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Abstract

Applicability testing of constructive computational mechanisms (CCMs) is a new challenge for both the academia and the
industry. The overwhelming majority of the existing validation approaches focuses on the internal validity of CCMs (e.g.
consistency, bias), while there is a shortage of efficient approaches for assessing the external validity (e.g. applicability,
reusability). The objective of this paper is to clarify the concepts and criteria, and to develop an approach for a systematic
evaluation of the applicability of a given CCM to cases that were not considered at design time. The approach is adapted
from the validation square approach (VSA). The adapted methodology (A-VSA) makes it possible to evaluate CCMs from
(a) theoretical structural, (b) empirical structural, (c) theoretical performance, and (d) empirical performance dimensions.
Altogether eight indicators are introduced that support the evaluation process. The effectiveness of the A-VSA was confirmed
through a case study, in which a specific CCM is considered and the strategy of the A-VSA was operationalized with three
completely different application cases. As evidenced by the results, the proposed A-VSA establishes a tight coupling among
the enablers embraced by a CCM and the aspects of theoretical and empirical validation, which approves the approach to be
an efficient tool for defining the range and/or the extent of applicability. The advantage of the A-VSA is that it offers a way to
transfer qualitative applicability evaluation into quantitative applicability assessment, which allows the use of both subjective
statements and mathematical modeling in applicability testing. The results of the assessment can guide the adaptation work
of a CCM when applied to an out-of-domain application.

Keywords Constructive computational mechanism - Systematic applicability validation - Structural appropriateness
indicators - Practical appropriateness measures - Theoretical utility targets

Abbreviations TMS Traffic management system
ART Allowed response time ESI Empirical suitability indicator
FEGS Fire evacuation guiding system TPTs Theoretical performance targets
A-VSA Adapted validation square approach EEI Empirical efficiency indicator
I-CPSs Informing cyber-physical systems TRI Theoretical relevance indicator
CAS Care-taking assistant system FCS Football-play coaching system
LTM/LTS  Practical latencies of information sensing/ VSA Validation square approach
messaging
CCM Constructive computational mechanism
OAI Overall applicability indicator 1 Introduction
DCIP-MM Dynamic context information processing
multi-mechanism 1.1 Introducing the addressed research issue
54 Yongzhe Li Constructive computational mechanisms (CCMs) are
yongzheli @seu.edu.cn purposefully designed, implemented, and arranged algo-

rithmic structures to support various knowledge-intensive
activities (Parkes 2008). As main forms of knowledge
inferring/reasoning, both non-ampliative and ampliative
mechanisms have been proposed over the last decades.
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Application-specific reasoning mechanisms, which attempt
to achieve a balance between application neutrality/specific-
ity and performance dependability/efficiency, have also been
considered (Horvath 2020). Currently, there is a paradoxical
situation concerning the development of CCMs. The input
information needed for development is typically obtained by
considering only one or a limited number of potential appli-
cation cases, while the broadest possible range of applica-
tions is expected when the mechanism has been developed.
The issue is that a CCM tailored to a specific application
may not match procedurally or may show performance defi-
ciencies in nonconforming applications, or may completely
fail in borderline applications (Debbabi et al. 2010).

For instance, most reinforcement learning-based com-
putational mechanisms for robot path planning are appli-
cable in static working environments but only efficient to
cases where adequate training efforts are performed (Zhao
et al. 2020). Then incongruity between the development
and application of CCMs negatively influences software
and algorithms reusability and the efficiency/economy of
development. Accordingly, investigation of the applicabil-
ity of CCMs is a primary and central objective of validation
efforts in system engineering, and an important issue for
both academia and industry (Brazdil et al. 1994; Baram-
bones et al. 2021).

1.2 Elaboration on the concept of applicability
validation

The term ‘validation’ is frequently used intuitively or
ambiguously in the literature. It seems that theoretical and
pragmatic interpretations coexist (Pardo 2016). The term
is often used to depict activities that belong to the scope of
‘verification’ or ‘consolidation’ of scientific theories and/or
other research results. Furthermore, authors often replace
the term ‘validation” with synonyms such as certification,
attestation, authentication, or confirmation. Therefore, dis-
ambiguation of the notion and explanation on how it can
be used in the confirmatory phase of research is necessary
and useful. In the tradition of scientific inquiry, validation
is a multi-faceted activity focusing on the confirmation of
knowledge. As discussed by Barlas and Carpenter (1990),
while verification refers to internal consistency, validation
refers to the appropriateness of knowledge claims. In the
process of establishing scientific theories, validation is done
to test and prove appropriateness and utility for a purpose in
some (application) context (Donald 1995).

The pragmatic interpretation of validation is about check-
ing the fulfillment of some expected functionality and fit
for purpose (Pape et al. 2013). In simple words, the main
question of validation is whether a new research result
(body of knowledge, theory, framework, methodology, etc.)
does what it is supposed to do? The reason why it may not
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happen can be biases and errors in the conduct of research
or lack of adequacy. Thus, validation should focus on both
the critical factors (possible sources and forms of biases)
and the appropriateness of the results (findings) of research
in particular contexts (e.g. in various real-life situations).
Consequently, internal validation and external validation are
distinguished (Smolka et al. 2009). While internal validation
aims at exploring and evaluating biases, external validation
checks issues related to generalizability and reusability.

In the literature, applicability validation is not among the
most frequently addressed aspects of validation. For this
reason, its methodological support is underdeveloped. The
shortage of efficient testing approaches makes applicabil-
ity validation challenging. As evidenced in the literature,
the development of applicability validation methodologies
typically considers a limited number of application cases
only, whereas the developed computational mechanism is
supposed to cover the broadest possible range of application
cases. This paper was intended to resolve this paradoxical
situation.

1.3 Overview of the latest developments
in systematic and rigorous validation

Validation is defined as the substantiation that a computer-
ized model possesses a satisfactory range of accuracy con-
sistent with the intended application of the model within its
domain of applicability (Schlesinger 1979). Based on our
extensive literature study, five subject areas for validation
have been identified, namely, validation of (i) data, infor-
mation, and knowledge, (ii) concepts, theories, models, (iii)
objects, structures, and systems, (iv) actions, processes and
services, and (v) methods, methodologies and tools. This
categorization served as a kind of reasoning model for the
conducted work. However, due to the space limitation, only
the contributions to the subject area of validation of meth-
ods, methodologies, and tools were summarized, where
CCMs are related.

Method validation is one of the universally recognized
challenges of any rigorous research (Frey et al. 2006).
For this reason, the number of techniques, protocols, and
guidelines for research method validation is large. The
general objective is to demonstrate whether a method is
fit and effective for a particular constructive or analytical
purpose. Teegavarapu (2009) argued that case study-based
development of design method enables in-depth analysis
in real-life contexts. Kroll and Weisbrod (2020) proposed
that a plurality of measures can be jointly used to assess
the applicability and effectiveness of design methods.
In engineering contexts, methods have been proposed
for both empirical and virtual validation. For instance,
Mejia-Gutiérrez and Carvajal-Arango (2017) discussed (i)
abstract prototypes, (ii) virtual prototypes, (iii) functional
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prototypes, and (iv) physical prototypes as the four types
most frequently used in the design validation stage of
product development.

