily NDVI.

z2z[= <om:procedure>
23 <sml:SimpleProcess gml:id="urn:swe:definition:procedure:weeklyvci™>
24H <sml:inputs>
25 <sml:InputList>
265 <sml:input name="weeklyndvidata"> ~
26 ciDataRrTeys Procedure of weekly VCI
28[@ <swe:elementCount>
30 |- </swe:elementCount>
31 <swe:elementType name="MODISarr"/>
3z[@ <swe:encoding>
34 | </swe:encoding>
35 <swe:valuss>http://localhost: 8080/ weeklyNDVI2012.05.08.hdf</awe:values
36 - </swe:DataArray>
37 | </sml;:input>
EL] <sml:input name="dailyndvidata">
35% <awe:Datalkrray>
40 <swe:elementCount>
41 <swe:Count>£4</swe:Count>
42 </swe:elementCount>
43 <swe:elementType name="MODISarr"/>
44 <swe:encoding>
45 <swe:TextEncoding blockSeparator="&#xD;&#xA;" tokenSeparator=","/>
46 </swe:enceding>
7@ <swe:values>http://localhost:8080/dailyNDVI2000.05.08.hdf
31 | </swe:values>
3z </swe:Datahrray>
a3 </sml:input>
3¢ </sml:Inputlist>
<om:phenomenonTime> 3s | </sml:inputs>
</om:phenomenonTime> 35 <sml:outputs>
<om:resultTime> az | </sml:oucpucs>
</om:resultTime> 43 <sml:method xlink:href="http://localhost:E8080/weeklyVCIMechod. xml™/>
<om:procedure> 44 </sml:SimpleProcess>
45 | </om:procedure>

<om:observedPropercy xlink:href="urn:swe:definition:phenomenon:weeklyvci:radiation”/>
<om: featureOfInterest xlink:href="http://localhost:8080/wfs?request=GetFeatureByIdsamp;id=weeklyNDVIFeature "/>
<om:result xlink:href="http://localhost:8080/weeklyVCIweek 19 2012.05.08_2012.05.14.hdf">
<omp:ParencOM gml:id-"parenthee
%xsi:schemalocation="http:/
http://swe.whu.edu.cn/omp

.opengis.net/om/2.0 http://schemas.opengis.net/om/2.0/observation.xsd
enance.xsd">

<omp:ParentObject method="POSI" TorpiTarent SWEaTenTWET T
</omp:ParentCbiects> xsi :schemalocation="http://www.cpengis.net/om/2.0 hop://schemas.opengis.net/om/2.0/cbservation. xsd
oHD T PATen ntip://swe.whu.edu.cn/omp OMProvenance.xsd™>
1 <emp:ParentObject method="POST"
<omp:ParentCM gml:id="parentWeeklyVCIOM2000 schema="http://schemas.opengis.net/s0s/2.0.0/50sGeTobservaTion. X9d"
: 154 xlink:href="hrep://localhost :8080/5S05/s0s">

. - 5 A= 158 <wps:Body>
<omp:ParentCM gmlfid="parentiWeeklyVCIOM2001 156 <sos ation xmlns: e/ is.nec/sos/2.0" smlns:oge="http://www.cpengis.net/oge"
</omp:ParentOM> 157 Xmlns:fes="hrp://wie.cpengis.ner/fes/2.0"
<omp:ParentOM gmllfid="parentWeeklyVCIOM2002{iss service="S0S"

. 155 vex 2.0.0">

</omp:ParentOM> o 160 <sos:proceduresurn:swe:definition: dvi</ses:pr
<omp:ParentCM gmlkid="parentWeeklyVCIOM2003};q <sos:offering>urn:swe:definition:offering:weeklyndvi</sos:offering>
</omp:ParentOM> 162 <sos: percy : ni weeklyndvi:rad </s08: x percy
<omp:ParentCM gmil:id="parencieeklyvCIOM2004 ;%5 Rt
</omp:ParentOM> 165 ;fg sval Time</fes:vVal
<omp:ParentOM gml)id="parentWeeklyVCIOM2005)1¢sH] <gml:TimePeriod>
</omp : Pazentol> R4 Coml endosistons 3012 0oeracroms sendponieions
<omp:ParentCM gmlfid="parentWeeklyVCICOM2006], . | </qm:TimePeriods :
</omp:ParentOM> 170 | </fes:TEquals>

