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ticipants to comment on and rate the published algorithms. Such a
review process can be extended toward quality guarantees in
terms of correctness and robust execution. For the scientific com-
munity, the visibility and potential reuse of their software may
lead to new output metrics in scientific research. Publishing soft-
ware along with a written paper is already supported by some pub-
lishing companies. Lowering the barrier for reuse and ad hoc
execution is a next step. Additional impact metrics for geoprocess-
ing logic produced by science projects may help to tackle a persist-
ing issue in data-driven science, namely the availability of
versatile, peer-reviewed tools for data curation and analysis.
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Appendix A

This appendix consists of a descriptive example of a moving
code package containing an implementation of the z-score process
presented in the paper. It consists of the following parts: con-
tracted functionality, platform and infrastructure description,
exploitation rights, and workspace description.

Contracted functionality follows the OpenGIS WPS standard. In
this standard, the functionality is identified by some type of pro-
cess signature that defines inputs and outputs and provides simple
descriptions about the implemented algorithm. The given z-score
process requires two inputs: a raw score and a sample set (both
are raster data). The sample set is used to calculate the values for
o and p; the raw score is then converted to a z-score which is re-
turned by the service. Additionally, this interface description may
point to a process profile that provides additional metadata about
the algorithm, i.e., through hypertext documents. However, further
research is required to fully capture the process semantics.

The contracted platform lists a set of platform components that
must be available on the target platform to reliably execute the
contained code. In the z-score example, it is demanded that the
platform must have a Python 2.5 runtime environment and a GDAL
1.8 standard library installed. There must also be a Python to GDAL
connector in place. Each of the runtime components is specified by
a resolvable URL that can be used to unambiguously identify each
software component. The URL links to a hypertext document that
provides the required description and definition of each compo-
nent. There may be multiple contracted platforms, each containing
a confirmed combination of runtime components. The code con-
tained in the package is expected to run in any of these contracted
platforms.

The contracted infrastructure is a subset of the elements de-
fined in the OCCI specification. The OCCI elements are used to char-
acterise the resource consumption of the code. Running the
example z-score code requires one processor core and guarantees
memory consumption below or equal to 200 Megabytes during
execution (achieved by adaptive tiling mechanism in the imple-
mentation). The example does not require a certain computing
architecture, clock speed, or extra amount of temporary disc space
for reliable execution.

The example package comes with a Creative Commons share-
alike license, which is stated in the exploitation rights section. This
particular license permits free use of the code as well as the ability
to alter or enhance it as long as it is re-published under the same
type of license. This type of licence is frequently found in associa-

tion with open-source software to ensure that enhancements are
transferred back into the open source community.

The workspace description contains information about the type
and location of the executable code in the package. In the z-score
process example, the executable is a plain python script that can
be called in a command line fashion. Additionally, the workspace
description provides a syntax mapping between the WPS interface
and the command line.
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tures are built from reusable geoprocessing services. Ideally, these services are well-
defined implementations which can be readily understood by clients in order to find
and invoke the right service for a particular task. Despite technological advances to-
wards service-oriented architectures, implementation uncertainty is still an issue and
most geoprocessing services lack solid and meaningful descriptions of the provided
functionality.

This paper reviews previous work in the field of service-oriented geoprocessing and
discusses their contributions towards interoperable and well-defined processing ser-
vices. Based on these findings, a framework is proposed that captures both semantic
and syntactic properties of geoprocessing functions at different levels of granularity.
Each of the levels is associated with a set of descriptive artifacts that refine the def-
initions of coarser levels, ultimately leading to well-defined implementations. The
utility of the framework is illustrated for task-oriented search and workflow verifica-
tion. Finally the paper discusses possible limitations of the presented approach and
provides suggestions for future work.
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1. Introduction

Reuse, comparability, and task-oriented discovery of geopro-
cessing services and functions are persisting topics in geoinfor-
mation science and application (Anselin, 2012; Lutz et al., 2003;
Miiller et al., 2013; Yuan and Albrecht, 1995). Instead of having
well-defined implementations at hand, users still face a range of
software products and libraries that maintain their own set of
tools with system-specific documentation and interfaces. Web
services for geoprocessing such as the Web Processing Service
(WPS; OGC, 2007) or vendor-driven services (e.g. ESRI's ArcGIS
Server REST API) have been introduced to overcome these in-
compatibilities. They eliminate the need to install a range of GIS
products and geospatial libraries at the client’s computer in order
to access a particular geoprocessing tool. However, occasional
surveys reveal little progress towards well-defined and inter-
operable functionality. To understand what a particular geopro-
cessing Web service actually does to their data, clients must obtain
background knowledge about the service’s backend systems and
libraries (Granell et al., 2010). This contradicts a fundamental as-
sumption in service-oriented design. The source system that runs
a service is expected to be hidden from the client. In this sense,
Web services have hardly improved semantic interoperability for
geoprocessing applications but made existing deficits more

*Fax: +49 351 463 35879.
E-mail address: Matthias_Mueller@tu-dresden.de

http://dx.doi.org/10.1016/j.cageo.2015.05.017
0098-3004/© 2015 Elsevier Ltd. All rights reserved.

obvious. In general, the interoperability of geoprocessing services
is still limited to the technical level (Friis-Christensen et al., 2007),
i.e. the communication protocol, network infrastructure and data
encoding.

Geoprocessing services in general lack the ability to express
and compare the semantics of the provided functions and algo-
rithms. At best, implementations of geoprocessing functions are
provided with comprehensive interface documentation, algo-
rithmic specifications, detailed behavioral description, supported
data exchange formats and permitted data volumes. At worst none
of this information is present. For apparently identical im-
plementations of common algorithms occasional case studies re-
port slightly and sometimes seriously diverging behavior (Fisher,
2006; Lutz et al, 2003). A stricter focus on well-defined im-
plementations and semantically enhanced interfaces, which can
reliably distinguish identical from differing implementations,
would help to avoid such implementation uncertainty.

The following section reviews current international standards
and scientific publications on meaningful descriptions for geo-
processing functions and services. Subsequently, four levels of
granularity are identified at which meaningful descriptions for
geoprocessing functions can be obtained. These levels are ar-
ranged in a hierarchical framework with clear inheritance struc-
tures. Each level in the framework is associated with a set of de-
scriptive artifacts that characterize geoprocessing services with
increasing detail. A profiling process compiles these artifacts in a
strictly additive manner. The process finally delivers well-defined
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implementations that are consistent with declarations and beha-
vior specifications imposed by superior levels. The described fra-
mework is shown to be useful for search and retrieval tasks, ser-
vice cataloging, service comparison, and service invocation. Fur-
ther examples describe possible applications in provenance
tracking and workflow verification.

2. Related work

Meaningful descriptions for geoprocessing functions have been
approached from different directions, including interface stan-
dards for Web services, metadata standards, ontologies, mathe-
matical formalizations, and free-text descriptions. For subsequent
discussions, some important terms need to be established. Geo-
processing refers to the processing of spatial or geo-referenced
data which relate to conceptual data models and encoding formats
from geoscience and neighboring disciplines. In reference to pre-
vious works on the topic (Albrecht, 1996; Fitzner et al., 2011; Lutz
et al., 2003) a geoprocessing function is defined as a stateless
function that transforms a given set of input data into a set of
output data. The data types of these inputs and outputs usually
relate data models and schemas in geospatial applications and
neighboring disciplines. With regard to the basic principles of
service orientation (Erl et al., 2008; Kuhn, 2005) a geoprocessing
service is defined as an implementation of a well-specified, inter-
operable, and reusable geoprocessing function that receives and
generates data in a common encoding format and can be readily
embedded into a workflow. A broad range of geographic analysis
tasks may be solved by assembling arbitrarily complex workflows
from a finite pool of geoprocessing services (de Jesus et al., 2012;
Longley et al., 2011). In contrast, geoprocessing Web services are a
technology that provides client-server interaction for performing
geoprocessing tasks on the Internet.

2.1. Normative definitions of geospatial operations

A straight-forward path towards well-defined geoprocessing
services is a standardization process which declares clear con-
formance criteria for compliant implementations. In geoinfor-
matics this approach has been chosen in the Simple Features for
SQL Specification (OGC, 1999) and its ISO counterpart (ISO, 2004).
Both standards are grounded in the work of Egenhofer and others
(e.g. Egenhofer and Herring, 1992) and describe seven so-called
“methods for spatial analysis”, like Buffer, ConvexHull or geome-
trical and topological overlay operations. Compliant implementa-
tions of these specifications can be found in various data base
products, such as Postgres/PostGIS, Oracle Spatial or Microsoft SQL
Server. While the original Simple Features specification had tar-
geted data base implementations, the standardized operations also
appear in geospatial libraries, such as the Java Topology Suite (JTS)
and the Geometry Engine Open Source (GEOS), or as query pre-
dicates in geospatial data services (ISO, 2010). This is an ideal si-
tuation from user’s perspective: No matter which implementation
is chosen, the adherence to a common standard guarantees con-
sistent behavior across all software systems. Although normative
definitions automatically lead to well-defined implementations
they have only been applied to a tiny number of geoprocessing
functions.

2.2. Profiling of Web processing services

The widely used WPS standard (OGC, 2007) describes a service
interface and communication protocol for processing data in a
Web service environment. The specification is quite generic and
WPS clients and servers provide and invoke a broad range of

geoprocessing functions on the Web. Geoprocessing functions in
WPS are specified by so-called process descriptions which roughly
resemble method signatures in programming languages. Process
descriptions cover syntactic properties of a function’s arguments
(inputs and outputs), the supported data schemas, and encoding
formats. Simple human-readable free-text elements for titles and
abstracts may be used to supply basic semantic descriptions about
the provided functionality.

In order to support typical publish-find-bind scenarios, pro-
cess profiles have been proposed as a means to contract and
possibly standardize the content of WPS servers. Profiles and
compliant services might be cataloged in public Web based re-
positories and potential clients would simply browse these re-
positories to find processing services that implement the desired
functionality. Since the WPS 1.0 standard is quite generic about the
profiling process, different interpretations have evolved over time.
These can be roughly divided into three categories.

Process-level application profiles have been proposed as inter-
face blueprints for process implementations (e.g. Lanig and Zipf,
2010; Ostldnder, 2008). In essence, this kind of profile contracts
the process definition, process inputs and outputs and their con-
crete data encodings formats. A globally unique identifier such as a
Uniform Resource Name (URN) or Uniform Resource Locator (URL)
serves as a common reference for particular profile. In this regard,
each process-level application profile exists in complete isolation.

Based on the insight that many implementations from a family
of similar algorithms share common properties, structured profiles
introduce an inheritance mechanism between individual profiles.
Commonalities between similar functions, such as identical input
and output parameters or common data formats are collected in
base classes that can be extended to obtain more specific profiles
(Nash, 2008). In contrast to process-level application profiles,
structured profiles recognize syntactic and semantic similarities
between geoprocessing functions.

The third category regards profiles as compilations of processing
functions. For instance, Walenciak and Zipf (2010) and Miiller et al.
(2010) propose grouping specialized processing functions into
thematic or domain-specific collections. These compilations share
some aspects with thematic GIS toolboxes, e.g. for hydrology,
terrain analysis, or spatial multi-criteria evaluation. If a WPS server
declares support for a certain thematic collection of geoprocessing
functions it is turned into a domain-specific computing service.
Compared to structured profiles, compilations of processing
functions are less driven by structural similarity at an algorithmic
or syntactic level. They rather recognize similarities between
geoprocessing functions from the perspective of a particular ap-
plication domain. While the creation of thematic collections is
extremely useful for specialized functions that clearly belong to a
single domain, the approach provides little help for structuring
and comparing more general functions which are used across
multiple domains.

2.3. Geospatial catalogs and metadata

The ISO 19115-1 metadata standard (ISO, 2014) is the current
baseline for cataloging geospatial data. Its extension ISO 19115-2
(ISO, 2009) provides additional lineage elements that describe the
provenance of a particular data set, including the processing steps
that have been applied to the original data. Although this lineage
structure generally improves transparency for data-intensive re-
search (Bernard et al., 2013), its Process Step element is a bad
substitute for interface descriptions of geoprocessing services. A
Process Step may provide documentation about a particular soft-
ware package - or link to a documentation resource for the ap-
plied algorithm - but does not model input and output elements
like, for instance, WPS. Hence the 1SO19115 standard series is of



70 M. Miiller / Computers & Geosciences 82 (2015) 68-77

little use for cataloging geoprocessing services.

Based on an early draft of ISO 19115, Hill et al. (2001) attempted
to develop a content standard for computational models, e.g. in
the form of executable software packages or computer code. Next
to written publications and archived data, these models should be
archived by digital libraries where they can be found, downloaded,
and hence reused. In contrast to ISO 19115-2 the proposed content
standard is more interface-oriented and characterizes syntactic
and semantic properties of computational models top-down at
different levels of abstraction, i.e. conceptual, symbolic, algo-
rithmic, and coding representations. It is noteworthy that this
work anticipated some characteristics of WPS process descriptions
which appeared several years later. The metadata schema is aware
of input and output elements, including the ability to specify the
type and format of input and output data.

2.4. Formal descriptions and behavioral semantics

Semantic interoperability problems in GIS and geographic Web
services have been a topic of extensive study in the literature
(Albrecht, 1996; Bishr, 1997; Kuhn, 2005; Lutz et al., 2003; Schei-
der et al.,, 2009; Yue et al., 2007). Two basic directions of in-
vestigation can be distinguished here: (1) Semantic descriptions of
geoprocessing functions, and (2) semantic mappings that associate
real-world processes and phenomena with these functions. For
this paper approaches in the first category are of foremost interest.

