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Abstract. In a dynamic environment, business process needs to be adjusted and 
evolved in response to the changeable internal policies and external environment. 
However, it is a time-consuming and laborious way by redesigning process 
model and executing the process instance. In this paper, we propose a 
rule-oriented approach to dynamically generate business process according to the 
current context at runtime. To enable dynamic and context-aware adaptation, the 
relationship between services and context is described as rules, which are then 
used to generate the solution with a mapping mechanism. Two algorithms are 
designed to generate the activity sequence at runtime, which is the solution of 
process adaptation. In order to achieve the preference selection, a process  
assessment strategy has been proposed to constrain the generated activity  
sequence. Simulation experiments have been conducted to demonstrate the  
efficiency of our approach. 

Keywords: BPM, adaptation, dynamic assembly, service composition, con-
text-aware. 

1 Introduction 

Service-oriented computing is a new computing paradigm. There are many advantages 
to organize business processes in the form of services [10]. A well designed business 
process can increase effectiveness and add value for the enterprise. However, the abil-
ity to respond to the changes in business processes is very small. The changes come 
from the adjustment of internal regulatory policy, as well as the impact of environment 
context change [5]. Due to the changes, a predefined business process may become 
unable to continue or no longer meeting the current business goals. So, business 
process needs to be adjusted and evolved in response to the changeable internal policies 
and external environment [14]. However, it will be a time-consuming and laborious 
work by redesigning process model and executing the process instance. Therefore, how 
to rapidly adjust the predefined business processes to meet business goals at runtime 
according to the current context is a meaningful problem. Especially in Internet of 
Things (IoT), the dynamic characteristics of the environment and the burstiness of 
services will directly affect the running process instances. It has practical significance 
to reassemble business activities to adapt to the changes by the way of dynamic plan-
ning at runtime. 
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The traditional workflow mainly concern to design business process model by 
analyzing business requirements at design stage, and execute the business process 
instances at runtime [18]. Both the definition of process logic and the binding of ser-
vices can be realized at design stage. This kind of workflow is suitable for fixed busi-
ness, and it is a static process, e.g. alarm process using WS-BPEL. But in a dynamic 
environment, the changing context or abnormal events will lead to the initial process 
instances cannot continue. And the changes of application requirements will lead to  
the initial business processes cannot meet the new business goals. Some changes are 
unpredictable, and it may only occur once, or only reappear under the certain situations. 
So, it is a time-consuming and laborious way to adapt to the changes by redefining the 
process models back to the design stage. And it is a good solution to generate a tem-
porary process which meets business goals and user preferences by a rule-oriented 
approach according to the current context and various rules at runtime. 

2 Related Work 

The process is too rigid is the main problem in traditional workflow management 
systems (WFMSs). These systems are not suitable for handling rapidly evolving 
processes [7]. The case-handling paradigm, such as FLOWer, is usually considered as a 
much more flexible approach, which allowing users to modify the predefined model 
[1]. A new generation of adaptive workflow management systems are developed 
[8,19], such as ADEPT, which response to the demand of dynamic business process 
management. However, both in case-handling and adaptive systems, process models 
are presented in a process modeling language (e.g., Pi calculus, Petri nets [13], etc.), 
which precisely prescribes the algorithm to be executed. Although case-handling and 
adaptive systems allow for changes of models written in imperative languages, the 
result remains an imperative model. This can result in many efforts to implement var-
ious changes over and over again. In order to avoid the mandatory features of these 
modeling languages, Pesic et al. [11] proposes ConDec as a declarative language for 
modeling business process. Unlike imperative languages, declarative languages specify 
what not to do instead of specifying how to work. This leaves a lot of room for the 
maneuver of users who can make decisions and work in various ways with the same 
ConDec model. But this method strongly depends on the description of constraint. The 
flexibility is very weak when the description is insufficient [15]. And it cannot access 
the runtime state of the process [2].  

There already exist many researches on the adaptability of business process in the 
field of business process management [4,12,17]. Bucchiarone et al. [3] defines abstract 
activities of process model according to business goals at design stage. The proposed 
method is fragment-based, and it gradually refines the implementation of abstract 
activities by a series of adaptation mechanisms at runtime. However, the adaptation 
mechanisms are relatively complex, and it cannot support manual intervention and 
adjustment for the generated business process. Moreover, this method does not support 
to user preferences. Yu et al. [20] uses the technology of aspect-oriented. And the 
proposed method can realize different user's preferences which are weaved in processes 
in the form of aspect. But the process logic of process model is fixed, and its variability 
only reflects in the replacement of a specific service according to different user at 
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runtime. Mejia et al. [9] maps the business processes to a series of ECA rules. And the 
proposed method can realize process reengineering according to business require-
ments. However, this method is more dependent on the business experts. Due to ser-
vices and process logic are bound in ECA rules, it has a lower flexibility to cope with 
the changes in the changeable environment.  