CCMs are sophisticated enablers of computational rea-
soning in various application cases. As such, they need
systematic approaches to have their appropriateness and
performance tested in the concerned applications. Eze et al.
(2011) discussed various challenges associated with valida-
tion of self-managing and autonomic computational mecha-
nisms and investigated the relations of various validation
approaches (such as system unit testing, real-world system
testing, pervasive supervision, system model checking, and
system self-testing) and execution modes (generic, design
time, run-time, integrated, and autonomous). Ahmad et al.
(2015) analyzed validation techniques for safety—critical
software for the purpose of (i) functional failure analysis,
(i1) hazard and operability studies, (iii) failure modes and
effects analysis, and (iv) fault tree analysis. They compared
these techniques according to their (i) efficiency, (ii) reli-
ability, (iii) dependability, (iv) testability, and (v) usability.
Brings et al. (2016) dealt with the issue of supporting early
validation of CPS specifications by model-based prototype
development.

Gonzalez and Barr (2000) exposed the differences to be
considered in the verification and validation of intelligent
systems. Feth et al. (2015) focused on the validation of open
and heterogeneous systems, such as CPSs in the automotive
domain, and proposed a simulation-based framework, which
integrates AUTOSAR applications. The virtual validation
concerned the functional behavior and the performance of
the software. Guarro et al. (2016) proposed a comprehen-
sive, multi-level framework for validation of model-based
control and adaptive control systems, which combines logic
dynamic model constructs and the associated analysis pro-
cesses to demonstrate compliance with the related aviation-
system certification standards. Olewnik and Lewis (2005)
elaborated on the validation of design decision methodol-
ogies. According to them, the complexity of prescriptive
models makes their validation a difficult task.

Complex systems usually comprise a large number of
interacting modules, which require both module-level vali-
dation and functionality-level validation (Fu et al. 2015). As
claimed by Christophe et al. (2010) and Reich (2017), the
current performance characteristics of complex systems and
mechanisms are usually evaluated depending on the require-
ments that are made in their initial design stages. Zheng
et al. (2016) proposed a multi-disciplinary interface model
to ensure consistency and traceability between system-level
and functionality-level functionalities for verification and
validation of mechatronic systems. Dauby and Dagli (2011)
proposed a methodology for the assessment of the system of
systems using general system attributes or overall strength/
weakness metrics.

According to the survey work, there are both experimen-
tal and analytical (logical) approaches to validate compu-
tational methods. The approaches are logically rigorous,
internally consistent, and mathematically correct. However,
the literature offers only limited insights with regards to the
applicability validation of CCMs. On the one hand, the crite-
ria for applicability validation of CCMs are still unclear. On
the other hand, the existing validation work is largely influ-
enced by the purpose of their applications, which addresses
internal validity. As a typical aspect of external validity,
applicability validation focuses on the external appropriate-
ness of CCMs. These two challenges jointly stimulate this
scientific research.

1.4 The focus and contents of this paper

This paper proposes basic concepts and criteria and devel-
ops an approach to applicability validation of constructive
computational mechanisms, which are validated in a dedi-
cated case study. The next section introduces the essence,
reasoning model, and procedural principles of the developed
approach. Section 3 presents an already developed computa-
tional mechanism and shows how its applicability is evalu-
ated using the proposed approach. Section 4 reflects on the
results of the work. Conclusions are given in Sect. 5.

2 Towards applicability testing
of constructive computational
mechanisms

The validation square approach (VSA) proposed by Pedersen
et al. (2000) is a theoretically well-established and meth-
odologically reasonably transparent validation approach
that concerns the external validity of design methods. This
approach combines qualitative and quantitative assessments,
which lends itself to the realization of an effective, content,
and context-independent applicability validation approach. It
has been studied from both epistemological and procedural
perspectives and adapted to the needs of applicability testing
of design methods through multiple cases, such as the work
reported by Du Bois and Horvath (2013). Based on these
foundational considerations, we adapted the initial reason-
ing model of VSA and made it better fitting for applicability
validation of CCMs. This approach will be referred to as
A-VSA in the rest of the paper.

2.1 The validation square approach and its features
The primary interest of the VSA was “How does one verify
and validate a design method?”” Being aware of the facts that

(i) knowledge is associated with heuristics and non-precise
representations in the process of design method synthesis,
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and (ii) that validation of new knowledge becomes a process
of building confidence in its usefulness concerning a pur-
pose, the author epistemologically associated verification
with internal rational consistency (logical properness), while
validation with confirmation of knowledge claims (utility
of solution). Later on, Seepersad et al. (2006) asserted that
a formal logic-based, rigorous and quantifiable validation
can be applied to a design method to evaluate its internal
consistency, but an approach like this would fail to validate
its external relevance (i.e., its usefulness). Consequently,
they argued that a design method should be considered to
be validated if it could be proven useful for the intended
specific purpose.

The above considerations have been extended with other
ones concerning the nature of validation and the objec-
tive of validation. With regards to nature, theoretical and
empirical dimensions have been differentiated. Theoretical
validity deals with the validity of a design method for a
general problem. Empirical validity concerns the valid-
ity of a design method for specifically chosen examples.

With regards to objective, structural validity and perfor-
mance validity have been considered. Structural validity
involves qualitative testing of the logical structure of a
design method for correct results. Performance validity
involves quantitative testing of the capability of a design
method to produce useful results. These four dimensions
give a framework of VSA (Fig. 1). Each half of the square
is further divided into a domain-specific and a domain-
independent quadrants, associated with the validity of
the method for the domain-specific examples investigated
in the research and for broader domains of application,
respectively.

The quadrants of the validation square define the aspects
of validations, and the square combines them in a particular
semantic and procedural arrangement, as follows:

(1) Theoretical structural validity deals with the internal
consistency of a design method and checks the logi-
cal soundness of the constructs both individually and
integrated;

Il:m‘]:;mm on DESIGN Output:
. ormatio .
METHOD « Design Solution
« resources
Delt)llle | b(:iEi on METHOD VALIDITY
o —> Criteria: USEFULNESS with

Intuitive Knowledge
(Le., experience)

respect to a PURPOSE

*

Effectiveness :
Qualitative Evaluation of
METHOD

USEFULLNESS :
METHOD Efficient and / or
Effective in achieving the

articulated purpose(s).

f

Efficiency :
Quantitative Evaluation of
METHOD

*

Appropriateness of
example problems used to
verify METHOD

usefulness

Correctness of METHOD-
constructs, both Separately
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Performance of Design
Solutions and Method
beyond example problems

Performance of Design
Solutions and Method with
respect to example
problems

(1) and (2)
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VALIDITY
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Fig. 1 The reasoning model underpinning the validation square approach (Pedersen et al 2000)
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(ii)) Empirical structural validity deals with the appro-
priateness of the design method to chosen exam-
ple problem(s) with the intention of having correct
results;

(iii) Empirical performance validity concerns the ability
of a design method to produce useful results for the
chosen example problem(s); and.

(iv) Theoretical performance validity indicates the capa-
bility to produce useful results beyond the chosen
example problem(s).

Procedurally, the VSA can be realized by executing the
steps (i) ~ (iv) in the order of mention. As the authors empha-
sized, the built confidence in the general usefulness of a
method requires a ‘leap of faith’. Epistemologically, the four
quadrants make it possible to argue about domain-specific
performance validity (e.g. if the method is useful in a spe-
cific sense) and about domain-independent performance
validity (e.g. if the method is found useful in a more general
sense). However, a limitation of the VSA is that it only offers
a philosophical view on validating design methods, while it
does not offer specific methods/tools of validation (Teega-
varapu 2009). VSA has some other limitations such as (i)
validity of a body of knowledge, that conveys the know-how
of a design method, is determined by many more measures
than just its usefulness, (ii) validation should explore and
reduce biases and errors (increase credibility by internal
validation), and (iii) validation should test potentials and
implications in varying contexts (transferability delivered by
external validation). Nevertheless, usefulness is difficult to
disprove as a pragmatic objective of validation of methods,
methodologies, and tools.