An early attempt to formalize GIS operations for environmental
modelling has been made by Albrecht (1996). His work defines the
interfaces of twenty basic geoprocessing functions in the func-
tional programming language Haskell. This early work focused on
syntactic properties of geoprocessing functions, i.e. function sig-
natures. Albrecht did not consider implementation uncertainty but
rather assumed sufficient documentation in existing literature
which could be derived from the functions’ names and their
arguments.

Implementation uncertainty in conjunction with geoinforma-
tion Web services has been investigated by Lutz et al. (2003). The
authors provide a list of heterogeneities that hinder the exchange
and use of geoprocessing services in spatial data infrastructures.
Cognitive heterogeneity arises from the use of homonyms for pro-
cessing functions or data items. For instance, topological relations
between spatial objects are defined in different taxonomies
(Clementini et al., 1993; Cohn et al.,, 1997; Egenhofer and Herring,
1992) and at different levels of granularity (Grigni et al., 1995),
resulting in various system specific implementations that provide
seemingly identical functions but produce slightly different re-
sults. The authors provide empirical examples for the topological
operators “meet” and “touch” which behave differently in the in-
vestigated systems. Naming heterogeneity is introduced as the dual
of cognitive heterogeneity and refers to a situation where identical
items (processing functions or their arguments) share the same
semantics and behavior but are named differently. Subsequent
work by Probst and Lutz (2004) acknowledges type heterogeneity
as a third interoperability issue. It could be paraphrased as cog-
nitive heterogeneity for geographic data models and refers to the
use of different conceptual data models for the same entities. A
typical example is the object versus field debate (Couclelis, 1992;
Kuhn, 2012; Liu et al., 2008) that contrasts the two opposing
modelling approaches for geographic phenomena. At a technical
level, type heterogeneity may also occur due to the multitude of
data encodings spatial data and data schemas (e.g. in XML or
GML). Formal specifications of geoprocessing functions have been
suggested to resolve issues that arise from the use of hetero-
geneous concepts, names, and data types.

Function subtyping and Hoare Logic (HL; Hoare, 1969) have
been applied by Lutz (2007) to describe input and output types as

well as the behavior of a processing function. HL is a rigorous
approach for verifying the correctness of imperative computer
programs at the source code level. It assumes that the operation
under test can be fully specified and verified in a formal system by
providing explicit assertions, pre-conditions, and post-conditions.
Lutz provides a proof-of-concept for a set of simple distance cal-
culation functions in different types of coordinate systems. To
assess the suitability of the approach for geoprocessing functions
of higher complexity he suggests further investigations. However,
progress on in-depth formalization of ordinary geoprocessing
functions has not happened since then. Some early work by Clarke
(1979) has shown general limitations of HL, suggesting that this is
not feasible or at least most impracticable to provide and maintain
complex formal representations for larger programs with complex
control structures.

Fitzner et al. (2011) suggest declarative descriptions for geo-
processing functions to allow for automated workflow composi-
tion. Logic programming is applied to the problem in order to
support comparison and matchmaking tasks for different geo-
processing functions. An example illustrates the matchmaking
process for some common overlay operations. In contrast to Lutz's
approach, Fitzner does not attempt to specify the general me-
chanics or the behavior of a particular processing function but
rather assumes it is already documented in a “geospatial operation
ontology” - which is still an open task. However, the provided
examples illustrate the advantages of well-defined geoprocessing
services for workflow composition and verification.

3. A profiling approach for geoprocessing services

The possible meanings of the term profiling in conjunction with
geoprocessing services have already been discussed in the context
of WPS. A more robust definition is provided by the Unified
Modelling Language standard (UML; OMG, 2005), which describes
“profiling” as a specialization mechanism for refining the seman-
tics of a superior reference metamodel. The resulting profile is
usually more constraining than the referenced metamodel but
consistent with its semantics. Profiles that stem from the same
metamodel are aligned to some degree and are substitutable at the
metamodel’s level of granularity. This approach has strong simi-
larities to the Liskov substitution principle, i.e. that “... objects of a
subtype should behave the same as those of the supertype as far as
anyone or any program using the supertype can tell” (Liskov and
Wing, 1994, p. 1811).

This kind of additive inheritance can also be used for the de-
finition of geoprocessing services. Besides allowing representa-
tions of functionality at different levels of abstraction, a profiling
process could also help to align future implementations of geo-
processing services. This section shows how geoprocessing func-
tions can be profiled in a subtyping fashion by gradually refining
their semantics. Four recurring levels of granularity are identified
which can be arranged in a hierarchical fashion to obtain inter-
operable geoprocessing services that are no longer tied to the
mechanics of a particular legacy system.

3.1. Concepts

Well-known geoprocessing functions stem from well-known
concepts (Hill et al., 2001). Normative specifications such as OGC
(1999) implicitly use concepts when they define the generic be-
havior of an operation. Formal specifications reference concepts to
define the semantics of an operation and its arguments (Kuhn,
2005). Familiar examples of commonly used functions are geo-
metric intersection and overlay operators, all kinds of buffering
functions, map algebra operations (Tomlin, 1990), convolution
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Fig. 1. Concept taxonomy for Buffers.

filters, Viewshed and watershed computations, slope operators,
distance transformations, and many others.

Concepts are documentation resources with unique identity.
They may describe the functionality performed by a particular
process or GIS tool or describe the result of a modelling or com-
puting activity, e.g. a “three kilometer Buffer around New York
City”. Buffer definitions, for instance, may be grounded in different
concepts (Fig. 1). The Distance Buffer is probably the most com-
mon notion of a Buffer which represents all points whose distance
from a given geometric object is less than or equal to a given
distance (de Smith et al,, 2015; ISO, 2004). An alternative sub-
concept for Buffer uses Minkowski Sums in conjunction with a
reference shape instead of a distance-based definition (Zhang
et al.,, 2010).

Another exemplary taxonomy is shown in Fig. 2, which classi-
fies different Viewshed concepts by their outputs. The classifica-
tion has been adopted from Floriani and Magillo (2003) who give
an overview of Viewshed algorithms that operate on regular
square grids and triangulated irregular networks (TINs).

A more complex taxonomy is required for some generalization
functions. Optimal simplification algorithms for polygonal paths
have been extensively studied in literature and are frequently
applied in geospatial applications. A polygonal path is defined as a
totally ordered set of vertices P=(p,, p,,....p,) and a set of path
segments S = (S;= PP, Sy =DPyP3s - Sp_1=D,_sP,)- A simpler
version P of P is obtained by removing some of the vertices v. This
results in a reduced number of path segments
S'=(1 =Py $2=D9P'3 o S =D P With2 <k <n -1

Two broad classes of optimal simplification algorithms can be
distinguished (Bose et al., 2006; Imai and Iri, 1988). min#(e) al-
gorithms minimize the number of vertices according to some error
criterion €, such as displacement, total difference of the path
length, or area transfers between the left and right sides of the
path. mine(#) algorithms minimize an error criterion € for a given

<<Concept>>

Viewshed

+ identifier: URI

maximum number of vertices k.

Fig. 3 shows a taxonomy of path simplification algorithms
where the class of min#(¢e) algorithms is further subdivided ac-
cording to different error criteria. A similar distinction can be
made for the branch of mine(#) algorithms (Bose et al., 2006;
Gudmundsson et al., 2007). All simplification concepts remove
unnecessary detail or noise from the original data. However, each
concept applies a different set of optimization criteria. A user may
take advantage of this taxonomy to get an overview of the dif-
ferent algorithms and decide about the correct or suitable sim-
plification strategy for a particular task. Furthermore, a user has
certainty about a software component that implements a parti-
cular sub-concept.

3.2. Generic profiles for functions and algorithms

While most authors agree that concepts precede more fine-
grained definitions of processing functions, they pursue different
approaches for refined specifications. Hill et al. (2001) propose
that symbolic (i.e. mathematical or logical) representations pre-
cede algorithmic representations of computing models which are
then turned into programmatic implementations. This is a typical
approach in modeling and simulation domains, where every sub-
component of a simulation model can be expressed as a set of
differential equations (Zeigler et al., 2000), but it might not fit the
typical situation in GIS and environmental modelling. Many useful
functions such as generalization operations, data fusion algo-
rithms, visibility and watershed calculations are defined in an al-
gorithmic fashion, i.e. by procedural specifications, pseudo code, or
simply by stating pre- and post-conditions in written text. In other
cases algorithmic and symbolic representations may be mixed, i.e.
by embedding mathematical equations into pseudo code state-
ments. For instance, the path simplification algorithms discussed
in Section 3.1 are specified in free-text which provides a detailed
description of the simplification procedure, states pre- and post-
conditions and include explanatory images, mathematical state-
ments, and pseudo code. This kind of documentation is typical for
most geoprocessing functions and largely comprehensible for
humans. Fully formalized approaches that provide abstract func-
tion interfaces with explicit typing and formal behavioral specifi-
cation have been shown to work for the simplest geospatial op-
erations in controlled environments.

Based on these findings generic profiles are scoped as semi-
formal and encoding-independent specifications, which contract
the most basic properties of a function’s interface and document
the expectable behavior. While concepts are output-centric, i.e.
describe what is produced by a particular geoprocessing service,
generic profiles detail how the outputs are derived from the inputs.
They extend concepts with (1) abstract signatures, that provide
compulsory names and cardinalities of inputs and outputs to avoid
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Union
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<<Concept>>
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+ identifier: URI

+ identifier: URI

+ identifier: URI

+ identifier: URI

Fig. 2. Concept taxonomy for Viewsheds.
Source: Floriani and Magillo (2003).
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Fig. 3. Concepts taxonomy for polygonal path simplification. The listed concepts and compliant algorithms are discussed by 'Imai and Iri (1988); 2Gudmundsson et al.

(2007); *Bose et al. (2006).

naming ambiguities at the implementation level. Similar to nor-
mative definitions for geoprocessing functions they provide (2) a
rigorous description of the expectable behavior, the meaning of
function arguments, and pre-and post-conditions for execution —
but not necessarily in a fully formalized way.

The generic Buffer interfaces in Fig. 4 show two distinct realiza-
tions of a Distance Buffer concept. Euclidean Buffers are provided by
most GIS and intended for use with projected length-preserving
coordinate reference systems (CRS). Geodesic Buffers recently ap-
peared in GIS and spatial databases using geodesic distance com-
putation on an ellipsoid, i.e. the shortest point-to-point distance on

an ellipsoid’s surface. The latter Buffer concept is frequently used in
conjunction with geographic CRSes and global data sets, in which
case the use of a Euclidean Buffer is rather meaningless. While both
Buffer profiles refer to the same concept and have identical sig-
natures (except for their names), they behave quite differently. The
Euclidean Buffer uses linear interpolation and performs distance
calculations in the spatial reference system of the geometric object.
The Geodesic Buffer uses geodesic interpolation and performs dis-
tance calculations on the spatial reference system’s ellipsoid.
Computational precision is another important aspect that may
be covered in a generic profile. The Euclidean Distance Buffer is
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Fig. 4. Generic profiles for Buffer functions.
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Fig. 5. Polygonal Buffer approximation.

similar to the Buffer operation defined in OGC (1999). Although
the interface seems quite complete at first glance, the geometric
precision of the result is virtually undefined. The precision aware
Buffer functions make precision explicit by providing an additional
tolerance parameter that controls the geometric precision of the
result. Imprecision in Buffer computation may have two causes.
First, it is be caused by approximate distance calculations. Second,
imprecision may be introduced by the geometry model since most
Buffer implementations do not support circular arcs but approx-
imate curved segments by piecewise linear functions (Fig. 5). Both
cases can be covered by an additional tolerance parameter that
guarantees an approximation error lower or equal to the specified
tolerance. Use cases that require negligible precision may stick to
the general Distance Buffer variants while more demanding ap-
plications would invoke a service that implements a Buffer func-
tion with precision guarantees.

For other types of functions, precision uncertainty may be an
inherent property of the algorithm and cannot be controlled by a
tolerance parameter. Simplification algorithms for polygonal paths
(Section 3.1) are computationally demanding. Next to exact algo-

rithms, heuristics have been developed which run faster by orders
of magnitude but only approximate the exact solution. Heuristics
still comply with the overall optimization strategy imposed from
the conceptual level, but behave differently from their exact
counterparts. In such cases, exact and heuristic variants must be
expressed in distinct generic profiles.

3.3. Implementation profiles

Generic profiles have been introduced to resolve conceptual
and naming heterogeneity for geoprocessing functions. Software
implementations of generic interfaces must comply with their
syntax and behavioral contract. Due to their abstract nature,
generic interfaces cannot be immediately used for execution. The
typing of interface elements is purely conceptual and lacks the
specification of a technical data exchange format. Without such a
format, a potential client would not know how to send or receive
data to/from a concrete geoprocessing service.

Implementation profiles extend generic profiles with non-func-
tional properties. They inherit the behavioral and syntactic proper-
ties from concepts and generic interfaces. In addition they supply
encoding formats that encode the conceptual data types in common
data exchange formats such as XML/GML, JSON/GeoJSON, NetCDF,
GeoTiff, or other well-known data exchange formats.

