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Abstract 

Nowadays, traditional model construction techniques are often used in the self-

adaptive software development environment. However, due to its adaptation problems, 

such as low reusability and high complexity, it is difficult to meet the incremental 

requirements of users. In order to achieve the combination of models and the results 

verified, this paper regards improving the reusability of adaptation models as a starting 

point, introducing the formal method of partial behaviour model to the description of 

adaptation behaviour. With the help of three-valued logic model description language 

KMTS, we research the consistent judgment algorithm of related models, and propose a 

fusion method of consistent models for supporting online fusion of adaptation models. 

Finally we use a model instance and its application to analyze and verify the correctness 

and effectiveness of the fusion result. 
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1. Introduction 

In the current self-adaptive software design process, it mainly employs dedicated 

adaptation module construction technique in order to meet the increments of 

software development mode. This mode requires multiple modules together to 

achieve users’ requirements, when the users’ requirements or environment changes, 

module replacement even regroup will be used to complete the overall design. 

However, due to the different design goals or description languages, the 

combination design of adaptation logic between the existing software module and 

the requirement module is very difficult. In the self-adaptive software design, 

adaptation logic is regarded as the brain of self-adaptive software evolution, which 

plays an important role when software system adapts to the changeable 

environment. The adaptation logic of self-adaptive software usually has a strong 

environmental coupling. This means when the software operating environment is 

inconsistent with its original environment, the adaptation mechanisms will be 

adjusted accordingly to adapt to new environment. Oreizy, et al., [1] have stated: 

"In order to adapt to changing environmental requirements, not only adaptation 

software should be changed to reflect the new environmental requirements, the 

system adaptation logic also must evolve accordingly." 

Some well-known researchers have in-depth research in the adaptation logic 

combination, such as Maurel, et al., [2] proposed a speculation-based integration 

strategy, the core of which is the assumption that each adaptation logic will not 

conflict, so each adaptation project can be directly superimposed under the 

assumption. Sicard, et al., [3] built a self-adaptive software framework supporting 

software self-healing, in which the fusion method of two different adaptation goals 

is to design a special algorithm in order to eliminate possible conflicts. However, 

this dedicated algorithm constitutes a strong coupling mechanism in the middle of 

two different adaptation logics, making the adaption module difficult to be reused in 
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different contexts. Jie, et al., [4] realized a self-adaptive mechanism based on 

Autonomous components of run-time quality evaluated dynamically, through 

monitoring the performance of Autonomous components to evaluate the merits of 

self-adaptive strategies and make adjustments, but it did not address how to build 

the process of adaptation logic. These self-adaptive software development patterns 

based on multi-model fusion are usually solved with empirical methods, so it is 

difficult to verify the correctness and validity of the merged modules.  

In order to solve verification issues after module combination better, with the 

help of partial behaviour model [5] mathematical tool, the formal method of partial 

behaviour model is introduced into the adaptation description of self-adaptive 

software to make the process of adaptation logic combination formalized. By 

accurately describing the unknown and the re-configurable information of modeling, 

it makes the model fusion and its verification possible.  It regards different self-

adaptive software modules as different adaptation models, through the continuously 

fusion of partial behaviour models to meet the incremental requirements. On the 

basis of the formal description, we design the consistent judgment algorithm 

between partial adaptation models and adaptation logic fusion method to provide 

reliable support for the fusion of the consistent models. Through building the 

appropriate model fusion instance, abstract model analysis and the actual 

development application, we realize the accuracy validation of fusion results.  