2.2 Thereasoning model for applicability testing
of CCMs

Our research focused on the exploration of the potential of
VSA as well as putting it into a different logical and proce-
dural framework. Accordingly, the fundamental assumption
was that, if the internal consistency of a CCM is guaranteed,
applicability validation is the process of building confidence
in its appropriateness and usefulness concerning an applica-
tion purpose. As a criterion of applicability, appropriate-
ness indicates if the concerned CCM can produce utility,
and usefulness indicates that it can enable the embedding
system to work correctly. Appropriateness and usefulness
are considered in the various quadrants of the validation
square in the following way: (i) from a theoretical structure
perspective, appropriateness is captured by the indicators
of relevance, (ii) from an empirical structure perspective,
appropriateness is captured by the indicators of suitability,
(ii1) from an empirical performance perspective, usefulness
is captured by the indicators of efficiency, and (iv) from a

theoretical performance perspective, usefulness is captured
by the indicators of sufficiency. For each quadrant, two ques-
tions are obtained from the intersected aspects of validation.
Figure 2 shows the reasoning model for using the approach
in the applicability validation of CCMs.

A CCM can be effectively applied in a target application,
if the structural construct specified by the CCM from a pro-
cedural perspective (the way the constructs are put together
in an executable process) and the relationships among these
constructs (the logical and functional dependencies between
them) match (appropriate for) what are requested by the tar-
get application. This can be captured by a measure called
‘relevance’. As a concrete representation of the theoretical
structure proposed by a CCM, functionalities and workflow
charts can be used to capture all computational transfor-
mations and their interrelationships (interoperation). If the
functionalities and workflow chart required by the new (tar-
get) application are developed, then both can be compared
with the CCM, and the congruencies and the differences
can be identified and evaluated. These aspects can be used
to decide on the range of applications for which the CCM is
appropriate without or with limitations.

In the case of CCMs, the sufficiency condition of struc-
tural validity is that the mechanisms and algorithms pro-
posed by the validation methodology, as well as the data,
information, and knowledge constructs and structures pro-
cessed by the mechanisms and algorithms, are appropri-
ate for the particular application. This can be referred to
as empirical structural validity and captured by a measure
called ‘suitability’. This seems to be a significant devia-
tion from the initial interpretation of the VSA, in which the
appropriateness of the example problems used to verify the
performance of a concerned design method was assessed and
it was deemed to be one of the actions related to theoretical
structural validity. To check the practical structure, appro-
priateness of algorithms, and data constructs, respectively
can be used. This way, comparison and evaluation of what
is proposed by the CCM and what is required by the target
application can inform about the measure of empirical struc-
tural validity. In other words, it informs about whether the
CCM can compute what is needed in the target application
case and whether the data/knowledge needed by the CCM
can be provided and the output is an adequate input to other
mechanisms and algorithms in the target application case.

The practical performance of CCMs depends on mul-
tiple factors such as (i) the efficiency of the execution
process, (ii) the choice of methods, (iii) the selection of
means, and (iv) the criteria of utility. This implies the
need for reconsideration of the performance validation
strategy of the original VSA. Accordingly, evaluation of
the usefulness of a CCM was proposed to be a quantita-
tive process centered on ‘efficiency’. Empirical perfor-
mance validity is related to the modeling and computing
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Fig.2 The adapted reasoning model used to underpin the validation square approach in applicability validation of constructive computational

mechanisms

performance of involved computational mechanisms and
algorithms, and to the reliability, completeness, and com-
putability of the data, information, and knowledge struc-
tures/constructs. Measures such as (i) the amount of input
data, (ii) the time of data preparation, (iii) the simplicity
of models, (iv) the input efforts, (v) the computation time,
(vi) the amount of output data, and (vii) the sensitivity of
the outcome to errors have been used as concrete quanti-
tative indicators of efficiency. In addition, various non-
numerical indicators were also considered, for instance,
(1) the ease of use, (ii) the human cognitive effort, (iii) the
trust-building by individuals, (iv) the chance of making
errors, (v) the transparence of inputs/outputs, and (vi) the
awareness of the work of computational mechanisms and
algorithms. Typically, these need a qualitative description
or characterization. It entails that empirical performance
validation of the applicability of CCMs can be done not
only quantitatively, but also qualitatively, and/or in com-
bination of the two.

@ Springer

Theoretical performance validation of a method is
driven by its defined purpose. The main question is if a
CCM can achieve certain defined performance targets.
The targets are objective expectations about the overall
performance of ‘sufficiency’ in the target application case.
The theoretical performance targets can be (i) to reduce
costs, (ii) to save time, (iii) to reduce efforts, (iv) to elimi-
nate errors, (V) to resolve bottlenecks, (vi) to complement
knowledge, (vii) to facilitate collaboration, (viii) to stimu-
late innovation, and (ix) to improve quality. In addition,
the mentioned targets can also be used in circumstances
other than the one that provided the input requirements
and the information for conceptualization and develop-
ment of the particular validation methodology. Even if the
purpose of applying a CCM in a given application may be
largely different, there is a possibility to formulate gen-
eral performance targets that are more or less application
independent. This enhances the external validation nature
of the original VSA.
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2.3 Proposing an adapted-VSA to applicability
testing of CCMs

Based on the proposed assumption and criteria, the flow
of knowledge elicitation for application validation, includ-
ing the four indicators (relevance, suitability, efficiency, and
sufficiency) and the questions formulating the fundamental
criteria are shown in Fig. 3. In the process of evaluation of
applicability, the A-VSA considers: (i) the relevance of the
structural constituents of the CCM, (ii) the suitability of the
empirical procedural/information flow and data constructs,
(iii) the efficiency of the empirical performance enablers as
indicators and measures, and (iv) the sufficiency of the theo-
retical performance targets. The existence of a tight coupling
among the four quadrants can be observed. Furthermore, the
aspects of applicability validation are interrelated through
certain semantical and functional dependencies.

As a starting point, the theoretical structural validity
is supposed to confirm the internal appropriateness of the
CCM to the target application case. This forms the basis
of the empirical structural validity (the arrow from quad-
rant 1 to quadrant 2). What this interrelationship means is
that there must be a match between the theoretical struc-
ture arranging the constituents and the concrete computa-
tional components of the used CCM. If this match cannot
be shown, then the concerned CCM cannot be applied to
the particular application case. The criterion of structural
appropriateness can be met if the algorithms and the logical
and functional dependencies between them, as well as the
data, information, and knowledge constructs/structures pro-
cessed by the algorithms, are appropriate for the particular

Structure Performance
A Relevance Sufficiency
3 Is the functionality Are the overall
° relevant for the target performance targets
2 application? achieved?
h

Is the overall workflow Is the overall performance
relevant for the target sustainable in varying
application? circumstances?

1 " 4

A 3
Are the processing Do the performance
algorithms suitable for the indicators confirm
target application? computational efficiency?
g Are the processed data Are the effects of the
E_ constructs suitable for the factors influencing the
E target application? processing controllable?
\/ Suitability Efficiency

Fig.3 The strategy of applicability validation using the adapted vali-
dation square approach

application. However, the theoretical structural validity is
only a necessary condition, but not a sufficient condition of
applicability. The theoretical and the practical performance
should also be appropriate.

