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Abstract

Modern service-based processes in mobile environments are highly complex due to the necessary spatial-temporal coor-
dination between multiple participating users and the consideration of context information. Due to the dynamic nature of
mobile environments, disruptive events occur at runtime, which require a re-selection of the planned service compositions
respecting multiple users and context-awareness. Thereby, when re-selecting services the features performance, solution
quality, solution robustness and alternative solutions are essential and contribute to the efficacy of service systems. This paper
presents an optimization-based heuristic technique based on a stateful representation that uses a region-based approach to
re-select services considering multiple users, context information and in particular disruptive events at runtime. The evalua-
tion results, which are based on a real-world scenario from the tourism domain, show that the proposed heuristic is superior

compared to competing artifacts.

Keywords Service re-selection - Mobile environments - Runtime decision support - Disruptive events - Multi user

processes - Context-awareness

1 Introduction

The development of mobile environments in the form of
mobile technologies (such as Smartphones, IoT-Devices)
and mobile business is steadily increasing (Muhammad
et al., 2018; Statista, 2019a, b). Services that use context
information (e.g., sensory capabilities of mobile devices) to
provide individual solutions for users gain in importance,
which can be seen, for instance, by the increasing market
value of 11.99 billion $ in 2015 to 44.95 billion $ in 2021
for location based services (Allied Market Research, 2021).
Besides location information, a further important dimen-
sion of context is the participating user (user context), which
includes the interaction among users (Baccari & Neji, 2016;
Grotherr et al., 2018; Ma et al., 2015; Roda et al., 2018; Shen
& Yang, 2011; Tung et al., 2014; Weinert et al., 2020; Zhang
et al., 2009). Processes in mobile environments, which
include multiple participating users can be found in several
domains such as healthcare or disaster relief assistance, field
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work in companies, everyday efficiency and planning, road-
side or in tourism (cf. Gavalas et al., 2014; Neville et al.,
2016; Ventola, 2014; Zhang et al., 2009). This development
supports the construction of multi user context-aware ser-
vice systems, in which mobile technologies enable the reali-
zation and support of individual processes.

Determining and realizing processes by an individual ser-
vice composition for each user at planning time, including
the selection within a high number of available candidate
services, context information (e.g., location or time of day)
and the coordination of multiple users, is a known problem
in the literature (e.g., Bortlik et al., 2018; Heinrich & Mayer,
2018). However, due to the dynamic nature of mobile envi-
ronments (cf., e.g., Nagarajan & Thirunavukarasu, 2020;
Sheng et al., 2014), several so-called disruptive events may
occur at runtime (Bobek & Nalepa, 2017). Guided by Bear-
zotti et al. (2012), we define a disruptive event as a real-
world event at runtime that significantly change planned
values of service candidates, user constraints etc. Thus,
disruptive events occurring at runtime can affect all users
resulting in service compositions selected at planning time
that are no longer optimal if not even no longer feasible.
For instance, the disruptive event that a business — selected
as service at planning time — is closed and thus become no
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longer available (cf. Sheng et al., 2014; Zhang et al., 2018;
Zheng et al., 2014), results in a need for re-selection at runt-
ime. As the computational effort for determining an optimal
solution for such re-selection tasks — considering all pos-
sible disruptive events and their changes of planned values
— would be very high (the selection problem is known to be
NP-hard (non-deterministic polynomial-time hardness); cf.
Abu-Khzam et al., 2015; Alrifai et al., 2012), we propose
an optimization-based heuristic technique. Thus, our work
refers to the following research question:

How to design an optimization-based heuristic tech-
nique for re-selecting services under consideration of
multiple users, context information and in particular
disruptive events at runtime?

To address this research question, we present a novel
heuristic technique for service re-selection at runtime for
multi user context-aware service systems. Our approach
is based on the meta-heuristic local selection (e.g., Gen-
dreau & Potvin, 2010) and a stateful representation (cf.,
e.g., Heinrich & Lewerenz, 2015). To enable a performant
service re-selection at runtime considering multiple users,
context-awareness and in particular disruptive events, the
presented approach carefully divides the underlying process
into regions and efficiently select a service composition by
using feasibility checks and a measure based on the stateful
representation. Furthermore, the concept of a stateful rep-
resentation is substantially extended by a dynamic re-struc-
turing of states at runtime to deal with disruptive events.
The evaluation results show that for the presented heuristic
technique the computation time increases proportionally in
almost all settings, while competing approaches in general
have an exponential increase in runtime. More precisely,
our technique requires on average only about 1.6% of the
computation time compared to existing approaches although
achieving a solution quality similar to these approaches
(88.8% compared to an optimal solution). This reveals a
high performance while retaining a comparable high solu-
tion quality. Moreover, our technique achieves an average
(solution) robustness of 92%, which describes the proportion
of the predetermined services at planning time that can be
retained during re-selection at runtime. This represents a
significant improvement over existing approaches. Finally,
in contrast to existing approaches, our technique is able to
present several alternative feasible solutions in near-time
especially for multiple participating users. The evaluation
results show that an alternative solution can be selected
within 6.1 seconds on average for multiple users in case a
disruptive event occurs.

The remainder of the paper is organized as follows: In the
next section, the background (i.e., Methodical Foundations
and Related Work) as well as the research gap are discussed.
In the third section, we present our research methodology
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followed by the introduction of a real-world scenario from
the tourism domain in section four. In the fifth section, we
propose our model setup and the main components of our
heuristic technique, in particular an optimization model and
an algorithm for multi user context-aware service re-selec-
tion. In the evaluation section, we analyze different features
of our approach compared to competing artifacts based on
the real-world scenario and a simulation experiment. Subse-
quently, the results and implications are discussed. Finally,
we conclude our paper with a short summary and an outline
of limitations and further research.

2 Background and Research Gap
2.1 Methodical Foundations

The selection of several services, thus determining a ser-
vice composition, leads to a problem which in its basic form
(Quality of Service-aware service selection) is related to the
selection of exactly one item for each of n available sets of
items without violating a family of constraints, while maxi-
mizing the overall utility (Caserta & Vo8, 2019). Thus, the
underlying decision problem can be characterized as the
well-known MMKP (Multi-Choice Multi-Dimensional
Knapsack Problem). The MMKP is an advanced form of
the general Knapsack Problem with an additional multi-
choice property, i.e., the selection of items is performed on
sets of items instead of a single item set and further, the
resources within a MMKRP are multi-dimensional since there
are multiple resource constraints for the knapsack (Ardagna
& Pernici, 2006). In our problem context, the multi-choice
property is given by the selection of items (= candidate ser-
vices) grouped in multiple sets (=tasks), for which each
item is characterized by a specific value (=utility). Further-
more, the multi-dimensionality is determined by multiple
resources (e.g., duration of a candidate service), which con-
strain the knapsack (=user’s service composition). When
considering multiple users, the selected candidate services
of a user are dependent on the selected candidate services
of the other users in terms of optimality (i.e., utility) and
feasibility (i.e., constraints). Thus, the considered MMKP
is of higher complexity since user-based dependencies have
to be additionally modelled when determining each user’s
service composition.

There are different meta-heuristics in the literature (Gen-
dreau & Potvin, 2010) that can be used as a basis for solv-
ing the MMKP in the context of multi user context-aware
service re-selection. Especially the concepts of the meta-
heuristic Tabu search are promising for solving this problem,
because (1) Tabu search is basically a local search strategy
(Gendreau & Potvin, 2005), which searches the whole neigh-
borhood deterministically allowing for a higher degree of
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solution robustness. Furthermore (2), the existing memory
concept is highly promising (Gendreau & Potvin, 2010)
in order to provide access to relevant (existing) informa-
tion during the iterations of the re-selection and thus ena-
bles to efficiently and effectively explore the search space
by learning from previous solutions (Blum & Roli, 2003;
Boussaid et al., 2013; Gendreau & Potvin, 2010; Gogna &
Tayal, 2013). In particular (2a), the concept of short-term
memory (Tabu list) facilitates to keep track of the most
recently visited solutions and forbids (or allows) specific
moves towards them (Blum & Roli, 2003). Thus, the neigh-
borhood of the current solution is restricted to the solutions
that do not belong to the Tabu list (Blum & Roli, 2003). In
addition (2b), the concept of long-term memory contains a
pool of previously generated solutions, which can be used
to learn and restart the search (Gendreau & Potvin, 2005).
This allows in analogy to buffer states of already examined
solutions to enable fast decision support at runtime even
for problems which are NP-hard. The considered MMKP
faces a high degree of complexity which is discussed in lit-
erature and caused by dependencies referring to multiple
users, context-awareness and disruptive events at runtime
(e.g., Heinrich & Mayer, 2018):

1. User-based dependencies Including multiple users
cause the MMKP to be solved considering each users’
service composition (i.e., characterized by multiple
tasks of candidate services) in compliance with the
user’s preferences and constraints. Such preferences
and constraints of participating users comprise also
temporal-based dependencies arise in case (a subset of)
users want to simultaneously select particular candidate
services each assigned to a task leading to dependencies
between various service compositions. Furthermore, by
considering temporal-based dependencies certain candi-
date services which can (potentially) be added to a ser-
vice composition are available or not (e.g., depending on
temporal availability of a candidate service). Following,
changing the candidate services within a service com-
position of one user affect other service compositions of
(subsets of) related users. This requires the inclusion of
temporal-based dependencies between multiple users in
the optimization model, which in turn leads to additional
user-dependent decision variables for each candidate
service and thus increases the complexity of the MMKP.

2. Context-based dependencies Context-based dependen-
cies result from the consideration of context informa-
tion (e.g., location of a candidate service or a user) in
a MMKP. Context is usually addressed by the concept
of states, which represent the contextual dependencies
between candidate services of consecutive tasks. More
precisely, the selection of a candidate service within

a task can lead to context information, which directly
affects the selection of candidate services (for other
users) in subsequent tasks (cf. Heinrich & Lewerenz,
2015) and thus increase the complexity of the MMKP
(Mostofa Akbar et al., 2006; Sbihi, 2007). Furthermore,
the quantified values for subsequent candidate services
(e.g., the distance between the locations of two candi-
date services), used to calculate the utility, depends on
the specific context information.