 

2. Model Fusion Design 
 

2.1. Analysis of Adaptation Behavior Formal Description 

In order to describe the process of self-adaptive software evolution accurately, 

the researchers have proposed a lot of formal description methods, and used the 

relevant mathematical tools to analyze the characteristics of evolution. For example, 

Oreizy, et al., [6] employed the C2 ADL language, and made use of Archstudio 

development and runtime environment to support dynamic modification of software; 

Li, et al., [7] proposed a theoretical model of dynamic self-adaptive systems and 

defined self-adaptive software architecture with formal methods. However, the 

formal descriptions they have studied essentially focus on the changes of the 

architecture. Zhang, et al., [8] pointed out that self-adaptive software design usually 

involves the changing of the system adaptation behavior, and used A-LTL to 

describe adaptation behavior based on temporal logic approach. Kramer, et al., [9] 

used π calculus to represent the dynamic behavior of the software in order to 

describe the behavior evolution of self-adaptive software; Li, et al., [10] proposed a 

dynamic architecture description language D-ADL, and formalized the dynamic 

behavior to high-order π calculus derivation, which can be used to formally describe 

the dynamic change process of system architecture in design pattern. These studies 

usually just change the system dynamical adaptation behavior into a complete 

adaptation model, but the model is not well to support the online construction 

mechanism based on the partial adaptation model combination. 

Some researchers have proposed the concept of partial behavior model to support 

incremental software development patterns. It well supports the separation of 

concerns development pattern, and gradually becomes a research hot of behavior 

model formalization. Nowadays, there are many formal languages and architectures 

based on partial behavior model, such as Partial Labelled Transition Systems [11], 

Multi-Valued State Machines [12] and so on. These studies support the modeling of 

partial behavior model and the description of unknown information, and some non-

deterministic description can be stepwise refinement in the design of behavior 
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models or gradually removed in multi-part model fusion process, thus it provides a 

well support for the fusion description of adaptation behavior models. 

 

2.2. Selection and Analysis of Formal Description Language 

In order to realize the incremental fusion of adaptation models and resolve 

conflicts arising from the fusion process, adaptation models must support explicitly 

modeling for the current unknown information. The traditional modeling language 

kripke structure, as shown in Figure 1(a), uses Kripke structure to define all the 

states and transitions, but does not support the possible state tr’[\ansitions or 

refinement. While Figure 1(b) shows three-valued logic Kripke Modal Transition 

System(KMTS), supporting the may transitions and the possible states (p=m means 

the p event is unknown), so it can describe the unknown and reconfigurable 

information effectively. 

 

       
a. A Kripke Structure                  b. A Kripke Modal Transition System (KMTS) 

Figure 1. Examples of State-based Formalisms 

A KMTS is a tuple (S,s0,R
must

,R
may

,L,AP), and defines all states and transitions, 

including may states and may transitions, where S is a set of states,s0 is the initial state, 

R
must 

 SS  and R
may

  SS are must and may transition relations, respectively. L3
AP

 

is a three-valued labelling function; using elements true (t), false (f) and maybe (m) to 

express whether the event is happening. AP represents the set of events in a model, while 

in a merged model,  APu is used to contain all events. 

Figure 1(b) shows an example of a KMTS, where 

1) S={ t0 ,t1 ,t2},and t0 is the initial state; 

2) R
must

={ (t0 ,t1 ),(t1 ,t2 ),(t2 ,t0)}; 

3) R
may

={ (t0 ,t1 ),(t1 ,t2 ),(t2 ,t0), (t0 ,t2)}; 

4) L(t0)={(p,t),(q,t)}, L(t1)={(p,m),(q,t)}, L(t2)={(p,t),(q,f)}; 

5) AP={p,q} 

In a KMTS description, we define R
must

 R
may

, meanwhile, transitions 

represented by solid arrows are in R
must

, and transitions represented by dotted 

arrows are in R
may

\R
must

. 

 

2.3. Model Fusion Process 

In the self-adaptive software development, users’ requirements and self-adaptive 

environment are often subject to changes, and the relationship between the models is 

difficult to determine in advance, which affects the fusion strategies and fusion effects of 

models. Model fusion process studied in this paper is aimed at consistent models, 
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meanwhile, the environment and requirements should keep unchangeable to ensure 

stability. 

The fusion of two adaptation models, shown in Figure 2, needs a series of the fusion 

steps. Firstly, we need to determine the relationship between the models. Due to the 

different design objectives and design points of view, different models may use different 

description languages, so it is difficult to determine the relationship between each other. 

This paper describes a unified formal language KMTS for all models, and synthetic 

judges whether the models are related according to the operating mode of state machine. 