. L s q=m 171 | </3os:temporalFilrer>
<empiParentCM gmllid="parentiesklyVCION2007 172 <sos:responseFormat>text/xml; subtype="om/2.0.0"</scs:responseFormat>
</omp:ParentOM> 173 | </s03:GetCbservation>
<omp:ParentOM gmllid="parentWeeklyVCIOM2008{17s | </wps:Body>
</omp: Parentot> W </onp Bazencangeces Weekly NDVI request of weekly VCI

. 176 - <, TOM>
<cmp:ParentOM gmilfid="parentWeeklyVCIOM2009 EE—
</omp:ParentOM>
<omp:ParentOM gmllid="parentWeeklyVCIOM2010"
</omp:ParentOM>
<omp:ParentCM gmlfid="parentWeeklyVCICM2011"™
</omp:ParentOM>
<omp:ProcessServike xlink:href="http://localhost:8080/WP5?request=GetCapabilitiestamp;amp;sexrvice=WESsamp;amp;versior L0.0"/>
<omp:CurrencOMSerfrice xlink:href="http://localhost:8080/505/30s8?requesc=GerCapabilitiessamp;amp;service=5058ampamp;version=2.0.0"/>
503 </om:result>

S04 - </om:0M_Observation>

178 Z/Cnp : PAarencOn>

17765 <omp: gml:id= YVCIOM2000"

178 xsi:schemaLlocation="http://www.opengis.net/om/2.0 http://schemas.opengis.net/om/2.0/cbservation.xsd http://swe.whu.edu.cn/omp OMProvenance.xsd">
179[] <omp:ParentObject method="POSI"

180 schema="http://schemas.opengis.net/sos/2.0.0/s0sGet0Observation. xad"

181 xlink:href="hctp://localhost:8080/505/s0s8">

182 <wps :Body>

183[] <sos:GetObservation xmlns:sos="http://www.opengis.net/sos/2.0" xmlns:ogc="http://www.opengis.net/ogc™
184 xmlns:fes="http://www.opengis.nec/fes/2.0"

188 service="SOS"

186 version="2.0.0">

187 <sos:procedure>urn:swe:definition:procedure:dailyndvi</sos:procedure>

188 <sos:offering>urn:swe:definition:offering:dailyndvi</sos:offering>

189 <sos:observedPropercy>urn:swe:definicion:phenomenon:dailyndvi:radiation</sos:observedProperty>
150 <sos:temporalFilter>

191 <fes:TEquals>

192 <fes:ValueReference>phenomenonTime</fes:ValueReference> .

1933 <gml:TimePeriod> -

194 <gml:beginPosition>2000-05-08</gml beginPosition> SCVCH day dally NDVI TeqUCSt Of Weekly VCI
195 <gml:endPosition>20 4¢/gml:endPosition>

196 </gml:TimePeriod>

197 </fes:TEquals>

198 </sos:temporalFilter>

199 <sos:responseFormat>text/xml; subtype="om/2.0.0"</sos:responseformat>

200 </sos:GetObservation>

201 </wps:Body>

202 </omp:ParentObject>

203 £/omp  PaTantON

Figure 11. Part of the O&M document for weekly VCI.
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We then calculated the weekly VCI using Equation (8). The NDVI is the current week’s NDVI. For
example, for 8 May 2012 to 14 May 2012, the NDVI is the weekly NDVI for the 19th week in 2012.
NDVImin and NDVImax are the minimum and maximum values for the 7-day NDVI of each previous
year (2000 to 2011). The 7-day NDVI of each year has the same start and end times (same ordered day
in a year) as 2012, because 8 May 2012 is the 129th day and 14 May 2012 is the 135th day in 2012. The
7-day NDVI of each year represents the 129th to 135th days. The 7-day NDVI for each year may not be
the weekly NDVI. Thus, the weekly NDVI should be calculated with the daily NDVI. The inputs for the
19th weekly VCI in 2012 are the 19th weekly NDVI from 2012 and the 7-day daily NDVI for each year
from 2000-2012. The result is shown in Figure 11 (one omp:ParentOM element recorded the weekly
NDVI and 12 omp:ParentOM elements recorded the 7-day daily NDVI from 2000-2011).

These results show that the provenance object information is represented in the O&M documents,
from the raw MODIS observations to the daily MODIS, daily NDVI, weekly NDVI, and weekly VCI.

3.2.2. Tracking Objects with the Tracking Algorithm from O&M

Consider the 19th (8 May 2012 to 14 May 2012) weekly VCI for 2012, as an example. We will use
it to demonstrate how Algorithms 2—5 track the provenance objects. The statistics of the provenance
information are shown in Figure 12, and the three provenance objects are as follows (the data is described
in Section 3.2.1).

