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Abstract: With the continuous complexity and frequent changes in business application scenarios,
companies urgently need to establish a flexible business process management mechanism that
includes dynamic rules, in which dynamic adaptation methods of business processes play a vital
role. Aiming at the problem that the current methods only use the preset process template and
the decision-making database, it cannot respond quickly to business changes and reconfigure the
business process. This research proposes a dynamic adaptation method of business process based
on the hierarchical feature model, builds a hierarchical feature model of complex processes, then
establishes a hierarchical business policy set to achieve an agile response to business emergencies.
By constructing a mapping model, the feature model is associated with the BPMN model to realize
the rapid execution of the reconfiguration process model. The feasibility and effectiveness of the
proposed method are verified by process examples and the developed business process dynamic
adaptation tool.

Keywords: dynamic adaptation method; business process modeling; hierarchical management;
feature model; business process modeling notation (BPMN)

1. Introduction

Business process management (BPM), as the main business management method
of an enterprise, has become one of the mainstream development trends of information
technology [1]. Traditional BPM mainly considers static business processes, but today’s
business processes are dynamic and affected by the changing business environment. Struc-
tured business processes with strict constraints are gradually unable to cope with complex
application scenarios that require frequent changes during execution [2,3], such as rapid
changes in customer needs, sudden changes in markets and policies, etc. Efficiently estab-
lishing a flexible BPM mechanism [4] to respond quickly to changes in business needs is
the guarantee for the success of modern enterprises. For this reason, given the business
process model that has been built in the enterprise, business managers have begun to
explore methods to change and reconfigure the process in response to changes during the
execution of the process model. However, it is a very time-consuming and complicated
task to make adaptive changes to business processes manually, since this work not only
requires business personnel to be familiar with the internal structure of each business
process model and the interrelationships between activities but also requires them to have
professional domain knowledge and the ability to deal with various abnormal situations [5].
As the key to achieving flexible BPM, the dynamic adaptation method of business process
can assist business personnel to quickly make correct and appropriate changes to the
corresponding business process in response to emergencies in process execution, which
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is of great significance to ensure the achievement of business goals. Meanwhile, as the
focus of corporate BPM is no longer limited to offline analysis and configuration of process
execution, more attention is paid to providing online support for the execution of business
processes [3], which puts forward higher real-time requirements, including agile response
and rapid deployment, for the dynamic adaptation of business processes. That is, it is not
only necessary to quickly locate the exception to the specific business stage and take correc-
tive measures but also to quickly deploy and execute the reconfigured business process.
Therefore, it is necessary to study a business process dynamic adaptation method that can
provide online support for the execution of complex process models in the enterprise and
design tools that can support and run this method to meet the needs.

The current research on business process dynamic adaptation methods can be divided
into data-driven methods and model-driven methods according to whether they depend
on business process models [6]. The data-driven method mainly uses deep learning
or reinforcement learning algorithms from the field of machine learning to train a data
model based on the existing process log data and then automatically judge the execution
status and output suggestions according to the input process information of the data
model [7]. Since data-driven methods need to train and fit complex data models to prevent
underfitting, the quality of process log data is required to be high. This requires the
enterprise process log to have as many records as possible, and the process attributes
covered by each record must be as comprehensive as possible. The enterprise is required to
have enough big data accumulation and hardware computing resources, which does not
meet the leanness emphasized by flexible BPM, that is, the use of simple and economical
tools and techniques [8]. Some machine learning algorithms, such as tree-based algorithms,
do not require a lot of data or computation, as is maybe the case when using a deep neural
network algorithm. However, the data model can only be released and applied after all
training and verification procedures are completed in an offline environment, which has a
long period and cannot reflect better real-time performance [9].

This research takes into account that existing organizations, especially large enter-
prises, have achieved better process consolidation effects in their core processes, and the
business process management system (BPMS) in the enterprise will store the corresponding
business process model [10]. In this case, a model-driven approach based on business
process models can make full use of the company’s existing resources. However, when
the current model-driven approach responds to business changes, the business stage to
be executed is determined mainly based on the decision points preset in the business
process model, and the process is generated by recutting according to the process tem-
plate [11]. On the one hand, when encountering a business process model with a complex
internal structure to find the corresponding decision point according to specific business
changes, the current research will traverse the entire strategy database, which is costly and
time-consuming and cannot meet the rapid response requirements of the online support.
On the other hand, while current research completes the reconfiguration of the business
process, research has not further explored converting the obtained model into the model
standard supported by the workflow engine, such as the Business Process Modeling Nota-
tion (BPMN) standard, and lacks an effective automatic deployment mechanism to quickly
execute the reconfigured process model.