Among related models, they can be divided into inconsistency and consistency based on 

the presence or absence of conflicts between each other. Secondly, for the relationship 

between the models, we should take different fusion strategies [13] to compare and merge 

these related models. When the consistent models are fusing, the key argument is to 

determine the states and the transfer relationships with the same property, providing the 

starting point for the fusion behavior. Finally, we need to analyze the results of the fusion 

to ensure that the model has achieved the fusion targets. 

 

s0 s1

u0 u1

s0
s1

u0 u1

(s0,u0)

Specification of 

Relationships

Model Analysis

Right or 

Wrong

Models

(s1,u1)

Fusion

Models

 

Figure 2. Overview of the Model Fusion 

3. Adaptation Model Fusion Algorithm 

The process of model fusion is to compute the least common refinement (LCR) [14] 

between models. Prior to the model fusion, we need to describe each model with KMTS. 

If KMTS description languages between models are independent, it can be considered 

there is no interference during model fusion, and the LCR generated is unique, which can 

be regarded as a result of model fusion. Otherwise we may have several incomparable 

minimal common refinements described in KMTS. Thus this paper has a further research 

to obtain the least common refinement. 

 

3.1. Unified Description 

Adaptation models waiting for fusion are all inherently incomplete,  and each 

model just focuses on a few features of a system. For example, we suppose there are 

two models K1 and K2, thus KMTS formal description is shown as follows: 

K1:{S1={ s0 ,s1 }; R
must

={ (s0 ,s1 ) }; R
may

={ (s0 ,s1 ) }; L(s0)={(p,t)}, L(s1)={(p,t); 

AP={p}} 

K2: {S2={ u0 ,u1 ,u2}; R
must

={ (u0 ,u1 ) ,(u1 ,u2 )}; R
may

={(u0 ,u1 ) ,(u1 ,u2 )}; L(u0)=(q,f), 

L(u1)=(q,f), L(u2)=(q,f); AP={q}} 
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We denote the set {p, q}, the unified set of events for the system, by APu. In order to 

compare and merge these incomplete models, we need to unify their descriptions. The 

unification of model descriptions can be divided into two parts as follows: 

1) Unified behavior. In a single KMTS model description, all state transitions are 

certain, so R
must 

is equivalent to R
may

. Each model only describes the states relevant. 

However, in a unified description, each model must describe all possible states. 

Hence we need to increase the possible states and may transitions which have not 

been described. In a model K1,in order to keep corresponding with the states and 

transitions of K2,we modify the KMTS partial descriptions are {S1={ s0 ,s1 ,s2}; 

R
must

={ (s0 ,s1 ) }; R
may

={ (s0 ,s1 ),(s1 ,s2 )}}. 

2) Unified events. For each state in the model, its inner events should be compared 

with APu and made adjustments in order to keep same with APu. For the complementary 

events, their properties values are marked m, which means that the events may happen. 

After adding q and p to K1 and K2 respectively, the modified KMTS descriptions are 

shown as follows: 

K1: L(s0)={(p,t), (q,m)}, L(s1)={(p,t), (q,m)} ,L(s2)={(p,m), (q,m)}; AP={p,q} 

K2: L(u0)={(p,m), (q,f)}, L(u1)={(p,m), (q,f)} ,L(u2)={(p,m), (q,f)}; AP={p,q} 

 

3.2. The Judgment of Consistent Models 

Suppose there are two models K1 and K2. Unify their KMTS descriptions, then 

judge whether K1 and K2 are consistent. We define a consistency tag   S1S2, 

while s and u represent the states from K1 and K2 respectively, if s  u, they should 

satisfy the following conditions: 

1)pAPu  (L1(s,p)=t  L2(u,p) f) (L2(u,p)=t L1(s,p) f) 

2) sS1  R1
must

(s,s) uS2  R2
may

(u,u)su 

3) uS2  R2
must

(u,u) sS1  R1
may

(s,s)su 

The mark p represents the event from APu ,while s and u represent the states of 

K1 and K2 respectively. We can infer that the consistent model judgment above is 

recursive. If su, then all events in these states are consistent, and they have 

consistent successors. Thus, if initial states s0 and u0  satisfy s0u0,we can infer 

