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對於環境監管規則之時間感知衝突偵測方法 

 

摘要 

 

此篇論文中提出了一個新的環境監管規則衝突偵測方法，其運用於偵

測智慧環境中使用者所制定的各種服務（在此稱為「規則」）。不同於

傳統的偵測方法，此篇論文考量時間的因素，使具有時間感知的規則

也能夠進行偵測。當考慮到時間的關係，這可能會使得原本衝突的規

則變成有機會發生衝突或是不發生衝突，而且這也將會影響到整個系

統的運作。我們基於特徵交互作用將衝突類型分成矛盾以及循環兩種，

並且將時間因素也考慮到衝突類型當中，再針對這兩種衝突分別進行

偵測。在矛盾這類型的衝突中，此篇論文利用時間邏輯的歸結原理來

找出矛盾的規則；在循環這類型的衝突中，此篇論文將規則轉換成圖，

然後再利用深度優先搜索找出圖中的返回邊，若是有返回邊存在也就

能說明圖中存在著循環。此方法主要有兩個優點，第一個是在不考慮

時間因素的傳統規則中，能夠有效的偵測出衝突。第二個是考慮時間

因素的時間感知規則中，也能夠有效的偵測出衝突。在我們的實驗中，

除了在模擬的規則資料庫中進行偵測外，我們也針對在實際的農業養
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殖場域中所使用的規則資料庫進行偵測。我們所提出的方法成功的偵

測出智慧環境中使用者所制定的服務。  
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Temporal-aware Conflict Detection Method for 

Environmental Regulation 

 

Abstract 

 

A novel temporal-aware conflict detection method for environmental 

regulation which is used to detect the various services (referred to as 

“rules”) prescribed by users in a smart environment is proposed in this 

thesis.  This method is different from the traditional detection methods.  

This thesis considers the temporal-aware so that temporal rules can be 

detected.  When we take the temporal relationship into account, it is 

possible that the conflicting rules are turned into opportunistic conflicting 

rules or non-conflicting rules, and it also affects the operation of the 

entire system.  We divide the conflict type into contradiction and cycle 

based on the feature interaction and take the temporal relationship into 

account, and then detect these two kinds of conflict types.  In the 

conflict type of contradiction, this thesis uses the temporal resolution to 

detection conflicting rules.  In the conflict type of cycle, this thesis 

transforms the rules into graphs, and then detect the cycles through the 

depth-first search (DFS) to find back edges.  This method has two main 

advantages, the first one is that the conflict can be detected among the 

traditional rules which do not consider the temporal.  The second is that 

the conflict can be effectively detected among the temporal rules.  In our 
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experiments, in addition to detecting in simulated rule databases, we also 

detect the rule databases used in the real greenhouse.  The method we 

proposed successfully detect the services prescribed by the users in the 

intelligent environment. 
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1 Introduction 

Automatic control technology is widely used in smart environments.  Smart homes 

and greenhouses are two typical categories of such environments.  In a smart home, 

a resident prescribes trigger-action rules to direct the system to automate the desired 

behaviors of the smart home.  Similarly, agriculture engineers set rules to regulate 

the greenhouse environment in a greenhouse. The rules, also called services in this 

thesis, used to automate the control logic of the environments are usually written in 

the form of "if condition then action."  Generally, a user specifies several potentially 

contradictory rules and then the system performs actions via actuators deployed in the 

environment when the prescribed conditions are met. 

 

1.1 Motivation 

 In order to control a smart environment, the users usually need to prescribe a 

large number of potentially contradictory rules.  When the number of rules is large, 

the execution mechanisms of rules can complex and thus makes the overall system 

behavior become nondeterministic. For example, given that there are two rules 

prescribed as "if the humidity value is greater than 80, then turn off the water wall" 

and "if the temperature value is greater than 25, then turn on the water wall."  When 

these two rules are enabled at the same time, the system is unable to perform expected 

actions as the rules are conflicting, namely, one of the rules tries to close the water 

wall, but another one tries to open the water wall, and then the system is unable to 

determine the correct rule to execute.  Moreover, it is very common that a lot of rules 

are set at the same time, and therefore it is difficult for the users to identify all 
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conflicts manually.  In addition, Huang and Cakmak (2015) had the conditions and 

the actions of the rules more detailed classification.  The conditions of the rules are 

divided into two types of events and states, and the actions of the rules are divided 

into three types of instant, extended, and sustained.  When these circumstances also 

are taken into account so that the conflict problems become more complex.  

Moreover, suppose there are two rules with the same actuator, which have opposite 

switching actions, then one of the rules is enabled in this second, and another rule is 

enabled in the next second.  It makes that the system operates the actuator to open 

and close in a short time, hence it may lead to reduced lifetime of the actuator.  In 

fact, there are many related types of research address conflict detection, for example, 

Sun et al. (2015) present a rule syntax UTEA then define the rule relations, and 

implement a system for detecting conflicts.  However, most of them do not take the 

temporal relationship into account. 

 To consider the temporal property into the rule, this thesis proposes a 

temporal-aware conflict detection method (T-code) and a new rule syntax which is 

written in the form of “If < condition, timeC > Do < action, timeA > Affect < effect, 

timeE >.”  The rule is divided into three components: condition, action, and effect.  

Each component contains one temporal variable, and each time variable represents a 

different meaning.  In the first component, timeC means the time that conditions of 

the rule are satisfied and satisfaction continue for some time.  Second, timeA denotes 

the time generated by that the actions of the rule are activated and actions should 

continue for some time.  Finally, timeE is represented for how long the effect is.  

Generally speaking, the rules can be divided into two main kinds of situations.  One 

of the situations is the temporal-aware rule, and the other is the non-temporal-aware 

rule.  Although the non-temporal-aware rules are described as not related to the 
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temporal relationship, this kind of rules will be expressed as another rule with 

temporal property in this thesis.  To take a simple example, there is a rule be 

described as “if temperature value is greater than 30℃, do turn on the 

air-conditioning,” it cannot be observed to this example have a time relationship.  In 

fact, the action of turning on the air-conditioning will cause the air-conditioning to 

turn on forever, and this case is called a hidden temporal-aware.  Therefore, any 

rules will be expressed as the temporal rules through the rule syntax we proposed.  

After that, these rules can be represented by using temporal logic (TL).  Then 

contradiction and cycle can be detected via logical derivation and graph theory, 

respectively.  Lastly, these conflicts information will be reported to users. 

 When conflicts among rules occur, a naive approach is to retain the existing rules 

and exclude the newly added rules.  However, sometimes there are users that also 

want to retain the newly added rules which are logically conflicting to previous ones.  

Thus, this kind of problem is needed to find a way to solve.  Therefore, this research 

considers that the rules are not necessarily performed simultaneously, one approach is 

to report conflict information to users when conflict occurs.  As a result, the users 

can take action based on conflict information. 
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1.2 Contributions 

 This research proposes a temporal-aware conflict detection method.  