The evaluation of the empirical performance can happen
only if the empirical structural validity is confirmed (the
arrow from quadrant 2 to quadrant 3). It has to be men-
tioned that the usefulness of a design method was initially
linked to the empirical performance validity. We assumed
that, in addition to assessing whether the specific quanti-
tative and qualitative performance indicators confirm effi-
ciency, it is also important to investigate if these can be
maintained under the effects of the factors influencing the
controllability of the computations and data processing. For
instance, the influential factors can be (i) the availability of
cloud resources, (ii) the incidental malfunctioning of some
algorithms, (iii) the logical fallacies in reasoning, (iv) the
temporal incompleteness or incorrectness of data, (v) the
sensitivity of data/computation to deviations, and so forth.
For this reason, empirical performance validation should
have a strategy for identifying the most critical influencing
factors and procedures, and for their ranking based on the
evaluation of their impacts on the values of the empirical
performance indicators. Investigation of the factors influenc-
ing the outcome of applying the methodology is useful from
the point of view of building confidence in the applicability
of a computational mechanism.

Likewise, the efficiency of empirical performance is only
anecessary condition for usefulness. The sufficient condition
is that all theoretical performance targets should be achieved
(the arrows from quadrant 1, 2, and 3 to quadrant 4). The
theoretical performance targets are objective expectations
concerning the overall performance of the computational
mechanism in various applications. On the one hand, the
indicators are chosen to provide a reliable characterization
of applicability in real-life application cases. On the other
hand, they are also supposed to hint at necessary or possible
adaptations towards high-level appropriateness and useful-
ness. The indicators can be chosen to provide either qualita-
tive (interpretative) or quantitative (nominal or statistical)
characterization, or both. This is a difference in comparison
with the original VSA, in which the theoretical and empiri-
cal structural ‘validities’ were supposed to be evaluated only
qualitatively.

3 A case study: validation of the A-VSA

In this section, we provide a brief overview concerning how
the proposed criteria and the A-VSA can be applied to a spe-
cific case. This section first introduces an already developed
CCM with a reference application that the CCM can per-
fectly handle. Then, three completely different application
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cases are presented that the CCM has the potential to be
applied for. Details about the applicability evaluation pro-
cedures are also discussed.

3.1 Introducing a developed CCM

To support various knowledge-intensive decision making
and action planning activities of informing cyber-physical
systems (I-CPSs), a dynamic context information process-
ing multi-mechanism (DCIP-MM) has been developed.
The overall view of the DCIP-MM is shown in Fig. 4.
The DCIP-MM includes four modules (sub-mechanisms),
which are dedicated to (i) dynamic context information
representation, (ii) semantic context information inferring,
(iii) context-based real-life action-plan generation, and
(iv) context- and receiver-sensitive message generation
and sending. A brief introduction of the mechanism is as
follows: After control commands given by the I-CPSs are
confirmed, the information representation module (M1)
acquires time-dependent descriptive context data about
entities and relations. The data were used to construct
CIR-cubes, which is a context representation scheme in
the DCIP-MM. In the knowledge inferring module (M2),
situations are inferred based on the CIR-cube and their
impact indicators on involved entities are calculated. Then,
the inferred situations and impact indicators together
form a basis for treating the situations towards generating

personalized solutions and action plans for context man-
agement in the action-plan deriving module (M3). Based
on the determined personal action plan and the inferred
semantic knowledge, the message constructing module
(M4) generates personalized messages and the order of
message sending. Further information about the theoretical
fundamentals, conceptualization, and implementation of
the DCIP-MM can be found in (Li 2019).

Concerning the development of the DCIP-MM, the
intention was to create an application-independent com-
putational platform that supports certain reasoning and
messaging tasks expected from I-CPSs, and that (i) is
adaptable to various application tasks, (ii) can provide
high-level flexibility in operation, and (iii) broadens the
range of the addressable computational problems. The
conceptualization and implementation of the DCIP-MM
needed requirements from a specific application. For this
reason, a fire evacuation guiding application case was
considered as a reference. Many algorithms of the DCIP-
MM are completely or largely application-independent,
but some algorithms (e.g. generate instructions about
fire situation) and parameters (e.g. threshold) feature
application dependence. The fact that the DCIP-MM is
intended to be used in several different applications of
[-CPSs raised the issue of applicability validation and
necessitated the development of a dedicated validation
methodology.
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Fig.4 High-level overview of the specific functionalities included in a DCIP-MM
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3.2 Thereference application case

The proposed DCIP-MM has been developed with an indoor
fire evacuation guiding system (FEGS) in mind. It was used
both as a computational scenario and as a source of appli-
cation data/knowledge. The FEGS aims at providing per-
sonalized escape guidance for people in different situations
(Horvath et al. 2017; Li et al. 2019). A symbolic image of
the FEGS is shown in Fig. 5(a), and its main tasks were: (i)
understanding the phenomenon of indoor fire evacuation,
(ii) constructing representation schemes for spatiotemporal
context data, (iii) deriving semantic information and knowl-
edge based on dynamic context information management,
(iv) developing situation-dependent and personalized escape
routes for individuals in a quasi-real-time manner, (v) send-
ing informative and instructive messages to all individuals
having communication possibility, and (iv) adapting to the
obedience of message receivers.

The DCIP-MM was developed to generate operational
strategy and to synthesize personalized action plans for all
involved individuals, no matter if they were directly (through
their smartphone) or indirectly (through the involvement of
other individuals) notified about these plans. The DCIP-MM

determines the best route for the concerned person to escape,
updates the individual escape action options, sends informa-
tion about this to each person, monitors the obedience of
informed individuals, and adapts to the dynamic contextual
changes. The DCIP-MM was used not only in the develop-
ment of the dynamic context computation, action-plan gen-
eration, and message construction and distribution mecha-
nisms but also in their testing. A high-fidelity simulation
of (i) the propagation of the fire and (ii) the behaviors of
human, artefactual, and natural entities was applied to cor-
rectly reproduce the presumed real-life cases. The obtained
experimental results proved the efficiency of the computa-
tional mechanisms and the interoperating algorithms. They
also confirmed that the proposed DCIP-MM can provide
both descriptive and predictive knowledge about emergen-
cies as well as about the implications of the interplaying
situations on the entities in quasi-real-time.

3.3 Three target application cases
Called target applications, three possible but not trivial

I-CPS applications have been considered. Each of them
needs dynamic context information processing, situated

Firefigher
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Fig.5 The reference application and target application cases considered for applicability testing: a indoor fire evacuation guiding system
(FEGS), b traffic management system (TMS), ¢ care-taking assistance system (CAS), and d football-play coaching system (FCS)
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reasoning, and personalized message communication, which
lend themselves to novel applications of a smart [-CPS.

Target application 1: The traffic management systems
(TMS) are deemed to be necessary and useful due to the
increase in the number of vehicles on city roads. As shown
in Fig. 5(b), a specific traffic management scenario was con-
sidered as follows. A fire engine is moving on the road for a
fire distinguishing mission. There are two traffic jams acci-
dentally formed on the highway, which may influence the
movement of the fire engine. The objective of the TMS is to
determine the optimal routes and actions for the related driv-
ers to enable the fire engine to arrive at the target location
as fast as possible. Processing dynamic context information
is necessary since the possible rapid changes of the state
and situation of the individual vehicles (e.g. their motional
attributes, the distance between them, etc.) have an impact
on the decision-making process of the drivers. To manage
the dynamic context of traffic situations, the TMS should: (i)
continuously monitor the emerging situations on the road,
(ii) extract and manage the spatial, attributive, and temporal
data of the vehicles as well as the data about their spati-
otemporal relations, (ii) infer high-level context knowledge
and meta-knowledge about the situations, their impacts on
relevant entities, (iii) prioritize the entities and situations and
apply the prioritization in the decision-making process, (iv)
derive action plans for the drivers that are involved in a par-
ticular situation taking into account the overall system objec-
tives, and (v) construct personalized messages to the drivers
according to the action plan they should follow (including all
pieces of information they should be aware of).