K1K2, means the two models keep consistent. We have used a greatest fixpoint to 

find a consistency relation between two models, and the algorithm is shown in 

Figure 3. 
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Figure 3. Algorithm for Computing a Consistency Relation 

3.3. Consistent Model Fusion Method 

After unifying the KMTS description of models and making sure the models are  

consistent, we define a merge of K1 and K2 , denoted K1+K2, as a tuple 

(S+,(s0,u0),R+
must

,R+
may

,L+,AP1AP2),which satisfies the following conditions: 

1) S+ = {(s,t)| s  u} 

2) R+
must

={((s,u),(s,u))|(R1
must

(s,s)R2
may

(u,u))(R1
may

(s,s)R2
must

(u,u))} 

3) R+
may

={((s,u),(s,u))|(R1
may

(s,s)R2
may

(u,u))} 

4) pAPu  L+((s,u),p)=L1(s,p)L2(u,p) 

Symbol  represents the union set of information volume, while the information 

volume of property value t and f contained herein both are greater than m, then 

tm=t and fm=f. When the two consistent states are merging, each event should 

be considered, and given the property values after the fusion. For the transitions 

relations between states, we need to distinguish the must and may transitions.  

In summary, the proposed algorithm flowchart of consistent models based on the 

partial behaviour models is shown in Figure 4. 
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Search 
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Figure 4. The Flowchart of Behavior Model Fusion 

In the fusion process, the key steps are following: 

1) The original model and requirement model have a breadth-first search, and 

unify the set of events in the states, so that each state contains all events keeping 

same with APu. For the added event p, we use m to represent its property value. 

2) Regard the initial state s0 of original model as a starting point, traversing all 

the states of requirement model to find a consistent state, and vice verse. If none of 

the successful search, then the two models is inconsistent, fusion method cannot be 

used here. If success, then add the corresponding states between the two models, 

and the dashed arrows indicate the may transitions.  
3) Unify the events of consistent states s and t to the merged state (s,t), and unify 

the consistent relations to the merged model. 

4) Compute the least common refinement of the merged model, and analyze the 

events with the value m, then modify their values to t or f. After model fusion is 

over, verify the corresponding adaptation logics.  

 

4. Case Study and Analysis 
 

4.1. Case Study 

In a typical adaptation module combination system, for example, the entire 

control system contains "Data Acquisition" and "Power Control" two modules. 

Power switch is in control of a sensor. When someone enters the room, the power is 

automatically turned on, otherwise off. To solve the lighting problem in the room, 

the user increases the requirement to control the light switch through voice 

commands. Therefore, the control strategy needs to adjust to suit the requirement of 

jointing control of power and lighting. 

There are two events in the power control model, namely the power event and 

somebody event. The model uses Power and Somebody to represent whether the 

power source is on and whether there is anyone in the room respectively. The 
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KMTS description is shown in Figure 5 (a). For the voice-activated requirement 

model, in a similar way, it uses Light to represent whether the lights are turned on. 

When the power is turned on in advance, sound "on" can make the lights on, and the 

sound "off" then makes the lights opposite. The KMTS description of the 

requirement model is shown in Figure 5 (b). 

 

                          
a. Power Control Model             b. Voice-activated Requirement Model 

Figure 5. Single KMTS Description 

However, in all states of Figure 5(a), they include only the events Somebody and 

Power, while lack the event Light and may transitions response to the sound. 

Therefore, the set of vocabulary of power control model should be extended to APu  

by setting the missing event Light to m in all states of the model, as shown in 

Figure 6(a). Similarly, Figure 6(b) is a unified KMTS description of voice -activated 

requirement model. 

                    
a. Power Control Model         b. Voice-activated             c. Model Fusion Result 

                           Requirement Model   

Figure 6. Unified KMTS Description 

After unifying the KMTS description of the power control model and voice-activated 

lighting requirement model, according to adaptation model fusion algorithm, we can 

determine the consistency relationship between the two models, and conduct model 

fusion. The fusion result is shown in Figure 6(c). 