In Fig. 6 the generic interface of the Simple Buffer is extended
by to implementation profiles, one for GeoJson and one for GML.
The distance value has to be encoded with Double precision.

Due to limited computing resources implementation profiles
may further apply reasonable size restrictions to input datasets.
For instance, the generic interface of a Mosaic function, which
merges an arbitrary number of raster tiles into a single raster, may
theoretically accept an unlimited number of input tiles of any data
volume. Implementations will certainly restrict this generic Mo-
saic function by limiting the number of tiles and their permitted
maximum size to a manageable amount.
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Fig. 6. Implementation profiles for the Euclidean Distance Buffer.
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The process description schema of WPS, in terms of an inter-
face blueprint (Section 2.2), is a possible encoding of an im-
plementation profile. A function’s interface is not expressed in a
high-level fashion but already specifies concrete data formats and
non-functional aspects, such as applicable data formats and data
size limitations.

3.4. Service implementations

The development of software components that comply with
the implementation profiles follows service-oriented paradigms or
contract-driven service design (Erl et al., 2008; Meyer, 1992; Szy-
perski et al., 2002). In brief, implementations are allowed to ex-
tend an existing contract, i.e. the interface and behavior of an
implementation profile, but shall not to violate it.

A straight forward implementation simply realizes a given im-
plementation profile. However it might be desirable to provide an
extended implementation for several reasons. The most obvious case
is the support for multiple data exchange formats (Fig. 7A).

Another extension case is shown in Fig. 7(B) which provides an
additional optional parameter for cap styles referring to similar
buffer arguments in JTS and ArcGIS. Cap styles are occasionally
used in conjunction with line buffering, allowing fine-grained
control of the Buffer’s shape at the start and end vertices. The
addition of the optional parameter is fully backwards compatible.
If unused or ignored by the client, it does not alter the original
contract of the Euclidean Buffer for GeoJson implementation pro-
file. If a client is aware of the optional parameter, he may use it to
trigger an alternate behavior of Buffer implementation (B). Im-
plementers would consider this kind of extension if they wish to
provide enhanced capabilities, which go beyond the profiled be-
havior, to some clients but still need to maximize compatibility
with the original contract.

3.5. Process catalogs and lineage records

Current implementations of geospatial data infrastructures have
a strong focus on mapping and data access. Catalog interfaces and
metadata schemas have been designed to support data and map
retrieval. Inventories or catalogs for processing services are still rare
and uncommon since search and retrieval tasks demand meaningful
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Fig. 8. Inheritance graph for profiles and software components.
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descriptions of geoprocessing functions which are not yet in place.

The proposed profiling approach defines four granularity levels
at which a processing function may be described. The distinction
of input and output ports for data exchange provide compatibility
with generic models for workflows, components, Web services, in
particular with the process semantics of WPS (OGC, 2007). These
profiles may be used to support the search for software compo-
nents that implement a particular concept or profile (Fig. 8). Here,
a user would start searching (or browsing) for the required func-
tionality at the conceptual level and then follow subsequent links
to refined generic profiles to finally obtain a compliant software
implementation. Similarly, a given software component (i.e. a li-
brary component or online processing service) can be assessed in
terms of provided functionality at different levels of abstraction,
i.e. the compliance with a required generic profile or concept, in
order to assess its applicability for a particular task.
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Fig. 7. Buffer implementations with (A) support for multiple data exchange formats and (B) an optional parameter for cap styles.
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Fig. 9. Excerpt workflows and provenance graphs for territorial waters computation.

In addition, the profiling approach supports the creation of
provenance records. Current metadata schemas such as ISO 19115-
2 are cumbersome to use and still do not provide sufficient detail
about the processing workflow (Henzen et al., 2013). With profile
references embedded in provenance records, the whole workflow
becomes transparent, right down to the behavior of the invoked
processing functions. Fig. 9 shows an excerpt from two workflows
that compute the territorial waters from global costal baselines. To
assess the correctness of the result, detailed information about the
employed proximity calculation is desirable. The result of work-
flow (A) has to be treated with caution and is probably wrong
since the invoked buffering operation employs a Euclidean Buffer
on a global dataset and in this case the result is probably highly
inaccurate. The result of Workflow (B) can certainly be trusted
since the invoked Buffer function is capable of performing geo-
desic computations and provides precision guarantees through a
tolerance parameter. For absolute certainty, the values of distance
and tolerance might be checked.

As hinted in Fig. 9, coarser representations of the workflow
might be generated from the graph for general overviews, e.g. at
the level of concepts. Assuming that fine-grained provenance has
been recorded, a deep inspection may be performed by portraying
lower levels possibly down to the particular implementation. Even
if at some point in the future the invoked software implementa-
tion no longer exists, the workflow is still reproducible and ver-
ifiable based on the contracts provided by the profile definitions.

4. Conclusion and future work

This paper has presented a semi-formal approach for profiling
interoperable geoprocessing services. In contrast to fully formalized
specifications, the correctness of derived implementations cannot be
automatically checked. A major advantage of the proposed approach
is its applicability for higher-level algorithms and functions which

cannot be expressed with formal logic. The reviewed literature
provides sufficient evidence that this is the case for all but the
simplest spatial operations.

The presented examples use existing taxonomies for geopro-
cessing functions and geo-spatial operators. Representations and
interpretations of concepts and profiles are subject to scientific
discourse and may evolve over time. There is nothing wrong with
this fact; it is merely a consequence of GIS evolution and a better
understanding of GIS components (Kuhn, 2005). Steady develop-
ment of algorithms and methodology may lead to improved
taxonomies for concepts or generic profiles. The examples pro-
vided in this paper are derived from current state-of-the-art in GIS
research and application to illustrate the purpose and capabilities
of the framework. There is no definite set of criteria that could
indicate whether a contract, expressed by a concept or generic
profile, is sufficient, conclusive, and comprehensive.

This issue is not unique to the geospatial domain and has been
discussed at a broader scope for service-oriented software design
in general. Szyperski et al. (2002) have drawn an analogy between
semiformal contracts in software component design and real-
world law texts which are regularly debated in courts. Both are
subject to evolution and existing contracts and taxonomies might
be rephrased, refined or even reconsidered. To organize this de-
velopment process in a service-driven environment, Erl et al.
(2008) have suggested versioned contracts, where subsequent
revisions provide refined versions of the original contract. All
elements in the profiling hierarchy are scoped as identifiable re-
sources and would thus support this kind of versioning.

The descriptions of contracts, generic profiles, implementation
profiles, and finally implementations are scoped as persistent
documentation resources which require a suitable encoding for
both syntax and behavior. As hinted by the figures the signatures
and their elements may be encoded in a well-known modelling or
markup language such as UML or XML. The upcoming revision of
the Web Processing Service specification (OGC, 2015, Sections
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7 and 8) will support hierarchical profiling. It provides XML en-
codings for generic and implementation profiles to build function
taxonomies for well-known geoprocessing functions and future
algorithms. Additional metadata elements can be used by service
implementers to express compliance with objects inside these
taxonomies, alleviating the burden of service documentation.

Sematic Web languages, such as RDF, are another option which
is particularly suitable for encoding the semantic links within the
sets of concepts, generic profiles and implementation interfaces
(Fig. 8). In contrast, the specification of behavior requires addi-
tional documentation resources. In both industry standards and
academia classical text-based documentations are primarily used
for this task (Albrecht, 1996; OGC, 1999). Thus human-readable
hypertext media and specification texts are viable documentation
resources (e.g. ESRI, 2015). These resources might also be scoped
as educative material, i.e. be supplied with examples and guidance
to help non-specialists understanding domain-specific concepts
and algorithms. The testing for correctly implemented behavior is
still subject to classical software testing and involves human
judgment and expertise.

The presented profiling approach bears strong analogies with
the development process for data schemas, which are typically
derived from conceptual models and then refined and extended
for different application domains (Toth et al., 2012). A similar in-
heritance mechanism is applied to derive generic profiles, im-
plementation profiles, and finally implementations from their
ancestors. In general, pure extension-based approaches result in
large numbers of subclasses which need to be managed and
maintained. This might indicate a scalability issue of hierarchical
profiling for large numbers of heterogeneous geoprocessing
functions with diverse subtypes. Semi- or unstructured collections
of processing functions, which are generally hard to profile, might
be easier to handle with linked data representations as proposed
by Granell et al. (2013). For geoprocessing functions, there is some
evidence that they can be characterized according to common
aspects, such as the definition of distance metrics and space,
geometric precision, and the spatial or spatio-temporal reference
system types. Future research should investigate these common
aspects to possibly profile geoprocessing functions according to
some globally shared properties.
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5. The WPS 2.0 Interface Standard

Miiller, Matthias (Ed.); Pross, Benjamin (Co-Ed.): OGC WPS 2.0 Interface Stan-
dard. Published as an International Standard by the Open Geospatial Consortium,
© OGC 2015, document number 14-065.

Abstract. The OGC Web Processing Service (WPS) interface specification stan-
dardises descriptions for geoprocessing functions and defines a protocol for client—
server geoprocessing (see section 1.1). While the OGC WPS standard was designed
with spatial processing in mind, it can also be used to readily insert non-spatial
processing tasks into a web services environment.

Contributions. The author of this thesis is the editor of the WPS 2.0 specification
text and has essentially developed the information models and corresponding XML
schemas. One particular focus was put on the separation of the WPS process model
from the service model so that WPS process descriptions can be used as an interface
description language for arbitrary geoprocessing functions, no matter if they are used
in a Web service or as a more general component interface, e.g. for cataloguing the
contents of GIS toolbozes or portable moving code packages.

For WPS 2.0, the Standards Working Group (SWG) has requested a clear guidance
profiling WPS processes, which was not properly addressed in the first version of the
standard. After several presentations of the initial work on profiling approaches
(MULLER 2013) and subsequent refinements, the framework on hierarchical profiling
(cf. chapter 4) was approved by the SWG for inclusion in the standard and is now
part of the WPS process model. Corresponding XML schemas and inheritance rules
have been formalised in the standard. Sections in the specification that cover the
profiling mechanism are exclusive contributions of the author. The following sections
are a summary of the standard.
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5.1. Specification Overview

The WPS 2.0 specification (OGC 2015a) is a major revision of the WPS 1.0 standard
(OGC 2007c). The standard addresses several weaknesses of its predecessor and
was redesigned with improved modularity. Figure 5.1 gives an overview of the new
specification structure.

[ 1

GET/KVP Binding

Extension
/

Service Model
1

POST/XML
| Binding Extension

Conceptual Model

[ 1 [ 1

Process Model
XML Encoding

Process Model

OWS Common

Figure 5.1.: Structure of the WPS 2.0 implementation specification
(shortened)

Since the OGC abstract specifications (OGC 2015a) do not provide a common
reference model or guidance for geoprocessing, the standard introduces a conceptual
model for geoprocessing that is platform independent and can be implemented in
various technologies and encodings. The conceptual model defines the basic prop-
erties of a process and lists basic requirements for service discovery and invocation,
data transmission, and process interfaces.

Subsequent parts such as the service model and the specific process model depend
on information elements defined by OWS Common 2.0 (OGC 2010). The primary
encoding of the service model and process model is the Extensible Markup Language
(XML). The use of the JavaScript Object Notation (JSON; ECMA 2013; IETF
2014) as an alternative encoding along with a resource-oriented service interface,
based on Representational State Transfer (REST), is currently discussed and might
be defined by future WPS implementation standards. The SWG on WPS 2.0 has
discussed several approaches to a RESTful WPS and assumes that the current data
structures can be easily adapted for that technology. It is now up to the OGC and
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its members to define a common policy on JSON and REST to allow further progress
towards a RESTful encoding for WPS.

In contrast to the previous version, WPS 2.0 separates the service model from the
process model (outlined in section 5.3). The tight coupling between the Web service
interface and the process model in WPS 1.0 prevented the use of process descriptions
as a common IDL for arbitrary geoprocessing services or tools. Experiences from
the work described in chapters 2 and 3, as well as a change request to support
SensorML (OGC 2014c) as an alternative process interface description triggered this
change and had significant impact on the new modular design. Since SensorML and
WPS provide different information models for process descriptions (a comparison is
provided in annex A.3), the WPS 2.0 service model supports both.

Other OGC standards for the Web, which have made the distinction between
content encoding and service interfaces already, have served as a blueprint for this
new design. For instance, the contents offered by a Web Feature Service (WFS; OGC
2014d) server depend on the ISO Feature Model (ISO 2005), and the Geography
Markup Language encoding (GML; ISO 2007). Similarly, the Sensor Observation
Service (SOS) relies on the information models and data encodings provided by
Observations and Measurements (O&M; OGC 2011, 2013).

5.2. WPS Service Model

The service model of WPS2.0 (cf. Figure 5.2) has been revised to provide a clearer
protocol for process execution. Regarding nomenclature, the specification makes a
distinction between a process (e.g. a geoprocessing function that can be reused in
multiple executions) and a job representing an instance of a process with specified
input and output data.

Besides the operations required for the service self-description and the descrip-
tion of the provided content (GetCapabilities and DescribeProcess), WPS provides
an Frecute operation for job instantiation and execution as well as GetStatus and
GetResult operations for asynchronous execution. A Dismiss operation is provided
as an optional extension which may be used by clients to signal the WPS server that
they are no longer interested in a running job or its results and that the associated
resources may be freed. Similarly to a cancel command in desktop GIS, this opera-
tion is useful to stop accidental execution in interactive applications or to terminate
unexpectedly long running executions.