Specifically, the main objective is to detect conflicts between rules by considering 

their relative temporal relationships.  The contributions of this research are 

summarized below.  First, a set of temporal-aware rule syntax that let the users 

specify rules easier is proposed.  Second, this thesis lists different situations 

depending on the time variable and use temporal logic to express these situations.  

Third, the contradictions among the rules can be detected using temporal logical 

derivation and the cycles among the rules can be found via graph theory.  Finally, a 

solution is proposed to avoid conflicts when conflicts occur. 

 

1.3 Organization 

 The thesis is organized as the follows. This section detailed the motivation and 

the research objectives.  In section 2, some related works are discussed.  Then, in 

section 3, a temporal- aware conflict detection method is proposed and introduced.  

The experimental results and the evaluation methods are illustrated in section 4.  

Finally, section 5 is the conclusion and future work. 
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2 Backgrounds and Related Work 

In recent years, there is increasing influence of science and technology to our daily 

lives.  As a result, the concept of the smart thing is emerging: ranging from smart 

home to smart city.  In addition, sensor-driven automatic control technologies are 

also used in the agricultural industry and aquaculture industry.  For example, Qiu et 

al. (2013) present an intelligent monitoring platform framework and system structure 

for the facility agriculture ecosystem. 

 

2.1 Rule Syntax 

 In order to automatically control smart environments such as smart home and 

greenhouse, users prescribe a variety of rules based on their needs.  It is common 

that the rule syntax is written in form of "if condition then action."  The well-known 

IFTTT (https://ifttt.com/) is a representative example.  IFTTT denotes 

if-this-then-that, and it is a trigger-action programming system, which has millions of 

users worldwide.  Dongliang et al. (2008) proposed to denote an event as a 

trigger-able condition.  When a specific event is triggered, conditions associated with 

the event will be judged.  The proposed system adopts Event-Condition-Action 

(ECA) rule syntax, which is originally applied in active database and expert system in 

greenhouse control system.  In addition, since changes in environmental factors will 

also affect the system, the environmental variables need to be considered.  Therefore, 

Wang et al. (2014) propose a formal rule syntax called ETA 

(environment-trigger-actuator), which is composed of environment variables, triggers, 

and actuators.  Sometimes, one has to take the human factor into account, because 

https://ifttt.com/
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multiple co-existing users can also affect the implementation of the rules.  Sun et al. 

(2015) propose a set of formal rule syntax, UTEA, which includes users, triggers, 

environment entities, and actuators.  Besides, there are other special rule models.  

One representative example is the novel dimension model for the rule to manage rule 

conflicts for the smart environmental control system suggested by Ren et al. (2014). 
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2.2 Conflict Types and Feature Interaction (FI) 

 Once the number of rules increases, the overall rule execution process becomes 

more complex and thus causing rule conflictions.  The rule confliction can be 

categorized into many types based on their causes.  Sun et al. (2015) divide the 

conflictions existing in smart building into five categories, namely, shadow conflict, 

execution conflict, environment mutual conflict, direct dependence conflict, and 

indirect dependence conflict.  Shadow conflict is expressed that similar rules are 

executed simultaneously.  Execution conflict means rules with opposite actions are 

executed simultaneously.  Environment mutual conflict means rules causing 

environmental conflict are executed simultaneously.  Direct dependence conflict and 

indirect dependence conflict are represented as the direct or indirect impact on rules.  

These conflict types are defined by the relationship among rules.  Therefore, 

conflicts can be detected by the relationship between rules. 

 Kolberg et al. (2003) introduce feature interaction concepts to model the rule 

conflictions in smart homes.  The feature interaction problem is originally found in 

telephony systems, and there are several methods proposed to avoid or to detect 

feature interactions.  For example, feature interactions can be avoided at run-time 

(Harada et al., 2006).  Kolberg et al. (2003) further classify the feature interaction 

problems in smart homes into four types based on the relationships among services 

and appliances: multiple action interaction (MAI), shared trigger interaction (STI), 

sequential action interaction (SAI), and missed trigger interaction (MTI).  Besides, 

Leelaprute et al. (2008) propose the SPIN model checker to detect feature interaction 

in the home appliance network.
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2.3 Detection for Conflict 

 Conflict can cause system instability, that is why the conflict needs to be detected 

when it exists in the system.  Previous studies have also proposed a variety of ways 

to detect conflict.  Some methods are for smart cities, and some are for smart home.  

For example, Ma et al. (2016) detect four types of conflicts and three conflicting 

objects in smart cities at runtime.  Sun et al. (2015, 2016) focus on smart building 

and smart home.  There are also ways to apply a variety of smart environment.  The 

approach this thesis proposed also apply to a variety of smart environment, such as 

smart home, smart building, smart cities, and smart agriculture.  Of course there are 

exceptions that are not used in a smart environment.  For example, Degiovanni et al. 

(2016) compute the boundary conditions of the conflict goal by using a 

tableaux-based linear temporal logic satisfiability method.  Conflict is not excepted 

to occur.  Therefore, once there are conflicts, we need to detect these conflicts as 

much as possible.  This thesis proposes a temporal-aware conflict detection method 

to detect the conflicts that exist in the system. 
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2.4 Solution for Conflict 

 It is necessary to resolve conflicts when conflicts occur. It is also desirable to 

avoid feature interaction in smart environments.  Kolberg et al. (2003) use the shared 

state of the apparatus and different priorities which are according to different services 

to avoid feature interaction occurrence.  Wang et al. (2014) also use a similar method, 

which gives different priorities depending on the service and according to the priority 

to determine which services to obtain the token.  Then, services which obtain the 

token can be performed.  Ren et al. (2014) propose a dimension model to describe 

service and system states.  In this model, the service can be effectively managed and 

conflict can be detected.  Leelaprute (2007) classifies the various situations 

according to service, user, and interface.  Based on the method mentioned above, a 

rule verification system is proposed and conflict is divided into four situations based 

on service and user.  For different situations, the different types of priorities are 

recommended (Luo et al., 2013; Sun et al., 2016). 

 

2.5 Cognition for Rules 

 Since different people prescribe the same rules may be different, it is needed to 

survey user cognition for rules.  Huang and Cakmak (2015) research the influence in 

this regard.  Researchers study the mental model accuracy in trigger-action 

programming, and survey user cognition for a variety of rules.  Ur et al. (2014) ask 

the participants to prescribe services, and according to age, gender, programming 

experience and so on to analyze the results.  These research works can let the 

implementation of the system be conformed to user expectations. 
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3 Approach 

When a large number of potentially conflicting rules are set as guidelines for 

controlling the same environment, these rules can cause unexpected and undesired 

outcomes.  A conflict occurs when the two or more rules controlling the environment 

have caused inconsistency of the actions of devices, contradictions of environmental 

factors, and so on.  Conflicts cause instability of system so that it is necessary to 

avoid this problem or to solve this problem when it occurs.  As a result, the main 

purpose of the proposed approach is to detect conflict for the general and the rules 

which have temporal property.  In this section, this research presents a set of novel 

temporal rule syntax.  In addition, this research uses temporal logic (TL) to describe 

rules and introduce the temporal-aware conflict detection method. 