 

4.2. Analysis of Fusion Results 

In the premise of understanding the results of model fusion, we can analyze it 

from constraints and scenes two aspects. 
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In a model, each event can be seen as its behaviour, and the events in the merged 

model must be associated. The fusion purpose of power and lighting models is to 

meet user’s requirement for room lighting. While for the each state of merged 

model, the number of events has a minimum and maximum constraint. Generally, 

few states can include all events. Thus, for all the states valued m in the merged 

model, if they cannot be captured the exact value from the connected events, we will 

have to remove them from the states. In this example, after the model fusion, the 

value of Light event in the All People Out is m, but it can be analyzed to obtain its 

exact true value is f, therefore it should be retained. Meanwhile, for the same event, 

it shouldn’t be repeated in the same state. 

The original model and requirement model represent different scenes . Such as 

power control model is to meet the power needs in the room, and the voice-activated 

lighting requirement model is to meet the lighting need in the room. It can be found 

from the scene analysis that the power source should be turned on in advance; 

otherwise the light control cannot be available. Therefore, when the model fusion is 

over, fusion results must conformed to their relations. 

 

4.3. Development Show of Model Fusion 

We use android platform development tool to simply develop the case in this 

paper, and the interface is shown in Figure 7.The whole system is divided into three 

main parts: 1) Display area. You can display the power and lighting event with 

indicator light showing their status. In real life, only the display area is presented in 

front of people. 2) Induction area. It consists of various types of sensors with 

indicator lights to show the sensor status. For example, when the power sensor turns 

green, it means someone enters the room; similarly, light sensor can sense the 

incoming sound. 3) Control area. Based on the feedback from the sensing area, it 

uses fixed adaptation logic to control the corresponding events. Control area is in 

the main centre of the entire system, and plays a vital role in the operation of the 

system. 

 

                  z 
a. The Power Control            b. The Voice-activated Light               c. The Perfect Control 

Along                                            Can’t Work 

Figure 7. The Instance of Model Fusion 

Figure 7(a) shows that the whole system only need to implement the power 

control function, and the inherent adaptation logic in control area is to control the 

power status according to the status of power sensor. In the case of constant 
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adaptation logic, the power is consistent with its corresponding sensor. After adding 

voice-activated lighting requirement, as is shown in Figure 7(b), if not carry out 

model fusion or the fusion result is incorrect; the adaptation logic in control area is 

also incorrect. Therefore, even if the light sensor senses the incoming command 

sound, the corresponding light cannot be turned on, and the colour of light next to it 

is still red. Only adaptation logic changes right can make the control function of the 

system run successfully, as shown in Figure 7(c). 

In actual operation, the power switch and voice-activated lighting are abstracted 

into two behaviour models for modeling. Through the fusion algorithm, if they are 

able to fuse with each other, their adaptation logic will also fuse simultaneity. The 

adaptation logic of complete merged model will be able to correctly and effectively 

control the entire system. 

 

5. Conclusion 

In the self-adaptive software development process, module combination can 

effectively solve complex modeling problems. However, due to the adaptation logic 

of dedicated modules accompany with high complexity, low reusability and other 

issues, it is difficult to verify the effectiveness and correctness of the combination 

result. In order to solve the problems, this paper introduces the formal method of 

partial behaviour model to the descriptions of adaptation behaviour to analyze the 

dynamic combination process of adaptation logic based on system local behaviour, 

making the model fusion formalized and provides a strong foundation for the 

validation of fusion results. KMTS description language used in this paper supports 

may behaviours and may states and can effectively provide the unknown and 

reconfigurable description information. Thus, when the two KMTS models are 

consistent, their fusion can be regarded as the process of computing the least 

common refinement. The consistent model judgment and fusion algorithm in the 

paper also provide an effective basis for the validation of the merged model.  

The model fusion method studied in this paper is mainly for the consistent 

adaptation models. Meanwhile, the model fusion based on fixed requirements need 

to maintain a stable self-adaptive environment. We will carry out further research on 

the fusion between inconsistent models and adaptation conditions of the changing 

environment. 
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