Target application 2: A home care-taking assistant sys-
tem (CAS) provides caretaker services for care recipients
(e.g. elderlies, patients, etc.) in a home environment. A spe-
cific scenario for the application is shown in Fig. 5(c). Three
caregivers provide daily care for a group of people. As their
routine tasks, each of the caregivers has to look after several
people in a day and their moves should be done with a mini-
mal totaled motion path. However, in the case of emergent
situations and circumstances, they have to act according to
the incurred level of danger. If more than one dangerous situ-
ation happens at the same time, then they have to make deci-
sions about an action plan. To support the caregivers’ work,
the CAS should be involved in (i) monitoring the change of
conditions, (ii) managing the schedule, (iii) reasoning with
the servicing capacity of the caregivers, and (iv) providing
action plans and information in real-time. To achieve these,
the CAS should process dynamic context information con-
cerning the caregivers and the care recipients. Accordingly,
the CAS is supposed (i) to aggregate information about the
personal context of care recipients (e.g. activities) as well
as about the caregiver (e.g. location), (ii) to infer knowledge
about any dangerous situation happening in or around the
home of the care recipients, (iii) to evaluate the relevance of
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the situations to caregivers, (iv) to derive action plans for the
caregivers to follow (including the order of caretaking and
the needed actions), and (v) construct personalized messages
(including informative messages and instructive messages)
for taking care of the care recipients.

Target application 3: A real-time football-play coaching
system (FCS) is supposed to real-time contact players of a
team simultaneously to improve group performance. Fig-
ure 5.d shows a hypothetical scenario. The offenders shown
are given personalized messages about the best momentarily
strategy and collective actions to score a goal. The infor-
mation provisioning can happen through wearables and/or
portable equipment (e.g. mini wireless headset). Since the
offenders may play different roles (e.g. scorer, supporters,
and passer), the information or instruction can be selectively
formulated according to the dynamically changing contexts.
In this scenario, the dynamic context of the football player
includes (i) the changes of the attributes of the other players
(e.g. location, speed of running, and physical agility), and
(i1) the changes of the spatial relations (e.g. distances and
orientations) among a concerned player, the other players,
and the ball. To advise the players with proper information,
the FCS should (i) handle time-dependent information con-
cerning all players and the ball on the playground, (ii) infer
and predict situations (e.g. an open corridor, a blockage, a
large space behind the defenders), (iii) forecast the implica-
tions of the situations on players, (iv) derive action plans
that can be used at suggesting the players what to do, (v)
construct personalized messages for the players (e.g. quick
counterattack, offense, defense, etc.), and (vi) adapt to the
contextual changes (e.g. if players obey the instructions or
not).

To support evaluation of the empirical validity, the ena-
bling technologies applied by the chosen target applications
may involve different constraints, e.g. communication and
computation hardware. The realization of expected perfor-
mance depends on the empirical influencing factors. There-
fore, the characteristics and influencing factors of the chosen
target applications were focused, to create a factual basis
for the applicability analysis and validation. Three major
characteristics for comparative applicability analysis were
selected, namely (i) the number of entities handled at a given
point in time or in a specific time interval (computational
time-increment), (ii) the response time required by the ‘hap-
penings’ in the application case, and (iii) the sudden change
of entity number involved between two successive intervals.
The specific quantitative values associated with these char-
acteristics are indicated in Table 1. Although there might be
some exceptional situations, we assumed that these values
could properly fit most cases in the application contexts.
In addition, eight factors influencing information sensing
and messaging were considered to represent the techni-
cal constraints in the chosen application cases, which are
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shown in Table 2. The technological and operational com-
parison showed that the empirical characteristics and the
concerned aspects of influencing factors were rather varied
in the selected target application cases. Nevertheless, each
of these applications could be considered as a representative
of a family of slightly different application cases sharing
similar characteristics and situations.

3.4 Validating the applicability of the DCIP-MM
to the target applications

3.4.1 Analysis of the theoretical structure relevance

The investigation of the theoretical procedural structure
included the following activities: (i) specification of the
exemplified procedural structures of the considered I-CPS
applications, (ii) specification of the indicators of applica-
bility, and (iii) comparing the proposed and the required

procedural structures. It characterized the relevance of the
functionalities of the DCIP-MM and the relevance of the
processing workflow of the DCIP-MM to the traffic manage-
ment, care-taking assistance, and coaching football playing
applications. The results of the assessment of the relevance
of the functionalities for the target applications are shown
in Table 3. The relevance of the functionalities was qualita-
tively evaluated using three values: (i) very relevant, which
meant that the functionality can fulfill all the requirements
of the target application, (ii) partially relevant, which meant
that the functionality can partially fulfill the requirements
of the target application, and (iii) not relevant, which meant
that the functionality cannot fulfill any requirement of the
target application at all.

To evaluate the relevance of the workflow, functional-
ity dependence was used to characterize the relationship
of functionalities in a workflow. For a given functional-
ity that was needed by an application case, its previously

Table1 A comparison of

SR . Characteristics FEGS T™MS CAS FCS
the application-implied
requirements of the applications  The number of entities handled at a time ~ 40-300 100-1000  20-100 23
Required response time Lessthan5s Lessthanls Lessthan10s Lessthan0.5s
The sudden change of entity number 0-10 10-200 0 0
Table 2 Comparison of the technical factors that influence the empirical performance of the application cases
Influencing factors Application cases
FEGS TMS CAS FCS
Used sensing technology UWB GPS GPS + Indoor camera Camera

Less than 0.5 m
Less than 0.25 s
hand-held
WLAN/WiFi

Less than 20 ms
Less than 30 words

Typical positioning accuracy
Latency of information sensing
Power supply of terminals
Technology for message sending
Latency of message receiving
Length of personalized messages

Less than 4.9 m
Less than 0.5 s
on-board

4G Mobile web
Less than 100 ms
Less than 30 words

Less than 0.1 m
Less than 0.1 s

Less than 4.9 m
Less than 0.5 s
hand-held

4G Mobile web
Less than 100 ms
Less than 80 words

in-ear

Bluetooth 5.0

Less than 3 ms
Less than 10 words

Latency of message reading 0-00 s 0.5s 0-c0 s 0.5s

Table 3 Assessment of the No TMS CAS FCS No TMS CAS FCS No TMS CAS FCS No TMS CAS FCS

relevance of the functionalities

for the target applications F.l e e e FRl e e e RIle e e e x e
Fl, @ e O FR2 e e e FRille e e Fil e X @
F13 @ x O PR3 e@ Xx e RI2e e e Fi2 e e x
Fl4 @ e O R4 e@ Xx @ FRI3 e e x Fii e e e
FlI5 @ x x R5 @ Xx @ FRI4e@ e x Fie e @
Fl6 @8 @ x R6e e e Fl @€ x x Fis5 e e @
Fl7 @ x O R7e e e 32 e e x Feé e X X
FiIs @ e O R8 e e O F3 e x e
Fle e O RY9Ye e e F4 e e e

@: Very relevant, O: Partially relevant, X : Not relevant
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performed functionalities defined the dependency. Accord-
ingly, a comparison of the dependency of the functionali-
ties for the concerned applications is shown in Table 4.
The assessment considered three values: (i) same depend-
ency, which means that the functionalities performed
before a concerned one in the target application are the
same as those specified in the DCIP-MM, (ii) different
dependency, and (iii) the functionality is not included
in the workflow. The dependency of the functionalities
for traffic management was the same as in the case of
the fire evacuation guiding. It meant that the workflow
could be reused directly. For the CAS and the FCS, cer-
tain functionalities specified for the fire evacuation were
not needed. This fact negatively influenced the reusability

of the related workflow. For details about the assessment
process, please refer to (Li 2019).