This research proposes a dynamic adaptation method of business process based on
the hierarchical feature model. According to the existing complex business process model
of the enterprise, an extended feature model with hierarchical attributes is established to
achieve hierarchical management of business stages with different granularities, analyze
the internal structure of the process, and then establish a hierarchical business policy set to
achieve efficient and automatic positioning of business emergencies and support dynamic
adaptation of processes. In addition, to achieve rapid execution of the reconfigured process
model, this research associates the feature model with the BPMN model by constructing
a mapping model so that the changed model can be directly deployed and executed by
the workflow engine through the mapping. Finally, combined with process examples
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and the development of a dynamic business process adaptation tool, the feasibility and
effectiveness of the proposed method are verified.

This paper is structured as follows: Section 2 is a summary of the research related to the
dynamic adaptation method of business processes. Section 3 introduces the method proposed
in this research in detail. Section 4 gives the management mechanism of the whole method.
Section 5 describes the case study and the simulation results. Section 6 discusses the research
performed and explains the limitations. The last section is the conclusion and outlook for
future work.

2. Related Literature

BPM is a method and technology that can provide support for process design, im-
plementation, execution, and analysis. The purpose of BPM is to establish an efficient
operating model for the organization and create value for customers [12]. As an important
response strategy for improving enterprise production capacity, order response agility, and
risk management, BPM has received continuous attention and research. Previous BPM
research used static definitions when designing business processes, which only provided
limited forms of adaptability or insufficiently precise rules to handle anomalies, and lacked
security constraints and inspection strategies. Such inadequate and incomplete business
processes may lead to ambiguities and misunderstandings in implementation, resulting
in failure with serious consequences [13]. This will also affect the implementation of the
BPMS developed under the guidance of BPM, since organizational requirements are always
changing, and business processes are often unable to be completed in a predetermined time,
so BPMS will not be able to guarantee the automatic execution of business processes and
achieve expectations [14]. Despite such efforts to help companies succeed in BPM adoption,
there is an increasing need for rapid, flexible, and lean approaches to BPM that will help
companies respond quickly and efficiently to changing environments [15]. The focus of
BPM is gradually shifting to the research on the dynamics and adaptability of business
processes [16], and the adaptability and flexibility of the process are also required by the
European Industry 4.0 Initiative [17], which was initiated by the German government and
described the digital and intelligent production of the factory in the future.

Recent research emphasizes the necessity of enhancing the flexibility and dynamics
of BPM. If an organization is in a highly dynamic business environment, its business
process must be able to respond to external changes [18]. Martins defines adaptive and
flexible BPM as a business management technology that can discover changes and can
quickly respond to changes [19]. Peyman added that flexible BPM needs to be lean, that
is, to achieve continuous evaluation of process execution through simple and economical
tools and technologies [15]. Different from the implementation of flexible BPM at the
company level, Raschke proposes a dynamic adaptation method for business processes
from the process level to realize the ability to redesign and reconfigure individual business
process components and combine individual tasks and resource capabilities to respond to
environmental changes [20]. The current research on business process dynamic adaptation
methods can be divided into data-driven methods and model-driven methods according
to whether they depend on business process models [6]. The data-driven method mainly
uses machine-learning-related algorithms to train a data model based on the existing
process log data and then automatically judge the execution status and output suggestions
according to the input process information of the data model [7]. For example, Paschek
uses artificial intelligence and machine learning methods to build core components that can
detect changes, set configurations, and check during process execution based on big data to
support the automation of business process dynamic adaptation method [21]. Pika applies
machine learning to extract information from process execution data to form experience
knowledge, which can help employees achieve optimal business resource allocation under
different conditions [22]. From the perspective of effectively discovering business problems
that hinder process execution, Ahn proposed a Metis+ framework that can identify potential
business problems. This framework is based on big data to explore and verify problem
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assumptions [23]. Palm uses reinforcement learning algorithms to simulate the process of
employees dealing with changes and making decisions and explores the implementation of
adaptive systems [9]. This method also requires sufficient data to train a good performance
data model.