 

3.1 System Architecture 

 As shown in Fig. 3-1, the overall environment control system architecture is 

divided into six layers, that is, the physical layer, the transmission layer, the access 

layer, the control layer, the service layer, and the application layer.  Physical layer 

consists of three parts, which include sensors, actuators, and devices.  In a typical 

configuration, environmental factors are kept in a certain range by actuators.  The 

environmental factors are also observed and analyzed by sensor modules.  The 

transmission layer is responsible for transferring the data collected in the physical 

layer to the access layer and to send command message generated by the control unit 

from the access layer to the physical layer.  The access layer deposits the data into 

data pool, namely a database, after processing.  The control layer consists of a 
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control unit, a data analyzer, a rule engine, and a database.  The function of this layer 

is to analyze current states of the environment and to determine which rules to be 

performed.  Finally, the command messages are sent back to the physical layer.  

The service layer provides services and interfaces for the user (system manager).  In 

the whole architecture, conflict detection is related to the module of the rule database 

and the rule engine. 

 

Fig. 3-1 Environment control system architecture 
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3.2 Conflict Detection 

 As shown in Fig. 3-2, the overall conflict detection procedure can be divided into 

two parts, namely, the rule transformation part and detection part.  Rules are 

typically transformed based on existing business logics or are prescribed by users.  

The rules are stored in the rule database following a temporal-aware format proposed 

by this thesis.  Our approach is to represent temporal properties of the rules using 

Temporal Logic (TL) (Fisher, 1997).  Therefore, we need to transform rules to TL 

expressions.  However, traditional rule resolution approaches are not applicable to 

the rules of temporal logic.  Hence, our rule resolution engine is designed based on 

Fisher's method (1991, 1997).  Fisher’s method is essential to rewrite the temporal 

aware formulae, incorporating both past-time and future-time temporal operators, into 

separated normal form (SNF), then both non-temporal and temporal resolutions are 

applied.  In this way, we can detect contradictions by combining traditional 

resolution and temporal aware resolution method.  In addition, the rules rewritten 

with SNF can be converted into a graph, then use depth-first search (DFS) to find the 

back edge to determine whether there are cycles in the graph.  At last, all of the 

conflicts are collected and report to the user. 
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Fig. 3-2 Conflict detection 
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3.3 Temporal Rule Syntax 

 This thesis proposes a temporal aware extension on top of the traditional form of 

rules.  The syntax of this extension is: If < condition, timeC > Do < action, timeA > 

Affect < effect, timeE >.  The rule syntax can be divided into three components, 

where each of them contains a corresponding variable and a time variable.  

Moreover, each time variable represents a different meaning.  The first component is 

the condition of the rule, and the timeC in the condition of the rule means the time that 

the conditions of the rule are satisfied and satisfaction continue for some time.  As 

the condition of the rule needs to be met for some time, the timeC will be assigned a 

time value, such as one minute or one unit of the time.  If the condition of the rule 

does not require any delay time and it can be met immediately, the timeC will be set 

null.  The second component is the action of the rule, the action will be activated 

when the trigger condition of the rule is satisfied.  In addition, the timeA denotes the 

time generated by that the actions of the rule are activated and actions should continue 

for some time.  The final component is the effect of the rule.  In this component, the 

timeE is represented for how long the effect is.  Generally speaking, the timeA and 

the timeE are related to each other.  When the action or the effect of the rule is only 

triggered for an instant, the timeA or the timeE will be set instant.  If the action of the 

rule is triggered and will be completed or terminated after a period of time, then the 

timeA will be assigned a time value.  Similarly, the effect or the rule is the same.  

When the action or the effect of the rule is permanent, this is the case most common 

set by the users, the timeA or the timeE will be indicated null.  As all of the temporal 

variables are set to null, this kind of the rules are the most common and can be 

changed from non-temporal-aware to temporal-aware through the rule syntax we 

proposed.  Because this kind of the rules are not easy to observe whether it is 
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temporal-aware, this case is called hidden temporal-aware.  It is also possible that 

each component is composed of multiple sub-components which are connected with 

logical operators AND and OR.  This thesis uses this temporal rule syntax to 

effectively represent the rules controlled in the environment.  For example, a user 

hopes to turn on the air-conditioning for sixty minutes after the temperature lasts more 

than 28 degrees Centigrade for five minutes.  Then, such behavior will be described 

as “If < the temperature value is greater than 28, 5 minutes > Do < turn on the 

air-conditioning, 60 minutes > Affect < the temperature decreasing, 70 minutes >” 

through our proposed rule syntax. 
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3.4 Conflict Types 

 The approaches used in this research are inspired by the studies of feature 

interaction (FI) problem which is a well-known problem in telephony systems 

(Kolberg et al., 2003).  Specifically, we follow the taxonomy used in FI to define 

conflict types.  In this thesis, four factors are considered: the condition (C), the 

action (A), and the effect (E), and discuss the cases between these factors.  The 

conflict types can be divided into two classes: contradiction and cycle. 

 

3.4.1 Contradiction 

 The first conflict type is the contradiction, which includes the action 

contradiction and the effect contradiction.  Contradiction will cause system 

instability or system errors when it occurs.  Therefore, this type is the most serious 

problem.  One of the subclasses of this type is the action contradiction as shown in 

Fig. 3-3, there are two rules with different conditions and opposite actions which 

acting on the same device.  To take a simple example, there are two rules RA and RB, 

where RA is described as “If < the temperature value is greater than 25, null > Do < 

turn on the water wall, null > Affect < the temperature decreasing, null > AND < the 

humidity increasing, null >,” and RB is described as “If < the humidity value is greater 

than 80, null > Do < turn off the water wall, null > Affect < the temperature increasing, 

null > AND < the humidity decreasing, null >.”  This case will result in the 

contradiction on the operation of the device when the temperature value is greater 

than 25 and the humidity value is greater than 80 at the same time.  Therefore, the 

system error will be caused.  The other one of the subclasses of this type is the effect 

contradiction as shown in Fig. 3-4, there are two rules with the opposite of the 

environmental impact.  For example, there are two rules RC and RD, where RC is 
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described as “If < the temperature value is greater than 25, null > Do < turn on the 

water wall, null > Affect < the temperature decreasing, null > AND < the humidity 

increasing, null >,” and RD is described as “If < the luminance value is less than 1500, 

null > Do < turn off the shade cloth, null > Affect < the temperature increasing, null > 

AND < the luminance increasing, null >.”  This case will lead to the contradiction in 

the effect when the temperature value is greater than 25 and luminance value is less 

than 1500 at the same time.  Thus, both cases of contradiction are needed to 

immediately be detected or resolved.  As mentioned above, all examples above are 

hidden temporal rules.  If the temporal variables are also taken into account, the 

results may be different. 