3. Event-based disruption As disruptive events at runt-
ime can cause a re-selection of one or more service
compositions from one or more users, the complexity
of the corresponding MMKP increases. In particular,
the re-selection and therefore the service compositions
are dependent on the number and the type of the occur-
ring disruptive events as well as the affected candidate
services, which are unknown at planning time. For
example, the disruptive event that a business is actu-
ally closed at runtime, which was selected as service at
planning time and thus become no longer available, can
affect a wide range in the planned service compositions
such as exceeding or falling short of a threshold, time
conflicts, capacity conflicts, changing context informa-
tion, changing preferences, candidate service failures or
delays. Due to the dynamic nature of disruptive events
at runtime and the variety of event types, typically dif-
ferent affected candidate services must be re-selected.

Given these dependencies referring to multiple users,
context-awareness and disruptive events, in the literature of
service science and re-selection are multiple works, which
discuss central features and goals to assess the re-selection
solution (Ardagna & Pernici, 2007; Cao et al., 2007; Caserta
& VoB, 2019; Di Napoli et al., 2021; Khan et al., 2002;
Mostofa Akbar et al., 2006; Wang et al., 2019; Yu & Lin,
2007). The following describes the features to be addressed
in more detail:

1. Performance In case of disruptive events, support of
the participating users in near-time is needed as waiting
times in mobile applications have a negative impact on
the users’ satisfaction. In particular, a fast and interac-
tive support is a key indicator for usability and thus a
key feature for success of mobile applications. Thus,
users in mobile environments require near-time support
when interacting with mobile applications (Galletta
et al., 2004; Hoxmeier & DiCesare, 2000; Li & Chen,
2019). Therefore, finding a solution at runtime with
high performance (near-time optimization) is vital for
the efficacy of service systems in mobile environments
(Harrison et al., 2013; Saleh et al., 2017; Seffah et al.,
2006; Tan et al., 2013).
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2. Solution quality Users expect a high solution quality
when re-selecting services. On the one hand, finding
an optimal service composition in appropriate time is
not realistic at runtime due to the high complexity of
the underlying decision problem (Moghaddam & Davis,
2014; Zhang et al., 2012b). On the other hand, finding
only a feasible service composition is necessary but not
sufficient. Therefore, a near-optimal solution should be
aimed for.

3. Solution robustness Considering re-selection at runt-
ime, fundamental changes to the predetermined service
composition at planning time have a negative impact on
the users’ satisfaction (Barber & Salido, 2015; Rahm-
ani & Ramezanian, 2016; Seffah et al., 2006; Tan et al.,
2013). Therefore, users expect a largely robust service
composition at runtime, where in case of disruptive
events a small number of changes occur to the prede-
termined service composition (Barber & Salido, 2015;
Rahmani & Ramezanian, 2016).

4. Alternative solutions The provided service composition
at runtime may not meet the users expectations due to,
for example, imprecise or incomplete context informa-
tion or changing user preferences (David et al., 2014).
Thus, determining and presenting alternative feasible
solutions in near-time is important. Based on such alter-
native solutions, proactive user interaction at runtime is
possible (Evers et al., 2014) to give the user the opportu-
nity to change the service composition proposed in the,
for instance, mobile environment.

As discussed in literature, these features contribute to the
efficacy of multi user context-aware service systems since
the response to disruptive events and the corresponding
adaptation of service compositions represent a key role in
the design of these systems (Alter, 2017; Faieq et al., 2021;
Hidri et al., 2019). However, existing approaches for multi
user context-aware service systems primarily focus on the
(adaptation) requirements of the service provider. As a
result, the perspective of the users (i.e., service consumers,
cf. Faieq et al., 2021) and their required features (e.g., high
performance, cf. Frey et al., 2017) are mostly not included
in the design of service systems. Therefore, addressing
these features is highly important for research and practice,
especially for the further development of multi user context-
aware service systems (Frey et al., 2017).

2.2 Related Work

In the following, we discuss existing approaches from litera-
ture, which can be used in general for service re-selection.
Therefore, we applied a literature search process consist-
ing of three phases (cf. Fig. 1). The discussion is based on
a literature search of related work (Phase 1) conducted in
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aisnet.org, Web of Science, ACM, IEEE Xplore, INFORMS,
ScienceDirect and Springer, which was performed using 36
keywords resulting in 156 papers (Task I). Moreover, in
order to identify further relevant works, we also conducted a
backward and forward search based on these papers resulting
in 35 further articles and 191 articles in sum (Task II). After
a more detailed analysis of the relevant articles (Phase 2) by
screening title, keywords and abstracts, 69 papers remained
(Task IIT). Based on reading introduction and summary, we
only considered works that contain dependencies between
multiple users and context information resulting in 53 arti-
cles (Task IV). A detailed text analysis resulted in 38 rel-
evant approaches that are meet our research topic in general
(Task V). Thereupon, we structure the literature (Phase 3)
firstly on the basis whether the approaches consider multiple
users, context-awareness and in particular disruptive events
and secondly based on the four central features discussed in
the methodical foundations (cf. Section 2.1). A summary of
the systematized related work can be found in Table 1 (Task
VI), which is explicitly created based on the dependencies
and features introduced in Section 2.1.

(A): The first group of service system approaches mainly
deal with user-based dependencies (e.g., Mayer, 2017;
Wanchun et al., 2011). With regard to multiple users,
there are several approaches that allow the same can-
didate services to be used by multiple users (Heinrich
etal., 2015; Mayer, 2017; Wanchun et al., 2011; Wang
et al., 2010, 2014), while other approaches address
capacity limits of services in order to provide multi
user support (He et al., 2012; Jin et al., 2012; Kurdija
et al., 2019; Pang et al., 2020; Zhu et al., 2017).
However, only Mayer (2017) presents an approach
for service re-selection in order to cope with disrup-
tive events occurring at runtime but do not deal with
context-based dependencies at all. An analysis of the
features shows, that some of the works aim at perfor-
mance and therefore He et al. (2012), Heinrich et al.
(2015), Jin et al. (2012), Kurdija et al. (2019), Mayer
(2017), Wang et al. (2010) and Zhu et al. (2017) can
in general provide results in near-time. In regard to
solution quality, all of the approaches address as a
foremost goal the selection of feasible solutions (e.g.,
Pang et al., 2020). Additionally, these works can be
divided in exact approaches (i.e., providing an optimal
solution, e.g., Wang et al., 2014) and heuristic tech-
niques (i.e., providing a near-optimal solution, e.g.,
Kurdija et al., 2019). For the re-selection at runtime
the use of heuristics is clearly favored, because they
can enable near-optimal solutions while reducing the
computational effort. Nevertheless, Mayer (2017) uses
an exact approach at runtime to obtain the optimal
solution. Finally, none of the existing works contrib-
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Phase Task
(U]
Key word search such as "Multi User"; "Context-aware";
------ "Service Science"; "Service Re-Selection; "Process re-
configuration"; "Adaptive web service composition";
. .(1) "Dynamic web service composition"; "Backup service";
Identification of relevant "Fault tolerant"; "Recovery"; "Rebinding"; [{sg aricies
articles "Replanning"; "Reconfiguration" etc.
v
______ (1)
Backward and forward search 191 articles
v v
(1)
Analysing title, keywords and abstract
69 articles
v
(V)
(2) Analysing introduction and summary
Analysis of relevant articles |~ = = = T 7
53 articles
2
v)
Detailed text analysis
38 articles
N2 v
(V1)
) ructuring and systematization of the relevant articles
() Structuring and systematization of the relevant articl
Preparation of relevant  |= == ===
afieies 38 articles

Fig. 1 Literature search process

(B):

utes to the features solution robustness as well as
alternative solutions.

Furthermore, there is a group of several service sys-
tem approaches that deal with context-awareness
(e.g., Faieq et al., 2019; Lewerenz, 2015; Shen et al.,
2012) and thus address context dependencies between
various candidate services based on available con-
text information such as price or distance. Existing
literature that deals with context-awareness can be
further divided into selection and re-selection works
(including disruptive events at runtime). In the service
systems literature with regard to context-awareness
various types of re-selection approaches have been
proposed such as fault tolerant strategies (Angarita
etal., 2013, 2014; Fekih et al., 2019b; Zheng & Lyu,
2009), process reconfiguration (Shen & Yang, 2011;
Zhang et al., 2012a) and adaptive web service com-
positions (Aouatef et al., 2008; Ardagna & Pernici,
2007; Buys et al., 2011; Cao et al., 2015; Cherif
et al., 2019; Ma et al., 2015; Sandionigi et al., 2013;

Sedighiani et al., 2021; Tretola & Zimeo, 2019). In
a large part of these approaches, performance is an
important feature to assess the solution (e.g., Bortlik
et al., 2018; Xu & Jennings, 2010). In contrast, near-
time optimization in order to enable support at runt-
ime is not addressed by any of the presented works.
The analysis of the solution quality shows that all
approaches enable a feasible solution. Furthermore,
only a few articles can provide an optimal solution
(i.e., Heinrich & Lewerenz, 2015; Sandionigi et al.,
2013; Shen et al., 2012; Xu & Jennings, 2010; Zheng
& Lyu, 2009), while most of the approaches describe
a heuristic technique in order to achieve a near-opti-
mal solution (e.g., Fekih et al., 2019a). Besides that,
Angarita et al. (2013), Angarita et al. (2014), Ardagna
and Pernici (2007), Sandionigi et al. (2013), Shen and
Yang (2011), Zhang et al. (2012a) and Zheng and
Lyu (2009) focus on the feature solution robustness.
However, just Zhang et al. (2012a) describes explic-
itly the reduction of changing services as goal. All
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other approaches only implicitly deal with the feature
solution robustness without explicitly presenting tech-
niques to improve the robustness of solutions. Finally,
none of the considered approaches contributes to the
feature alternative solutions.

(C): Finally, there is only a limited amount of articles that
deal with user-based as well as context-based depend-
encies (Bortlik et al., 2018; Heinrich & Mayer, 2018).
Both approaches allow the same candidate services
to be used by multiple users while respecting con-
text dependencies between these candidate services.
Nevertheless, none of these approaches discusses
event-based disruptions. Considering the feature per-
formance, it becomes apparent that both approaches
cannot enable near-time optimization. Furthermore, in
regard to solution quality, Heinrich and Mayer (2018)
presents a technique to obtain an optimal solution,
whereas Bortlik et al. (2018) focus on a heuristic
technique. Finally, neither approach contributes to
the features solution robustness and alternative solu-
tions. A detailed comparison of our approach with the
approach by Bortlik et al. (2018) showing significant
differences can be found in the appendix of this work.