Our research is based on the previously developed information service platform of 
heating system. The platform is an IoT application project about urban central heating 
and room temperature monitoring system. The architecture of this platform is shown as 
Figure 1. This paper is research on the adaptive module (the dashed rectangle of Fig.1) 
for BPM. We encountered a dynamic assembly problem between main process and 
sub-process at runtime, when we developed the application of the Maintenance Process 
with this platform. Based on this problem, we propose a rule-oriented dynamic plan-
ning approach (called RoDP) which can quickly respond to the changes at runtime. The 
RoDP approach can realize dynamic assembly and adaptive adjustment of the inter-
rupted business process at runtime. 

 

Fig. 1. Architecture of information service platform 

3 Scenario and Problem Description 

The following scenario is about heating maintenance process of the Maintenance Ser-
vice. There are three ways to submit a maintenance request. When a request is  
submitted, duty manager assigns repairman to repair and confirms the result of the 
maintenance. The maintenance process is shown as Figure 2. 
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Fig. 2. Heating maintenance process of Maintenance Service 

The changes of context information may interrupt an ongoing maintenance process 
instance. For example, if there is a lack of some materials during the maintenance 
period, the process instance will be unable to continue until the materials are supple-
mented. So, the main process instances need to dynamically assemble and execute the 
sub-process of procurement, and return to the process instances to continue until the 
total business goals are achieved. In addition, the heating maintenance process  
may not be suitable for some new requirements. For example, heating equipments or 
temperature sensors need to be replaced uniformly. So, a new process needs to be 
dynamically generated to achieve this new goal. 

Therefore, one of the problems is how to dynamically assemble the relevant 
sub-processes and return to the main process when the execution of process instance 
is interrupted by some events. Another problem is how to dynamically generate the 
relevant processes to meet the new goals according to the current state, when new 
business requirements appear. Figure 3 shows the procurement sub-process about the 
event of lack of material. Figure 4 shows the new process about the new requirement 
of the replacement of heating equipments or temperature sensors. In conclusion, the 
general problem is how to rapidly organize business process to meet business goals at 
runtime according to the current context and the existing service, when the changes of 
contextual information or the emergence of new requirements affect the execution of 
process instances in the dynamic environment. The key to solve the general problem 
is to generate a related activity sequence to meet the business goals. 
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Fig. 3. Process of the procurement sub-process 
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Fig. 4. Process of the replacement of heating equipments or temperature sensors 

4 The RoDP Approach 

In this section we propose our RoDP approach and discuss several key principles used 
in the design of this approach. First, we describe the adaptation architecture and the 
function of each component. Second, we introduce formal definitions of the elements 
of our adaptation architecture. Finally, we propose two algorithms to generate the 
activity sequence at runtime, and we conduct experiments and comparative analysis. In 
addition, we describe the mapping mechanism and assessment strategy in detail. 

4.1 The RoDP Architecture 

The adaptation architecture is shown as Figure 5. The predefined business processes 
are stored in the Process Model which is a part of the Process Creation Environment. 
Process instances are executed in the Process Execution Engine and receive the events 
from the Unified Messaging Space. In response to these events and new requirements, 
Rule Engine generates the corresponding activity sequence according to various rules 
which describe the relationships between states of resources and activities. Rules are 
stored in the Rule Base, and activities are stored in the Service Base. The relationship 
between services and rules is realized by the Mapping module in the User Interface. 
Different user preferences are realized by the module of Process Assessment.  

a:1

c:3 j:2

 

Fig. 5. The architecture of adaptive process 
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When the process instances are interrupted by events or new requirements, Execu-
tion Engine extracts the current states of the related resources and the objective states 
of the remaining activities. According to the current states, the objective states and the 
relevant rules, Rule Engine generates a weighted directed graph (called WDG), and 
then outputs the corresponding activity sequence according to assessment strategy. In 
addition, for the interruption caused by events, Execution Engine just return to 
process breakpoint or anywhere of the remaining activities in process model.  