 

Fig. 3-3 Action contradiction 

 

Fig. 3-4 Effect contradiction 

  



‧
國

立
政 治

大

學
‧

N
a

t io
na l  Chengch i  U

niv

ers
i t

y

18 

 

 The above examples do not directly consider the temporal relationship, and the 

rules are triggered at the same time.  As shown in Fig. 3-5, this research takes the 

temporal relationship into account.  Here this research assumes that the action and 

the effect are triggered at the same time, it is certainly there are other situations.  For 

example, the effect will appear after the action has been triggered for some time, this 

time is called the offset in this thesis.  As for the offset can be obtained from the 

knowledge base or user-defined.  The rules RA and RB of the example above are 

rewritten to the rules RE and RF, where RE is described as “If < the temperature value 

is greater than 25, 2 units > Do < turn on the water wall, 2 units > Affect < the 

temperature decreasing, 3 units > AND < the humidity increasing, 3 units >,” and RF 

is described as “If < the humidity value is greater than 80, 2 units > Do < turn off the 

water wall, 2 units > Affect < the temperature increasing, 3 units > AND < the 

humidity decreasing, 3 units >,” and apply the rules RE and RF to the rules R0 and R1, 

respectively.  In this case, these two rules will have the action contradiction in the 

period from T2 to T4 and the effect contradiction in the period from T2 to T5 when they 

are triggered at the same time, namely, R0 and the first R1.  When the rule R1 delay 

occurs, namely, the second, the third, and the fourth R1, it may have different 

situations.  And this delay time is denoted ΔT in this thesis.  The rule R0 and the 

second R1 will be less one unit of the time of the conflict than the rule R0 and the first 

R1.  Next, the rule R0 and the third R1 will not have the action contradiction, but they 

still have one unit of the time of the effect contradiction.  Lastly, the rule R0 and the 

fourth R1 will not have any contradiction.  Therefore, the rules which are originally 

contradictions may become non-contradiction after considering the temporal 

relationship. 
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Fig. 3-5 Temporal-aware contradiction 
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3.4.2 Cycle 

 The second conflict type is called the cycle, it includes the simple cycle and the 

complex conflict.  The cycle will let the system to repeat some of the rules.  

Although cycle does not directly result in system errors, specific rules and devices 

will be executed many times.  Therefore, this type is a minor problem.  One of the 

subclasses of this type is the simple cycle as shown in Fig. 3-6 and there are two rules 

in this case.  These two rules directly affect each other, in other words, the action of 

the first rule will be the condition of the second rule and the action of the second rule 

will be the condition of the first rule.  For example, there are two rules RG and RH, 

where RG is described as “If < the status of the water wall is on, null > Do < turn off 

the fan, null > Affect < the temperature increasing, null >,” and RH is described as “If 

< the status of the fan is off, null > Do < turn on the water wall, null > Affect < the 

temperature decreasing, null > AND < the humidity increasing, null >.”  The other 

one of the subclasses of this type is the complex cycle as shown in Fig. 3-7.  This 

subclass is that multiple rules indirectly affect each other, or affect each other through 

the environment.  For example, there are two rules RI and RJ, where RI is described 

as “If < the temperature value is greater than 25, null > Do < turn on the 

air-conditioning, null > Affect < the temperature decreasing, null > AND < the 

humidity decreasing, null >,” and RJ is described as “If < the temperature value is less 

than 20, null > Do < turn on the heater, null > Affect < the temperature increasing, 

null > AND < the humidity increasing, null >.”  In this example, there is a rule 

causing the temperature to rise, and the temperature rise will be the condition of the 

other rule.  Sometimes, as the effect may be affected by external factors that cannot 

be achieved or delayed to achieve the best results.  Therefore, sometimes the cycles 

cannot be generated immediately. 
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Fig. 3-6 Simple cycle 

 

 
Fig. 3-7 Complex cycle 

 

As shown in Fig. 3-8, this research takes the temporal relationship into the rules. 

Assume there are two rules R0 and R1 without any offset, and the effect of the rule R0 

will immediately trigger the condition of the rule R1.  Similarly, the effect of the rule 

R1 will immediately trigger the condition of the rule R0.  In this case, there are three 

times of cycles in eight units of the time.  When this research increases the extended 

time of the rules and add one unit of the time offset as shown in Fig. 3-9, there is only 

one time of cycle in eight units of the time.  As this research considers the temporal 

relationship, the original frequent cycle may become the infrequent cycle.  If the 

effect is affected by external factors that cannot be achieved the certain condition, the 
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cycle may not be generated.  Or if the effect is delayed to achieve the certain 

condition, the cycle will become more infrequent. 

 

Fig. 3-8 Frequent cycle 

 

Fig. 3-9 Infrequent cycle 
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3.5 Temporal Logic (TL) Expression 

 Temporal Logic (TL) is used to describe for representing and reasoning the 

propositions of the time.  Barringer et al. (1990) mention that the basic symbols of 

temporal logic are divided into the future-time and past-time.  TL has some future 

unary operators as shown in table 3-1: ○ (next), ◇ (sometime), □ (always), and 

some strict past unary operators as shown in table 3-2: ● (weak last), ◎ (strong 

last), ◆ (was), and ■ (heretofore).  In addition, it also has some future binary 

operators as shown in table 3-1: 𝒰𝒰 (until), and 𝒲𝒲 (unless, or weak until), and some 

strict past binary operators as shown in table 3-2: 𝒮𝒮  (since), and 𝒵𝒵  (zince).  

Temporal logic also contains other general logical operators. 

Table 3-1 Future temporal operators 

Symbolic Explanation 

○ Next 

◇ Sometime or finally 

□ Always or globally 

𝓤𝓤 Until 

𝓦𝓦 Unless or weak until 

Table 3-2 Strict past temporal operators 

Symbolic Explanation 

● Weak last 

◎ Strong last 

◆ Was or sometime in past 

■ Heretofore or always in past 

𝓢𝓢 Since 

𝓩𝓩 Zince or weak since 

 As mentioned, the rules are prescribed by the users in our proposed rule syntax, 

but the rule syntax is to make the users easy to describe the rules.  The rule syntax is 

needed to translate into the formula through using temporal logic to do logical 

reasoning.  Next, according to the time variables mentioned previously, this research 

divides into some kinds of situations and proposes formulae based on past → future 
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form. 

 � C
C 𝒮𝒮Tc C  → ○�

A
□ A

A 𝒰𝒰Ta ¬A
 ∧ ◇�

E
□ E

E 𝒰𝒰Te ¬E
 (3.1) 

 In formula (3.1), this thesis lists all the possible combinations of the formulae.  

Where C denotes the condition, and A denotes the action, and E denotes the effect.  