3.4.2 Analysis of the empirical structure suitability

The required functionality is realized by the algorithms inte-
grated into the given CCM and the related data constructs.
The analysis of the suitability of the empirical structure of
the DCIP-MM was completed in two steps. Indicators were
derived with regards to the suitability of the algorithms
incorporated by the DCIP-MM as well as to the suitability
of the data constructs to the application in traffic manage-
ment, care-taking assistance, and football-play coaching
applications. There are 8, 21, 10, and 6 algorithms in the

Table4 A comparison

. No TMS CAS FCS No TMS CAS FCS No TMS CAS FCS No TMS CAS FCS
of the dependency of the
functionalities for the concerned Fl.l @ @) e Rl @ ® e F10 e ® ®@ 35 @ X @)
applications F12 @ ® ° P2 @ Y o F2.11 @ ) ) F41 @ X [ )
F13 @ X ® F3 e X e Fl2 e [ ) ®@ Fi2 o O X
F14 @ O @ F4 @ X ® Fli3 @ [ ) X F43 @ O O
F15 @ X X F25 @ X ®@ Fl4 e ) X F44 @ O O
Fl6 @ @] X F26 @ O ® F31 e X X F45 @ [ ) [ )
Fl17 @ X O F27 e O ®@ F32 e O X F46 @ X X
F18 @ O O F8 @ [ ® F33 @ X O
F19 @ [ ] [ ] F29 @ [ ] [ ] F34 @ [ ] [ ]
@: same dependency, O: different dependency, X : the functionality is not included in the workflow
Table 5 Assessment of the suitability of the algorithms
Func Algo FEGS TMS CAS FCS Func Algo FEGS TMS CAS FCS Func Algo FEGS TMS CAS FCS
F1.1 Al [ ) O X O F25 Al8 @ X X X F32 A31 @ [ ) X X
F12 A2 [ ] [ ] [ ] X A9 @ X X X A32 @ [ ] [ ) X
A3 o [ ] O O A20 @ X X X A33 @ X X X
F13 A4 (] [ ] X X F2.6 A2l @ X X X A34 @ X X X
F1.4 A5 [ ) () [ ) () A2 @ X X X F33 A3 @ [ ) X [ )
F1.5 A6 [ ] O X X A23 @ X X X A6 @ O X O
F1.6 A4 [ ) [ ] [ ) X F27 A24 @ [ ] X X F34 A37 @ () ] [ )
F1.7 A7 () [ ) X o A4 () [ ] () X A3 @ [ ] [ ) o
F1.8 A8 [ ) [ ) [ ) () A25 @ O O O F35 A39 e [ ) X X
F1.9 A5 [ ] () ] [ ) F2.8 A3 [ ) () O O F41 A40 @ [ ) X ()
F2.1 A9 [ ) O X X A5 [ ) [ ) [ ) [ ) F42 A4l @ O X X
A0 @ O X X F29 A9 [ ) O X X F43 A42 @ O O O
All @ X X X A0 @ O X X F44 A43 @ O O O
F22 Al2 @ O X X F2.10 Al2 @ O X X F45 A4 @ () [ ] ()
F23 Al3 @ ] X [ ) F2.11 A26 @ [ ) [ ) [ ) F46 A45 @ () X X
Al4 @ [ ) X [ ) F2.12 A27 @ O O O
F24 A5 @ X X X F2.13 A28 @ O O X
Al6 @ X X X F2.14 A29 @ [ ) [ ] X
Al7T @ X X X F3.1 A3 0 @ [ ] X X

@: very suitable, O: suitable after parametric modification, X : not suitable
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sub-modules of the DCIP-MM, respectively. An overall view
of the suitability of the algorithms to the target applications
is shown in Table 5. It’s worth mentioning that several algo-
rithms were reused to realize different functionalities in the
case of the fire evacuation guiding application, e.g. calculate
the distance between two entities. Due to the diverse require-
ments of the target applications and the different attributes
of the treated entities and situations, the qualitative evalu-
ation had to consider three levels of fulfillment concerning
the suitability of the algorithms, namely (i) very suitable,
which meant that the implemented algorithms could be used
directly in the target application, (ii) suitable with a paramet-
ric modification, which meant that the algorithms could be
applied if some parameters were adjusted according to the
requirements of the target applications (e.g. thresholds), and
(iii) not suitable, which meant that the concerned algorithms
were not suitable at all.

The result of the assessment of the suitability of the used
data constructs is presented in Table 6. Two qualitative lev-
els were considered in this assessment: (i) suitable, which
meant that the data construct can sufficiently represented
the needed content for information processing in the tar-
get application context, and (ii) not suitable, which meant
that the data construct was either unneeded or insufficiently
represented the required information. Incomplete data con-
structs did not fulfill the latter requirement.

Table 6 Assessment of the suitability of applied data constructs

3.4.3 Analysis of the empirical performance efficiency

Procedurally, this analysis involved (i) the specification of
empirical performance indicators, (ii) the generation of the
empirical performance profiles of the prototype in the I-CPS
applications, and (iii) the exploration of the performance
limitations in the case of the three I-CPS applications. In
terms of the performance indicators, the work covered
the efficiency analysis of the algorithms, as well as to the
influencing factors on the actual performance. The results
obtained from the performance tests in the fire evacuation
guiding application were projected to the context of the
three target application cases. Then, the computation time
required by the algorithms in each of the target application
cases were estimated and the practical characteristics of the
target application cases, such as (i) the maximum possible
number of entities handed at a time (the worst case) and (ii)
the maximum sudden changes of entity numbers (the worst
case). After this, the estimated computation time of algo-
rithms was compared with the allowed computation time
(ACT) in each of the application contexts. It was calculated
by the following formula:

ACT = ART — (LTS + LTM) 1)

where: ART is the allowed response time in a given
application case, LTS and LTM are the practical latencies

Data Used by algorithms Applications Data Used by algo-  Applications Data Used by Applications
R —— rithms T E—— algorithms —————————
TMS CAS FCS TMS CAS FCS TMS CAS FCS
D1 Al [ ] [ ] ® DI8 A22 X X X D35 A3l [ ) X X
D2 A2, A4, A30, A31,A24,A35 @ [ ] X DI9 A23 X X X D36 A34 [ ) X X
D3 A2, A3 [ ] [ ] ® D20 Al2 [ ] X X D37 A34 [ ] [ ) X
D4 A3 [ ] [ ] X D21 Al2, A24 [ ] X X D38 A34 X X X
D5 A4, A6 [ ] [ ] X D22 Al2 X X X D39 A35 [ ] [ ] X
D6 A5 [ ] [ ] X D23 A25, A43 [ ] [ ] ® D40 A36 [ ] X [ ]
D7 A5, A6, A8, A9, A10, All, [ ] [ ] X D24 A4 [ ] [ ] ® D41 A39 [ ] X [ ]
A24, A27, A32, A33, A34,
A35, A36