The dynamic adaptation method of the business process based on the process model,
that is, the model-driven approach, uses a variety of methods to set variability rules based
on the process model to meet the adaptability requirements for business changes during
process execution [24]. The current research on model-driven methods is mainly oriented
to three main aspects: predefined decision points, configurable templates, and bottom-up
mechanisms. Regarding the method of predefined decision points in the process model,
Pucher proposes an agile process construction method by predefining decision points in
the modeling phase, where business users are allowed to make changes to the process
during process execution, query the set of decision points, and choose to execute different
subprocesses [25]. Agostini further considers a variety of ways to enhance the flexibility
of decision making to adapt to various changes [26]. Bizagi introduces a flexible ad hoc
business process, which does not have a complete definition of the underlying business
process, and consists of a set of activities with decision points. When the ad hoc process
is executed, the user decides which activities should be executed and when to execute
according to business needs [27]. However, since future changes cannot be fully predicted
and enumerated, the method of predefined decision points has great limitations in practical
applications. From the perspective of constructing a configurable template, Hallerbach
provides an optional template for the processing of different business situations, which
can change the sequence of activities in the process when conditions change and achieve
dynamic adaptation based on the template [28]. To establish a business process reference
model, Rose proposes two ways to expand the process modeling language by setting con-
figurable nodes by adding primitively hidden and blocking switch attributes to nodes [29].
Han directly extends the configuration of BPMN and establishes a configurable BPMN
language based on the extension of control flow primitives to construct a configurable
template for the process [30] but does not consider the achievability of the complex pro-
cess template. Regarding the method of applying a bottom-up mechanism to construct a
variable process model, Yan uses a bottom-up mechanism to extract the necessary atomic-
level business process static components, combined with descriptive policy sets to build
a derived process model, and the process can be constructed flexibly when the business
requirements are known [31]. Xiao uses a large number of reusable process fragments to
construct the process, but the new business process generated according to the business
conditions is only suitable for the execution of a specific instance [32]. Since the bottom-up
mechanism needs to comply with the descriptive specifications and constraints of Dec Ser
Flow [33] and the method of minimizing conditions [34], the dynamics it can achieve are
quite limited.

From the current research on business process dynamic adaptation methods, it can be
concluded that although data-driven methods and model-driven methods have different
starting points and technologies, both essentially rely on models to perceive business
changes and deal with them. The model on which data-driven methods rely is a data
model trained based on process big data, and the model on which model-driven methods
rely is a new process model formed by adding decision points or an adaptive model di-
rectly derived. The main difference between the two methods lies in the preconditions of
their application, namely the accumulation of big data and the business process model.
Although some companies are advancing the establishment of big data systems, consider-
ing the current business process models established by expert knowledge in the current
companies, the model-driven approach still has high application value because it can make
full use of the company’s existing resources and meet the lean requirements of flexible BPM.
Existing research on model-driven methods mostly adopts the method of constructing an
overall decision-making library or preset process templates so as to find and implement
corresponding solutions according to business emergencies or needs. However, in the



Information 2021, 12, 362 5 of 19

actual business process of an enterprise, due to the complex nesting relationship between
subprocesses and activities, and because various business stages involve changes, the
use of templates and decision libraries cannot take into account the needs of all business
stages. It is difficult to meet the rapid response and flexible execution of process online
support. The hierarchical approach has unique advantages when solving problems with
many management objects and complex relationships. By combining hierarchical manage-
ment ideas, dividing different subprocesses or activity levels, and establishing hierarchical
business strategies, the business level can be quickly located where measures need to be
taken according to business change factors, achieving agile response under the complex
process model. Meanwhile, after the completion of process changes or dynamic adapta-
tion, the rapid deployment of processes without further exploration is also a problem in
current research.

3. Dynamic Adaptation Method Based on Hierarchical Feature Model

This research proposes a dynamic adaptation method of business process based on
the hierarchical feature model. By establishing a feature model with hierarchical attributes,
mapping the feature model, formulating a hierarchical business policy set, and other related
methods to obtain a hierarchical BPMN process model, a dynamic management method
is realized that can flexibly and efficiently configure the process model during business
execution. The overall framework of the proposed method is shown in Figure 1, which
mainly includes four phases: create hierarchical feature model, correlation feature model
and BPMN model, formulate hierarchical business policy, and execution phase. Each phase
is described in detail below.

Information 2021, 12, x FOR PEER REVIEW 5 of 21 
 

 

constructing an overall decision-making library or preset process templates so as to find 

and implement corresponding solutions according to business emergencies or needs. 

However, in the actual business process of an enterprise, due to the complex nesting rela-

tionship between subprocesses and activities, and because various business stages involve 

changes, the use of templates and decision libraries cannot take into account the needs of 

all business stages. It is difficult to meet the rapid response and flexible execution of pro-

cess online support. The hierarchical approach has unique advantages when solving prob-

lems with many management objects and complex relationships. By combining hierar-

chical management ideas, dividing different subprocesses or activity levels, and establish-

ing hierarchical business strategies, the business level can be quickly located where 

measures need to be taken according to business change factors, achieving agile response 

under the complex process model. Meanwhile, after the completion of process changes or 

dynamic adaptation, the rapid deployment of processes without further exploration is 

also a problem in current research. 

3. Dynamic Adaptation Method Based on Hierarchical Feature Model 

This research proposes a dynamic adaptation method of business process based on 

the hierarchical feature model. By establishing a feature model with hierarchical attrib-

utes, mapping the feature model, formulating a hierarchical business policy set, and other 

related methods to obtain a hierarchical BPMN process model, a dynamic management 

method is realized that can flexibly and efficiently configure the process model during 

business execution. The overall framework of the proposed method is shown in Figure 1, 

which mainly includes four phases: create hierarchical feature model, correlation feature 

model and BPMN model, formulate hierarchical business policy, and execution phase. 

Each phase is described in detail below. 