The combination of the formulae is divided into three components: the condition, the 

action, and the effect.  The first component, the condition, comprises two cases. One 

of the cases is that the condition can be met immediately, and the other one is that the 

condition needs to be satisfied and continue for a period of time, namely, Tc.  The 

second component, the action, includes three cases.  Because the action will be 

triggered after the conditions are met, it is necessary for adding a next operator in 

front of the action.  One of the cases is the instant action, it is commonly used to 

send email or alarm.  Another of the cases is the permanent action, it is the most 

common usage. An example is only turning on the air-conditioning, then the 

air-conditioning will always be on.  The other of cases is the continuous action, the 

action will continue to be triggered for some time until it is terminated, and this time 

interval is Ta.  Similarly, the component of the effect and the component of the 

action are almost the same.  With the exception of the preceding operator, the 

component of the effect is using a final operator.  Because this research is not sure 

when the effect will occur, but this research knows that the effect will occur, the final 

operator is used in this component.  As mentioned earlier, the effect and the action 

are not necessarily triggered at the same time, the effect may appear after the action is 

triggered for some time.  This time is called the offset in this thesis.  And how long 

the offset is can be obtained from user-defined or knowledge base.  Moreover, each 

component can be composed of multiple sub-components which are connected with 
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logical operators AND and OR.  Take the example mentioned in section 3.3, a rule 

R0 which is described as “If < the temperature value is greater than 28, 5 minutes > 

Do < turn on the air-conditioning, 60 minutes > Affect < the temperature decreasing, 

70 minutes >” will be convert to the following TL expression. 

 R0: (C0 𝒮𝒮5 C0)  →  ○(A0 𝒰𝒰60 ¬A0) ∧ ◇(E0 𝒰𝒰70 ¬E0) (3.2) 

Where C0 is the condition, the temperature value is greater than 28, and A0 is the 

action, turn on the air-conditioning.  E0 is the effect, the temperature decreasing. 
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3.6 Separated Normal Form (SNF) 

 This research uses a simple syntactic transformation to resolute the propositional 

logic and first-order logic.  To be precise, as the resolution theorem states that a 

clause set is unsatisfiable if and only if an empty clause belongs to the resolution of 

this clause set, it can be used to detect the conflicts.  For example, there are two 

non-temporal logical rules with the different action and the effect, which are defined 

in formula (3.3) and formula (3.4). 

 R1: C1 → ( A ∧ E ) (3.3) 

 R2: C2 → ( ¬ A ∧ ¬ E ) (3.4) 

And we can transform these two rule to conjunctive normal form (CNF), respectively. 

 R1:C1 →( A ∧ E ) ≡ ¬ C1 ∨ ( A ∧ E ) ≡ ( ¬ C1 ∨ A ) ∧ ( ¬ C1 ∨ E ) (3.5) 

 R2:C2 →( ¬ A ∧ ¬ E ) ≡ ¬ C2 ∨ ( ¬ A ∧ ¬ E ) ≡ ( ¬ C2 ∨ ¬ A ) ∧ ( ¬ C2 ∨ ¬ E ) (3.6) 

When condition C1 and condition C2 are satisfied simultaneously, formula (3.7) can be 

obtained. 

 R1 ∧ R2 ∧ C1 ∧ C2 (3.7) 

Hence, the empty clause can be obtained by the following derivation:  

 G1 = {¬ C1 , A} (clause in formula (3.5)) 

 G2 = {¬ C2 , ¬ A} (clause in formula (3.6)) 

 G3 = {¬ C1 , ¬ C2} (resolvent of G1, G2) 

 G4 = {C1} (clause in formula (3.7)) 

 G5 = {¬ C2} (resolvent of G3, G4) 

 G6 = {C1} (clause in formula (3.7)) 

 G7 = ∅ (resolvent of G5, G6) 

Therefore, because the empty clause is obtained from logical derivation, we can know 

that it will cause contradictions when two conditions are set at the same time.  For 
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another example, there are two non-temporal rules only with the different effect, and 

their formulae are defined in formula (3.8) and formula (3.9). 

 R3: C3 → ( A3 ∧ E ) (3.8) 

 R4: C4 → ( A4 ∧ ¬ E ) (3.9) 

And we also can transform these two rule to conjunctive normal form (CNF), 

respectively. 

 R3: C3 → ( A3 ∧ E ) ≡ ¬ C3 ∨ ( A3 ∧ E ) ≡ ( ¬ C3 ∨ A3 ) ∧ ( ¬ C3 ∨ E ) (3.10) 

 R4: C4 → ( A4 ∧ ¬ E ) ≡ ¬ C4 ∨ ( A4 ∧ ¬ E ) ≡ ( ¬ C4 ∨ A4 ) ∧ ( ¬ C4 ∨ ¬ E ) (3.11) 

When condition C3 and condition C4 are satisfied simultaneously, formula (3.12) can 

be obtained. 

 R3 ∧ R4 ∧ C3 ∧ C4 (3.12) 

Hence, the empty clause can be obtained by the following derivation:  

 H1 = {¬ C3 , E} (clause in formula (3.10)) 

 H2 = {¬ C4 , ¬ E} (clause in formula (3.11)) 

 H3 = {¬ C3 , ¬ C4} (resolvent of H1, H2) 

 H4 = {C3} (clause in formula (3.12)) 

 H5 = {¬ C4} (resolvent of H3, H4) 

 H6 = {C4} (clause in formula (3.12)) 

 H7 = ∅ (resolvent of H5, H6) 

In this example, the empty clause also can be obtained from derivation, so this 

formula is also the contradiction.  From these two examples, we know that logical 

resolution can be used to determine whether a formula of the rule is satisfiable.  

However, since the TL contains a lot of temporal operators, general resolution cannot 

be directly applied in the TL.  Therefore, this research refers to the resolution 

method for temporal logic proposed by Fisher (1991, 1997). 
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 Since this research cannot guarantee that all rules are triggered at the same time 

after adding the temporal operators, and sometimes the always operator are hidden.  

The non-temporal resolution cannot be directly applied among the temporal formulae.  

Thus, the TL expressions are needed to transform to the separated normal form (SNF), 

if we want to apply resolution to the temporal rules.  SNF is a way to express the 

temporal rules by removing unnecessary temporal operators.  And the rules will be 

divided into many smaller rules which are written in the form of past → future.  

Next, the unnecessary temporal operators are needed to remove by using in TL 

expressions through the following operations: 

 A ⇒ ● false → A (initial condition) 

 { A 𝒮𝒮 B →  F} ⇒ �
◎ ( B ∨ ( A ∧ w ) ) → F
◎ ( B ∨ ( A ∧ w ) ) ↔ w

� (removing since operator) 

 { A 𝒵𝒵 B →  F} ⇒ �
● ( B ∨ ( A ∧ w ) ) → F
● ( B ∨ ( A ∧ w ) ) ↔ w

� (removing since operator) 

 { P →  A 𝒲𝒲 B } ⇒ �
P → B ∨ ( A ∧ w )

 ◎ w ↔ B ∨ ( A ∧ w )� (removing unless operator) 

 { P →  A 𝒰𝒰 B } ⇒ �
P → B ∨ ( A ∧ w )

◎ w ↔ B ∨ ( A ∧ w )
P → ◇ B 

� (removing until operator) 

 � P →  ○ A � ⇒ �
P → x

◎ x ↔  A� (removing next operator) 

 � P →  □ A � ⇒ �
P → A ∧ y

◎ y ↔ A ∧ y� (removing always operator) 

 � P →  ◇ A � ⇒ �
P → A ∨ z
◎ z ↔ ◇ A� (removing sometime operator) 

 As the operations above indicate, if there are the patterns of the left-hand side of 

the rule appearing in the TL expression of the rules, then these rules will be converted 

to the right-hand side of the rule.  Next, the TL expressions mentioned previously 

will be transformed to SNF through removing unnecessary temporal operators.   
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 In formula (3.1), this research lists all possible combinations of the rules, then 

this thesis will follow the following steps to convert the rules.  First, the TL 

expression needs to be converted to flat rule form.  A rule form is written in the form 

of 

 □ ⋀ (𝑃𝑃𝑖𝑖 → 𝐹𝐹𝑖𝑖)𝑖𝑖  (3.13) 

Where P means a past-time formula and F is a future-time formula.  And the flat rule 

form means that a rule does not contain nested temporal operators and there is at most 

one temporal operator in the future-time formula.  Therefore, we will apply the 

formula (3.14) to ensure that our rule is a correct structure. 