In summary, none of the identified works provides an
approach that can select solutions with fast support, high
quality and robustness while respecting multiple users, con-
text-awareness and in particular disruptive events.

2.3 Research Gap

As discussed in the related work, there are several service
system approaches that deal with multiple users, context-
awareness or disruptive events. However, a multi user con-
text-aware re-selection approach that copes with all these
concepts, especially addressing the feature performance
and near-time optimization at runtime, is — to the best of
our knowledge — missing so far. At runtime, there are high
user demands on the solution of a re-selection, in particular
solutions in near-time (i.e., performance), solution quality,
solution robustness and alternative solutions. Existing ser-
vice system approaches from the literature indeed refer to the
complexity of user-based and context-based dependencies
but cannot address high-performance and robust solutions at
runtime while maintaining a high solution quality. However,
as discussed in the methodical foundations, these features
are important for designing service systems. In particular,
features contribute to the efficacy of multi user context-
aware service systems since the response to disruptive events
and the corresponding adaptation of service compositions
represent a fundamental part in the design of these service
systems (Alter, 2017; Faieq et al., 2021; Hidri et al., 2019).
Addressing these features is highly important in research as

Step Adressing in research

Problem definition
(Section 2) Approach for service re-selection

at runtime considering multiple
users, context awareness and in

particular disruptive events

Real-world example

(Section 4) (Decision problem MMKP)
Model
(Section 5.1)
Normative analytical techniques
------ (Optimization model) and heuristic
Approach techniques
(Section 5.2 + 5.3)

!

Evaluation
(Section 6.1 + 6.2)

v

Discussion
(Section 6.3)

Compositional style of simulation-
and metric-based benchmarking

Implications for science and
practice

Fig.2 Quantitative research approach

well as in practice, especially for the further development of
multi user context-aware service systems (Frey et al., 2017).
To deal with these features, we propose an optimization-
based heuristic technique that uses a sophisticated region-
based approach to re-select service compositions consid-
ering multiple users, context-awareness and in particular
disruptive events at runtime. In this regard, we present the
first re-selection approach that apply a heuristic on a stateful
representation. Thus, the represented context information
within these states (i.e., state space) enable our heuristic
for near-time optimization as well as feasibility checks and
a state space measure. Furthermore, the concept of a state
space is significantly extended by a dynamic state space re-
structuring at runtime to deal with disruptive events.

3 Research Methodology

Our work is found in general on the quantitative research
paradigm (cf. Meredith et al., 1989; Will et al., 2002). In
the following, we describe each step of this approach with
regard to the work at hand in detail (cf. Fig. 2):

The first step problem definition includes the descrip-
tion and discussion of the subject and topic of the study
with respect to existing knowledge bases and foundations
(cf. Will et al., 2002). Therefore, we ground our research
on multi user context-aware service re-/selection in the
literature under the well-known decision problem MMKP

@ Springer
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Fig. 3 Excerpt of a process
model for a day trip (guided by
Hara et al., 2016; Oizumi et al.,
2013)

Breakfast

. Transport

. Transport ©
—

Transport I Restaurant | Transport
l (FSC)

including user-based as well as context-based dependen-
cies and in particular disruptive events at runtime (cf. Sec-
tion 2.1). Moreover, the scope and the differences of our
work have to be discussed compared to existing works that
study a related problem (cf. Section 2.2), resulting in a
research gap (cf. Section 2.3). To address the illustration
of the problem definition (cf. Will et al., 2002), we use a
mobile-enabled process from the tourism sector, which rep-
resents a valuable part in the further development of service
design (cf. Section 4). Based upon this problem definition,
we introduce the basic model notation as foundation in Sec-
tion 5.1. In this regard, an optimization model is established,
which enables a solution for the underlying decision problem
(cf. Section 5.2). Next, we present an algorithm to solve the
optimization model efficiently with focus on central features
(cf. Section 5.3). More precisely, normative analytical tech-
niques (i.e., optimization model; cf. Meredith et al., 1989)
and algorithms (i.e., heuristic techniques; cf. Will et al.,
2002) are used for the multi user context-aware service re-
selection in order to select a near-optimal solution at runtime
with high performance. In the evaluation it is assessed in
detail how well the proposed algorithm supports to solve
the represented mathematical model (Tedeschi, 2006). This
evaluation can be done by means of mathematical tech-
niques, simulation, benchmarking etc. and the results can be
compared to actual measured results from other approaches
(Prat et al., 2015). Thus, the design of our evaluation follows
the compositional styles demonstration as well as simula-
tion- and metric-based benchmarking of artifacts (Prat et al.,
2015), in which the efficacy, performance or robustness of
the artifact is measured and compared with those resulting
from other approaches (cf. Section 6.1 and 6.2). Finally, the
discussion of the solution, its effectiveness and importance
must be presented appropriately to researchers and other rel-
evant audiences such as practitioners. Therefore, Section 6.3
of this paper discusses the results and implications for sci-
ence and practitioners.

4 Real-world Scenario
The importance of service systems and the associated sup-

port of mobile-enabled processes is continuously increasing
(Deng et al., 2016) and in this regard, the literature shows
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that the tourism sector including mobile-enabled processes
are gaining in importance, too (Femenia-Serra et al., 2019).
Thus, tourism represents a valuable part of the further
development of service systems and, in particular, of ser-
vice design (Koskela-Huotari et al., 2021). To illustrate our
approach in the following, we introduce a scenario, which
considers an excerpt of a mobile-enabled process of a tourist
portal based on a day trip. Therefore, we adopt the structure
of this process directly from the service science literature
(Hara et al., 2016; Oizumi et al., 2013). In particular, these
works describe a day trip process that is composed of a set
of activities (e.g., eating) and each associated location of an
activity is connected by a transport (e.g., bus). In this regard,
a process is further defined as a set of tasks arranged in a
temporal order (Corradini et al., 2007) and contains the fol-
lowing tasks in our scenario: Breakfast or Café, Restaurant,
Museum or Park (cf. Fig. 3).

In the following, we instantiated this process for a day
trip based on real-world data of the city of Melbourne (Aus-
tralia). More precisely, in our scenario, three users partici-
pate in the illustrated process and can perform certain tasks
such as Breakfast or Café independently of each other but
can also conduct tasks together (based on their preferences).
A task which is in the focus of the potential simultaneous
execution among multiple users is defined as so-called
focus task in the following. For each (focus) task different
candidate services are available. These candidate services
(e.g., the Restaurants “Da Guido 365" and “Little Billy” for
task “Restaurant”, cf. Fig. 3) built on real-world data of the
city of Melbourne and are described for example by name,
duration, opening hours, price, weather suitability and GPS
coordinates. In the city of Melbourne there are a plethora
of candidate services per task that users can select during a
city day trip. For example, in downtown Melbourne there are
about 1,250 restaurants, 1,250 cafés, 250 candidate services
for arts such as museum, 105 sights such as parks and 220
locations for having breakfast. Given this high number of
real candidate services, there exist on average about 1.2 bil-
lion possible solutions (i.e., service compositions) per user
to realize the city day trip demonstrating the complexity
of the selection task. In addition, each user in the process
must be transported from a selected candidate service to
the next candidate service. This transport is conceptualized
by its own type of a task (i.e., transport task) and contains
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Table 2 Details of the presented real-world example of Melbourne

Aspect (as used in service science literature)

Real-world example

Process
Task Task 1: Transport

Day trip in the city of Melbourne containing nine tasks

Task 2 / 3: Breakfast or Café

Task 4: Transport

Task 5: Restaurant

Task 6: Transport

Task 7/ 8: Museum or Park

Task 9: Transport

User Three users can perform certain tasks such as Breakfast or Café independently of each other
but can also conduct tasks together (based on their preferences)

User Preference

Candidate Service
(based on real-world data)

Favorite scores for each type of candidate service, etc

Task 2 / 3: 1,250 Cafes and 220 Locations for having breakfast
Task 5: 1,250 Restaurants

Task 7/ 8: 250 Museums and 105 Sights
Task 1, 4, 6, 9: Car, Bicycle, Walk, Public Transport

Attribute (based on real-world data)

Context
(based on real-world data)

Event Type

Event Occurrence
(based on real-world data)

Name, duration, opening hours, price and type for each candidate service, etc
Weather suitability and GPS coordinates for each candidate service, etc

Disruptive Events such as closed restaurant, changing weather, exceeding opening hours, etc

Disruptive Events depend on:
@ congestion level in Melbourne per year: approx. 23%

@ share of public transport delay in Melbourne per year: approx. 14.4%
# of average rainy days in Melbourne per year: approx. 100

etc

candidate services described by attributes such as name,
duration, price, type or favorite score. Thus, additionally to
the five tasks already introduced above, four more transport
tasks have to be considered, resulting in nine tasks in sum.
In Melbourne there is a wide range of candidate services
for transport and therefore cars (including car sharing),
bicycles (including bike sharing), walks and Melbourne’s
public transport, in particular metropolitan trams, metropoli-
tan trains and the Melbourne city bus, can be used. Besides
tasks and their candidate services, world states are required
to cope with context-awareness (cf. Ghallab et al., 2008;
Heinrich & Schon, 2015). In particular, each user has an
initial world state based on the initial context (e.g., time and
GPS position to start the city day trip) and a corresponding
end world state (e.g., time and GPS position at the end of
the city day trip).

During a city day trip different types of disruptive events
can occur such as closed restaurants, changing weather con-
ditions (e.g., it starts raining) or exceeding opening hours
due to delays in the process. Indicators for the occurrence
of such disruptive events can be obtained from publicly
available information on Melbourne. For example, in 2020
there was a total congestion level of 23%, which extends
a 30-minutes drive of the transport candidate service car
to an average duration of 37 min, while at rush hour the
congestion level can even reach 39% (TomTom, 2021).
Furthermore, 14.4% of all transports in Melbourne of the

transport type “metropolitan tram” were not in time in 2019
and therefore the passengers arrived at their destination at
least six minutes late (Public Transport Victoria, 2019) also
leading to an increase in the attribute duration. In addition,
in 2020 Melbourne had an average of 100 rainy days per year
(Australian Government, 2021), potentially influencing the
attribute weather suitability of a candidate service (e.g., the
restaurant “Da Guido 365" has a weather suitability of “sun-
shine” because there is only outdoor seating available). Such
disruptive events enforce a re-selection at runtime in case
the predetermined service compositions of multiple users at
planning time are no longer feasible for instance. The most
important details from the presented real-world example are
summarized in Table 2.