4.2 Definition 

In this section we introduce formal definitions of the elements of our adaptation  
architecture. 

1) Context: Context describes the current states of the resources. Many things can 
be seen as resources especially in IoT, such as sensor, material, person and other 
physical resources. Virtual resource can also be seen as an operable resource, such as 
data, Web service. Each resource has two or more states to mark the current feature of 
the resource. For example, the state of the material I is none (or yes), and the state of 
the Web service J is unavailable (or available). 

Definition 1: (Context) So =< id(i)∣ id(i).State, i∈N>, where: So represents the current 
states of related resources of the interrupted instances; id(i) is the serial number of 
resource i; id(i).State is the current state of the id(i) resource and State(a) represents 
the resource state, and 0≤a≤ε; ε is the quantity of the states of a specific resource. 

2) Activity: Activity (or service) describes the input, output, a set of operations and 
the corresponding weight. In addition, the data which transmit between activities can 
be defined and accessed in the form of Artifact [16]. 

Definition 3: (Activity) A=< id, id, Input, Output, Weight>, where: id is the activity 
identity, and id(x) is the serial number of activity x (0≤x≤μ), μ is the total number of 
activities; Input represents the triggered state of activity or input parameter of Web 
service, and Output represents the changed state or output parameter; Weight 
represents the cost, response time, user expectation or other QoS parameters of the 
activity; the id and id of virtual resource is the same, and the id and id of physical 
resource is different. 

3) Business Goal: Business goal describes the states, which the remaining activities 
of process model should achieve. Business goal is generated by extracting all the 
outputs of unfinished activities when the process instance is interrupted by events. 
And business goal is G` which represents the final states when a new business  
requirement G` appears. 

Definition 2: (Business Goal) G=<Sx, Sx+1,…, Sn>, where: 0<x<n; and Sx represents 
the objective state which the first unfinished activity x should achieve, and Sx:= 

id(x).State(b); Sx+1 represents the objective state which the next activity x+1 should 
achieve in the process model; Sn represents the final state which the last activity 
should achieve.  
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4) Rule: Rule is an abstract description of the activity, which describes the precon-
dition, result and operation for performing an activity.  

Definition 4: (Rule) R=<ℝid, id, precondition, result>, where: ℝid is the rule identity, 
and ℝid(α) is the serial number of rule α (0≤α≤m), m is the total number of rules ; 
precondition is the condition that an activity is triggered; result is the result of im-
plementation of the activity; 

5) Activity Sequence: Activity sequence describes the ordinal relation of activities. 
According to the Process Assessment strategy, the activity sequence is generated by 
the RoDP algorithm and returned by the Rule Engine. 

Definition 5: (Activity Sequence) P=< id(x), id(y),…, id(z)>. 

4.3 The Rule Mapping Mechanism 

Rule is an abstract description about the activities of the corresponding physical re-
source and services of the corresponding virtual resource. The state of a physical  
resource can usually be changed by an atomic activity which has the same input and 
output. For example, the procurement activity changes the state of material I from 
none to yes, and the input and output parameters are all about the change of material 
quantity. So, the precondition and result of the rule respectively are the states (before 
and after the change) of the resource. The state of a virtual resource represents that the 
corresponding service is available or not. And the precondition and result of the rule 
respectively are the input and output parameter of the service. If an activity or  
a service realizes the transition from one state to another, it can be expressed as  
follows: 
 

Physical resource 
id
(x)::

id
(i).State(a)→

id
(i).State(b) ℝ

id
(α)::

id
(x) ℝ

id
(α).precondition:= 

id
(x).State(a) ℝ

id
(α).result:=

id
(x).State(b) 

<ℝ
id
(α),

id
(x),

id
(x).State(a),

id
(x).State(b)> 

Virtual resource

id
(y)::

id
(y).State(a)→

id
(y).State(b) ℝ

id
(β)::

id
(y) ℝ

id
(β).precondition:= 

id
(y).Input ℝ

id
(β).result:=

id
(y).Output 

<ℝ
id
(β),

id
(y),

id
(y).Input,

id
(y).Output> 

Annotation: ‘::’ represents associated relationship, ‘:=’ represents the assignment operator. 