As stated in the overview section, the process model and service model in WPS 2.0
are largely decoupled. As a consequence, process descriptions can be used indepen-
dently from a WPS service, i.e. to describe the interfaces of geoprocessing tools that
reside in a particular GIS toolbox. On the other hand WPS servers can support
other process description schemes if they comply with general requirements laid out
in the conceptual model.
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GetCapabilities % DescribeProcess H

Web Processing Service ——provides—>> Process
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control &

. Data
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Job Control Operation

has

Execute w
GetStatus
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(Dismiss) Status

Figure 5.2.: Artefacts of the WPS service model (Source: OGC 2015a, Figure 1)

5.3. WPS Process Model and Interfaces

The WPS standard’s process description has been designed to support a broad range
of stateless computing functions. For historical reasons WPS uses the term process
instead of function. A process’ interface makes an explicit distinction between inputs
and outputs. A WPS-compliant process has at least one output and zero' or more

inputs (cf. Figure 5.3).

< ©
Process > Input DataType
0..* <
1.*
| oy
%
k>
Output
1.% >—

X R e T

Figure 5.3.: WPS abstract process model (Source: OGC 2015a, Figure 2)

!This permits the description of input-free functions such as random value generators
(http://resources.arcgis.com/en/help/main/10.2/index.html/Create_Random_Raster/
009z000000s6000000/).
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5.3. WPS Process Model and Interfaces

An input can be multi-valued, i.e. receive one or more input datasets for execution.
More complex interfaces with cross dependencies between several inputs or outputs
can be modelled with grouped inputs and outputs?. The functions Weighted Sum
and Reclassify are typical examples from common GIS toolboxes that have nested
arguments and benefit from this feature. Figure 5.4 illustrates how nested inputs
may be applied to express remap tables for single values and value ranges.

1 <<ZInput>>
InputRaster | <<Input>>
StartValue
1 <<Input>> 1
ReclassField ] <<Input>>
EndValue
0..% <<Input>>
1O—
MIM& _1. <<|nput>>
<<Process>> | < m—
Reclassify
0% 1 <<ZInput>>
i <<Input>> ] OldValue
RemapValue
1 <<LInput>>
o1 <<Input>> NewValue
MissingValues
1 <<Output>>

OutputRaster

Figure 5.4.: Exemplary process interface for a Reclassify function?

In WPS 1.0, case-specific data types with distinct (XML) schemas had to be defined
for geoprocessing functions with nested arguments. As pointed out by FEUERLICHT
(2011), such practice easily leads to a deluge of very specific data types. This can
become a mjor obstacle in service chaining and eventually impedes service composi-
tion.

A UML diagram of the complete WPS process model is shown in Figure 5.5.
Process descriptions, inputs, and outputs inherit basic type definitions from OWS
Common and comprise a machine readable identifier, a human readable title, an
optional abstract, an optional set of keywords?, and zero or more metadata elements.

In contrast to the prior version, WPS 2.0 makes particular use of the metadata
elements to provide additional documentation on the semantics of process interfaces
as well as inputs and outputs. Furthermore, metadata elements are used to indicate
compliance with one or more process profiles (see section 5.4).

2@rouped inputs and outputs were not available in WPS 1.0

3Interface adapted from ArcGIS Reclassify tool (http://desktop.arcgis.com/en/desktop/
latest/tools/spatial-analyst-toolbox/reclassify.htm, accessed 2015-04-01

*Keywords were not available in WPS 1.0
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and description of processes,
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from OWS Common.
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Figure 5.5.: WPS process model information elements (Source: OGC 2015a, Figures
6,7,8,12)
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For data exchange, the WPS standard defines two specific and one generic type:
e Literal Data — a simple scalar or string value with an optional unit,
e Bounding Box Data — a geographic bounding box, and

o Complex Data — for all other data types, described by mime type, encoding
and schema.

While being developed for geospatial applications, the data model is quite generic
and open to use in other domains. With regard to the limited list of available
data types, extensions may define additional data types — either by inheritance from
Complex Data or by extending the abstract Data Description class.

5.4. Process Descriptions and Profiles

Hierarchical profiling of geoprocessing functions is another feature which was intro-
duced by WPS 2.0 and is based on the theoretical background provided by MULLER
(2013) and MULLER (2015, cf. chapter 4). The WPS SWG has adopted the general
approach for WPS 2.0 and a corresponding XML encoding was created. Other op-
tions, such as semantic annotations, are generally possible to add useful metadata
and have been discussed in conjunction with WPS (OGC 2009). Yet, semantic an-
notations have not received significant adoption in the OGC community or the OGC
standards suite.’?

Concept

i

— | —|—1> Generic Profile {<— wps:GenericProcess

1

—— Implementation Profile

[P wps:Process

Process Implementation /

Figure 5.6.: Inheritance hierarchy for multi-level process profiles (Source: OGC
2015a, clauses 7.5 and 8)

WPS 2.0 does not mandate a full profiling hierarchy to reduce the implementation
burden for early adopters of process profiles. It permits to start profiling at any

5The purpose and use of semantic annotations in SensorML is reviewed in annex A.3.
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given level in the hierarchy and allows “gaps”, such as omitted generic profiles, in the
inheritance graph (cf. Figure 5.6). This allows implementers to document the status
quo of their geoprocessing services and work towards better descriptions and more
complete hierarchies in future iterations.

DescriptionType

+title[1]: ows:Title
+abstract[0..1]: ows:Abstract
+identifier[1]: ows:ldentifier
+metadata[0..*]: ows:Metadata

7
| | |

GenericProcess Genericlnput GenericOutput
+ Input[0..*]: Genericlnput +minOccurs[1]: nonNegativelnteger 0. ﬂE \
+ Output[1..*]: GenericOutput +maxOcurs[1]: positivelnteger

0.*

Figure 5.7.: Generic process information elements (Source: OGC 2015a, Figure 13)

A detailed discussion on profiling and inheritance is provided in chapter 4. The
WPS implementation of process profiling is based on the UML classes Process (cf.
Figure 5.5) and Generic Process (cf. Figure 5.7). A compilation of XML listings that
encode the examples from MULLER (2015) into WPS process profiles is provided in
annex A.2.
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Today’s geospatial data infrastructures largely provide data-centric services. Data
access services offer interfaces for data download, view services deliver cartographic
visualisations of this data, and catalogue services add search and retrieval capabilities
to the infrastructure.

In contrast, processing services are not very well integrated in current SDIs. Access
to geoprocessing software is usually limited to experts who still face interoperability
challenges if they wish to reuse 3rd party tools or products. Although Web services
with geoprocessing capabilities have been around for a while now, clients are gen-
erally unable to search and invoke the processing functions that suit their needs.
Open Data initiatives and SDIs have helped to establish a culture for data shar-
ing that encourages reuse of previously collected data and avoids costly surveys for
gathering data which is aleady available. Similarly, a code sharing infrastructure (cf.
chapter 3, Figure 2) may ease access to geoprocessing services and encourage reuse
rather than costly, time consuming, and error prone re-implementation. Geoprocess-
ing Web services, such as WPS, are one technical option to achieve code mobility (see
section 1.2). A major disadvantage of WPS is the tight coupling of computing func-
tionality and computing resources. Developers of new data processing functions are
required to operate a computing service to share their implementations with other
users. In this thesis it is agued that portable computing components could be shared
and exchanged independently from a computing service. This so-called moving code
approach significantly reduces provisioning efforts and allows greater flexibility in the
choice of the deployment site. Provided that both data and computing components
can be transferred to any location in a world-wide network, users are free to perform
geoprocessing on arbitrary — rented or owned — computing infrastructure.

6.1. Responses to the Research Challenges

As with data, the ability to share geoprocessing services can be attributed to two
independent aspects: The ability to document geoprocessing functions, i.e. to de-
scribe, search, discover and compare them as well as the ability to access, enact, or
otherwise invoke their implementations. This dichotomy is reflected by the research
challenges laid out in section 1.4.

Chapter 2 lays the foundation for a moving code architecture that discusses code
sharing approaches as an alternative to the provision of geoprocessing Web services.
In this contribution, the focus is on improving access to software components for
geoprocessing which may represent general purpose functions as well as domain—
specific workflows and models. An abstract architecture is developed that connects
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the user domain, where geoprocessing functions are used and applied, with the source
system domain, in which the corresponding implementations are actually deployed.
Furthermore, aspects of life cycle management are discussed in order to supply users
with updated implementations.

This abstract architecture is refined and improved in chapter 3 which identifies a
set of services and target platforms that support moving code approaches, such as
code on demand or remote evaluation (cf. CARZANIGA et al. 2007, and Table 1.1).
The contribution presents an improved component model that allows a better docu-
mentation of runtime requirements for portable software components and also puts
a stronger focus on component interoperability. Next to infrastructure services for
code sharing, registries are proposed to store interface descriptions for geoprocessing
functions of which multiple implementations exist.

Chapter 4 is devoted to improving interoperability of geoprocessing services by the
definition of profiles, which were initially mentioned in WPS 1.0 and were repeatedly
discussed and re-interpreted. Based on these reconsiderations, a hierarchical profiling
approach is suggested which is generally compatible with WPS process descriptions
and permits the description of geoprocessing services at different levels of detail. That
same approach can also be used to harmonise geoprocessing services at different levels
of granularity.

In parallel, this thesis has provided some insights and suggestions that have been
integrated into the WPS 2.0 specification. Important contributions to this interna-
tional standard are summarised in chapter 5.

These results are now coherently reviewed and related to the initial research chal-
lenges.

Challenge no. 1: Portable Software Components for Geoprocessing

Portable software components have been proposed as an alternative to geoprocessing
Web services which may be inappropriate or underperforming in many applications.
Next follows a review of the related research questions (cf. section 1.4).

How is code mobility achievable in SDI?

Code mobility in terms of client—server geoprocessing is well-documented
and practised in various cases. The WPS standard (OGC 2007¢c, 2015a)
provides a communication protocol for this purpose. Code mobility in
terms of remote evaluation or code on demand has received less attention
and was primarily investigated by this thesis.

Chapter 2 describes different subtypes of moving code in relation to data
coupling and execution scheme. Some data services such as WCS with
sub-setting or resampling extensions or WFS with Filter Encoding pro-
vide simple processing capabilities. These operations can be parame-
terised by the client to perform simple processing tasks on the data of-
ferings. Since the client defines the computing instructions as part of
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the query to the data service, these solutions qualify as code mobility
in terms of remote evaluation. The processing capabilities of data access
services are very limited and comprise only a tiny set of operations. More
flexibility is offered by domain-specific languages such as WCPS which
provides an SQL-like query language for raster computations.

Another option to achieve code mobility at a higher level of abstraction
is the definition of algebras for geoprocessing. Instead of using generic
programming languages, an algebra could provide a set of atomic spatial
or spatio-temporal operations which can be interpreted and executed by
multiple GIS or processing systems. Approaches in this direction are dis-
cussed by TAKEYAMA (1997), WESSELUNG et al. (1996), PULLAR (2001),
MENNIS et al. (2005), LEDOUX AND GOLD (2006), or CAMARA et al.
(2014), all of them largely building on Tomlin’s Map Algebra (TOMLIN
1990) or similar foundations. A commonly accepted language or algebra
for geoprocessing in general is not yet in sight (BRAUNER 2015).

In reality, the most versatile compilations of geoprocessing functions are
implemented in generic programming languages and typically encoded
and shipped as either scripting code or precompiled byte code. For such
implementations, the least common denominator is a common interface
description language (IDL) to describe the functionality. Added logic or
middleware is required to map between the particular programming in-
terface of the implementation and the IDL representation. A copy of the
IDL representation, however, can be stored in catalogues or inventories as
a stand-alone document to support search and retrieval. A standardised
IDL also represents a common integration layer among varois implemen-
tations. It is confined to the description of geoprocessing functions and
hides details about particular source systems or programming languages.

What would be a suitable component model for exchanging the software representa-
tions of geoprocessing functions in an interoperable manner?

The actual deployment of code on other computers is — not surprisingly
— more demanding than copying bits and bytes. To take an analogy, data
sharing requires, besides harmonised schemas and metadata, well-defined
data encoding formats. Similarly, code exchange requires the agreement
on particular container formats that encode computer instructions. In
addition, code deployment needs to consider runtime requirements such
as hardware and software dependencies that must be accounted for by
a suitable component model. Based on the idea of portable workspaces,
which are commonly used in GIS and geoscientific applications, this thesis
has outlined requirements and provided a prototypical component model
for implementations of geoprocessing functions.

This component model largely builds on existing standards. It uses the
well-known interface description language of the WPS standard to cap-
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ture syntactic properties of the contained geoprocessing functions and
relies on OCCI elements that describe the required hardware resources.
Software dependencies and licenses are expressed with resolvable Uniform
Resource Identifiers (URIs). Mappings between programming interfaces
and interoperable WPS process descriptions are created programmati-
cally and follow a generic command line syntax. These descriptive arte-
facts are encoded in an XML document.

The actual content (i.e. code and static data) is stored in structured
workspaces which are widely used in GIS. Both content and descriptive
artefacts are bundled together in a ZIP archive, which is widely used as a
general purpose container by other encoding specifications such as Office
Open XML (ISO 2008) or JAVA applications.