5 Model

5.1 Basic Notations

In this section, we introduce the basic notations for our multi
user context-aware service system that can serve as a founda-
tion for the service re-selection approach.

1 We consider a process p referring to a set of tasks T

containing all tasks of the process p and t € T with ¢
describing a single task. A process p is conducted by
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one user a € A or multiple users with A describing the
set of users.

There is a set of focus tasks F' with F C T, which can
be conducted by multiple users simultaneously. Fur-
thermore, there is a set of tasks / with I C T, which
are executed by each user individually (non- simultane-
ously). In particular, itholds: I[UF =T AINF = @. As
the sets of tasks 7', F and I are conducted by each user,
we denote these sets also as T, F, and I, when referring
toausera € A.

Each task ¢ refers to a set of candidate services CS,,
including the functional equivalent candidate services
for a user a and a task ¢. Thereby, a single candidate
service is defined as cs,,, € CS,,, with s describing the
index of the corresponding candidate service.

Each candidate service cs,,, is characterized by a set
NCA of non-context-aware attributes with nca, € NCA
describing one single attribute such as rating and with n
describing the index of the corresponding non-context-
aware attribute and a set CA of context-aware attributes
with ca, € CA describing one single attribute such as
time of day and with [ describing the index of the cor-
responding context-aware attribute. The sets NCA and
CA form the set of non-functional properties NFP (with
NCA U CA = NFP).

To address context-awareness, we use the concept of
world states (cf. Section 4). In detail, the set of world
states WS, represent the possible context information
of user a in a task ¢. Each world state is defined as ws
with ws,,, € WS, and with k describing the index of the
corresponding world state.

To determine the value of a context-aware attribute cq;
the combination of a candidate service and a world state
is needed (e.g., GPS coordinates and service destina-
tion). This combination refers to a world-state-candi-
date-service combination wsc,,, with wsc,, € WSC,,
where WSC, is the set of all world-state-candidate-ser-
vice combination for a user a in a task ¢ and y describing
the index of the corresponding world-state-candidate-
service combination.

To enable spatial-temporal coordination between multi-
ple users for each focus task in the set of focus tasks F/,
we use the concept of common world-state-candidate-
service combination. A world-state-candidate-service
combination wsc,,,, which refers to the same world state
ws,, and candidate service cs,,, by all users of set A
is defined as a common world-state-candidate-service
combination cwsc,,. Thereby, it holds cwsc,, € CWSC,
with CWSC, is the set of all common world-state-can-
didate-service combinations for the focus task ¢ and
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z describing the index of the corresponding common
world-state-candidate-service combination.

8 A service composition sc, is noted as a realization of a
process p for user a in the form of a set of world-state-
candidate-service combinations and a set of common
world-state-candidate-service combinations with exactly
one (common) world-state-candidate-service combina-
tion for each task ¢ of the process p.

9 A service composition sc, for a user a can refer to a
global constraint con,, " for each non-context-aware
attribute nca, and to a global constraint con,” for each
context-aware attribute ca;.

10 We define the value of a non-context-aware attribute
related to a candidate service cs,, as g,." (e.g., for a
specific restaurant, the average star rating is 4.8) and
the value of a context-aware attribute cq, related to a
world-state-candidate-service combination wsc,, as g,
(e.g., time of day to visit a restaurant is 12 a. m.). A
function to aggregate the quantified values ¢, " and qu;}’
for all attributes to a single utility value is represented
by a utility function U. Here, we adopt the widely used
utility function described in detail by Alrifai and Risse
(2009), which applies the SAW (simple additive weight-
ing) method.

11 At runtime a disruptive event ev,, can occur with
d = 1toD,and D, defining the number of events for user
a. An event ev,, can affect an arbitrary candidate service
cs,,, or several candidate services, for instance, an event
causes a candidate service to become no longer available.

5.2 Optimization Model

To consider multiple users, context-awareness and in par-

ticular disruptive events in our approach for service re-

selection at runtime, we establish a stateful representation

by explicitly modelling a state space containing world states

and candidate services. In the following, we present our opti-

mization model for service re-selection at runtime.
Objective Function:

T, ~WSC,
Za €A 2[:1 2y=1 U(Wscat_v) * WSCqy — Max 6]

s. t.:

one CS per Task:

CS,\BL
D sy =1Ve=1,, TsVa=1,.. A )
one WS per Task:

WStU
YWy =1Ve=1,..,T;Va=1,.,4 3)
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one WSC per Task:
wsc,, .
Zy:l wsca,y=1Vt=1,...,Ta,Va=1,...,A 4)
WSC Constraint:
WSCqur
Z\:l CS(WSCypy) + WS(WSCyy) = 2 5 WSty 20V 1 =1,....T,Va=1,....A
(%)

WS Constraint:

ZIVSC CREATE_WS(wsc,) = wscyy 20V t=1,... (T, = 1V a=1,...,A
(6)
one CWSC per Focus Task:
CWSC,
Z;l cwse, =1Ver=1,...,F @)
Focus Task Constraint:
CWSC,
o (|A| x cwse,, — Z CWSC(a, cwsc,&)) =0Vi=1,..,F
(3)
Non-Context-aware Attribute Constraints:
CSu nea, nea,
min, Z’ . Z Guis" ¥ CSqs < cOm™ Y nca, € NCA™;Va=1,....A (9)
T(r CS, at - _nca, nea, A+ —
max, z’:l Z‘ | Gais” ¥ CSqs 2 con ¥ nca, € NCA™;Va=1,...,A
(10)

Context-aware Attribute Constraints:

min, Z[ . ZWSC"' Zu’ * WSCqpy < cong'Vca, € CAsVa=1,...,A
1D

Ya=1,...,A
(12)

Our optimization model consists of an objective func-
tion (1) determining the overall utility value and the con-
straints (2) to (12). The objective function (1) determines
the overall utility by summing up the utility scores U(wsc,,,)
of all selected world-state-candidate-service combinations,
over all tasks in 7, and all users in A in the process p with
the goal to maximize the accumulated utility value over all
selected users’ service compositions. To consider only the
selected world-state-candidate-service combinations, we
use a decision variable wsc,, for each world-state-candi-
date-service combination where wsC,,= 1 notes that wsc,,,
is selected and wsc,,, = 0 that wsc,,, is not selected. For re-
selecting, constraint (2) ensures that exactly one candidate
service cs,,, from each task in 7, is selected for each user
a€aA, Wthh is not on a blacklist BL containing all can-
didate services that cannot be used for a re-selection due
to an event ev,,;. To hold the condition that for each user
a € A and for each task in T, exactly one world state ws,,;

WSCy ca
max, Z[ . Z “ Gy * WSCapy 2 cong'' ¥ ca; € CA*; ¥

must be selected, the constraint (3) is also be part of our
optimization model. Constraint (4) is used to assure that
exactly one wsc,,, for each user a € A is selected for each
task in 7. The constralnt (5) links each wsc,,, to its corre-
sponding cs,,, and ws,, (cf. Section 5.1), Wthh is realized
by CS(wsc,,,) and WS (wsc,,, ), within each task in 7,, and for
each user in A. Further, by constraint (6) is ensured that the
resulting world state in the subsequent task (represented by
CREATE_WS(wsca,y)) for a WSCy, also has to be selected
within each task in T, (except the last task) and for every
user in A.

Constraint (7) integrates the concept of common world-
state-candidate-service combinations, which is necessary to
ensure the simultaneous use of the same world state ws,,;
and candidate service cs,,, by multiple users a € A with
respect to user-based dependencies (cf. Section 2.1). There-
fore, we guarantee that exactly one cwsc,, for each focus task
in F is selected for all users participating in the process.
The constraint (8) checks whether all world-state-candidate-
service combinations regarding a selected cwsc,, (i.e., we use
the decision variable cwsc,, that is 1 if the corresponding
cwsc,, is selected and 0 if not) are used in each users’ service
composition (represented by CWSC(a, cwsc,.)).

To ensure feasible solutions, the constraints (9), (10),
(11) and (12) consider the global end-to-end constraints
for non-context-aware attributes nca, € NCA and context-
aware attributes ca; € CA defined for each user a € A. In
this regard, the sets NCA and CA are each divided into a
subset NCA™ respective CA~ (with NCA™ C NCA and CA™
C CA) of attributes that need to be minimized and a subset
NCA™ respective CA* (with NCA™ C NCA and CA* C CA)
that need to be maximized. In particular, the constraints (9)
and (10) describes if all selected candidate services (i.e., in
this regard, we use the decision variable cs,, that is 1 if the
corresponding candidate service cs,, is selected and 0 if not)
from each task in 7, of the process meet the users’ (a) con-
straints con,, " in regard to all non-context-aware attributes
nca, € NCA. Therefore, all minimizing attributes must not
exceed a defined upper constraint with regard to their value
" (e.g., the maximum price limit for a user to have lunch
in a restaurant is 10 Euro, cf. constraint (9)). Likewise, all
maximizing attributes must not fall below a defined lower
constraint with regard to their value ¢, " (e.g., the average
rating of a restaurant where the user is having lunch should
be at least 4 stars, cf. constraint (10)). In order to incorporate
context-based dependencies, the constraints (11) and (12)
describe analogously the feasibility to the global end-to-end
constraints of context-aware attributes, which means that
the value g,,, " is dependent on the selected wsc, ,y for each
taskin 7.