 A ⇒  □ �● false → A� (3.14) 

And use the following renaming of formula (3.15) and formula (3.16) to avoid nesting 

structure. 

 { P →  A 𝒰𝒰 B } ⇒ �P →  A 𝒰𝒰 x
B ↔ x � (3.15) 

 � P →  ○(A 𝒰𝒰 B) � ⇒ �P →  ○ x
x ↔ A 𝒰𝒰 B

� (3.16) 

Next, rewrite these temporal rules to conjunctive normal form (CNF) through the 

following formulae. 

 {A ⋁ B →  F}  ⟹  �A →  F
B →  F� (3.17) 

 {P →  A ⋀ B}  ⟹  �P →  A
P →  B� (3.18) 

Finally, we can use the previously mentioned operations to remove unnecessary 

temporal operators and apply the operations of CNF again.  As a result, SNF rules 

are obtained. 

Next, this research will take an example mentioned in section 3.3 to illustrate.  

A rule R0 which the TL expression is defined in formula (3.2) will be converted to 

SNF through the above operations, then we obtain SNF as the following set of the 
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rules. 

 1. ◎�C0 ⋁ (C0 ⋀ p)�  →  w 

 2. ◎�C0 ⋁ (C0 ⋀ p)�  →  p 

 3. ◎�C0 ⋁ (C0 ⋀ q)�  →  x 

 4. ◎�C0 ⋁ (C0 ⋀ q)�  →  q 

 5. ◎w →  y 

 6. ◎x →  z 

 7. ◎y →  ¬A0 ⋁ (A0  ∧  s) 

 8. ◎s →  ¬A0 ⋁ (A0  ∧  s) 

 9. ◎y →  ◇¬A0 

 10. ◎z →  ¬E0 ⋁ (E0  ∧  t) 

 11. ◎t →  ¬E0 ⋁ (E0  ∧  t) 

 12. ◎z →  ◇¬E0 

 After the conversion, resolution for temporal logic can be used, and details will 

be described in the next section.  There is one other thing that is important, we must 

consider the initial conditions.  The SNF conversion of initial conditions has been 

previously mentioned, i.e. 

 A ⇒ ● false → A 

where ● false is only true when interpreted at the beginning of time.  However, 

this conversion is only general conditions without any temporal operators, since there 

are three cases of initial conditions between rules.  Suppose there are two different 

conditions C and C'.  For one thing, two conditions are met simultaneously, as shown 

in formula (3.19).   

 C ∧ C' (3.19) 

And it is converted to SNF which has the following set of rules: 
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 1. ● false → C 

 2. ● false → C' 

What is more, one of the conditions is satisfied and the other one will be satisfied at 

the next time point, as shown in formula (3.20). 

 C ∧ ○ C' (3.20) 

And it is converted to SNF which has the following set of rules: 

 1. ● false → C 

 2. ● false → x 

 3. ◎ x → C' 

One final point to observe is that one of the conditions is satisfied, and the other one 

will eventually be satisfied, but we do not know what point in time would be satisfied, 

as shown in formula (3.21). 

 C ∧ ◇ C' (3.21) 

And it is converted to SNF which has the following set of rules: 

 1. ● false → C 

 2. ● false → y ∨ C' 

 3. ◎ y → ◇ C' 

Thus, the sequential relationship between rules can be classified into one of these 

cases.  We convert the formulae into SNF, as a result, the conflict can be detected by 

using SNF.
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3.7 Detection Methods 

 The proposed conflict detection methods can be divided two phases based on the 

impact on the system.  The first and foremost is the conflict type of the contradiction 

which will cause the system error.  The second is the conflict type of cycle which 

will cause the specific rules to be executed repeatedly. 

 

3.7.1 Detection for contradiction 

 Since the contradictions cause system instability or even system errors, it is the 

most urgent problem to be solved.  Therefore, this thesis refers to the resolution 

method for temporal logic proposed by Fisher (1991, 1997).  As mentioned 

previously, this research used TL to represent rules, then these rules need to be 

converted to SNF before using resolution for temporal logic.  The next step is to use 

a resolution method for temporal logic to try to find an empty clause.  In other words, 

there are two rules which contradict with each other, and we can derive the existence 

of an empty clause between two rules via using temporal resolution.  Otherwise, 

there is no empty clause after resolution. 

 The non-temporal resolution only applies to always-rules which do not contain 

any finally operators, and the method of the non-temporal resolution is as the 

following operation. 

 {(P →  A ⋁ x) ⋀ (Q →  B ⋁ ¬x)}  ⇒  {P ⋀ Q →  A ⋁ B} (3.22) 

If during the resolution, a formula of the form  

 ◎ R → false (3.23) 

has been derived, then the following conversion can be applied. 

 � ◎ R → false � ⇒ �● true → ¬ R� (3.24) 

The resolution is repeated until either all rules containing complementary literals have 
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been processed, or one of the following rules has been derived:  

 ● false → false (3.25) 

 ● true → false (3.26) 

 ◎ true → false (3.27) 

If any of the above rules are derived, it means the original formula is unsatisfiable.  

Then the resolution can be terminated (Fisher, 1991).  Otherwise, if the non-temporal 

resolution finishes, but the empty or false has not been derived, or the rules belong to 

the finally-rules, then the temporal resolution can be applied. 

 In the temporal resolution, the following conversion can be applied. 

 ��◎P →  A� ⋀ �◎Q →  B��  ⇒  �◎(P ⋀ Q)  →  (A ⋀ B)� (3.28) 

If the characteristic of the following set of the rules exists. 

 ◎A0  →  B0 

 …             … 

 ◎An  →  Bn 

 P →  ◇¬F 

And the set of the rules satisfy the following formulae. 

 Bi  →  F, ∀0 ≤ i ≤ n 

 Bi  →  ⋁ Aj
n
j=0  

 (Ai ⋀ F)  →  ⋁ Bk
n
k=0  

Then, the following rules can be generated. 