 
The rule mapping mechanism is shown as Figure 6. In addition, in order to make 

full use of the existing process fragments (otherwise known as composite services), 
each fragment can be mapped to one rule. Developers or users can manage the entire 
Rule Base by the component of Rule Management in the User Interface. The changes 
of business policy could be achieved by modifying the relevant rules. When the  
current Rule Base is unable to generate solution, we can solve it by adding rules and 
injecting related services [6]. 
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(a) Map physical resource to rule 

 
(b) Map virtual resource to rule 

Fig. 6. The rule mapping mechanism 

4.4 The RoDP Algorithm 

The key problem of the RoDP is to generate the activity sequence to meet the busi-
ness goals by matching the rules. The required activity sequence can be considered as 
the edge of the feasible path from current states to objective states in WDG. We pro-
pose two algorithms for generating activity sequence according to the number of the 
rules. One is a global approach that the Rule Engine creates WDG by matching all the 
rules and finds the optimal path from the current states to the objective states. The 
generated activity sequence is the optimal sequence in the optimal path. Another is  
a local approach that the Rule Engine matches the rule with the minimum weight 
from the current states to the objective states by greedy algorithm step by step. This 
approach is to solve the suboptimal path, when the number of the rules is very large, 
and the generated activity sequence is the suboptimal sequence. 

The step to create the WDG is as follow: I. For the first rule, create the node S11 
(S11:=ℝid(1).precondition) and the node S12 (S12:=ℝid(1).result) in WDG, then create the 
directed edge from S11 to S12, and mark the edge with the weight id(x).Weight of re-
lated activity x; II. For the rule α (α>1), create the node Sα1 (Sα1:=ℝid(α). precondition) 
and the node Sα2 (Sα2:=ℝid(α).result) in WDG, merge the same nodes, then create the 
directed edge from Sα1 to Sα2, and mark the edge with activity weight id(y).Weight; III. 
Continue to II until α>m (m is the number of the rules). 

1) Algorithm of optimal activity sequence (called RoDP-opt) 
The key issue for generating the optimal sequence is to solve the optimal path from 
the current states to the objective states in the WDG. In our RoDP-opt algorithm, we 
use the Dijkstra algorithm to solve the optimal path. 

The step to generate the optimal activity sequence is as follow: I. Extract the cur-
rent states So (So:: id(i).State) and the objective states G ( id(x).State(b), 

id(x+1).State(b), …); II. Create the G(V,E) (namely WDG) according to all the rules; 
III. Label the nodes So and the nodes G in WDG; IV. Find the shortest path from So to 
Sn, and Sn is one of the elements of the set G; V. Output the optimal sequence based 
on the assessment strategy. 

Algorithm 1. The RoDP-opt algorithm 
capture the current context So and business goal G 
receive user-preference 
for rule R(α) (1≤α≤m) 
    create V(G) and E(G), Edge[S 1][ S 2]:= 

id
.Weight 
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for Si ∈V(G) (1≤i≤∣V(G)∣) 
    if So= Si, then change the label Si to So 
    else if Sn= Si, then change the label Si to Sn  
 P`:= activity of (path of (Dijkstra(So,Sn))) 
 P:=Min (P`) 
 return P 

2) Algorithm of suboptimal activity sequence (called RoDP-subopt) 
It is very difficult to create and manage the WDG when the number of the rules is 
larger. The RoDP-subopt algorithm generates a suboptimal activity sequence by a 
local optimum manner. The key issue is to support backtracking in the solving 
process for generating the suboptimal sequence. In the RoDP-subopt algorithm, it is 
realized by emptying the related rules of the unreachable path temporarily and select-
ing the remaining rules which can be matched iteratively. 

The step to generate the suboptimal activity sequence is as follow: I. For the cur-
rent states So, match the precondition of all the rules with So, then select the activity x 
with minimum weight from all the matching rules, put activity x into activity  
sequence P and assign the result of the related rule to So; II. If there is not any match-
ing rules with So, then backtracking (flag=0); III. Continue to I until So⊆G or P=∅. 