An overview of the formal notation of the optimization
model can be found in the appendix of this work.
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Table 3 Algorithm for multi user context-aware re-selection

Function: MultiUserContextAwareServiceReselection()

Input: Process p, CandidateServices cs[][], World States ws[][], BlacklistedItems bl[], State Space Measures ssm[][], Events
ev[], Users a[], State Space sp[][]

Output: A feasible solution regarding the underlying selection problem

1 BEGIN

2 feasibilityInformation[] <- doFeasibilityChecks (p, ws[][], a[])

3 region <- setlnitialReselectionArea (p, ev[], feasibilityInformation[], a[])

4 DO

5 fixedWS[] <- fixWorldStates (region, ws[][], a[])

6 sp[][] <- extendCurrentStateSpace (region, ws[][], fixedWS[], a[])

7 sp[][] <- reduceCurrentStateSpace (region, ws[][], fixedWS[], cs[][], bl[], a[])
8 reselectionSuccess <- reselect (p, region, sp[][], bl[], a[])

9 IF (reselectionSuccess==false)

10 ssm[][] <- getIndicatorForRegionalExpansion (p, region, a[])

11 region <- expandReselectionArea (region, p, ev[], ssm[][], a[])

12 ELSE

13 WHILE (userExpectsAlternative==true & reselectionSuccessAlternative==true)
14 reselectionSuccessAlternative <- reselect (p, region, sp[][], bl[], a[])

15 userExpectsAlternative <- getUserPreferencesForAlternatives(a[])

16 DO

17 END IF

18 WHILE (reselectionSuccess==false)

19 END

5.3 Algorithm for Multi User Context-Aware Service
Re-Selection

The optimization model introduced above relies on a state
space comprising candidate services, world states and result-
ing world-state-candidate-service combinations. This state
space must be generated starting with the initial world state
of each individual user and then determining the correspond-
ing state transitions throughout the process until the end
world state is reached (Bortlik et al., 2018; Ghallab et al.,
2008; Heinrich & Schon, 2015). After that, its size must
be delimited in such a manner that it allows the optimiza-
tion model to find a near-optimal solution at runtime with
high performance. The algorithm presented in this section
addresses this generation of the state space. At the core of
the algorithm, the part of the state space in which the disrup-
tive event occurs is generated by a region-based approach
in order to enable a performant selection of a solution (Sec-
tion 5.3.1). In case that no feasible solution exists in the
initial region, the algorithm carefully extends to further
regions based on a state space measure indicating whether
the extensions are promising (Section 5.3.2). Thereby, the
algorithm investigates the feasibility of the state space in
the considered region and also checks in advance whether
there can exist feasible solutions at all before conducting the
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optimization model (cf. Section 5.2). In case, a region with
feasible solutions is found, the resulting state space is exam-
ined by our optimization model for multi user context-aware
re-selection (cf. Section 5.2). Finally, the algorithm analyses
whether several alternative solutions can be selected (Sec-
tion 5.3.3). The following Table 3 introduces the concepts
of our algorithm at a glance, which are discussed in the Sec-
tions 5.3.1 to 5.3.3 in detail.

5.3.1 Algorithm for Re-Selection Based on a Single Region

Focus Task-Based Definition of Regions In a first step, the
overall process is divided into regions (cf. Fig. 4) for each
individual user based on the users’ state spaces from the
planning time, which aims to limit the search space and to
preserve a large part of the process from change. To illus-
trate our region-based approach, it is assumed w. 1. 0. g. in
the following that User 1 is located in Region 1 of the pro-
cess and the disruptive event occurs in Region 3 (e.g., closed
restaurant). Therefore, a re-selection within only Region 3
is focused on:

Each of these regions within the process refers to exactly one
focus task (e.g., a restaurant) and further consists of particu-
lar tasks of type Wait, Transport and again Wait (cf. Fig. 4).
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Fig.4 Region-based approach
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Task 2: Wait
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The delimitation of a region with exactly these four tasks is
mandatory in our approach as it can ensure spatial-tempo-
ral coordination and it further allows for a small (atomic)
size of the region to keep the re-selection effort low and the
robustness high: More precisely, based on the state space,
user-based dependencies and context-based dependencies
such as time of day and location between multiple users (cf.
Section 2.1, cf. also Fig. 4) have to be considered within the
defined region in order to select the most suitable services,
while dealing with individual context information of users
and their coordination. Specifically, in multi user context-
aware processes, waiting tasks (i.e., Task 0 and Task 2, e.g.,
waiting time for conducting the transport or focus task) are
an important concept to represent a temporal-based coordi-
nation between multiple users (e.g., cf. Mayer, 2017), while
a transport task (i.e., Task 1, e.g., User 1 is transported to
another restaurant when an event occurs) support and enable
spatial coordination between multiple users.

In order to preserve the context of a user in terms of
time and location, the boundaries of the region to be
re-selected must be set. Thus, we are the first approach
which defines these boundaries in a stateful process based
on world states as they represent context information in
regard to time and location. Therefore, world states can
be used to determine effectively the beginning and end
of the region in which the disruptive event occurs and
a re-selection must be performed. In this regard, Fig. 5
shows exemplary a simplified state space in which the
state transitions between world states are represented (for
illustration purpose, without their associated candidate

Fig.5 Representation of state

services and world-state-candidate-service combinations).
The red path constitutes the optimal service composition
selected at planning time whereas the green path shows
the optimal service composition after re-selection. Given
this, the boundaries of Region 3, for instance, for the
planned selected service composition can be determined.
More precisely, world state wss, is set as the beginning of
Region 3 because this world state is automatically deter-
mined by the previous part of the service composition
(i.e., by world state ws,3, and its related candidate service).
Furthermore, world state ws,, is set in the succeeding
service composition (i.e., Region 4) as this world state
needs to be reached again after the re-selection in Region
3 in order to maintain the state transitions between these
neighboring regions.

Event-based re-structuring of the regions state space When
a disruptive event occurs, the context within the state space
may change for one or more users. As a result, on the one
hand, states which reflect the changed context of these users
are potentially not present in the state space and, on the other
hand, already existing states in the state space may no longer
be feasible. Building a completely new state space is very
time-consuming and not promising for a runtime approach.
Therefore, an elaborated state re-structuring is proposed at
runtime, which includes only feasible context information in
the state space. In particular, the state space re-structuring
consists of three steps: State space extension, State space
reduction and Feasibility checks all aiming to obtain a fea-
sible state space:

. T . Region 1 Region 2 Region 3 Region 4
transitions within simplified
state space (= Pl=R= =] (=] (=]
|olcjas(eurm m / WS, WSps0 W00 WSg00

—J
— \ ]
1
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For state space extension a world state is injected in the
state space, which reflects the current user context (time
and location) and all resulting feasible world states and the
associated paths are re-structured forward in the process.
Especially, this allows to consider additional feasible states,
which were not feasible at planning time. In order to sup-
port high performance and robustness, the extension of the
states only takes place within the considered region and not
for the entire process (i.e., Task 0 to Task 3 in Region 3,
cf. Fig. 4). Furthermore, state space reduction removes for
each individual user all world states and candidate services
from the state space that are not feasible (while consider-
ing user-based and context-based dependencies within the
region, cf. Fig. 4). In particular, only world states and candi-
date services are considered, which can be re-selected with
respect to the fixed beginning and end world state of a region
(e.g., Region 3, cf. Fig. 5). This results in a sub state space
(i.e., Task O: {ws;qg}, Task 1: {wssq}, Task 2: {wss,,}, Task
3: {wss3;}) in which large parts of the state space can be
excluded from the re-selection process. Finally, we extend
the algorithm with feasibility checks in order to check the
feasibility of the sub state space before a re-selection takes
place. For a region, context information is analyzed to
check whether feasible solutions can exist in the sub state
space at all before executing our optimization model (cf.
Section 5.2). In particular, feasibility checks can recognize
when no feasible solution can be selected within a regions
state space and a region-based expansion is necessary any-
way. In this regard, we focused on feasibility checks related
to time (e.g., there is no feasible candidate service in the
region referring to opening times and the users’ context) and
location (e.g., there is no feasible transport in the regions
state space referring to transport duration). In case that the
sub state space contains feasible solutions, the optimization
model introduced in Section 5.2 can be performed in order
to find a new feasible and near-optimal solution based on this
re-structured sub state space of the region.

5.3.2 Algorithm for Re-Selection Based on Region-Based
Expansions

In case that within a single region (e.g., Region 3) no
feasible solution can be re-selected, further regions have
to be considered for re-selection. Precisely, if the initially
selected service composition for Region 3 (i.e., marked
red path in Region 3, cf. Fig. 5) is potentially no longer
feasible (e.g., the candidate service for world state wss;
is no longer available and no alternative candidate service
exists) other paths may be feasible by considering fur-
ther regions. Thus, alternative world states have to be re-
selected within the process (e.g., marked green path world
state ws,s, instead of world state ws,s, cf. Fig. 5). These
expansions of the state space have to be done carefully
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to address computational complexity. To achieve this,
we describe two extensions for the presented elaborated
region-based algorithm: 1) Expansion of regions based on
a state space measure (indicator), and 2) Examination of
the feasibility of the state space.

Region-Based Expansion Based on State Space Measure The
expansion with a neighboring region (i.e., Region 2 or Region
4, cf. Fig. 5) has a great impact on the performance and solu-
tion quality of the re-selection and must therefore be per-
formed in an elaborate manner. In this regard, we choose the
neighboring region based on the state space measure number
of world states of all users per region. This can be reasoned,
as adding the neighboring region with the largest number of
world states (summed over all users) results in a larger search
space and is therefore more promising for finding a feasible
solution. Although the time for re-selection of the larger
search space results in a higher computation time (i.e., due to
the higher number of world states), in general fewer expan-
sions to further regions are required. This leads to a tradeoff
between the number of region-based expansions and the size
of the considered state space until a feasible solution can be
found. However, searching within a larger initial search space
is — from the perspective of a heuristic — faster than perform-
ing several stepwise expansions each including re-structuring
of the state space. Further, we use the measure number of
world states from the planning state space (as an indicator)
because determining the number of world states of the re-
structured state space at runtime is very time-consuming. If
after expansion no feasible solution can be re-selected in the
joined regions (e.g., joining of Regions 2 and 3), a further
region is added (e.g., Region 4) at a time (based on the above-
mentioned state space measure) until a feasible solution is
found by the optimization model or the end of the process is
reached (then the heuristic will fail because no feasible solu-
tion can be found).