 ● true →  ¬P ∨ ⋀ ¬Ai
n
i=0  

 P →  (⋀ ¬Ai
n
i=0 ) 𝒲𝒲 ¬F  

As a result, the finally-rules can be rewritten, so that the non-temporal resolution can 

be applied.  We can determine whether the contradiction is by deriving the empty 

clause or false.  Finally, this research still takes an example mentioned in section 3.3 
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to illustrate.  The TL expression of the example is defined in formula (3.2) and the 

SNF is described in section 3.6.  And there is another rule R5 which is described as 

“If < the window is closed, null > Do < turn on the air-conditioning, null > Affect < 

the temperature decreasing, null>.”  The TL expression of R5 is defined in formula 

(3.29). 

 R5: C5  →  ○□ A0 ⋀ ◇□ E0 (3.29) 

Then, we need to turn this formula to SNF as the following: 

 1. ◎C5  →  m 

 2. ◎m →  A0 ⋀ i 

 3. ◎i →  A0 ⋀ i 

 4. ◎C5  →  n ⋁ j 

 5. ◎j →  ◇n 

 6. ◎n →  E0 ⋀ 𝑘𝑘 

 7. ◎k →  E0 ⋀ 𝑘𝑘 

Next, assume the conditions of these two examples are met at the same time, thus, we 

will obtain two rules as the following: 

● false → C0 

● false → C5 

The temporal resolution can be applied to the rule 9 in R0 and the rule 3 in R5, and the 

new formula is generated as the following: 

◎y → ¬i 𝒲𝒲 ¬A0 

The new formula is rewritten into SNF and we obtain the new SNF rules as follows. 

 1. ● false → C0 

 2. ● false → C5 
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 3. ◎�C0 ⋁ (C0 ⋀ p)�  →  w 

 4. ◎�C0 ⋁ (C0 ⋀ p)�  →  p 

 5. ◎�C0 ⋁ (C0 ⋀ q)�  →  x 

 6. ◎�C0 ⋁ (C0 ⋀ q)�  →  q 

 7. ◎w →  y 

 8. ◎x →  z 

 9. ◎y →  ¬A0 ⋁ (A0  ∧  s) 

 10. ◎s →  ¬A0 ⋁ (A0  ∧  s) 

 11. ◎z →  ¬E0 ⋁ (E0  ∧  t) 

 12. ◎t →  ¬E0 ⋁ (E0  ∧  t) 

 13. ◎z →  ◇¬E0 

 14. ◎C5  →  m 

 15. ◎m →  A0 ⋀ i 

 16. ◎C5  →  n ⋁ j 

 17. ◎j →  ◇n 

 18. ◎n →  E0 ⋀ 𝑘𝑘 

 19. ◎k →  E0 ⋀ 𝑘𝑘 

 20. ◎y → ¬A0 ⋁ ¬i 

 21. ◎y → ¬A0 ⋁ r 

 22. ◎r → ¬A0 ⋁ ¬i 

 23. ◎r → ¬A0 ⋁ r 

Finally, the non-temporal resolution and formula (3.24) can be applied to rule 1, 2, 3, 

7, 14, 15, and 20 in new SNF rules.  Hence, the false will be derived, so we can 

determine that the two rules R0 and R5 are contradictory.  As a result, the 

contradiction among the rules can be detected by using the method of resolution. 
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3.7.2 Detection for cycle 

 The cycles cause the system to repeat some of the rules.  Although the cycles do 

not directly result in system errors, specific rules and devices will be executed many 

times.  Therefore, these problems also need to be resolved. 

 Any rule of the form P → F can be converted to a directed graph.  In rule form, 

the “P” is a source vertex, the “F” is a target vertex, and the “imply” is a directed edge.  

Thus, in the part of the cycle detection, this research uses the rules after the SNF 

conversion to determine whether the cycles exist.  In other words, this research 

converts all the rules in SNF to a directed graph.  To determine whether a directed 

graph has cycles is to find whether there are back edges.  If we can find out a back 

edge in a directed graph, then we can know that there is a cycle in the graph.  

Therefore, this research uses DFS to find back edges.  In this way, the cycles among 

the rules can be detected. 

 To make it clear, let us illustrate the idea using an example.  Assume the user 

prescribe four rules R6, R7, R8, and R9.  R6 is describe as “If < the temperature value 

is greater than 27, null > Do < turn on the air-conditioning, null > Affect < the 

temperature decreasing, null >,” R7 is describe as “If < the temperature value is less 

than 23, null > Do < turn on the heater, null > Affect < the temperature increasing, 

null >,” R8 is describe as “If < the air-conditioning is turned on, null > Do < turn off 

the heater, null > Affect < the temperature decreasing, null >,” and R9 is describe as 

“If < the heater is turned on, null > Do < turn off the air-conditioning, null > Affect < 

the temperature decreasing, null >.”  Then, the TL expressions of these rules are 

shown below: 

 R6: C6  →  ○□ A6 ⋀ ◇□ E6 (3.30) 

 R7: C7  →  ○□ A7 ⋀ ◇□ ¬E6 (3.31) 
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 R8: C8  →  ○□ ¬A7 ⋀ ◇□ E6 (3.32) 

 R9: C9  →  ○□ ¬A6 ⋀ ◇□ ¬E6 (3.33) 

In general, because the air-conditioning and the heater do not turn on at the same time, 

R8 and R9 are intended to increase rationality.  Thus, we mainly discuss the rules R6 

and R7.  Moreover, there are two rules which are described as “the air-condition can 

make the temperature drop to 22 degrees Centigrade” and “the heater can make the 

temperature rise to 28 degrees Centigrade” in the knowledge base.  Then, the rules 

R6 and R7 are rewritten to the rules in SNF and converted to the directed graph as 

shown in Fig. 3-10.  In the directed graph, there are more than one cycles.  One of 

the cycles is made up of C6, X2, E6, C7, X6, and ¬E6.  Such cycle can be detected 

through DFS to find back edges.  As a result, the cycle among the rules can be 

detected by using this algorithm. 

 

Fig. 3-10 Directed graph for the rules R6 and R7 
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3.8 Opportunistic Conflict 

 Temporal resolution only guarantees to detect that the contradictions occur at the 

same time point.  Thus, there will be some rules that have the opportunity to occur 

the contradictions.  In addition to this, when there is one cycle among some rules and 

this cycle takes too long to complete.  This research needs to determine whether such 

a cycle is a conflict.  Therefore, this research needs to discuss such opportunistic 

conflicts. 

 

3.8.1 Opportunistic contradiction 

 Because the temporal resolution only guarantees to detect that the contradictions 

occur at the same time point, and the rules which exist the contradictions may become 

non-contradiction after joining temporal relationship as shown in Fig. 3-5, this 

research needs to discuss such opportunistic contradictions. 

 As shown in Fig. 3-11, there are two rules R and R’, and timeC, timeA, and timeE 

are the respective delay time of the three components in the rule R.  Similarly, the 

rule R’ also has three delay times.  ΔT is the delay time between two rules.  The 

offset means the delay time that the effect will appear after the action has been 

triggered for some time, each rule has its own offset.  The offset and three delay 

times can be obtained from the knowledge base or user-defined. 