 

Figure 1. Overall framework of the HPMF method. Figure 1. Overall framework of the HPMF method.

3.1. Create Hierarchical Feature Model

The purpose of creating a hierarchical feature model is to establish a variability model
that can fully display the internal hierarchy of the process according to the actual busi-
ness process of the enterprise, in which the setting of variants is mainly for the flexible
configuration of the process during business execution. The current methods of using
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variability modeling technology to implement variability models include feature model-
ing [35], Common Variability Language (CVL) [36], and languages in any specific field. The
method of feature modeling is adopted in this research because it can provide hierarchical
management of features, reflect the hierarchical relationship between different business
stages in the process model, and has good tool support for variability reasoning [37]. In
the feature model, features are hierarchically linked in a tree structure through variability
relationships such as Optional and Mandatory. There is only one root node in the feature
model, and all the features that depend on the root feature are leaf features. In this research,
the root feature represents the entire business process, and the leaf feature represents the
different subprocesses and activities contained in the process, where activities are the
lowest-level features. According to an example of a company’s air-conditioning service
support process, the corresponding feature model can be established. Considering the
display effect, some feature subnodes have been simplified, as shown in Figure 2.
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Generally, in order to divide the management authority of different business stages
and refine the allocation of business resources according to the organizational structure,
the enterprise will further divide the process into different subprocesses or activities to
form grid-based local management and effectively supervise the execution of the business.
The fundamental difference between different processes of an enterprise lies in its object-
oriented and different resource calls. On the one hand, different business processes involve
different functional scopes, from cross-organizational processes and cross-departmental
processes across functional areas to specific functional areas such as departmental internal
processes; on the other hand, the resources called by different business processes are
different, and the scope of resource scheduling affected when the process is changed is
also different, that is, the management authority of different granular resources is quite
different, which is specifically reflected in the corporate organizational structure. The
resource allocation permissions set for different personnel are different. Combining the
above two points, to have a clear basis when dividing the feature model hierarchy and
avoid the blurring of hierarchy boundaries and possible confusion between different levels,
this research proposes a feature model hierarchy division method based on a decision
matrix. The decision matrix is shown in Figure 3, which is vertically based on the scope of
business involved and horizontally combined with the level of resource refinement under
the same functional level for further division. If the scope of functions involved in the
business stage is larger, the level of division is higher. If the longitudinal indicators of
multiple business stages are the same, the horizontal indicators are combined for further
differentiation, and it stipulates that the vertical index has a greater influence on the
weight of the level division than the horizontal index. Taking Area 1© and Area 2© in
Figure 3 as an example, in order to judge the hierarchical relationship, Area 3© can be used
for comparison. The vertical index of Area 1© is higher than that of Area 3©, and the vertical
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index of Area 2© and Area 3© is the same. Indexes are more weighted in the hierarchical
division, so the level of Area 1© is higher than that of Area 2©, and the horizontal index of
Area 2© is higher than that of Area 3©. Therefore, the hierarchical relationship of the three
areas in the figure is: 1© > 2© > 3©.
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After completing the hierarchical division of features, in order to effectively establish
the relationship between feature levels and features, an extended feature model, that is,
a feature model with attributes [38], is used in this research, which adds an attribute H
representing the feature level to all the features in the model.

Definition 1. Hierarchical attributes H. H represents the level of each feature in the feature model,
H: {a}, where a is the level of the feature.

Definition 2. Hierarchical Feature Model FMH. FMH is obtained by expanding the hierarchical
attributes of the features in feature models. The feature model is built by the feature modeling
method. FMH can provide a clear view of the hierarchical and granular relationship between
different business stages.

Combining the hierarchical division decision matrix to hierarchically divide the air-
conditioning service support feature model and define the feature attributes, the obtained
air-conditioning service support FMH is shown in Figure 4. The functional scopes of H = 1
and H = 2 are cross-organization and cross-department, and business resources cannot
be further refined under the same functional level. H = 3 and H = 4 belong to the same
functional level within the department, but the resources involved in the business objects in
H = 3 need to be further refined and allocated, while the resources in H = 4 cannot be further
refined, thus forming a further hierarchical division under the same functional scope.

3.2. Correlation Feature Model and BPMN Model

FMH can provide a hierarchical structure view of different features. Through the
dynamic activation or deactivation of specific features in the feature model, the business
can be reconfigured when encountering emergencies. For the final configuration result to
be accepted by the workflow engine that supports the BPMN specification, it is necessary to
associate the features of each level of the feature model with the subprocesses and activities
in the BPMN model.
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To realize the association between the feature model and the BPMN model, the
method of establishing a mapping model [39] is adopted in this research because it can be
easily implemented by the ATLAS Model Weaver tool [40,41]. The mapping relationship
between the problem space model (i.e., feature model) and the problem-solving space
model (i.e., BPMN model) can be defined in the mapping model, where each link has
two endpoints: the first endpoint represents each feature in the feature model; the second
endpoint represents a subprocess or activity in the BPMN model. The mapping model
is used as a bridge to connect the two endpoints, and the hierarchical attributes are also
reflected and transmitted in the mapping process. The mapping relationship established
based on the air-conditioning service support FMH is shown in Figures 5 and 6.
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Definition 3. Hierarchical BPMN Model BMH. The hierarchical feature model with hierarchical
attributes generates a corresponding hierarchical BPMN model through the mapping model. The
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hierarchical structure is represented by the subprocesses defined in the BPMN specification, and the
lowest level is a single business activity.