Examining the Feasibility of the State Space As stated in the
last sub section, time-consuming expansions must be reduced
in order to support high performance. Therefore, our algo-
rithm is able to manage the size and feasibility of the regions
state space (cf. Section 5.3.1) in order to select a near-optimal
solution with the optimization model presented in Section 5.2.
In that respect, feasibility checks provide a sophisticated pro-
cedure to determine a feasible state space. In particular, our
feasibility check can not only determine that no feasible solu-
tion can be re-selected in a single region, but can directly
determine the size of a larger region in which the re-selection
of a feasible solution is promising (i.e., e.g., in Region 3 there
is no feasible solution, then an expansion and re-selection to
Regions 2U 3 takes place directly). In this regard, the restruc-
turing of the state space (i.e., extension and reduction) can be
applied dynamically to regions of any size. If nevertheless no
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Table 4 Summary of the contribution to the presented algorithm

Concept Feature Contribution
Performance Solution  Solution  Alternative
quality robustness solutions
Re-selection based on a single X X X - Determination of the user context in terms of time
region and location by fixing the boundaries of a region with
(Section 5.3.1) world states
- Dynamic state space extension to address changing
user context during re-selection
- Dynamic state space reduction to only feasible states,
while maintaining user-based and context-based
dependencies to neighboring regions
Re-selection based on region- X X X - Elaborated extension of the search space by using a
based expansions (Sec- state space measure in order to reduce the number of
tion 5.3.2) region-based expansions
- Examining the feasibility of the state space in order
to reduce the number of time-consuming re-selection
steps
Selection of additional solu- X X X - Providing proactively several additional solutions at
tions runtime

(Section 5.3.3)

- Re-using already performed re-selection steps (e.g.,
state space extension or state space reduction) from
the initial solution determined at runtime

feasible solution can be re-selected (e.g., due to context inter-
dependencies between multiple users) in the joined regions, a
further region must be dynamically added step-by-step until a
feasible solution is found (cf. Region-based expansion based
on state space measure).

5.3.3 Algorithm for Selecting Alternative Solutions

The re-selected solution may not meet the users’ expectations
due to, for example, imprecise or incomplete context informa-
tion or changing user preferences. Therefore, it is important
that the algorithm can select several alternative and feasible
solutions in near-time with a high solution quality. An alterna-
tive solution is given if at least one candidate service from the
re-selected solution is modified in the focus task within the
considered region even if the rest of the solution still matches
the previously selected solution. In this regard, we blacklist
this candidate service (or potentially more candidate services
based on user preferences) and re-select the alternative solu-
tion within the considered region with the (next) higher util-
ity. All steps and information of the region-based approach
(e.g., cf. Focus task-based definition of regions, Event-based
re-structuring of the regions state space) can be reused from
the previous re-selection resulting in significant performance
advantages. This approach enables the selection of several
alternative solutions while maintaining high performance and
solution quality.

The following Table 4 summarizes the contribution and
shows which features of the solution are supported by the

presented region-based multi user context-aware service
system:

6 Evaluation

In this section, we evaluate our heuristic technique regarding
the features performance, solution quality, solution robust-
ness and alternative solutions, as discussed in the methodical
foundations. The design of our evaluation follows the com-
positional styles demonstration as well as simulation- and
metric-based benchmarking of artefacts (cf. Prat et al., 2015,
cf. Section 3). Thus, the evaluation is conducted by means of
a simulation experiment based on a real-world data set in the
tourism domain (cf. Section 4). Further, in order to put the
quality of the proposed heuristic (in the following abbrevi-
ated with MUCARS (multi user context-aware re-selection))
into perspective with respect to the above features, a com-
parison to existing multi user context-aware service systems
is performed.

6.1 Setup and Data Preparation

When aiming at a comparison to extant approaches, it is nec-
essary that these works can cope with multiple participating
users, context-awareness and disruptive events. As discussed
in the Section Related Work, there are no approaches that
address these three aspects. The only technique that consid-
ers user-based as well as context-based dependencies and
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represents a heuristic explicitly focusing on performance as
a key criterion for evaluation is the one presented by Bortlik
et al., 2018 (in the following abbreviated with MUCAHA
(multi user context-aware heuristic approach)). For address-
ing disruptive events, we run the MUCAHA approach at
every event to the relevant part of the process (i.e., start
with the task the user conducts until the end of the pro-
cess) to be able to handle these events. The second work
by Heinrich and Mayer (2018) also dealing with multiple
participating users and context-aware service selection pre-
sents an approach that provides an optimal (exact) solution at
planning time (in the following abbreviated with MUCAOS
(multi user context-aware optimal solution)). This means,
in a runtime setting showing (very) high computational
complexity, a broad comparison regarding runtime relevant
features like performance, solution robustness and alterna-
tive solutions is not meaningful and above all not possible
(i.e., finding an optimal solution in appropriate time is not
realistic since the underlying decision problem is NP-hard).
Thus, we can use MUCAOS for comparison purposes only in
individual cases (e.g., selected simple settings to determine
the feature solution quality).

For our evaluation we draw on a real-world data set in the
tourism domain (cf. Section 4). More precisely, in the ini-
tially introduced basic setting, three users conduct a day trip
in the city of Melbourne, which comprises three focus tasks
(e.g., having breakfast, having lunch, visiting museum; in
an extended setting further tasks such as go shopping are
considered). Therefore, we have extracted real-world data
from a very popular web portal, which provide information
about local businesses. As a result, we obtained candidate
services for the tasks Breakfast, Shopping, Restaurant,
Arts, Café, Sight, Beauty and Bar and their corresponding
non-functional properties. In particular, for these candi-
date services, the real data on prices, ratings, locations and
distances to parking were extracted. In order to perform
the simulation experiment, few further data was defined in
addition to real-world data: First, based on the non-context-
aware and context-aware attributes and the corresponding
non-function properties values, the constraints of the users
were defined. Moreover, the durations of the selected candi-
date services were determined depending on the candidate
service type (i.e., 15 — 120 minutes in steps of 15 respective
30 minutes). To enable the transport of the users between
tasks, the candidate services Walk, Bike and Car represent
the transport options for each transport task. Therefore,
corresponding durations (i.e., 15 — 60 minutes in steps of
15 minutes) and prices (i.e., walk: 0 €, bike: 1 €, car: 4 €)
were generated for the different transportation types. Fur-
thermore, to bridge possible waiting times of the users, five
candidate services for waiting times (i.e., 0 — 60 minutes in
steps of 15 minutes) were modeled in the waiting tasks. In
addition to these careful definitions, user-specific data were
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determined randomly in each simulation run based on exist-
ing real-world data, since no real users are present. In this
regard, each user has his own context within the process.
Therefore, for each simulation run we randomly create the
start and end context (e.g., time and location in the city of
Melbourne) for each individual user as well as the values
for their preferences (including favorite scores for different
candidate service types and transports) for all non-context-
aware and context-aware attributes within defined minimum
and maximum values. Consequently, we use the non-con-
text aware attributes price, rating, duration, waiting time
and favorite score as well as the context-aware attributes
location area and parking distance for the description of
candidate services in this process. Furthermore, the occur-
rences of the disruptive events were also randomly gener-
ated. To evaluate arising events during the city day trip at
runtime (e.g., closed restaurant), we simulate the resulting
service failures in the model by randomly determining a
task in which the real-world event occurs (i.e., within the set
of tasks in the process that the user has not yet conducted).
Therefore, a task is randomly selected whose predetermined
candidate service from the service composition is no longer
available. This procedure ensures that events occur in alter-
nating tasks and thus resulting re-selections are performed
on different parts and sizes of the process. In summary, the
basic setting contains three focus tasks, three users, five
events and 50 randomly selected real-world objects (can-
didate services) per focus task in the area of Melbourne,
Australia. Table 5 summarizes the data for the initial basic
setting.

Based on the described basic setting, we define four
extended settings. More precisely, in each extended set-
ting we stepwise increase exactly one parameter (i.e., the
number of focus tasks, candidate services, user or events),
while all other parameters of the basic setting remain the
same (i.e., ceteris paribus). This allows us to analyze the
effects of the modified parameters on our evaluation features
(e.g., solution quality). The intervals and steps resulting for
each extended setting are shown in the following table (cf.
Table 6).

In our simulation experiment, we examine the evaluation
features performance, solution quality, solution robustness
and alternative solutions. Each of the interval steps of the
extended setting is simulated twenty times and, on this basis,
we determine the average results for each evaluation crite-
rion. To ensure a correct implementation of our algorithm,
we conducted intensive testing of the source code, namely
manual code reviews by persons other than the program-
mers, unit tests, runs with extreme values and feasibility
checks. After this, each simulation run was performed on
an Intel Xeon E5-2650 v4 processor, 512 GB RAM, Debian
9, Java 1.8, and the mathematical solver SCIP Optimization
Suite 7.0.1.
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Table 5 Data preparation for the initial basic setting

Data Type Parameter Task Data preparation
Real-world data Price (non-context-aware) Focus Task real price
Rating (non-context-aware) Focus Task real rating

Location Area (non-context-aware)

Parking distance (non-context-aware) Focus Task

Particular definitions of data Duration (non-context-aware)

Price (non-context-aware)

Waiting Time (non-context-aware)

Users’ Constraints

Data generated in each simulation run Users’ Preferences

Users’ Initial Contexts

Event Occurrence

Focus Task real location area

real parking distance

Focus Task 15—120 minutes in steps of 15 respective

30 minutes depending on the respective candi-
date service type
Transport Task 15—60 minutes in steps of 15 minutes
Transport Task walk: O €; bike: 1 €; car: 4 €
Waiting Task
- (0.99 * max. possible aggregated non-functional

property value) for all non-context-aware and
context-aware attributes for each user

0—o60 minutes in steps of 15 minutes

- randomly generated for all non-context-aware
and context-aware attributes for each user

- start point is a randomly selected time between
11 - 12 a. m. (in steps of 15 minutes); ran-
domly selected GPS position in the area of
Melbourne, Australia, for each user (for the
start and the end point)

Focus Task random selection of the focus task in the future
part of the process according to the user loca-

tion

6.2 Results

In the following, the features performance, solution quality,
solution robustness and alternative solutions of the MUCARS
are set into perspective to the MUCAHA heuristic and — if
possible — to the MUCAOS exact approach. Moreover, when
analyzing the results regarding solution robustness, a general
baseline is needed for a comparison between the approaches.
In this regard, we use the initial results of the MUCAHA
approach at planning time without any runtime restrictions
and without any disruptive events (in the following abbrevi-
ated with BASE_MUCAHA).

6.2.1 Performance

In this section, we analyze the performance by setting
the computation time of MUCARS into perspective to
MUCAHA. Thus, we define the feature Performance as
follows:

Computation Timey;caps

Performance = - -
Computation Timey;;c4pa

We choose to assess the performance relatively to the
computation time of MUCAHA since this allows a compar-
ison independent from the hardware used for the simula-
tion experiment. With our runtime-optimized approach, we

expected less increase in computation time with growing
problem size, which is supported by our results in almost
all extended settings.