Data_tn 19" (2012.05.08_2012.05.14) weekly VCI
Processing: VCI
Processing service: WPS
2011.05.09 - 2011.05.19 daily NDVI
2010.05.09 - 2010.05.19 daily NDVI
2009.05.09 - 2009.05.19 daily NDVIT
2008.05.08 - 2008.05.14 daily NDVI
m 2007.05.09 - 2007.05.19 daily NDVIT
Dataitn-l 19 (20120508720120514) Weekly NDVI 2006.05.09 - 2006.05.19 daily NDVI Dataitll— 1
2005.05.09 - 2005.05.19 daily NDVI
2004.05.08 - 2004.05.14 daily NDVIT
2003.05.09 - 2003.05.19 daily NDVIL
2002.05.09 - 2002.05.19 daily NDVI
2001.05.09 - 2001.05.19 daily NDVI
2000.05.08 - 2000.05.14 daily NDVI

Processing: NDVI 2
Processing service: WPS v

2012.05.08 daily NDVI
2012.05.09 daily NDVI
2012.05.10 daily NDVI
2012.05.11 daily NDVI
2012.05.12 daily NDVI
2012.05.13 daily NDVI
2012.05.14 daily NDVI

Processing: NDVI
Processing service: WDPS

2012.05.08 daily MODIS
2012.05.09 daily MODIS
2012.05.10 daily MODIS
Data tn-3 2012.05.11 daily MODIS 2100 daily HDF files Data_tn-3
2012.05.12 daily MODIS
2012.05.13 daily MODIS
I Processing: Proprocess {
Processing service: WPS Processing service: SPS

MODIS sensor Data_t0

Data t0 MODIS sensor

Figure 12. Statistics of the provenance information.
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(1) Tracking the sensor. The current observed data (SOm) is the weekly VCI. We determined the raw
MODIS observation (Pypserpation to) Using Algorithm 5. The sensor information was then retrieved
as shown in Figure 12. The sensor information was described by PhysicalComponent and its
Xpathom:OM_ Observation/om:procedure/sml:PhysicalComponent. The sensor information includes
the position and output information for the sensor. In this example, we found 2256 raw HDF observations
observed by the same MODIS sensor. We tracked a single sensor 2256 times. Therefore, from a
theoretical perspective, the provenance processes of the single sensor reflect the provenance processes
of multiple sensors.

(2) Tracking the algorithms. An algorithm is represented by the SimpleProcessl element. The
SimpleProcessl can contain qualitative and quantitative descriptions of the algorithm. The quantitative
description is an executable code and a mathematical expression that defines an algorithm using the
mathematical markup language, and an XML application that describes mathematical notations and
captures the structure and content of the equation. In this experiment, the processing algorithms were
VCI, NDVI, and the pre-processing algorithms, as shown in Figure 12.

(3) Tracking the service. Algorithm 4 identified the processing service. The algorithms used to
calculate the daily MODIS, daily NDVI, weekly NDVI, and weekly VCI were encapsulated in the WPS,
as shown in Figure 12.

These results show that the sensor, processing, and service information were appropriately tracked by
the algorithms.

3.2.3. Performance Analysis

Time complexity is an important aspect of the performance of this provenance model. The encoding
method is similar to an inverted ‘tree’; the current observation is the root, and the tracking depth of an
object is the minimum number of times that the tracking of the object forms the root. Denote the
maximum depth of the current observation as n, and the time cost of the provenance at depth i as T;.
Then, the total time is Tiprq; = Xiieo Ti- Trorar does not exceed n X max(T;) (Tiprqr < 1 X max(T;)),
which shows that the maximum time cost at a certain depth provides a reasonable representation of the
time complexity of the model. The traversing provenance time of the current observation was not shorter
than the queries to some sensors, data, processing, or services. The traversing times of weekly VCI,
weekly NDVI, daily NDVI, and daily MODIS were tested as much as possible, instead of simply
querying some objects at certain depths to obtain the maximum time cost. The results are shown in
Figure 13a—d. Figure 13a shows the traversing time of the weekly VCI. The x-axis represents the 19th
week of each year. The y-axis is the time cost (in milliseconds, ms). Figure 13a shows that the time
increased linearly from 2000 to 2012. The maximum did not exceed 140 s. In 2012, there were 2367
tracking documents.