The corresponding BMH generated by the air-conditioning service support FMH

through the mapping model is shown in Figure 7.
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3.3. Formulate Hierarchical Business Policy

To solve the management drawbacks in the current business process dynamic adap-
tation research, that is, the difficulty of maintaining business policy and the inefficiency
of finding specific business strategies when responding to emergencies, it is necessary to
formulate the same hierarchical business policy in conjunction with the created FMH.

Definition 4. Hierarchical Business Policy PH. Given a hierarchical feature model FMH, the
corresponding hierarchical policy is the set PH = (Pr, Rl), where Pr is a set of business principles
oriented to all the features of a single level, representing the fundamental difference and basis of each
level in dealing with actual business needs. All the features of the corresponding level need to be
scheduled and reconfigured under the restrictions of Pr. Rl is a set of business rules for a single
feature, which defines what state the variable feature should be in under different contexts, that is,
activated or deactivated.

Definition 5. Business Principle Pr. Given a hierarchical feature model FMH, all the features
contained in each level need to meet the business principles p of the corresponding level during con-
figuration or reconfiguration, p ∈ Pr, which is defined as the following form: configure/reconfigure
REQUIRE principle ψ. ψ is a logical expression related to the characteristic level attribute H.

Since business processes in the enterprise face different objects and resources called,
there will be big differences in handling actual problems in various business stages. Specif-
ically, from the object-oriented perspective:
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• For business stages that span multiple enterprises or organizations, because they in-
volve a wide range of functions, it is equivalent to a global scheduler, coordinating the
task allocation and execution policies between different partners, so when configuring
the features of the business stages of the cross-enterprise organization, the scope of its
responsibilities should be defined, and the scope of powers that can be assigned and
authorized to control should be clearly defined;

• For business stages that span multiple departments within an enterprise, because
the products and services of different business departments are quite different, the
strategies adopted by each department in the process of participating in the business
are also very different. If the business arrangement exceeds the capability level of a
certain department, it will result in a reduction in business execution efficiency and a
waste of resources. Therefore, when configuring the features of the cross-departmental
business stages in the enterprise, within the scheduling scope, it should also be checked
whether it meets the corresponding department-level guidance strategy to ensure that
the actual business can be effectively carried out;

• For business stages in a specific department of an enterprise, because it is directly
oriented to business personnel, the company mostly adopts ability-based selective
management. After personnel meeting business ability requirements are transferred,
they must implement and complete the goals, so that the upper-level business can
be specifically implemented. When configuring the corresponding features of the
business stages in an enterprise department, it is necessary to ensure that the business
personnel’s capabilities and permissions can meet the business requirements.

From the perspective of process call resources, due to the different granularities of
process call resources, there are also big differences in the resource scheduling authority
involved when reconfiguring the process:

• For business stages that call refined professional business resources, that is, resources
of a specific category, because the resource scheduling does not affect other stages in
the same functional layer, additional resource management rights are not required
when configuring;

• For business stages that call integrated business resources, that is, the combination of
coarse-grained resources, because the resource scheduling will affect other business
stages at the same level, additional resource management rights are required. Take
the air-conditioning service support process as an example, when business reconfigu-
ration involves integrated resource scheduling, if it occurs within a department, the
department manager-level resource management authority is required.

Combining the above two aspects, for the air-conditioning service support examples,
the hierarchical business principles of different business stages can be summarized as
shown in Table 1.

Table 1. Business principle at all levels.

Object Oriented Owned Level Business Principle (p)

Cross-organization H = 1 Assignment and authorization control rights limited to the scope of
the business object’s responsibility

Cross-department
Within enterprise H = 2 Business configuration conforms to the corresponding

department-level guidance strategy

Within a specific department H = 3, 4 Business configuration is within the limits of the executive’s own
capabilities and authority

Resources Called Owned Level Business Principle (p)

Comprehensive
Business resource set H = 3 Demand department manager-level resource management authority

Professional business resources H = 4 No additional business management authority requirements
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In this research, the air-conditioning service support business example involves vari-
able features at the second, third, and fourth levels. The corresponding business principles
can be known from the above table. The business principles corresponding to these three
levels can be described as:

ph=2 : R f (
{

f
∣∣∣ f ∈ [FMH

]
∧ {H|H = 2}

}
) ⊆ {L|L ∈ {limits_Departmental}}

ph=3 : R f (
{

f
∣∣ f ∈ [FMH] ∧ {H|H = 3}

}
) ⊆ {L|L ∈ {limits_BusinessPersonnel}} ∪ {A|A ∈ {authority_DepartmentManager}}

pH=4 : R f (
{

f
∣∣∣ f ∈ [FMH

]
∧ {H|H = 4}

}
) ⊆ {L|L ∈ {limits_BusinessPersonnel}}

where Rf is the configuration for feature f, L is the limitation factor, and A is the authority
level of resource management.