An implementation of this component model, including support libraries,
is available in 52°North’s software repository. It provides an API for
reading and writing portable code packages and contains the required
middleware for automatic deployment and execution. Furthermore, these
libraries were integrated in 52°North’s WPS framework to support rapid
deployment of new functionality on geoprocessing Web services.

What would a possible code sharing architecture look like and which actors and ser-
vices participate in a code-sharing environment?

Implementations of geoprocessing functions can be provided statically
within particular GIS products or dynamically shared and exchanged in
a distributed infrastructure. This thesis has particularly investigated dis-
tributed provisioning approaches that involve the migration of computing
instructions or code in a computer network.

Since the provided code packages may be developed, deployed, and used
by independent parties (cf. Figure 1.1; KADNER et al. 2012; HENZEN
et al. 2015), the following actors must be considered:

e Users which require access to geoprocessing services to perform par-
ticular geoprocessing tasks,

e Developers or providers of functionality who want to publish their
work and deliver new geoprocessing services or updated implemen-
tations,

e Providers of computing environments, i.e. infrastructure and soft-
ware platforms, in which geoprocessing services can be deployed and
executed,

e Users of desktop GIS who want to extend their toolboxes with new
geoprocessing functions from Web based repositories, and

e Operators of geoprocessing Web services that provide general pur-
pose or domain-specific collections of geoprocessing functions.
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These actors and their requirements have been translated into a con-
ceptual architecture which is presented in chapter 3, Figure 2. In the
provisioning layer this architecture provides the following services:

e Discovery services that perform as catalogues to search for available
geoprocessing functions,

e Download services that give access to implementations of geopro-
cessing functions,

e Platform registries that associate software components or compila-
tions of software components with uniform identifiers, and

e A registry for process definitions that store commonly defined pro-
files for geoprocessing functions.

The application layer depends on these services. It adresses operators of
geoprocessing Web services, operators of cloud infrastructures, and users
of Desktop GIS which need to search, access, and deploy portable code
packages for geoprocessing.

Challenge no. 2: Interoperable Interface Descriptions for Geoprocessing
Services

The availability of interoperable interface descriptions for geoprocessing services is
vital to search and retrieval tasks as well as for documentation of geoprocessing
services in a distributed SDI. Challenges that relate to the documentation and com-
munication of functionality have been raised in section 1.4. These are now reviewed.

How can functional descriptions be implemented in conjunction with existing stan-
dards for geoprocessing services?

WPS process descriptions have been suggested as a common IDL for
geoprocessing services. These descriptions may be applied to toolboxes
of legacy GIS products, portable software components, or geoprocessing
Web services. Their I/O-oriented structure is an ideal skeleton to define
arguments and results of geoprocessing functions. Findings from this
thesis have led to several improvements of process descriptions in WPS 2.0
(OGC 2015a):

e The separation of WPS process descriptions from the Web service
protocol permits their application to arbitrary implementations.

e The introduction of documentation links next to syntactic elements
in the process description enables improved documentation of func-
tionality, behavioural semantics as well as pre- and post-conditions
for inputs and outputs.
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e Geoprocessing services may be aligned and compared at different
levels of abstraction by the use of hierarchical profiles.

SensorML (OGC 2014c¢) is another OGC standard that provides a pro-
cess model for computational functions. The review of SensorML in an-
nex A.3, however, shows no real benefits over WPS process descriptions.
Moreover, the SensorML process model has some restrictions that compli-
cate and in some cases prevent its application to geoprocessing services.
The notion of aggregate processes is an improvement over WPS’ pro-
cess model and might be adopted to describe composite geoprocessing
functions. This future goal is elaborated in section 6.3.

What are meaningful granularities at which geoprocessing services can be described
and compared?

This question was addressed in chapter 4 which identifies recurring levels
of detail — concept, generic profile, implementation profile, and implemen-
tation — that provide meaningful descriptions of geoprocessing services.
These levels are arranged in a hierarchical fashion and specify behaviour,
semantics, and syntax. The WPS 2.0 standard has largely adopted this
framework to encourage better descriptions of geoprocessing services and
support an alignment of geoprocessing services at different levels of detail.

Descriptive granularity can also be discussed with regard to compositional
granularity, e.g. to define a complex geoprocessing function as a compo-
sition of simpler and more genric functions. The possibility to include
compositional constructs in interface descriptions was not investigated
by this thesis but is briefly discussed as future work in section 6.3.

How can SDI catalogues be enhanced to support the search and retrieval of geopro-
cessing functions and services?

In WPS 2.0, process descriptions have been isolated in a separate con-
formance class. They can be used as an IDL for arbirary geoprocessing
services, i.e. geoprocessing Web services or portable software components.
Since they are encoded as stand-alone XML documents, they are techni-
cally easy to integrate with existing registries and catalogues.

A proper link between catalogue standards and geoprocessing service de-
scriptions, however, has not yet been established. The standards for
search and retrieval of datasets, download services, and visualisation ser-
vices on one hand and geoprocessing services on the other hand are hardly
integrated. For geoprocessing (Web) services, catalogues of the the pro-
vided functionality are still uncommon.

Next to a general consideration of geoprocessing services by the OpenGIS
Catalogue Services standard (OGC 2007a), e.g. by supporting WPS pro-
cess descriptions in the metadata records, a more explicit link with ex-
isting metadata standards, such as ISO 19115, would be a major step
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towards better integration. Some early work on ISO 19115 metadata
schemas for geoprocessing functions shows conceptual parallels with WPS
process interfaces (HILL et al. 2001). Since then the ISO standard be-
came largely data-centric and thus less suitable to describe and document
geoprocessing functions.

ISO 19115-2, however, allows the use of unique identifiers for a “processing
package” that has been used to compute derived data. WPS process
descriptions as well as process profiles can be identified with HTTP-
URIs. These URIs may be embedded into existing metadata records and
can replace other (free-text) descriptions of the processing steps. Due
to the very limited capabilities in ISO 19115-2, it is almost impossible
to document the particular workflow, i.e. the topology of the processing
steps, that generated a particular dataset. The mechanism only works
in the most simple cases, i.e. if the participating geoprocessing functions
produce one single output and are chained sequentially.

6.2. Conclusions

The developed code sharing architecture and the component model for portable code
responds to basic requirements encountered in real-world applications. The proposed
component model reflects the fact that canned geoprocessing functions are usually
available in the form of scripts, executable files and coarse-grained library functions
which have a defined signature and can be executed via command line calls.

There are, of course, other component models that might be suitable for shar-
ing implementations of geoprocessing functions. Most of them require a particular
runtime infrastructure and may not be easily to port between different operating
systems. In an early stage, the use of OSGi (a component model and runtime infras-
tructure for the JAVA platform) was tested (SCHUBERT 2011) but then abandoned
since it is hardly supported outside the JAVA world and is thus hard to adapt to
other software platforms and programming languages. Finally, it was decided to
develop a custom component model that satisfies the following properties:

e Independence from a particular programming language,

e Support for the expression of software dependencies,

Support for the expression of hardware requirements,

Support for comprehensive workspaces, including code and data,

Exclusive focus on stateless computing functions,

License documentation, and

Ability to “wrap” existing implementations to avoid re-implementations just
for the purpose of code sharing.
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Its main purpose was to transfer requirements into testable and workable tech-
nology for prototyping. It is primarily intended to provide an abstraction layer to
legacy implementations and to document their capabilities and runtime constraints.

The major downside of a custom packaging format is, of course, the lack of tool
support. To mitigate this issue, the component model is divided into manageable
parts which adhere as far as possible to open and widely supported standards (cf.
chapter 4, section 6).

The workspace concept was found to be a suitable unit of shipment for code and
related data. Workspaces may contain the primary programming code, tightly cou-
pled data sets as well as 3rd party libraries that are statically linked to the program
code. The workspace concept is widely applied in GIS and other software such as
the statistics environment R. When ESRI introduced its geoprocessing package with
ArcGIS 10.1 in June 2012, it followed a similar approach to bundle the associated
tools, scripts, and datasets. In the context of data science, CHIRIGATI et al. (2013)
propose a reproducible package which contains similar information on computational
experiments for computational reproducibility.

Due to the generic nature of the workspace contents, general correctness and de-
ployment tests are hardly possible. Additional quality management mechanisms are
required to ensure correctness and portability of the workspaces. Automated tests
supplied with each package or manual reviews from users are two obvious possibili-
ties; further approaches are discussed by KADNER et al. (2012). Despite these first
suggestions, reliable testing remains an open issue and requires future investigation.

For the prototypical implementation of the moving code concept a software library
has been developed that supports creating, reading, writing, and out-of-the-box ex-
ecution of code packages. This library is maintained in the software repository of
52°North GmbH! and also integrated into the company’s WPS framework to allow
dynamic content updates in WPS servers.

Since geoprocessing services are still not well integrated in SDI the proof-of-concept
implementation substituted the discovery services with Web feeds (Figure 6.1). These
Web feeds are offered by the component providers themselves or intermediates to
inform potential consumers about new or updated content. Potentially interested
clients may subscribe to this feed and occasionally receive update notifications. This
feature may also be used to distribute new functionality or updated implementations
among a large number of processing nodes. In contrast to catalogues, Web feeds do
not provide a native search protocol that allows filtering for particular functional and
non-functional properties. Protocol extensions, such as the OpenSearch API (A9
2015), are reuqired to provide search capabilities in conjunction with Web feeds.

In parallel, the creation of a virtual marketplace or Geoprocessing Appstore has
been discussed by KADNER et al. (2012) that acts as a hub for providers and con-
sumers of geoprocessing implementations. The most recent developments are re-
ported by HENZEN et al. (2015). The Appstore supports the creation of portable
packages that contain implementations of new or well-known geoprocessing functions.

"https://github.com/52North/movingcode
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Figure 6.1.: Web feeds for component sharing (Representation adopted from TANEN-
BAUM AND STEEN 2007)

These packages may be searched in a Web portal and, if the runtime dependencies
are supported, executed in a sandbox environment. Compared to the conceptual ar-
chitecture, the Geoprocessing Appstore consolidates several of the described services
in a single application and is thus less distributed.

Due to the prominent position of the WPS standard in service-oriented geopro-
cessing, process descriptions defined in the WPS standard have been suggested as an
interoperable, platform independent description language for the interfaces of geopro-
cessing functions. While being generally suitable to accomplish this task, the earlier
version 1.0 of the WPS standard was not created in a modular fashion, and process
descriptions were not scoped to be used independently from a WPS server. Besides
functional information, process descriptions in WPS 1.0 included Web service specific
information such as the support for synchronous and asynchronous execution or the
link to alternative WSDL service endpoints. Consequently, the XML encodings for
process descriptions had to be redefined to serve the purpose of stand-alone descrip-
tions. Another deficit in WPS 1.0 was the inability to express the process semantics.
The available free-text elements in the process description were generally insufficient
to capture complex human-readable documentation of processing functions. Fur-
thermore, the role, definition, and scope of WPS profiles, which were intended to
provide extended semantics, proved way too unspecific for implementers.

A new modular information model for process descriptions is given in WPS 2.0
(OGC 2015a). Enhancements on process descriptions and process profiles have been
developed in the course of this thesis (MULLER 2013, 2015) and have shaped the cor-
responding parts of WPS 2.0. The new conceptual model for process descriptions is
specified independently from a Web service protocol and allows interoperable defini-
tion and profiling of arbitrary geoprocessing services. The documentation abilities of
process descriptions have also been extended to include keywords and comprehensive
hypertext documentation.

The moving code component model has served as a means to look holistically at
implementations of geoprocessing functions and to identify the necessary services of
the code sharing architecture. The work on improved documentation elements for
WPS process descriptions and the separation of process descriptions form the WPS
service model improves the ability to store interoperable and meaningful process
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definitions in discovery services, registries, and download services for code packages.
These revised description schemas may also be used to document the contents of GIS
toolboxes in a more structured way which, if applied to various GIS products, also
ease the comparison between different software implementations.

With regard to interoperable interface descriptions for geoprocessing functions
this thesis has put an exclusive focus on the discussion of stateless functionality,
i.e. geoprocessing functions as defined in section 1.1. This definition was largely
motivated by a survey of literature which suggested that the strengths of GIS lie
in component composition and management and not in fine-grained simulation and
modelling (LONGLEY et al. 2011). Most GIS practitioners probably use a workflow
approach where models take the form of complex chains of primitive operations. The
Geographic Science and Information Technology Body of Knowledge (DIBIASE et al.
2006) lists a broad range of primitive measures, operations, and methods that are
commonly found in GIS and used for a plethora of analysis workflows.

Of course, the restriction to stateless functionality might be challenged, and some
authors argue that dynamic simulation is an important capability of GIS software
(SCHMITZ et al. 2013). Dynamic and thus stateful components, however, introduce a
lot more complexity due to time-dependent behaviour. This includes the agreement
on a common time base that is used by all dynamic compartments as well as the
management and communication of state between these components (cf. ZEIGLER
et al. 2000). Common GIS software has little support for dynamic modelling. With
an apt use of workflow environments, dynamic behaviour can be mimicked in many
cases, thus avoiding the use of stateful components. Most workflow languages support
a set of generic control structures for iterations, conditional branching etc. that can
be used to create simple forms of feedback (VANDER AALST et al. 2003).

A large part of this thesis has discussed improvements on functional descriptions
for geoprocessing functions. The suggested profiling mechanism defines functional-
ity in a top—down fashion. If properly applied, this approach ensures harmonised
implementations of concepts and generic profiles, and finally leads to exchangeable
geoprocessing services. A downside of this approach is the management overhead
with a growing hierarchical structure.