D8 A7, A4 () [ ) ® D25 A3 [ ) [ ) ® D42 A38 [ ) [ ) [ ]
D9 A8 [ ] X X D26 AS [ ) [ ] X D43 A39 [ ] [ ] [ )
D10 A8 [ ] X ® D27 A9 Al0 [ ] [ ) X D44  A42 [ ) [ ] [ )
D11 Al12, Al13, Al4, A24 [ ] [ ] ® D28 Al2 [ ] [ ) ® D45 A42,A43 [ ) [ ] X
D12 A27 [ ) () ® D29 A26,A27,A30 @ () ® D46 A44 () [ ) ()
D13 AlS5, Al6, Al17 [} () ® D30 A37 () () ® D47 A44 () [ ) ()
D14 AIlS8 [ ] X X D31 A28, A40 [ ] [ ] ® D48 A45 [ ] [ ] [ ]
D15 AIl9 [ ] X X D32 A29, A4l [ ] X X D49 Outputdata @ [ ] [ ]
D16 A20 X X X D33 A45, A34 [ ] [ ] ® D50 A4l [ ] [ ] X
D17 A21 X X X D34 A33 [ ] [ ] ® D51 A42,A47 @ [ ] X

@: suitable, X: not suitable
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Table 7 Assessment of the

; ; . Algo TMS CAS FCS Algo TMS CAS FCS Algo TMS CAS  FCS

efficiency of the algorithms in

the target applications Al PY A PY Al6 A A A A31 PY A A
A2 X ) A Al7 A A A A32 [ ) ) A
A3 [ ) o ) Al8 A A A A33 A A A
A4 X ) A A19 A A A A34 A A A
AS ([ ) ) ) A20 A A A A35 [ ) A )
A6 ) A A A21] A A A A36 [ ) A )
A7 ) A ) A22 A A A A37 [ ) [ ) )
A8 ) ) [ ) A23 A A A A38 [ ] [ ] o
A9 X A A A24 X A A A39 [ ) A A
Al0O ) A A A25 ) ) ) A40 () A )
All A A A A26 ) ) ) A41 ) A A
Al2 ) A A A27 X ) ) A42 X [ ] o
Al3 ) A [ ) A28 ) o A A43 X [ ] o
Al4 ) A [ ) A29 ) ) A Ad44 ) () )
Al5 A A A A30 ® A A A45 o A A

@: effective, X : not effective, A: not needed

Table 8 Assessment of the effect of influencing factors on computa-
tion in the application cases

Influencing factors Application cases

FEGS TMS CAS FCS
Accuracy of positioning High Low Low  High
Latency of information sensing High High Low  High
Length of personalized messages  High High Low  High
Obedience of the informed user Low Low  High High

of information sensing and messaging, respectively. If the
estimated computation time of an algorithm was higher than
the ACT, then the algorithm was regarded as ‘not effective’.
The results of the assessment are presented in Table 7.

Four factors influencing the practical performance of
the system in the target application were considered. These
included (i) the accuracy of positioning, (ii) the latency of
information sensing, (iii) the length of personalized mes-
sages, and (iv) the obedience of the informed user. Because
these factors strongly depend on the applied techniques
for practical application cases, the assessments were made
according to the characteristics shown in Table 1 and 2. The
results of the investigation of the influential factors are sum-
marized in Table 8.

3.4.4 Analysis of the theoretical performance sufficiency

While the specific performance indicators could be cap-
tured quantitatively, theoretical performance targets (TPTs)
needed a qualitative evaluation due to their abstract and ten-
tative nature. For the sake of comparability, we identified
generic performance targets that were equally applicable to
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each target application. The TPTs chosen for the applicabil-
ity analysis were:

e Adaptation need, which is judged by considering the total
effort needed to adapt the elements of the modules (e.g.
algorithms, data constructs) to the target application.

e Preparation effort, which is judged by considering the
totaled preparation of a module (e.g. specification of
thresholds in algorithms, and data constructs) when it is
applied in the target application.

e Dependability, which is judged by considering the totaled
dependency of the computational results generated by an
adopted and prepared platform (all modules together) to
the varying circumstances in the target application.

The research challenge was to demonstrate that in each
of the three applications the TPTs could be achieved using
the DCIP-MM or to show what sort of limitations has been
experienced. The second part of the investigations focused
on the sustainability of the overall performance of the CCMs
under the influence of varying circumstances. The argumen-
tation about the applicability of the DCIP-MM in the three
application cases was based on the evidence obtained in the
validation process with regards to quadrants one (relevance),
two (suitability), and three (efficiency). The chosen TPTs
were considered according to the following reasoning logic:

If either the testing of the functionality, or the testing of
the overall workflow, or both, closes with a negative out-
come, then the proposed mechanism cannot be applied in
the target application cases, since the expectations for its
theoretical structural relevance are not fulfilled.

If either the testing of the processing algorithms, or the
testing of the processed data constructs, or both, concludes
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with a negative result, then the proposed mechanism cannot
be applied in the target application cases, since its empirical
structural suitability is not validated.

If either the specific performance indicators suggest poor
efficiency or the factors influencing the computational effi-
ciency have large effects on the outcomes (and make the com-
putation unpredictable), or both concurrently appear, then the
proposed mechanism cannot be applied in the target applica-
tion cases.

If the theoretical structural relevance, the empirical struc-
tural suitability, and the empirical performance be all vali-
dated, then the sufficiency for an application depends on the
achievement of the TPTs.

Based on the results discussed above in Sects. 4.1-4.3,
items (a), (b), and (c) have been determined for the target
application cases. Methodologically, three indicators have
been specified for the assessment and assigned to the three
qualitative TPTs, namely (i) theoretical relevance indicator
(TRI), (ii) empirical suitability indicator (ESI), and (iii) empir-
ical efficiency indicator (EEI). For each of these indicators,
a percentage value was calculated, showing the proportion
of applicable elements (e.g. function, algorithms, data con-
structs) of a mechanism or a module in a target application. For
instance, if two algorithms and the related data constructs of
a mechanism (or a module) were suitable for a target applica-
tion, and if there were 10 algorithms in the mechanism in total,
then we set the value of the ESI of the mechanism to 20% in
the given target application. An overall applicability indicator
(OAI) was defined, which could be evaluated based on the
three individual indicators. The calculation was done by the
following equation:

OAI = V/TRI x ESI x EEI ()

This equation establishes the geometric mean value of
the three particular indicators capitalizing on the fact that
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Fig.6 Calculated indicators of the proposed mechanisms for the tar-
get applications

they are interrelated. Therefore, the results of the percentile
calculation concerning the applicability of the four modules
(from M1 to M4) in the DCIP-MM are shown in Fig. 6.

Including (i) high, (ii) medium, and (iii) low levels, three
levels were introduced for the indicators of the TPTs, which
were evaluated according to the principles shown in Table 9.
The first TPT (adaptation need) was assessed based on the
calculated OAI The principle implies that if a low OAI is
obtained, then a computational mechanism will need a large
amount of adaptation work before it can be applied in the
target application. The second TPT (preparation effort) was
assessed only based on the calculated ESI. Our assumption
is that the preparation effort for using a computational mech-
anism in a specific application depends on how much work
is needed for changing the algorithms and data constructs.
Based on the proposed principles, the results of assessment
of the TPTs for the target application cases are shown in
Table 10.

4 Discussion

In the tradition of scientific inquiry, internal validation
and external validation goes hand-in-hand. A body of
knowledge, which suffers from internal biases due to lack
of procedural rigor, and/or the one, which is not appro-
priate for or has serious limitations with regards to its
intended purpose, can be considered as scientific knowl-
edge. Focusing on the usefulness of design methods, the
original VSA targeted external validity, which manifests
as the process of building confidence in the usefulness of
a body of knowledge concerning a purpose. To this end,
validation is driven by the question of whether the method
provides design solutions ‘correctly’ (effectiveness), and
whether it provides ‘correct’ design solutions (efficiency).