Definition 6. Business rules Rl. Given a hierarchical feature model FMH, the business rule r∈ Rl
corresponding to each variable feature on it can be expressed in the following two forms:

IF ψ THEN activate feature f
IF ψ THEN change feature f state to f. s
where ψ is a logical expression related to the actual context, f is a feature in the hierarchical

feature model, s is one of the states that the feature can be given, and the business rule and the
corresponding variable feature have the same hierarchical attribute H.

A variable feature that can be activated or deactivated can be represented by a triple:

f = {(feature_name, H, S) | H = {a}, S ∈ {Active, Inactive}}

Taking an example of the hierarchical air-conditioning service support process, partial
configuration R for the H = 3 subprocess service department determines the type of failure
can be expressed as the following form:

RDetermineFaultType = {{UnknownFaultDetermination, H = 3, Active} ∨ {HistoricalFaultDetermination, H = 3, Inactive}}
∧ {{CommonFailureExamples, H = 4, Active} ∨ {ContrastFaultLibraryKnowledge, H = 4, Inactive}}

3.4. Execution Phase

In the execution phase, this research mainly uses context awareness technology to
define contextual conditions to support effective reasoning about real-time status and
possible situations in the process execution to obtain process change factors. Since the focus
of the process operation instance in this research is mainly whether the actual business
state of each stage meets the preset process model, after obtaining the context information,
it is necessary to determine whether the current context state meets the business stage
being executed through rules. The rules can be expressed in the following form:

context_state:: Hierarchy: feature_name

where context_state represents the context state. When it is a specific condition, the specific
features at a certain level can be directly specified. On the one hand, the corresponding
level is specified, and the specific object is specified on the other hand. Hierarchy is the
hierarchical attribute H. feature_name corresponds to the specific single variable feature F
in the feature model. The context_state can be set to empty, and the implicit condition is
specified at this time, that is, the corresponding feature is always active.

The actual context state depends on the relevant attributes in the business environment,
including conditional judgments during business execution and related information as
business inputs. Before determining the features that need to be reconfigured and starting
model reconfiguration, context analysis rules can be used to determine whether there is a
situation that exceeds the original preset of the process model, that is, whether the feature
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that should be activated according to the business environment is in the activated state. For
the air-conditioning service support process instance, the following rules can be defined:

TimeSetting = 0: H = 4:: ImmediateService
TimeSetting > 0: H = 4:: AppointmentService
: H = 3:: QueryServiceManual, ScheduleMaintenancePlan
Service = “maintenance”: H = 2:: MaintenanceMaterialPreparation
Service = “repair”: H = 2:: SparePartsSupply

Through rule-based reasoning and comparative judgment on the context state, it is
possible to confirm the specific features and levels that need to be reconfigured when the
process changes, and then the model reconfiguration module generates a process model
that meets the requirements of the new business based on the hierarchical feature model
configuration of the original process during the process execution.

The model reconfiguration process is shown in Algorithm 1. By inputting the context
state C, including the change in business conditions and outputting the reconfigured
FMH. The algorithm first locates the configuration range of the feature set h(C(H)) of the
corresponding level through the hierarchical attribute C(H) of the context state C and
accurately activates the feature through the feature name feature_name(C) linked by the
context state, and at the same time, the same level feature for the preset context state in
the model is deactivated. Then, it checks whether the new configuration of the level is
under the constraint of the corresponding level pr, and if it exceeds the constraint range, the
algorithm will issue a warning to the business manager and return. After that, the partial
configuration code l is generated through the function lccGenerate(l), which is composed of
the configured level C(H) and the number of frequencies i are reconfigured for the model.
Finally, the partial configuration code l is integrated into reconfigure (FMH) and returns
the result.

Algorithm 1. Model reconfiguration.