The MUCARS approach can select a new solution for the
user in only 1.6% on average of the computation time of the
MUCAHA across all settings and is therefore on average 60
times faster than MUCAHA. This proportion remains rela-
tively constant across all four settings (cf. Fig. 6). In particu-
lar, for Setting I with ten candidate services the MUCARS
needs 1.9% and for 200 candidate services 0.7% of the com-
putation time compared to the MUCAHA (across all values
of the x-axis, the average is 1.2% (11 seconds in average by
absolute numbers)). Setting II requires 1.2% for two users
and 5.5% for eight users compared to the MUCAHA (across
all expressions of the x-axis, the average is 2.7%). Fur-
thermore, Setting III shows that the MUCARS needs 7.2%

Table 6 Extended settings

Setting  Extension Intervals and steps of the parameters
1 # of candidate 10 to 120 (in steps of 10)
services per focus 140 to 200 (in steps of 20)
task
1I # of users 2 to 8 (in steps of 1)
111 # of focus tasks 1 to 10 (in steps of 1)
v # of events 1 to 20 (in steps of 1)
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Fig.6 Evaluation results for the criterion performance

for one focus task and 0.4% for ten focus tasks (across all
expressions of the x-axis, the average is 1.5%). Finally, the
MUCARS in Setting IV requires 1.8% for considering one
event and 1.5% for considering 20 events of the MUCAHA
runtime (across all expressions of the x-axis, the average is
1.5%). The analysis in Setting III shows that the advantages
of the MUCARS are more significant for large processes (i.e.,
7.2% performance for small processes vs. 0.4% performance
for large processes) as the MUCARS focuses on smaller parts
of the process during the re-selection (i.e., region-based
approach), which is more advantageous for larger processes.
When further analyzing the performance, it is noticeable that
in Setting II the only case occurs in which the increase in
computation time is no longer proportional for the MUCARS
starting from six users and the runtime of the MUCARS
increases more compared to the MUCAHA. On the one
hand, this is due to the over-proportional increase in com-
mon world-state-candidate-services (i.e., concept to ensure
the simultaneous use of the same world state and candidate
service by multiple users) with increasing number of users.
On the other hand, an increasing number of users leads to
a smaller solution space due to preferences and restrictions
among all users and thus more region expansions are neces-
sary. Hence, both reasons influence the computation time
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more strongly with a high number of users than with few
users leading to an over-proportional increase of the com-
putation time. Nevertheless, the MUCARS is still 20 times
faster with eight users than the MUCAHA.

Finally, the MUCARS approach shows a proportional
increase in computation time in almost all extended set-
tings despite increasing user-based and context-based
dependencies.

6.2.2 Solution Quality

The feature solution quality is analyzed by comparing the
Utility U (cf. Section 5.2) of the optimal solution provided
by the MUCAOS approach with the corresponding Utility
U of the approaches MUCAHA respectively MUCARS (i.e.,
near-optimal solution) as a percentage. Therefore, the solu-
tion quality for each multi user context-aware service selec-
tion can be defined as:

Unmucana
Umucaos

Unmucars
Umucaos

Solution qualityyycars = Solution qualityyycaga =

The MUCAHA reaches an average value of 93.5% and
the MUCARS 88.8% of the solution quality over all set-
tings in comparison to the optimal solution from MUCAOS
at planning time (cf. Fig. 7). These results show that our
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Fig. 7 Evaluation results for the criterion solution quality

approach generally achieves a high solution quality across
all settings, although disruptive events are considered at
runtime. Therefore, our results mark the lower bound of the
actual possible solution quality, which would be even higher
compared to runtime results of an exact approach (which is
not realistic due to runtime complexity). In more detail, the
slight increase in solution quality with an increasing num-
ber of candidate services per focus task (i.e., Setting I) can
be reasoned by the fact that if a disruptive event occurs, a
service composition with a higher solution quality can be re-
selected if the number of suitable alternatives (=candidate
services) is large. On the other hand, increasing the number
of events (i.e., Setting IV) reduces the solution quality of the
re-selected service composition, because the search space
and thus the amount of suitable alternative candidate ser-
vices decreases as the number of events increases (compared
to the predetermined solution of MUCAOS).

In addition, the MUCARS approach was able to select
a feasible service composition in 100% of all cases. The
MUCAHA approach could not find a feasible solution in two
cases with increasing number of events (cf. Setting IV) and

U
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therefore found a feasible solution in 99.8% of all cases. In
these two cases, a failed candidate service (i.e., duration:
30 minutes) is replaceable in the same region only by can-
didate services, which have a longer duration (i.e., duration:
60 minutes). Because an extension of the duration is not
feasible due to a defined end time of the process, no feasible
solution can be selected by the MUCAHA.

6.2.3 Solution Robustness

Furthermore, we analyze the solution robustness across all
settings indicating whether there are fundamental changes to
the service composition determined by the BASE_MUCAHA
at planning time. A change is any replacement of an original
candidate service in one of the focus tasks of any user in the
process (excepting the failed candidate service) resulting in a
reduction of the solution robustness. The solution robustness
for exactly one re-selection can be determined as follows:

# ReselectedFT
MaximumFT

Solution robustness = 1 —
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Fig.8 Evaluation results for the criterion solution robustness

# ReselectedFT describes the number of focus tasks
whose selected candidate service from the original service
composition has changed due to a re-selection at runtime
across all users. MaximumFT describes the maximum
number of focus tasks that can change during a re-selection
across all users and processes.
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The MUCARS approach achieves a continuously high
value for solution robustness with an average solution
robustness of 92% across all settings (in comparison, the
MUCAHA achieves 73%; cf. Fig. 8). In particular, the
MUCARS achieves an average solution robustness of 94%
in Setting I (MUCAHA 74%), 90% in Setting 11 (MUCAHA
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72%), 94% in Setting III' (MUCAHA 77%) and 91% in
Setting IV (MUCAHA 70%). Thus, the advantages of the
MUCARS over the MUCAHA approach are evident in all
extended settings.

6.2.4 Alternative Solutions

To evaluate our approach with regard to alternative solu-
tions, we selected five additional alternative solutions (cf.
Section 5.3.3) for the MUCARS approach for each problem
setting towards an increasing number of events to determine
both the average solution quality and the average perfor-
mance (note that MUCAHA does not provide the functional-
ity to determine alternative solutions; cf. Fig. 9).

Considering the highly relevant setting of an increasing
number of events at runtime (cf. Setting IV), the MUCARS
approach provides alternative solutions with an average
solution quality of 89% compared to the originally selected
service composition at runtime. Furthermore, an alterna-
tive solution can be selected in 100% of all settings and can
be presented to the user in an average of 6.1 s per event.
This further shows the high effectiveness and stability of the
MUCARS approach.

6.3 Discussion of Results and Implications

We propose a heuristic technique that is able to consider
multiple users, context-awareness and in particular dis-
ruptive events, while maintaining solutions at runtime
with high performance, solution quality, solution robust-
ness and also provide alternative solutions. Analyzing the
evaluation results, MUCARS offers significant advantages
compared to the competing algorithm MUCAHA. In par-
ticular, MUCARS can select a solution on average 60 times
faster than MUCAHA with an overall solution robustness of
92%, while maintaining a high solution quality comparable
to MUCAHA. Finally, the evaluation reveals that up to five
alternative solutions can be selected within a few seconds
with a high solution quality. Since there is no approach that
fulfills all these features at runtime, these contributions show
the novelty and efficacy of the approach.

The selection of a fast and robust solution with a never-
theless high solution quality can be obtained by dividing the
process into regions (i.e., region-based approach). In particu-
lar, we promote the feature solution robustness by clearly
delimiting the respective region boundaries with the help of
world states, which is different from existing approaches in
literature where regions are delimited by services (e.g., cf.
Lin et al., 2010; Zhai et al., 2009). To cope with the prob-
lem of spatial-temporal coordination and the corresponding

! Robustness with only one focus task is obviously not determinable.

mapping of the context, the consideration of world states
within a region is indispensable in context-aware service
systems.

Furthermore, we have significantly extended the concept
of regional expansion from the literature (e.g., cf. Gao et al.,
2018; Lin et al., 2010; Zhai et al., 2009) by introducing fea-
sibility checks and a state space measure. The feasibility
checks enable to directly examine regions within the state
space in which feasible solutions exist. Thus, unnecessary
and time-consuming expansions as well as re-selections can
be avoided (in contrast, the execution of the feasibility check
in the basic setup only needs 5 milliseconds on average).
This becomes also evident in a more detailed analysis of
our results, which shows that through the feasibility checks
across all settings 1,711 region-based expansions can be
avoided, since in each of the 1,711 regions a feasible re-
selection can be correctly ruled out. This accelerates the
selection process and thus leads to a higher performance.
In case all feasible solutions can be ruled out in a region
due to user-based and context-based dependencies, we intro-
duce a state space measure for the region-based expansion.
This measure enables a careful selection of the neighboring
region by analyzing the available context information (i.e.,
mapped by world states) across all users. A deeper analysis
shows that better solutions can be achieved when the region
with the larger number of world states (i.e., larger search
space) is selected thus supporting the feature solution qual-
ity. Additionally, fewer expansions are required. In particu-
lar, we examined all runs of the basic setting for which an
expansion was required. In 100% of these cases, a solution
was found directly after the first expansion when the region
with the larger number of world states was used. In contrast,
expanding the region with the fewer number of world states
found a solution in only 25% of these cases, which would
lead to further time-intensive expansions. The evaluation
results show that in a total of 97% of all our evaluation set-
tings (cf. Table 6) a solution could be selected after the fea-
sible region has been directly examined by feasibility checks
and a maximum of only one additional regional expansion
has been performed with the help of our state space measure
(cf. Section 5.3.2), which demonstrates the high relevance
of the regions selection.