Algorithm 2. The RoDP-subopt algorithm 
capture the current context So and business goal G 
receive user-preference 
do 
{   for rule R(α) (1≤α≤m) 

if ℝ
id
(α). precondition= So, then add id

(x) in P` 

id
(y):=Min(P`) 

add 
id
(y) in P, P`:=∅, So:= ℝ

id
(β). result, flag:=0 

for rule R(α) (1≤α≤m) 
if ℝ

id
(α). precondition= So, then flag:=1 

if (flag=0)&(So⊈G), then 
delete 

id
(y) in P, delete ℝ

id
(β), So= ℝ

id
(β). precondition 

} while ((So⊈G)&(P≠∅)) 
recover ℝ

id
(β) 

return P 

4.5 The Process Assessment Strategy 

Because of the different user preference, the generated activity sequence is different. This 
paper assesses the generated activity sequence with service cost, respond time, user  
experience or other QoS parameters. Users set the Process Assessment strategy by the 
Preference Selection in the User Interface, and the RoDP algorithm receives these para-
meters and generates corresponding activity sequence. The activity sequence can be di-
rectly executed by the Execution Engine, or it can be modified by developer in the Process 
Creation Environment. 
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Optimal P Min δ λ Δ τ         s. t.  
δ C
τ U    j 3 j n,

 .       1  

Formula 1 is the mathematical expression for calculating optimal sequence or sub-
optimal sequence. δ, σ, and τ respectively represent the cost, response time, and user 
experience; θ is the number of activities in each group; Δ is the full mark of user  
experience (0≤τ≤Δ); j (j:: id) is the serial number of the activity (j≠3 represents that 
no expect to use the activity which serial number is 3). Constrains (s.t.) provide more 
advanced assessment strategy for users. For example, if the preference is that users 
expect to choose activity sequence with minimum response time in the constraint that 
the total cost is not more than C, it can be expressed as formula 2. 

Optimal P Min σ     s. t. δ C .                                2  

4.6 Experiment and Analysis 

In this paper, we validate our RoDP approach by Matlab simulation experiment. We 
use service cost as the assessment strategy. To simplify the problem, we suppose that 
current state is So and objective state is Sn. The experimental data is shown as Figure 
7, and the experimental result is shown as Figure 8. 

 

 

Fig. 7. The experimental data of RoDP 
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Fig. 8. The experimental result of RoDP 

The computer configuration is that the CPU is dual-core 2.40GHZ and the memory 
is 4.00GB. We simulate the time consumption and space consumption while the rule 
number is 15, 50, 150, 450, 1350, and 4050, as shown in Figure 9. Abscissa indicates 
the number of rules. Experiments show that the time consumption is 7.162s for gene-
rating optimal activity sequence and the time consumption is 74.329ms for generating 
suboptimal activity sequence, when the number of rules is 1000. Through the experi-
mental results, we conclude that we should use the RoDP-subopt algorithm to gener-
ate suboptimal activity sequence when the number of rules reaches 103 orders of 
magnitude. To avoid circular wait or infinite wait, we specify to execute the 
RoDP-subopt algorithm when execution time of the RoDP-opt algorithm exceeds 10s. 

 

 
Fig. 9. The algorithm comparison under different number of rules 

Table 1. The comparison of various methods  

Method Automatic 
Adjustment 

Consistency 
Detection 

Context
Aware 

New Re-
quirement 

User 
Preference 

Manual  
Intervention 

ADEPT  √   √ √ 

ConDec  √  √ √ √ 

Fragment-based √  √    

Aspect-oriented   √  √  

ECA-based √ √  √ √  

RoDP √  √ √ √ √ 
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Table 1 shows the comparison of various methods which were mentioned in the 
section of the Related Work. The major elements of comparison are as follows: 
whether to support the Automatic Adjustment at runtime; whether to support the Con-
sistency Detection of the generated process; whether to respond to the changes of the 
Context and new requirement; whether to support the User Preference and Manual 
Intervention during the process of dynamic adaptation. 

5 Conclusion 

In the dynamic environment, it is an effective way to respond to the changes of envi-
ronment information and application requirements by the dynamic planning approach. 
And the generated activity sequence of business process satisfies the business goals. 
This paper focuses on the dynamic assembly problem while we develop heating 
maintenance process based on the previously developed information service platform 
of heating industry. We propose the RoDP approach to adapt to the changes. The ap-
proach can realize adaptive adjustment of business process at runtime. The RoDP has 
high flexibility, because it is based on the rules. And we can also adjust the rules to 
respond to the changes. In addition, our approach supports user preference and ma-
nual intervention for the generated process. However, this paper does not focus on the 
data flow and the consistency detection which may lead to the problem of process 
inconsistency. So, we need to do further research on them. This approach not only 
solves the dynamic assembly problem between processes, but also proposes a general 
solution for the adaptation problem of business process in the changeable environ-
ment. The next step is to develop the corresponding components or tools. 
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