Input: Context state C with changed elements
Output: Reconfigured hierarchical feature model reconfigure(FMH)
h: The set of features with Hierarchy H;
preset(FMH): The set of preset hierarchical feature model;
reconfigure(FMH): The set of reconfigured hierarchical feature model and reconfigure(FMH) = Ø;
Let l be the local configuration code and l ∈ R;
Let i be the global variable and i = 0;
01: for all f ∈ h(C(H)) do
02: if feature_name(f) = feature_name(C) then
03: set feature_state(f) to {Active}
04: end
05: else if feature_name(f) = feature_name(preset(C)) then
06: set feature_state(f) to {Inactive}
07: end
08: end for
09: while (h = h(C(H))) do
10: if C /∈ pr(C(H)) then
11: warning configuration not within pr and return
12: end
13: end while
14: lccGenerate(l)
15: reconfigure(FMH)← preset(FMH)
16: wrap l in reconfigure(FMH)
17: return reconfigure(FMH)
18: end
19: function lccGenerate(l)
20: l = C(H) * 100
21: i += 1
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4. Hierarchical Process Model Management Mechanism

The dynamic adaptation method based on the hierarchical feature model uses the
hierarchical feature model to divide different business stages to meet the rapid positioning
of complex business processes in the face of emergencies and associates with the BPMN
model through the mapping model so that the generated configuration can be accepted and
executed by the workflow engine. The main task of process management during business
execution is to select the appropriate business policy to configure the hierarchical feature
model locally or globally according to changes in the external environment to achieve
flexible response to emergencies. Combining the previous relevant definitions, a complete
mechanism of HPMF can be proposed as shown in Figure 8.
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5. Case Study

In order to verify that the proposed method can effectively formulate business strate-
gies for different business stages in the application, efficiently reconfigure the process
model in an execution environment with many emergencies, and solve the problems of
difficult management and maintenance of corporate business strategy and long response
time to model changes, this research conducted a case study based on corporate process
examples. Because this research is aimed at the hierarchical dynamic adaptation method
of the complex process model of the enterprise, the two dimensions considered by the
hierarchical division method are object oriented and resource call. Therefore, the selected
business process instance needs to involve as much as possible the functional scope of
all possible business objects, including cross-organization, cross-department, and internal
department, and reflect the different degrees of refinement of resources under the same
functional scope. The selected process instance should also be represented in the enterprise
to demonstrate the universality of this method. As the value created by product services
accounts for an increasing proportion of the company’s overall revenue, more and more
companies now regard the product service process as their core process, hoping to create
greater added value [42]. The selection of product service-related processes is more in
line with the company’s current application requirements for BPM. Based on the above
considerations, this study chose the air-conditioning service support process as an instance
for method verification, since it has a wide range of functional scopes, many nested subpro-
cesses and activities in the process model, and the degree of internal resource refinement
is different.

Based on the selected business process instance, this study adopts the following
methods to explore the results: (1) Develop a business process dynamic adaptation tool
and demonstrate the various stages of the method in combination with the process instance
to verify the feasibility of the method at the application level. (2) Based on the business
process dynamic adaptation tool, the simulation of the model reconfiguration process is
carried out to quantitatively demonstrate the time response performance of the method
and verify the effectiveness of the method in the implementation. The rest of this section
will introduce these two aspects.

To verify the feasibility of the proposed method at the application level, this research
develops the business process dynamic adaptation tool through C# and NET frameworks
and develops the user interface with the Windows Presentation Foundation component.
The actual application situation is shown in Figure 9. First, the air-conditioning service
support process or other process examples through the BPMN-Editor [43] in the enterprise
are obtained, and a hierarchical feature model is created through the business process
dynamic adaptation tool and the hierarchical division decision matrix. The features that are
preset to be activated are marked as green. The features that are preset to be deactivated
are marked in gray to visually display the process preset conditions on the interface. Then,
the endpoints of the mapping model are defined to convert the hierarchical feature model
to the hierarchical BPMN model, which is deployed and executed by the workflow engine.
During the process of operation, the context information is collected, and the business
rules are compared to determine whether the current business stage conforms to the model
preset, if any. If the situation exceeds the expected situation, the corresponding context
information and hierarchical attribute information will be returned to the management tool.
Finally, after receiving the reconfiguration instruction information, the business process
dynamic adaptation tool directly performs partial reconfiguration of the model under
the constraints of business principles on the features at the specified level, deactivates
the corresponding features, and activates the features that meet the business needs. It
then changes mapping model endpoints accordingly, completes the modification of the
BPMN model, and deploys and executes the reconfiguration business process to respond
to business changes.
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To verify the effectiveness of the proposed method at the implementation level, this
study draws on the method of Xiao [32] to evaluate the time response performance of dy-
namic adaptation cases. A feature model containing 1000 elements is randomly generated,
25 to 600 variable features are set in sequence, the number of variable features between each
group is 25, and a total of 24 sets of simulations are performed. Each group is simulated
for the two cases of direct traversal and hierarchical method to find the features that need
to be reconfigured, and the time response results are compared. The feature that needs
to be reconfigured is always placed in the middle position of all variable features. The
simulations are performed on a machine running Windows 7 with a 3.0 GH Intel dual-core
CPU and 4 GB of RAM. The response time of the hierarchical method and direct traversal
method can be obtained, as shown in Figure 10. The data in the figure are the mean values
calculated based on the results of 30 simulations. The coefficient of variation that can
represent the fluctuation of the data is calculated according to the simulation results of each
group, and values are between 3% and 4%. The time response fluctuation is small. It can
be analyzed from the simulation results. Although the operating cost of the hierarchical
method is not much different from that of the direct traversal method when the number of
variable features is close to 60% of the total number, most of the stages in the actual process
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example are mandatory. In the scenario where there are fewer variable business stages in
the complex model that need to be reconfigured, the running response time cost of this
method can be reduced by up to 50%, which also reflects the good feasibility of the method
in the actual business scenarios of the enterprise.
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6. Discussion