Another option is to tag existing implementations according to well-defined aspects
or common properties. This approach was used, for instance, by BRAUNER (2015)
who defined an extensible set of aspects that characterise existing implementations.
Similarly, GRANELL et al. (2013) has proposed a linked data approach that captures
properties of implementations through well-defined link relations. The descriptions
of implementations might be easier to create and manage in one of these bottom-
up approaches. Exchangeability, however, may only be guaranteed with regard to
particular properties, i.e. the defined aspects (cf. BRAUNER 2015) or link relations
(cf. GRANELL et al. 2013). The challenge for both approaches is to provide a complete
feature space that fully captures the behaviour of a geoprocessing service, which may
be hard to achieve within a loosely defined tagging system. In contrast, a human-
readable description (or service contract, cf. MEYER 1992; ERL 2007) at sufficient
detail is achievable for any service interface or implementation.
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6.3. Outlook

For some of the addressed research challenges this thesis delivered only partial
answers and some issues remain. At the same time, some new challenges and re-
search topics could be identified. Hence this section discusses future development
perspectives for service-oriented geoprocessing.

Coexistence of code mobility paradigms

Today, the solutions for distributed geoprocessing are manifold, and several solutions
will probably coexist in the near future. Toolboxes in Desktop GIS are used by
the majority of GIS experts. In parallel, larger institutions such as the United
States Geological Survey (USGS) and Deutsches Klimarechenzentrum (DKRZ) have
centralised some of their geoprocessing resources (i.e. functionality and computing
resources) in Web services.?3 Similarly, ESRI ships lean geoprocessing services for
geometric computations with ArcGIS server or provides public access to these services
through its ArcGIS Online platform. And geospatial cyberinfrastructures (WANG
et al. 2013), that heavily borrow concepts from cloud computing, provide both private
Web services for geoprocessing and portable components that can be invoked by their
users.

A future challenge is the management of these different provisioning options for
geoprocessing services. The moving code concept may be an enabler in many of
these scenarios. It may be used to supply new or updated functionality to public or
private Web services and thus facilitate continuous deployment which is primarily
convenient for developers and service administrators. It also allows the addition of
new and updated geoprocessing functions in local desktop environments, at best with
automated toolbox updates for the most popular Desktop GIS products. This last
scenario has not yet been prototyped and is thus left as future work.

If Web services are used as an integration layer between different computing plat-
forms, a combined use of geoprocessing Web services and moving code can deliver
scalable systems. Mowving code contributes to a granular and portable software stack
from which new service instances can be created on demand, thus allowing for dy-
namic resource allocation that matches current or expected load conditions in a
distributed environment.

Since geoprocessing Web services provide access to self-contained stateless func-
tionality, they can easily support ad-hoc integration. The provision of RESTful
Web service interfaces is usually preferred in such scenarios while WS-* or SOAP
services rather suit complex enterprise application integration scenarios (PAUTASSO
et al. 2008). With the new abstract service model in WPS 2.0 RESTful WPS service
interfaces may be specified in compliance with OGC guidelines.

*http://cida.usgs.gov/gdp, accessed 2015-08-18
Shttps://mouflon.dkrz.de, accessed 2015-08-18
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Composite functions, workflows, and lineage

Another field for future research is the better integration of functional descriptions
with metadata standards and workflow languages as well as the development of
a notation for composite (or aggregate) geoprocessing functions. These tasks are
mutually dependent and require coherent actions (Figure6.2).

Workflow
description and
execution

_ Composite
Lineage <:\'> eoprocessin
metadata o ’

functions

Figure 6.2.: Mutual dependencies between workflow descriptions, lineage records,
and composite geoprocessing functions

As stated in section 6.2, catalogue standards do not provide adequate support for
lineage documentation. For optimal transparency, a lineage record should be at a
level of detail that permits a reproduction of the original workflow which generated
the data in the first place. This raises questions about shared foundations: Is it
acceptable to have a set of standards for workflow creation and execution on one
hand and then another set of standards for the documentation of lineage on the
other? In such cases, the use of separate incoherent standards and schemas creates
a risk of loss of information.

A similar overlap appears beween workflow languages and interface descriptions
for geoprocessing functions. As the review of SensorML (cf. annex A.3) shows,
it could be beneficial to express composite functions as a workflow of atomic (or
other composite) geoprocessing functions. A common example is a Buffer function
combined with a Dissolve operation that merges overlapping buffer zones of indi-
vidual features into a single geometry. Since composite geoprocessing functions are
basically no different from workflow fragments, they can be described in existing
workflow languages and notations.

Finally, a distributed inventory of well-defined and well-documented processing
components can have very positive effects on existing data infrastructures. Trans-
parent descriptions of data processing workflows are considered good practice in
science and industry. Metadata standards such as ISO 19115 (ISO 2014, 2009) pro-
vide lineage information that comprises detailed information about the processing
steps that were applied to the data. Currently, the documentation largely consists of
free-text elements that are individually appended to each data record. In the future,
lineage records and workflows might directly link to the definitions of geoprocessing
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functions thus providing a simpler and more consistent approach to interoperable
service chaining and data documentation.

Integrated approaches for interface descriptions, service discovery, and service
access

Maintaining related interface specifications in registries and catalogues is one pos-
sible approach to assist in search and retrieval tasks. It is largely compatible with
catalogue concepts in a SOA (cf. Figure 1.2) which requires that copies of the
interface descriptions of catalogued services are stored by the catalogue operator
to support clients in searching particular functionality. Interface descriptions are
usually encoded in some standardised format and aggregate syntactic and semantic
information about an implementation or serve as common specifications for multiple
implementations. The suggested profiling approach extends this concept by defining
several levels of granularity and declaring a set of transition rules that coordinate
inheritance between the different levels.

In parallel, resource-oriented approaches have been proposed recently, e.g. by
BRAUNER (2015) and GRANELL et al. (2013), which use flexible linked data struc-
tures instead of static schemas. These approaches treat geoprocessing services, ex-
ecutable environmental models, or geooperators as resources that can be related to
other resources by 7role links. Those other resources might be related processing
services, documentation resources, or terms and definitions from formally specified
ontologies and controlled vocabularies. Resource-oriented linked data approaches
do not necessarily require catalogues; the “meaning” or functionality of a particular
resource is implicitly defined by the links to neighbouring resources.

Profiling and resource linking can be considered complementary. Profiling permits
detailed human-readable descriptions and subtyping. Resource linking is ideal to
document relationships and cross-cutting properties that are hard to isolate in a
hierarchy. Distance metrics (ALBRECHT 1996), geometric precision, abstract data
models (e.g. fields and objects COUCLELIS 1992), or Kuhn’s 10 high-level concepts
of spatial information (KUHN 2012) are some examples. Such recurring properties
should be identified and collected in controlled vocabularies to assist the comparison
and browsing of different geoprocessing services.

Provision of attractive geoprocessing services and best practice
implementations

While the scientific contributions have theoretically shown the benefits of distributed
architectures for geoprocessing, their successful implementation depends on the avail-
ability of valuable functionality, i.e. useful, robust, and interoperable geoprocessing
services. Approaches that lower the technical barrier to sharing geoprocessing ser-
vices were discussed in this thesis. The development of a comprehensive Web based
repository that contains a large set of attractive geoprocessing services is a pending
practical task that is probably required to promote, assess, and evolve the moving
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code approach. Starting with one or more domain-specific repositories that comple-
ment existing collections of geoprocessing tools might also be a good starting point.
For instance, MULLER et al. (2012) discuss a possible use case that could create an
added value on top of the the Open Street Map data base by providing dedicated
generalisation and filtering tools. Ongoing efforts of GIS vendors and open source
developer communities to replace static and tightly integrated toolsets in monolithic
GIS with open Web based tool repositories for geoprocessing could also bring about
a paradigm shift.

In the end, SDI do not just comprise services and technology but also include peo-
ple, organisations, and institutions that have an interest in sharing and effectively
using geographic information (BERNARD et al. 2005). This thesis has discussed the
benefits of interoperable, service-oriented geoprocessing and the potential value of
reusable implementations. It will be interesting to see whether community activities
or the initiatives of particular companies can promote the use of interoperable geo-
processing services at larger scale. Institutions may also realise that they have an
interest in advancing these technologies to avoid a data deluge (EcoNoMIST 2010).
Resource-efficient handling of data, computing resources, and analysis software is a
key issue for creating information and added value of the enormous data volumes col-
lected by remote sensing programmes, in-situ sensor networks, mapping companies
and communities, and mobile devices in the emerging internet of things.
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Many of the ongoing activities towards establishing SDI on a regional, national, and
international level are focused on data sharing and dissemination. Next to data
access and visualisation, data processing is a third important pillar of GIS which can
generate new insights by creating derived data or conducting computational analyses
on original data sets.

Within today’s largely data-centric SDI, two major challenges were identified that
stand in the way of ubiquitous geoprocessing: The ability to use and exchange im-
plementations of geoprocessing functions as freely as geographic data and the ability
to describe, communicate, and catalogue existing functionality on the Web.

The moving code approach was evaluated as an alternative to client—server process-
ing in a distributed SDI. While classical client—server configurations move pieces of
data between remote processing services, data services, and clients over the network,
moving code setups consider the transfer of portable software components to the
location of data or the location of computing resources. This approach is beneficial
in the following cases:

e [t is easier, cheaper, and faster to ship the code instead of sending volumes of
data over the network,

e The network connectivity is too unstable for reliable client—server processing,

e Geoprocessing services need to be versioned and archived to ensure exact re-
producibility,

e Identical geoprocessing services need to be distributed among a large number
of processing nodes (consumers), especially if these implementations receive a
lot of maintenance, i.e. are constantly enhanced and updated,

e The provision of processing functionality, computing resources, and data are to
be treated as separate concerns, i.e. for scheduling processing tasks efficiently in
a distributed computing environment and process the data in arbitrary network
locations, and

e Sustainable, resource-efficient provision and reuse of implementations are a
foremost concern.

Classical client—server processing over the web may not be feasible at all if:

e The data to be processed falls under privacy obligations and is not to be ex-
changed with third parties or to be transported over the web,
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e A network connection is unavailable or can only be established during short
temporary periods, and

e Data transport times over the network are prohibitively long (e.g. due to large
data volumes).

To exchange implementations of geoprocessing functions at a larger scale, a Web
based code sharing architecture was proposed. Besides the description of function-
ality, which is a general prerequisite for cataloguing mobile code (section 1.3), con-
sumers of portable software components need further information about the required
software environment, the processing hardware, and the terms of use. Furthermore,
this architecture considers a range of deployment targets in a distributed infras-
tructure, such as computing nodes that offer Web services for geoprocessing, cloud
computing environments, or individual workstations.

For improved description and documentation of geoprocessing functions, this the-
sis has contributed to the revised modular information model of WPS2.0 which
facilitates the use of WPS process descriptions as an interface description language
for geoprocessing services. Furthermore, it has provided conceptual foundations for
WPS process profiles and contributed a suitable encoding for WPS 2.0.

Future research is required to coordinate approaches towards a better integration
of (interoperable) process descriptions, workflow descriptions, and lineage metadata.
These aspects have a significant overlap but are treated rather independently in
recent standards. Similarly, consolidated efforts are also required to establish com-
monly accepted cataloguing schemes for geoprocessing services. Further investiga-
tions of an alignment of interface descriptions for geoprocessing functions and linked
data approaches for discovery and documentation are suggested.
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A. Annex

A.1. Comparison of Interfaces for Buffer Functions

The figure below shows an overview of Buffer interfaces in different Desktop GIS and
spatial databases. It was prepared for a report to the WPS standards working group
at the Technical Committee Meeting in Mumbai, 2013. Some interfaces may have
changed slightly in recent software releases but their diversity is just the same.

POSTGIS STBuffer

+ inputGeometry[1]: Geometry
+ distance[1]: Decimal

+ bufferedGeometry[1]:Geometry Distance computation and

CRS type (Geographic vs.
Euclidean CRS).

Currently PostGIS uses a
spherical approximation for
ellisoidal computations.

POSTGIS STBuffer

interpolation determined by

MSSQL STBuffer

+ inputGeometry[1]: Geometry
+ distance[1]: Decimal
+ bufferedGeometry[1]:Geometry

MSSQL BufferWithTolerance

Computation based on
Euclidean distances and
interpolation.

+ inputGeometry[1]: Geometry

+ inputGeometry[1]: Geometry 1
+ distance[1]: Decimal

+ num_seg_quarter_circle[0..1]: Integer
+ buffer_style_parameters[0..1: String
+ bufferedGeometry[1]:Geometry

ArcGIS Buffer

+ inputGeometry[1]: Geometry

+ distanceOrField[1]: LinearUnit|Field

+ lineSide[0..1]: String{FULL|LEFT|RIGHT|OUTSIDE_ONLY}
+ lineEndType[0..1]: String{ROUND|FLAT}

+ dissolveOption[0..1]: String{NONE|ALL|LIST}

+ dissolveField[0..1]: Field

+ bufferedGeometry[1]: Geometry

hS

Conditional dependencies
between some parameters.

Distance computation and
interpolation determined by
CRS type (Geographic vs.
Euclidean CRS).