The evaluation results are also favored by the proposed
re-structuring of the regions state space. In the literature, the
use of states is a common concept to represent, for exam-
ple, context interdependencies (Heinrich & Schon, 2015).
However, the creation of an entire and feasible state space
requires a lot of computation time. Our approach expands the
concept of states by dynamic and targeted extension of the
state space based on runtime conditions, thus eliminating the
need to create an entire new state space. In this respect, an
analysis of our basic setting shows that the BASE_MUCAHA
needs on average 210 seconds to build an entire state space
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and the MUCARS needs on average only 13.6 seconds for
the dynamic extension per event, and thus the computa-
tion time can be reduced by 93.5%. On the other hand, we
do not perform the selection on the entire state space like
other approaches (Bortlik et al., 2018; Heinrich & Mayer,
2018) as this is very time-consuming. Therefore, the state
space is narrowed down to the feasible states (based on the
valid context information) before the selection is performed.
Therefore, a selection of the basic setting (cf. Section 6.1)
is not performed on over 156,000 states but only on about
4,000 states, which further improves the performance with
simultaneously high solution quality. Further, in contrast to
existing service selection approaches from the literature, our
approach allows the determination of alternative solutions.
By carefully reusing already performed tasks (e.g., Focus
task-based definition of regions) from the initial solution
selected at runtime, the computation time can be signifi-
cantly reduced while maintaining a high solution quality.
Analyzing our evaluation results in detail shows, that the
originally defined region of the initial solution selected at
runtime could be reused in 86% for each problem setting
towards an increasing number of events (cf. Section 6.2.4)
to find a feasible alternative solution. Thus, a further time-
intensive expansion to further regions can be dispensed with
in these cases.

Our approach also has implications for science and prac-
tice. Starting with implications for science, service systems
(cf. Maglio & Spohrer, 2008) with their characteristics and
their complexity regarding user-based dependencies, con-
text-based dependencies and event-based disruptions lead
to novel, real decision problems. These problems should
not only be discussed conceptually in the scientific litera-
ture (Fakhfakh et al., 2020; Edvardsson et al., 2011), but for
which concrete solution techniques should also be devel-
oped. In this regard, collaboration and contextualization are
already an important part of service-dominant design which
forms the basis for modern service systems (Alter, 2012;
Bohmann et al., 2014; Faieq et al., 2021; Maleki et al., 2018;
Yuan & Hsu, 2017). In particular, contextualization com-
prises information that characterizes the actual state of an
environment (e.g., cf. Romero et al., 2020) and thus affects
the design of service systems due to resulting uncertainties
(Alter, 2017). These uncertainties are already considered
in the design of service systems. Therefore, Alter (2017)
describes a (context-aware) service system through proposed
axioms as a service system that is affected by direct or indi-
rect interactions with the environment in which it operates
(i.e., Axiom 4) and further states that the success of a service
system depends on responding appropriately to the diver-
sity of situations that the service system will encounter (i.e.,
Axiom 18). For this reason, adaptive context-aware service
systems were discussed in the literature (e.g., cf. Bucchiarone
et al., 2012; Faieq et al., 2021; Frey et al., 2017). One of the
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main task of these systems is managing adaptations based
on the existing context information (Frey et al., 2017). Man-
aging adaptations based on the existing context information
has high performance requirements (i.e., real-time, cf. Frey
et al., 2017). Existing adaptive context-aware service sys-
tems from the literature primarily focus on the requirements
of the service provider. In particular, the flexible response of
service providers to changes and the corresponding adapta-
tion of business processes (Faieq et al., 2021) in compli-
ance with the service goals pre-established in the Service
Level Agreements contracts (Hidri et al., 2019) represent
the key role in the design of adaptive context-aware service
systems. In our research, we design the system mainly on
the user’s perspectives (e.g., companies or users who use the
services, i.e., service consumers) whereby mechanisms were
developed which come close to real-time support. Thus, we
substantively extend existing meta-models from the litera-
ture (e.g., Hidri et al., 2019) in the sense that user require-
ments (e.g., high performance) are detailed and included
directly in the design of the adapted process. Furthermore,
an essential part of managing adaptations is also an analysis
component. Thus, existing designs of adaptive context-aware
service systems firmly anchor this component directly in the
meta-model (e.g., cf. Boudaa et al., 2017). Thereby rules
are defined, which check whether an adaptation is neces-
sary when events occur. In our approach, we methodically
extend and realize this analysis component with feasibility
checks and a state space measure that control the adaptation
mechanism at runtime. This procedure opens the research
field to develop, for example, further measures to address
the existing challenges of user-based dependencies, context-
based dependencies and event-based disruptions.

For practitioners, our heuristic approach also provides
some important benefits in terms of supporting multi user
context-aware processes (i.e., maintaining the contextual
environment and the collaboration of multiple users in
terms of spatial-temporal coordination) where runtime
features are elementary. Thereby, the approach can be
applied to multi user context-aware processes in different
domains relying on the re-selection of services (i.e., ser-
vice systems) and can have a relevant impact in practice.
We will exemplarily discuss this for the tourism domain.
Existing mobile applications that support processes such
as a city day trip are characterized by certain possibili-
ties for user individualization. For instance, the app Cul-
ture Trip enables guided tours, the creation of individual
plans or the search for sights in the vicinity of the current
location. However, in these fourist apps or platforms (the
latter often takes on the role of service integrators, cf.
Heinrich et al., 2011) it is currently not possible to han-
dle disruptive events anyway in regard to businesses (e.g.,
restaurants or museums, i.e., service providers) and users
(i.e., service consumers). The approach proposed in this
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paper, allows to consider such real-world events combined
with a near-time re-selection, i.e., it is possible to con-
tinue the planned tourist activity — and potentially also
any other planned activities — with a high quality without
interruption. By implementing the proposed approach as
extension of existing mobile applications in tourism, users
can react on disruptive events by re-selecting an alterna-
tive service composition, which is robust regarding the
initially planned service composition. This can be done
by directly using publicly available information on dis-
ruptive events (e.g., weather, traffic jam) and proactively
inform all affected users and preventively offer alterna-
tive solutions. Furthermore, tourist platforms can use the
presented approach not only for disruptive events, but also
to immediately adapt an existing feasible solution in gen-
eral. Thus, a re-selection is not only needed to address an
external, given disruptive event (e.g., sudden change in
weather) but provides the opportunity for proactive adap-
tation (“initiated events”) of the current feasible solution
to further improve the user experience. In particular, users
can be enabled to actively initiate changes shortly before
the start of the tourist activity or during the tourist activ-
ity and share them with other participants. Thus, flexible
alternatives can be proposed and perceived between users
(e.g., based on current conditions, preferences etc.), which
greatly increases social interaction and enables the pos-
sibility of a spontaneous realization or adaptation of a
tourist activity. Moreover, it will be possible for tourist
platforms to draw the user’s attention based on real-time
information ad hoc to service candidates that might appeal
to the individual user (or multiple users) on the basis of
the preferences or context information (e.g., time, GPS
position) and to immediately suggest an alternative solu-
tion (i.e., service recommendation). Thus, user experience
can be made even more individual. Finally, businesses
such as restaurants or museums can also benefit from our
approach by providing current data of their business to the
tourist platform via an interface. For example, offers for
group discounts (i.e., discounts for multiple users) or time-
dependent discounts (i.e., e.g., discounts in the evening
hours based on context information) can be proposed to
users during the realization of a tourist activity in order to
proactively enable adaptations of the tour activity. Besides
this discussion for the tourism domain, the application of
the presented heuristic approach to further activities or
domains in the area of multi user context-aware processes
is also possible and promising such as logistics or pro-
duction (Beverungen et al., 2019; Hohmann & Posselt,
2019), healthcare, disaster relief assistance or field work
in companies in order to handle disruptions and proactive
adaptations within such processes in terms of spatial-tem-
poral coordination.

7 Conclusion, Limitations and Future
Research

In this paper we present a heuristic technique for service re-
selection, which is aimed at considering multiple users, con-
text-awareness and in particular disruptive events at runtime.
In this regard, we propose an approach that can maintain the
features performance, solution quality, solution robustness
and alternative solutions at runtime in the case of disruptive
events. Existing service systems from the literature already
refer to the complexity of user-based and context-based
dependencies but do not consider disruptive events at runt-
ime. To address this research gap, we developed a heuristic
technique, which carefully divides the process into regions
and efficiently select a service composition by using feasibil-
ity checks and a state space measure. In addition, the concept
of a state space is considerably extended by a dynamic as
well as precise state space re-structuring at runtime to deal
with disruptive events. Alternative solutions are also avail-
able to the user in near-time if the selected solution does not
meet the users’ preferences and expectations. The evaluation
results show that MUCARS can achieve significant improve-
ments in performance and solution robustness at runtime
compared to competing artifacts (i.e., Bortlik et al., 2018),
while maintaining a high solution quality.

However, our approach is also subject to some limitations
that need to be addressed in future research: First, we initially
focused on real-world events (e.g., closed restaurant), which
leads to a “service failure of a candidate service” in the model.
However, mobile environments are volatile and different event
types can occur at runtime. Our starting point in this paper
could be used to investigate further changes in the model due
to real-world events (e.g., changes in non-function properties
values such as prices). Here, we are very confident that the
presented approach can be extended and transferred to a wide
range of further event types as important parts of the proposed
heuristic such as the dynamic re-structuring of the state space
can be directly re-used. In addition, synergies can arise from
the concurrent processing of several different events leading to
fewer changes in the process flow for all users. Here, a prom-
ising idea may be the use of monitoring and event handling
approaches that enable the efficient processing of multiple
events at the same time (Ayed et al., 2013; Chen & Rabhi,
2016; Flouris et al., 2017; Kum, 2020; Wang et al., 2017). Sec-
ond, the evaluation shows that with an increasing number of
users no proportional increase of the computation time can be
achieved. The reason for this is the over-proportional increase
in the number of states within the state space required to coor-
dinate and select a solution for multiple participating users. To
overcome this limitation, further research in the area of service
systems may focus on enhancing the concept of these coordi-
nation-relevant states and therefore the mapping of user-based
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dependencies. Here, a promising idea may be the development
of an approach in order to efficiently identify and omit non-
relevant states and thus to improve the creation and processing
of coordination-relevant states. Finally, with MUCARS a fast
support at runtime is possible and thus the approach enables
near-time support (i.e., MUCARS can select a solution on aver-
age 60 times faster than existing approaches). However, inter-
active support is becoming increasingly important in mobile
environments (Li & Chen, 2019). Since the MUCARS runtime
is in the lower seconds range (e.g., MUCARS requires about
11 seconds in Setting I), real-time interaction is only possible
to a limited extent, which possibly influences the user satis-
faction (cf. Section 2.1). To improve real-time interaction, a
dialogue could be built in that visualizes the user the resulting
problem when a disruptive event occurs. The time until the
user comprehends this problem and reacts accordingly could
then be used to re-select a new solution in the background and
present it immediately to the user if preferred. Currently, we
work on such concepts of intelligent user interaction with other
researchers. In conclusion, the provided multi user context-
aware service re-selection approach can serve as promising
first step for contributing to the important topic of disruptive
events at runtime.
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