Figure 13b shows the 19th weeks of 2000-2012. This figure reveals that the traversing time for
weekly NDVI was approximately 10 s (an average of 9948.615 ms). There were 170 tracking documents.
Figure 13c,d show the time cost for the daily NDVI and MODIS for 12 May between 2000 and 2012.
No more than 2 s and 1 s were needed to traverse the daily NDVI and MODIS, respectively. There were
27 and 26 tracking documents. Comparing Figure 13a,d, the time cost of each tracking document was
57.186 (135359/2367), 58.521 (9948.615/170), 50.915 (1374.692/27), and 36.980 (961.4615/26). The
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time costs were very similar, except for the daily MODIS, which may be because of a random error
(there are inherently unpredictable fluctuations when performing POST requests to Web services). If
there were more tests, we would find fewer random errors, given that testing the time cost of each of the
2367 documents 170 times yielded very similar results.

time of weekly VCI time of weekly NDVI
10400 1
_ . \
o =
10112 210147 /N7 /
120000 [ 5 oo [AGSHE—Agens i ~—
100000 —— T 9900 ﬁ%ﬂ; 20 - - - -
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Figure 13. Traversing time of weekly VCI (a); weekly NDVI (b); daily NDVI (¢); and daily
MODIS (d).

The above time analysis reveals the following. In this experiment, when the maximum provenance
depth was large (six) and there were hundreds to thousands of tracking documents (2367), the tracking
time was short (120 s), and the time cost per document became stable as the tracking documents
increased (50—60 ms). Additionally, the execution time grew linearly with the number of tracked
documents, as shown in Figure 13a.

Space complexity is another aspect of the performance of this provenance model. The memory or
storage required by the provenance information is affected by the size of the O&M document. The data
entities are linked by a URI to reduce the size of the O&M document, as mentioned in Section 3.1. Other
information is recorded in the O&M document. The O&M document sizes for tile MODIS, daily
MODIS, daily NDVI, and weekly NDVI were approximately 3, 7, 5, and 5 KB, respectively. The
maximum size for the weekly VCI was approximately 29 KB. Therefore, the O&M was not large. The
results demonstrate the space complexity of this experiment was in the order of KBs.

4. Discussion and Conclusions

Tracking provenance information is an important and challenging issue for remote sensing
observations in the Sensor Web. This paper proposed a method for representing and tracking provenance
in the Sensor Web, focusing on four objects that are generally considered in remote sensing applications.
We conducted an experiment to test the representation and tracking of the provenance objects (sensors,
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processing, data, and services) for vegetation conditions represented by NDVI and VCI. Our conclusions
can be summarized as follows.

® The proposed provenance representation model is a Sensor Web, domain-specific model.
Compared with provenance studies in terms of database, workflow, Web, international
specification, and distributed system methods, the work of this paper mainly focused on a
provenance representation that can be integrated with Sensor Web specifications. The
provenance model was integrated into the Sensor Web specifications without affecting the
structures, semantic relationships, and framework. We proposed a provenance model and a
tracking approach, but did not consider the implementation, which is left to a developer.

® The designed provenance method can represent and track provenance information for remote
sensing observations in a Sensor Web enabled environment. We conducted an experiment to test
the representation and tracking in terms of the sensor, processing, data, and service objects,
considering vegetation conditions represented by the NDVI and VCI for May from 2000 to 2012.

® Although the performance of the provenance method is associated with its implementation, we
can consider the time and space complexities in this experiment. The time cost of tracking several
depths and hundreds or thousands of documents was in the order of tens to hundreds of seconds.
We analyzed the performance for our experiment based on six provenance depths. The average
tracking time per document ranged from 50 to 60 ms. The size of the O&M documents was in
the order of 10 KBs. Numerous remotely sensed observations may be processed up to a dozen
times in this application. The execution time grew linearly with the tracked documents Figure
13a. The average time cost per tracking document was not significantly affected, as shown in Figure
13a—d. Therefore, we can deduce that as the execution time and required storage increased, the
cost increased linearly.

® The proposed framework can be applied in other environments. Although the provenance model
is based on the Sensor Web framework, it may be extended to record provenance information for
Web services. If the processed observations are described with O&M, and the parent O&M is
tracked with a xlink:href in omp:ParentOM without sending a GET/POST request, the provenance
information can also be tracked. If an O&M document is used to describe the observation’s
metadata, the provenance information can also be recorded. The service information should be
set to null. However, the procedure information should be described in more detail to explain
how the observations were handled, which may increase the scope of this model.

Future work will focus on optimizing the performance of this framework and testing it using hundreds
of tracking depths and thousands of tracking documents, attempting to apply it on a larger scale, and
considering a security strategy.
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