GeoMedia Buffer

+ inputGeometry[1]: Geometry

+ distanceOrField[1]: LinearUnit|Field
+ lineEndType[0..1]: {ROUNDI|FLAT}
+ dissolve[0..1]: Boolean

+ bufferedGeometry[1]: Geometry

o

Behaviour determined by AN
parameters and /or CRS type.
Distance computation and
interpolation determined by
CRS type (Geographic vs.
Euclidean CRS).

+ distance[1]: Decimal

+ tolerance[1]: Decimal

+ relative[1]: Boolean

+ bufferedGeometry[1]:Geometry

QGIS FixedDistanceBuffer

+ inputGeometry[1]: Geometry
+ distance[1]: Decimal

+ segments[1]: Integer

+ dissolve[1]: Boolean

+ bufferedGeometry[1]:Geometry

Computation based on B

Euclidean distances and
interpolation.

GRASS v.buffer

+ inputGeometry[1]: Geometry
distance: LinearUnit|Field

+ minordistance: Float

+ maijordistance: Float

+ angle: Float{0..360}

+ bufcolumn: String

+ scale: Float

+ tolerance[0..1]: Decimal

+ type[0..1]: String{point,line,boundary,centroid,area}

+ layer[0.1]: Integer
+ bufferedGeometry[1]: Geometry

(Shortened parameter list.)
Conditional dependencies between
some parameters.
Computation based on Euclidean
distances and interpolation.
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A.2. Process Description Examples for WPS

Listing A.1: Generic Profile for a Precision Geodesic Distance Buffer function

<wps:GenericProcess xmlns:wps= ... >

<!—— Title, abstract, and unique identifier of the process interface —— >
<ows:Title>Precision Geodesic Distance Buffer< /ows:Title>
<ows:Abstract>
Returns a geometry that represents all points whose distance from this
Geometry is less than or equal to distance. Buffer distance calculations are
performed on the ellipsoid defined by the Geometry’s spatial reference system.
< /ows:Abstract>
<ows:Identifier>http://.../PrecisionGeodesicDistanceBuffer < /ows:Identifier>

<!—— Metadata related to superior process profiles —— >

<!—— Metadata links to superior concepts —— >

<ows:Metadata
xlink:role="http://www.opengis.net/spec/wps/2.0/def/process—profile/concept"
xlink:href="http://.../Buffer" />

<ows:Metadata
xlink:role="http://www.opengis.net/spec/wps/2.0/def/process—profile/concept"
xlink:href="http://.../DistanceBuffer" />

<!—— Metadata links to superior generic profiles —— >

<ows:Metadata
xlink:role="http://www.opengis.net/spec/wps/2.0/def/process—profile/generic"
xlink:href="http://.../GeodesicDistanceBuffer" />

<!—— Documentation link describing the process behaviour and semantics —— >

<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer.html" />

<!—— Title, abstract, and identifier of the 1st input —— >
<wps:Input>
<ows:Title>Input Geometry< /ows:Title>
<ows:Abstract >Geometry to be buffered</ows:Abstract>
<ows:Identifier >geometry < /ows:Identifier >

<!—— Documentation link for the 1st input. The link points to an anchor
element within process documentation page. —— >
<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer. html#geometry" />
</wps:Input>

<!—— Title, abstract, and identifier of the 2nd input —— >
<wps:Input>
<ows:Title>Distance< /ows:Title>
<ows:Abstract>Buffering distance< /ows:Abstract>
<ows:Identifier>distance< /ows:Identifier>
<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer. html#distance" />
< /wps:Input>

<!—— Title, abstract, and identifier of the 3rd input —— >
<wps:Input>
<ows:Title>Distance Tolerance< /ows:Title>
<ows:Abstract>
Permissible distance tolerance of the buffer. Buffer computation is guaranteed to
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be precise with in these error margins.
< /ows:Abstract>
<ows:Identifier>tolerance< /ows:Identifier >
<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer html#tolerance" />
</wps:Input>

<!—— Title, abstract, and identifier of the (single) output —— >
<wps:Output>
<ows:Title>Buffered Geometry</ows:Title>
<ows:Abstract>
Geometry representing a Geodesic Distance Buffer of the input geometry.
< /ows:Abstract>
<ows:Identifier>distanceBuffer < /ows:Identifier>
<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer.html#distance buffer" />
< /wps:Output >

< /wps:GenericProcess>

Listing A.2: Implementation Profile for a Precision Geodesic Distance Buffer for

GML
<wps:Process xmlns:wps= ... >
<!—— Title, abstract, and unique identifier of the process interface —— >

<ows: Title>Precision Geodesic Distance Buffer< /ows:Title>
<ows:Abstract>
Returns a geometry that represents all points whose distance from this
Geometry is less than or equal to distance. Buffer distance calculations are
performed on the ellipsoid defined by the Geometry’s spatial reference system.
< /ows:Abstract>
<ows:Identifier>
http://.../PrecisionGeodesicDistanceBufferGML
< /ows:Identifier>

<!—— Metadata related to superior process profiles —— >

<!—— Metadata links to superior concepts —— >

<ows:Metadata
xlink:role="http://www.opengis.net/spec/wps/2.0/def/process—profile/concept"
xlink:href="http://.../Buffer" />

<ows:Metadata
xlink:role="http://www.opengis.net/spec/wps/2.0/def/process—profile/concept"
xlink:href="http://.../DistanceBuffer" />

<!—— Metadata links to superior generic profiles —— >

<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process—profile/generic"
xlink:href="http://.../GeodesicDistanceBuffer" />

<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process—profile/generic"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer" />

<! Documentation link describing the process behaviour and semantics >
<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer.html" />

<!—— Title, abstract, and identifier of the 1st input —— >
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<wps:Input>
<ows:Title>Input Geometry< /ows:Title>
<ows:Abstract>Geometry to be buffered< /ows:Abstract>
<ows:Identifier >geometry < /ows:Identifier >

<!—— Documentation link for the 1st input. The link points to an
anchor element within process documentation page. —— >
<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer. html#geometry" />
<wps:ComplexData>
<wps:Format mimeType="application/gml+xml" encoding="UTF—8"
schema="http://schemas.opengis.net/gml/3.2.1/gml.xsd# AbstractFeature"
default="true" />
< /wps:ComplexData>
</wps:Input>

<!—— Title, abstract, and identifier of the 2nd input —— >
<wps:Input>
<ows:Title>Distance< /ows:Title>
<ows:Abstract>Buffering distance< /ows:Abstract>
<ows:Identifier>distance< /ows:Identifier>
<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer. html#distance" />
<wps:LiteralData>
<wps:Format mimeType="text/plain" default="true"/>
<wps:Format mimeType="text/xml" />
<LiteralDataDomain default="true" >
<ows:Allowed Values>
<ows:Range>
<ows:MinimumValue>—INF < /ows:MinimumValue>
<ows:MaximumValue>INF < /ows:MaximumValue >
< /ows:Range>
< /ows:Allowed Values>
<ows:DataType
ows:reference="http://www.w3.org/2001 /XMLSchema+#double" >Double
< /ows:DataType>
< /LiteralDataDomain>
< /wps:LiteralData>
</wps:Input>

<!—— Title, abstract, and identifier of the 3rd input —— >
<wps:Input>
<ows:Title>Distance Tolerance< /ows:Title>
<ows:Abstract>
Permissible distance tolerance of the buffer. Buffer computation is guaranteed to
be precise with in these error margins.
< /ows:Abstract>
<ows:Identifier>tolerance< /ows:Identifier >
<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../generic/PrecisionGeodesicDistanceBuffer.html#tolerance" />
<wps:LiteralData>
<wps:Format mimeType="text/plain" default="true" />
<wps:Format mimeType="text/xml" />
<LiteralDataDomain default="true" >
<ows:Allowed Values>
<ows:Range>
<ows:MinimumValue>—INF < /ows:MinimumValue >
<ows:MaximumValue >INF < /ows:MaximumValue>
< /ows:Range>
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< /ows:Allowed Values >
<ows:DataType
ows:reference="http://www.w3.org/2001/XMLSchema#double" >Double
< /ows:DataType>
< /LiteralDataDomain >
< /wps:LiteralData>
</wps:Input>

<!—— Title, abstract, and identifier of the (single) output —— >
<wps:Output>
<ows:Title>Buffered Geometry</ows:Title>
<ows:Abstract>
Geometry representing a Geodesic Distance Buffer of the input geometry.
< /ows:Abstract>
<ows:Identifier>distanceBuffer < /ows:Identifier>
<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer.html#distance buffer" />
<wps:ComplexData>
<wps:Format mimeType="application/gml+xml" encoding="UTF—-8"
schema="http://schemas.opengis.net/gml/3.2.1/gml.xsd# AbstractFeature"
default="true" />
< /wps:ComplexData>
< /wps:Output>

< /wps:Process>

Listing A.3: Process implementation that realises a Precision Geodesic Distance

Buffer for GML and GeoJson

<wps:Process xmlns:wps= ... >

<!—— Title, abstract, and unique identifier of the process interface —— >

<ows:Title>Precision Geodesic Distance Buffer< /ows:Title>

<ows:Abstract>
Returns a geometry that represents all points whose distance from this
Geometry is less than or equal to distance. Buffer distance calculations are
performed on the ellipsoid defined by the Geometry’s spatial reference system.

< /ows:Abstract>

<ows:Identifier>
http://.../my—implementation—of—a—PrecisionGeodesicDistanceBuffer

< /ows:Identifier>

<!—— Metadata related to superior process profiles —— >

<!—— Metadata links to superior concepts —— >

<ows:Metadata
xlink:role="http://www.opengis.net/spec/wps/2.0/def/process—profile/concept"
xlink:href="http://.../Buffer" />

<ows:Metadata
xlink:role="http://www.opengis.net/spec/wps/2.0/def/process—profile/concept"
xlink:href="http://.../DistanceBuffer" />

<!—— Metadata links to superior generic profiles —— >

<ows:Metadata
xlink:role="http://www.opengis.net/spec/wps/2.0/def/process—profile/generic"
xlink:href="http://.../GeodesicDistanceBuffer" />

<ows:Metadata
xlink:role="http://www.opengis.net/spec/wps/2.0/def/process—profile/generic"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer" />

<ows:Metadata
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xlink:role="http://www.opengis.net/spec/wps/2.0/def/process—profile/implementation"
xlink:href="http://.../PrecisionGeodesicDistanceBufferGML" / >

<ows:Metadata
xlink:role="http://www.opengis.net/spec/wps/2.0/def/process—profile/implementation"
xlink:href="http://.../PrecisionGeodesicDistanceBufferGeoJson" />

<!—— Documentation link describing the process behaviour and semantics —— >

<ows:Metadata
xlink:role="http://www.opengis.net/spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer.html" />

<!—— Title, abstract, and identifier of the 1st input —— >
<wps:Input>
<ows:Title>Input Geometry< /ows:Title>
<ows:Abstract>Geometry to be buffered</ows:Abstract>
<ows:Identifier>geometry< /ows:Identifier>

<! Documentation link for the 1st input. The link points to an
anchor element within process documentation page. —— >
<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer.html#geometry" />
<wps:ComplexData>
<wps:Format mimeType="application/gml+xml" encoding="UTF—-8"
schema="http://schemas.opengis.net/gml/3.2.1/gml.xsd# AbstractFeature"
default="true" />
<wps:Format mimeType="application/json" encoding="UTF—-8"
schema="http://geojson.org/geojson—spec.html" />
< /wps:ComplexData>
< /wps:Input>

<!—— Title, abstract, and identifier of the 2nd input —— >
<wps:Input>
<ows:Title>Distance< /ows: Title>
<ows:Abstract >Buffering distance</ows:Abstract>
<ows:Identifier>distance< /ows:Identifier>
<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer html#distance" />
<wps:LiteralData>
<wps:Format mimeType="text/plain" default="true" />
<wps:Format mimeType="text/xml"/>
<LiteralDataDomain default="true">
<ows:Allowed Values>
<ows:Range>
<ows:MinimumValue>—INF< /ows:MinimumValue >
<ows:MaximumValue >INF < /ows:MaximumValue>
< /ows:Range>
< /ows:Allowed Values>
<ows:DataType
ows:reference="http://www.w3.org/2001 /XMLSchema#double" >Double
< /ows:DataType>
< /LiteralDataDomain>
< /wps:LiteralData>
< /wps:Input>

<! Title, abstract, and identifier of the 3rd input >
<wps:Input>
<ows:Title>Distance Tolerance< /ows:Title>
<ows:Abstract>
Permissible distance tolerance of the buffer. Buffer computation is guaranteed to
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be precise with in these error margins.
< /ows:Abstract>
<ows:Identifier>tolerance< /ows:Identifier >
<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../generic/PrecisionGeodesicDistanceBuffer.html#tolerance" />
<wps:LiteralData>
<wps:Format mimeType="text/plain" default="true" />
<wps:Format mimeType="text/xml" />
<LiteralDataDomain default="true" >
<ows:Allowed Values>
<ows:Range>
<ows:MinimumValue >—INF < /ows:MinimumValue>
<ows:MaximumValue >INF < /ows:MaximumValue>
< /ows:Range>
< /ows:Allowed Values>
<ows:DataType
ows:reference="http://www.w3.org/2001 /XMLSchema#double">Double
< /ows:DataType>
< /LiteralDataDomain>
< /wps:LiteralData>
</wps:Input>

<!—— Title, abstract, and identifier of the (single) output —— >
<wps:Output>
<ows:Title>Buffered Geometry< /ows:Title>
<ows:Abstract>
Geometry representing a Geodesic Distance Buffer of the input geometry.
< /ows:Abstract>
<ows:Identifier >distanceBuffer< /ows:Identifier>
<ows:Metadata
xlink:role="http://www.opengis.net /spec/wps/2.0/def/process/description/documentation"
xlink:href="http://.../PrecisionGeodesicDistanceBuffer html#distance buffer" />
<wps:ComplexData>
<wps:Format mimeType="application/gml-+xml" encoding="UTF—-8"
schema="http://schemas.opengis.net/gml/3.2.1/gml.xsd# AbstractFeature"
default="true" />
<wps:Format mimeType="application/json" encoding="UTF—-8"
schema="http://geojson.org/geojson—spec.html" />
< /wps:ComplexData>
</wps:Output>

< /wps:Process>

A.3. SensorML Process Interfaces

One of the challenges laid out in section 1.4 is the provision of interoperable inter-
faces for geoprocessing functions. The obtained interface descriptions may then be
applied to any kind of implementation of a geoprocessing function, i.e. a built-in
geoprocessing tool that ships with a particular GIS product, a portable software
component or a geoprocessing Web service. The contributions in chapters 2 and 3
use and evolve WPS process descriptions to model interfaces for geoprocessing ser-
vices. For WPS 2.0 this description model has been revised to be used independently
from a Web service, to provide additional metadata on the process semantics, and
to support hierarchical profiling of processing functions (cf. chapter 5).
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With the Sensor Model Language (SensorML; OGC 2014c¢) OGC provides another
specifications that models process interfaces. SensorML is part of OGC’s standards
suite for Sensor Web Enablement (SWE; OGC 2015b) and provides a process model
which is focused on the pre- and post-processing stages for sensor measurements.
This section reviews the SensorML process model and assesses its capabilities toward
the WPS process model.