This research proposes a model-driven dynamic adaptation method for business
processes. First, the feature model is established to reflect the hierarchical structure, and
different business stages are divided through the decision matrix to expand the hierarchical
attributes. As a result, the internal structure of the complex process model is presented to
achieve rapid positioning of business changes. Then, the hierarchical business policy is
defined to make decisions on the changes of the corresponding level, realizing the automatic
reconfiguration of the process model and verifying the correctness of the reconfigured
model. Finally, the rapid deployment and execution of the reconfigured model are realized
through the mapping model. The main advantages and uniqueness of this research include:

(1) Improving the overall performance of the dynamic adaptation method based on the
hierarchical management idea.

Through the intervention of the hierarchical management idea, this research effectively
divides the levels of many subprocesses and activities in the complex process model. On
this basis, the business policy for different levels of business stages is formulated to realize
the perception and positioning of business changes and the automatic reconfiguration of
the corresponding business stages. Compared with the existing business process dynamic
adaptation methods, such as related research on data-driven methods, because data-driven
methods mostly focus on specific algorithms for training models, such as business anomaly
prediction algorithms, simulation decision-making algorithms, etc., they are geared to
specific learning targets and may be restricted to the underlying data, and therefore, a
dynamic process adaption is not possible in a holistic and more abstract way. This research
has established a complete framework for dynamic adaptation of business processes, with
hierarchical thinking as the mainline, and the entire dynamic adaptation mechanism of
the business process has been improved. Compared with the data-driven methods, the
proposed method has better continuity and integrity. Compared with existing model-
driven methods, such as predefining decision points and establishing process templates,
because the hierarchical feature model derived in this research can effectively display
the internal structure of the original process, the problem of slow model reconfiguration
response and difficult maintenance of the decision database can be avoided with the aid of
hierarchical policy.
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(2) Realizing the automatic deployment and execution of the reconfigured model through
the mapping model.

This research uses the method of constructing the mapping model to connect business
process models based on a specific standard (such as a BPMN model) and derived process
models and realizes the direct execution of the reconfigured model on the workflow engine
through the automatic conversion of endpoints. This mechanism can bring enlightenment
to the current research on business process dynamic adaptation methods, especially the
research related to model-driven methods. Existing model-driven methods for constructing
derived process models, such as establishing business process templates, restructuring
process models based on bottom-up mechanisms, etc., lack an automatic conversion mecha-
nism to restore derived process models to original process models. This deficiency leads to
the fact that even if business changes are sensed and model reconfiguration is performed,
the workflow engine cannot directly execute the reconfigured process. The intervention of
the mapping model and automated mapping mechanism can better meet the requirements
for agile response and rapid deployment of online support during process execution.

The method proposed also has some limitations. This research is based on the existing
business process model to explore the proposed method. Since the establishment of a
business process model requires a certain amount of expert knowledge, for business pro-
cesses that have not been modeled through the accumulation of experience and knowledge,
this application scenario has not been considered in this research. Secondly, the process
model discussed in this research adopts the current mainstream BPMN workflow standard.
Other workflow standards such as Business Process Modeling Language (BPML), Business
Process Execution Language (BPEL), etc., have not been further verified in this research.

7. Conclusions

This research builds a complete implementation framework for the dynamic adap-
tation method of business processes. By combining hierarchical management ideas with
business process execution, hierarchical decision matrices and hierarchical business policies
are designed and proposed. Since the internal structure of the complex process model
is clearly presented, rapid response to business changes and adaptive reconfiguration
of the process model can be realized. The automatic deployment and execution of the
reconfigured model on the workflow engine are realized through the mapping model and
endpoint conversion mechanism. Meanwhile, the business process dynamic adaptation
tool prototype is developed, combined with the time response simulation results, and the
feasibility and effectiveness of the proposed method are verified.

The method proposed analyzes the context state of business processes during the
execution phase, mainly using artificially defined rules to judge possible changes in the
business environment, but the actual changes may be more complicated and exceed the
scope of traditional empirical judgments. In future work, the researchers will combine
data-driven related methods, such as business process anomaly detection technology, to
achieve more comprehensive coverage of the process change identification link and build
a business process dynamic management mechanism that combines model-driven and
data-driven methods.
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