Table 9 Principles for assessing the TPTs

Assessed levels Principles
Adaptation need
High OAI < 25%
Medium 25% < OAI < 75%
Low OAI > 75%
Preparation effort
High ESI <25%
Medium 25% < ESI < 75%
Low ESI > 75%
Dependability
High OSI > 75%
Medium 25% < OSI < 75%
Low OSI < 75%
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Table 10 Assessment results

. Applications TPTs Ml M2 M3 M4 Overall
of the TPTs in the target
application cases Traffic management Adaptation need Low Medium  Low Low Low
Preparation effort Low Medium Low Low Low
Dependability - - - - Medium
Care-taking assistance Adaptation need High Medium Medium High Medium
Preparation effort High Medium High High High
Dependability - - - - Low
Football-play coaching Adaptation need High Medium High Medium Medium

Preparation effort High High High

Medium High

Dependability - - - - High

In this context, correct design solutions provide acceptable
operational performance (e.g. are designed and realized
with less cost and/or in less time). This needs specific
measures in the process of theory generation and design
methodology development, as well as rigorous testing
when the result of the process is available. In addition,
the VSA also recognized that ‘formal, rigorous and quan-
titative’ validation cannot be applied without problems in
certain areas of engineering research, which rely more on
subjective statements than on physical experimentation
and mathematical modeling.

The above assumptions have been reused in the A-VSA,
which incorporated the criteria for validation of the applica-
bility of constructive computational mechanisms (CCMs).
As indicated by the reasoning model, applicability valida-
tion of CCMs relies both on subjective statements and on
mathematical modeling. For this reason, the A-VSA com-
bines both qualitative and quantitative perspectives, as well
as theoretical and empirical viewpoints. Using the A-VSA,
the applicability of CCMs can be assessed in terms of four
aspects (i) theoretical structural validity, (ii) empirical struc-
tural validity, (iii) empirical performance validity, and (iv)
theoretical performance validity. The measure of theoretical
structural appropriateness is relevance. It is evaluated by
considering whether (i) the offered functionality is relevant
for the target application, and (ii) the overall computational
workflow is relevant for the target application. The empirical
structural appropriateness is expressed as suitability. It is
evaluated by considering if (i) the processing algorithms are
suitable for the target application, and (ii) the processed data
constructs are suitable for the target application. The empiri-
cal performance is measured in terms of efficiency, which
expresses if (i) the specific performance indicators confirm
efficiency, and (ii) the effects of the factors influencing the
processing are controllable. Finally, the theoretical perfor-
mance is expressed in terms of the overall sufficiency, which
is characterized by (i) the extent of achieving the overall
performance targets, and (ii) the level of sustainability of the
overall performance in varying circumstances.

@ Springer

In the conducted case study, three completely different
application cases were used as the basis of the applicabil-
ity evaluation of the already developed CCM, namely, the
DCIP-MM. Both the theoretical validity and the empirical
structural validity were evaluated in the assessment proce-
dure. The qualitative assessment concerned the measures of
relevance and suitability to confirm the internal appropriate-
ness of the DCIP-MM in the target applications. On the other
hand, quantitative evaluations were applied to quantify the
performance validity based on various specified measures.
It’s worth mentioning that the concerned measures were
dedicated to the DCIP-MM. For instance, we selected the
computation time as a measure of empirical performance,
since it is one of the most crucial aspects of dynamic context
information processing. Nevertheless, many other quanti-
tative measures can be applied when using the A-VSA to
other CCMs, such as throughput, time, and space complex-
ity. Concerning quadrants 1-4, several indicators (i.e. TRI,
ESI, EEI, and OAI) were used to show the percentage of the
elements of a CCM applicable to target applications. These
indicators jointly contribute to a qualitative evaluation of the
theoretical performance targets. Concerning the calculation
process, we only considered the proportion of available ele-
ments in each module (number of reusable elements over the
total number of elements) to indicate the applicability. How-
ever, the calculations can be further refined depending on the
adaptation effort concerning the algorithms and/or function-
alities in the target applications. The research confirmed that
qualitative applicability evaluation could be transferred into
a quantitative assessment when concrete requirements were
specified for the four quadrants of A-VSA. Accordingly, a
decision can be made concerning how much a mechanism
can match the applicability expectations.

Though applicability testing focused on the external
validity (that is, the appropriateness of applying a mecha-
nism), the evaluation process had to confirm the internal
validity of a CCM (checking the internal appropriateness
in target application) first. It was observed in the evalua-
tion process that there was a tight coupling among the four
concerned aspects of evaluation, which were associated with
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certain dependencies. If the computational mechanism fails
in any one of the concerned aspects, then the theoretical
performance targets (sufficiency) cannot be fulfilled and
there is no way to conclude about the applicability of the
DCIP-MM positively in the considered application. If the
relevance and suitability are positively evaluated, then the
empirical performance plays a decisive role in the judgment.
In those cases, where the relevance and suitability indica-
tors present a partial compliance only, and the efficiency
designate a partial completion, the functional structure, the
procedural flow, the algorithms and data structures, and the
computational measures of the DCIP-MM should be adapted
to those required by a specific application.

The obtained results cast light on two facts. On the one
hand, the theory and approach proposed in the paper are
efficient and appropriate for the applicability validation of
CCMs. On the other hand, the significant differences in
terms of the case characteristics of the chosen target appli-
cations define a reasonably broad spectrum of applications.
Having a narrower or broader range of the case characteris-
tics, many other applications with rather different purposes
have the potential to be involved.

5 Conclusions

The objectives of this paper were to clarify the concepts and
criteria for applicability validation of constructive computa-
tional mechanisms (CCMs) and to propose an approach that
can support this. Towards this end, evidence about measures
and/or indicators of applicability has been obtained with
regards to (i) functional/procedural relevance, (ii) suitability
of algorithms and data constructs, (iii) efficiency of specific
performances, and (iv) sufficiency of overall performance.
An adapted validation square approach (A-VSA) has been
developed for assessing the external appropriateness and
usefulness of CCMs from both theoretical and empirical
points of view. As evidenced by the completed applicability-
testing cross-case study, the developed A-VSA is an efficient
tool for assessing the external validity of CCMs, and the
proposed measures and indicators are adequate and expres-
sive enough. The results of applicability testing can guide
the adaptation work of a CCM when applying it to an out-
of-domain application.

Based on the conducted research, we could conclude that
applicability validation of CCMs required both subjective
statements and mathematical modeling. This is in concert
with the tradition of validation in engineering research, that
is anchored in logical induction and/or deduction, whereas
most existing validation approaches for CCMs only address
physical experimentations and mathematical modeling.
The advantage of the A-VSA is that it offers a way to trans-
fer qualitative applicability evaluation into quantitative

applicability assessment, which enables the use of both sub-
jective statements and mathematical modeling in the course
of applicability testing. In addition, the research outcome
indicates that the external validation of a method depends
on the results of its internal validation. The external valid-
ity of CCMs cannot be approved before the internal validity
is confirmed. Furthermore, the A-VSA establishes a tight
coupling among the enablers embraced by a CCM and the
aspects of theoretical and empirical validation. Hence, the
proposed A-VSA is not only an efficient tool for defining the
range and/or the extent of applicability of various CCMs, but
it can also be used to explore potential applications, and even
to create new applications for existing CCMs.
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