The properties of any SensorML process are summarised by the specification of
an Abstract Process which has three types of arguments: InputList, Outputs and
Parameters (cf. Figure A.1). These arguments are organised in lists and support
the same three data types:

e Abstract Data — an abstract type that comprises basic data types defined in
SWE Common such as Quantity, Count, Category, Boolean, Text etc.,

e Data Interface — provides access to a Data Stream defined by SWE Common
(OGC 2011), and

e Observable Property — a physical observable or otherwise measurable property
which has a value and an ambiguous identifier; usually used to describe a
physical stimulus in a larger sequence of processes as an input for a detector.

) property
AbstractProcess InputList T Input
DataComponentOrQObservable
) property
OutputList T Output
property
ParameterList T Parameter
DataComponentOrObservable
Datalnterface AbstractData ObservableProperty

Figure A.1.: Elements of the SensorML Process specification (simplified)

A Parameter is defined as special kind of input which has the same semantics as
a regular Input but changes less frequently. Multi-valued inputs, which are common
in WPS, are not supported by SensorML.

Based on the definition of an Abstract Process, SensorML defines different subtypes
of processes which are shown in Figure A.2. Simple Processes are typically used
to describe computational processes that are either atomic or require no further
decomposition. Physical Processes and Physical Components represent abstractions
of physical devices or observation equipment), such as observation procedures of
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physical phenomena or physical devices that interact with the observation equipment
(e.g. a gimbal for a camera).

Both simple and physical processes share a Process Method element that are used
to provide information aout the methodology by which a process generates outputs
based on inputs and parameter values. In the case of a Simple Process (see next
paragraphs), the Process Method element should contain a description that is precise
enough to allow software developers creating compliant software implementations.
SensorML currently mandates a free text description but envisages that future pro-
files of SensorML use more formal specifications, e.g. in MathML (OGC 2014c, clause
8.2.2). The possible use of semantic annotations to communicate the meaning of pro-
cesses or data items is briefly mentioned but not further elaborated. That said, at
the current state SensorML considers mainly syntactic properties of processes.

Besides atomic process types SensorML provides specifications for composite pro-
cesses. An Aggregate Process represents a collection of interconnected Abstract Pro-
cesses expressed as a component list, including connections between them.! Based
on this structure, a graph can be computed that describes the data flow between all
participating components. Assuming that the contained processes are well-defined,
the graph structure sufficiently describes the data flow and thus provides a transpar-
ent description of the Aggregate Process.

The Physical System is structurally similar to an Aggregate Process but is intended
to describe a real-world system that consists of physical sub-processes. A Physical
System must comply with the following restrictions:

e The participating components must be instances of the Physical Component
and

e The specification of the Physical System shall be a subtype of an Abstract
Physical Process.

As shown in Figure A.2 there are some redundancies in the specification of the
Physical Component and the Simple Process as well as between the Aggregate Pro-
cess and the Physical System. ldeally the common properties should be deferred
to abstract super classes and propagated to the implementing subclasses. Such a
structure would require multiple inheritance, which is easily achievable in UML but
not available in XML (XML does not permit inheritance from multiple base types).
So here the intended encoding language has probably impacted the design of the
conceptual model.

The SensorML process model also supports inheritance and considers processes at
different levels of abstraction (Abstract Process, Configurable Process). Two basic
types of inheritance are considered. Simple inheritance only permits the addition
of descriptive elements or metadata. Inheritance with configuration extends simple
inheritance and allows setting or restricting properties of the supertype such as the

!There is no formal syntax for specifying inputs and outputs in SensorML. Their intended use,
however, is somewhat apparent from the provided examples.
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<<FeatureType>>
feature:AbstractFeature

+ description: ChraracterString [0..1]
+ descriptionReference: URI [0..1]
+ name: GenericName [0..*]

+ identifier: ScopedName [0..1]

i

< <FeatureType>>
DescribedObject

+ extension: Any [0..%]

+ langugage: CharacterString [0..1]

+ keywords: MD _ Keywords [0..¥]

+ identification: IdentifierList [0..*]

+ classification: ClassifierList [0..*]

+ validTime: TimelnstantOrPeriod [0..*]

+ securityConstraints: MD _ LegalConstraints [0..¥]
+ characteristics: CharacteristicList [0..*]

+ capabilities: CapabilityList [0..*]

typeOf indicates inheritance from a more general AN + contacts: C?"taCtL'St [0“*]_
process + documentation: DocumentList [0..%]
+ history: EventList [0..*]
Simple inheritance may add additional descriptions Q
to a process without altering property values of the
supertype <<FeatureType>>
AbstractProcess

Inheritance with configuration allows setting and
restricting property values of the supertype by: + definition: ScopedName [0..1]
"... (1) specifying values for parameters, (2) further + typeOf: AbstractProcess [0..1]
constraining the allowable values of parameters, (3) \( + configuration: AbstractSettings [0..1]
selecting an operational mode (which then sets a group + featuresOflnterest: FeatureList[0..1]
of parameter values), or (4) enabling or disabling + inputs: InputList [0..1]
particular options such as particular outputs or + outputs: OutputList [0..1]
components." (SensorML 2.0, clause 7.9) + parameters: ParameterList [0..1]

+ modes: AbstractModes [0..*]

"A process computing a simple

mathematical function such as sine, cosine < <FeatureType>>
or square root is usually modeled as a AbstractPhysicalProcess
SimpleProcess instance. However, even
more complex processes can be modeled
this way if there is no intent to break
down the implementation of the process
into sub-processes."

+ attachedTo: AbstractPhysicalProcess [0..1]
+ localReferenceFrame: SpatialFrame [0..¥]
+ localTimeFrame: TemporalFrame [0..%]

+ position: PositionUnion [0..*]

(SensorML 2.0, clause 7.3.1) + timePosition: Time [0..%]
Z<FeatureType>> <<FeatureType>>
SimpleProcess PhysicalComponent
+ method: ProcessMethod [0..1] + method: ProcessMethod [0..1]
<<FeatureType>> <<FeatureType>>
AggregateProcess PhysicalSystem
+ components: ComponentList [0..1] + components: ComponentList [0..1]
+ connections: ConnectionList [0..1] + connections: ConnectionList [0..1]

Figure A.2.: SensorML Process types overview (Source: OGC 2014c, condensed and
commented)
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value ranges of process parameters and outputs (OGC 2014c, clause 7.2.3.3). De-
pendence on a supertype process is indicated by the type Of property of the Abstract
Process.

Next to the shared properties of SensorML processes and WPS processes there are
significant differences. The scope of SensorML’s process model is broader than the
WPS process model. The Simple Process comes closest to the notion of a process
in WPS since both process models shall be used for computational processes. The
main differences between the SensorML Simple Process and the WPS process model
concern the available data models and the meta-structure for the process interface.
All sensor ML process interfaces receive (and deliver) values that comply with the
types defined in the SWE data model. In contrast, WPS processes are open to
arbitrary data formats which are specified by their mime type, encoding, and schema
(cf. section 5.3).

The interface meta-structure for SensorML processes is rather flat. Each input
may receive values from exactly one data source and each output sends result data
to exactly one data sink. Since data items in SensorML support streaming, multiple
values are supplied sequentially to a SensorML process on the same stream. The
number of arguments is defined at design time, i.e. linking multiple streams to the
same input is not possible. To pass multiple input sources to the same port of a
SensorML process, they need to be aggregated first and then passed as a single
stream to the process.

WPS, in contrast, supports multi-valued arguments, so the definite number of
data sources passed to a process can be defined at runtime. For instance, a mosaic
process may receive an arbitrary number of tiled georeferenced input images which
will be merged into a single image by a mosaic function. The inability to use multi-
valued arguments is the greatest obstacle that prevents SensorML’s application in
formalising geoprocessing functions. Nested inputs, which have been introduced
by WPS 2.0 are also not available in SensorML, which might lead to inconvenient
interfaces for some functions (e.g. the Reclassify function in section 5.3). Instead
SensorML uses argument lists of a fixed size that are obviously designed towards
stream processing where the number of input and output streams or items is known
at design time.

The provision of machine readable process specifications is also an issue in Sen-
sorML. It largely specifies the syntactic properties of processes; the challenge of
machine-readable process is deferred to subsequent profiling activities. SensorML
supplies a broad collection of descriptive elements that might hold semantic de-
scriptions. Furthermore it even suggests the use of semantic annotations if these
elements should prove insufficient. The strong overlap in the responsibility of de-
scriptive elements and metadata encodings is likely to create a deluge of metadata
and governance practices without achieving true metadata interoperability.

An interesting feature of SensorML’s process model is the ability to specify Ag-
gregate Processes. The wiring of atomic components has strong similarities with
simple workflows. Besides orchestration and execution such workflows may also be
used to generate process representations for both humans and machines. Providing
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such structures for more complex processes might be more valuable than traditional
metadata. Since WPS 2.0 does not yet consider aggregate processes an adaptation
of SensorML’s wiring scheme to the WPS process model might prove useful.

Inheritance among processes is available in both WPS2.0 and SensorML. The
inheritance mechanism in SensorML is quite limited and might be somewhat compa-
rable to WPS implementation profiles, which already define specific types for data
exchange. Generic and conceptual levels are not provided. Inheritance in SensorML
shall provide more detailed process specifications at lower levels in the hierarchy.
Since it allows subtypes to restrict value ranges of inputs and parameters, it breaks
with the Liskov substitution principle, i.e. that

“...objects of a subtype should behave the same as those of the supertype
as far as anyone or any program using the supertype can tell” (LISKOV
AND WING 1994, p. 1811).

As a final remark it should be noted that SensorML mandates that all processes
should be GML feature types. At least for purely computational processes this re-
quirement is questionable. The few useful elements that are inherited from GML’s
Abstract Feature (unique identifier, description etc.) could be easily replicated with-
out any reference to GML. Besides the syntactic properties, SensorML processes
also inherit the definition of a feature which is supposed to be an abstraction of real
world phenomena, as declared by ISO (2002, clause4.11) and OGC (2007b, clause
4.1.26). Computational processes (SensorML examples refer to simple mathematical
functions such as Cosine or square root), however, are no abstractions of real world
objects but purely theoretical constructs. The property of a feature may only be
granted to instances and subtypes of Abstract Physical Process since these do refer
to real world entities.

The comparison between WPS and SensorML has revealed a significant overlap
in the fundamental concepts (basically the input/output-centric view on a process
interface and the topology of process chains and workflows) which could be used
to frame a joint metadata model that is applicable to all these technologies. A
harmonisation of the different existing process models has not yet happened. The
abstract process model of WPS already defines some general requirements and covers
a broad range of applications. The process model of SensorML can be considered
compliant with this abstract process model and WPS 2.0 servers can basically be
used to offer SensorML processes. An OGC abstract specification that provides
basic terminology and concepts would fill this gap and could aim at a harmonised
taxonomy for process models.

Both SensorML’s and WPS’s process models assume that processes are (or can be
subdivided into a set of) stateless I/O-specified functions. The consideration of state
could lead to an extended formalisation of processes which is then also applicable to
geographic modelling in general. The work of (ZEIGLER et al. 2000) on modelling and
simulation formalisms may provide a conceptual input towards a more general process
model which may be used for more complex applications where the consideration

112



A.3. SensorML Process Interfaces

stateful processing is inevitable. The Open Modelling Interface Standard (OpenMI
OATC 2010), which has also been adopted as an OGC standard (OGC 2014b),
largely deals with this kind of processes but is yet hardly integrated with OGC
baseline standards. A governing standard that can be profiled towards stateful and
stateless component interfaces may potentially align terminology, technology, and
finally improve interoperability in future standards.
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