 The action contradiction will occur when the following formula (3.34) holds. 

 [(T0 + timeC), (T0 + timeC + timeA)] ∩ 

 [(T0 + ΔT + timeC′), (T0 + ΔT + timeC′ + timeA′)] ≠ ∅ (3.34) 

And the effect contradiction will occur when the following formula (3.35) holds. 

[(T0 + timeC + offset), (T0 + timeC + offset + timeE)] ∩ 

[(T0 + ΔT + timeC′ + offset′), (T0 + ΔT + timeC′ + offset′ + timeE′)] ≠ ∅ (3.35) 
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With the exception of ΔT, other variables are immutable. Therefore, we can adjust 

ΔT to avoid the occurrence of the contradiction.  For example, it will not have the 

contradiction of the action and the effect when the time interval of ΔT is greater than 

two units of time. 

 

Fig. 3-11 Illustration for opportunistic contradiction 
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3.8.2 Opportunistic cycle 

 The time to complete a cycle is unknown, sometimes external environmental 

impact makes it need to spend more time to complete a cycle.  When there is one 

cycle among some rules and this cycle takes too long to complete.  This research 

needs to determine whether such a cycle is a conflict.  Therefore, this thesis proposes 

a simple way that is to allow the users set a window, then calculate how many times a 

cycle will take place within a window.  As a result, this research can determine 

whether a cycle is a conflict according to the number of the cycle completed.  For 

example, if a user sets a window to eight units of time as shown in Fig. 3-8 and Fig. 

3-9, and thinks it conflicts when the number of the cycle completed is more than one.  

There is only one cycle in Fig. 3-9 and there are three cycles in Fig. 3-8.  Hence, the 

example in Fig. 3-8 is the frequent cycle and the user thinks it is a cycle conflict. 

In this section, a simple solution and identification method for opportunistic 

conflict is presented.  This method can help the users more easily avoid the conflict, 

and better understand the causes of the conflict. 
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4 Evaluation 

In order to verify the effectiveness of the proposed approaches, we conducted a series 

of experiments to evaluate how well these approaches are in detecting the conflicting 

rules.  The evaluation is divided into two parts.  The first part is a set of 

experiments in which the rule databases come from a real-world agriculture 

environment.  The second part consists of a set of simulation.  Different 

distributions of rules are generated based on several pre-set scenarios, and then we 

apply the proposed confliction detection scheme and compare the results.  The 

details of these evaluations and the discussions of the results are reported in the 

following sub-sections. 

 

4.1 Experiments 

 As mentioned, in this part, the database of rules gathered from a real-world smart 

agriculture environment where automatic agriculture operations are performed based 

on the results of real-world resolution results of rules.  In each experiment, the rules 

are fed into our system and the output is a set of conflicting rules. 

 

4.1.1 Real database 

 There are two real-world rule databases for agriculture cultivation in the 

experiments.  One of them is used for the breeding of the sweet potato seedlings.  

In the cultivation of sweet potato seedlings environment is mainly to control the 

temperature, humidity, and illumination.  Therefore, the above-mentioned factors 

(temperature, humidity, and illumination) are used in the condition part of the rules.  
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In this environment, temperature, humidity, and illumination are controlled within the 

appropriate ranges through the operation of four fans, the water walls, the shade 

clothes, and several sprinklers.  In practice, as shown in table 4-1, there are 11 rules 

used for the sweet potato seedlings and there is no rule with temporal semantic.  In 

the databases, there is a profile field, which is used as an extra condition.  The tag 

“day” means morning watering, “afternoon” means afternoon watering, “control” 

refers to high humidity control, and “shade cloth” means the shade cloth control.  

The other database is used for the orchid cultivation.  The rules in this database are 

used for an environment where the temperature and the humidity are the main 

environmental factors.  The environment factors are also controlled within the 

appropriate ranges through the operation of the air-conditionings, the dehumidifiers, 

and several lamps.  As shown in table 4-2, there are 11 rules in the database of the 

orchid cultivation, one of which is a rule related to temporal.  In addition, these 11 

rules are divided into all day trigger, daytime trigger, and nighttime trigger.  The 

rules of all day trigger mean that the rules are enabled from 0:00 to 23:59, the rules of 

the daytime trigger mean that the rules are enabled from 08:00 to 20:00, and the rules 

of the nighttime trigger mean that the rules are enabled from 20:00 to 08:00. 

Table 4-1 The rules stored in the database of sweet potato seedlings  

Rule ID Condition Action Effect Profile 
1 Temperature > 29 fan1 on ⋀ fan2 on ⋀ 

fan3 on ⋀ fan4 on ⋀ 
water wall on ⋀ 

canvas on ⋀ shade 
cloth off 

temperature drop default 

101 Temperature > 0 sprinklers on humidity rise 
temperature drop 

day 

201 Temperature > 0 sprinklers on humidity rise 
temperature drop 

afternoon 
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202 No condition sprinklers on humidity rise 
temperature drop 

afternoon 

301 Temperature > 0 sprinklers off temperature drop Not 
watering 

401 Humidity > 85 fan1 off ⋀ fan2 on ⋀ 
fan3 on ⋀ fan4 off 

temperature drop control 

501 Temperature < 27 fan1 off ⋀ fan2 off ⋀ 
fan3 off ⋀ fan4 off ⋀ 

water wall off ⋀ shade 
cloth on 

temperature rise control 

502 Humidity > 85 fan1 off ⋀ fan2 on ⋀ 
fan3 on ⋀ fan4 off 

humidity drop control 

503 Humidity < 84 ⋀ 
Temperature < 27 

fan1 off ⋀ fan2 off ⋀ 
fan3 off ⋀ fan4 off 

temperature rise control 

601 Illumination > 
13000 

shade cloth off illumination drop shade 
cloth 

602 Illumination < 
1000 

shade cloth on illumination rise shade 
cloth 

 

Table 4-2 The rules stored in the database of orchid cultivation 

Rule ID Condition Action Effect Profile 
1 Humidity < 60 dehumidifier off humidity rise all day 
2 Humidity > 65 dehumidifier on humidity down all day 
3 Temperature > 23 alarm no effect all day 
4 Temperature < 10 lamp1 on  

(for 10 units) 
temperature rise 

(for 10 units) 
all day 

101 Temperature > 26 air-conditioning on humidity down 
temperature down 

day 

102 Temperature < 24 air-conditioning off humidity rise 
temperature rise 

day 

103 Temperature < 29 lamp1 on ⋀ lamp2 on 
⋀ lamp3 on ⋀ lamp4 

on ⋀ lamp 6 on 

temperature rise day 

104 Temperature > 32 lamp1 off ⋀ lamp2 off 
⋀ lamp3 off ⋀ lamp4 

off ⋀ lamp 6 off 

temperature down day 
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201 Temperature > 20 air-conditioning on humidity down 
temperature down 

night 

202 Temperature < 18 air-conditioning off humidity rise 
temperature rise 

night 

203 No condition lamp1 off ⋀ lamp2 off 
⋀ lamp3 off ⋀ lamp4 

off ⋀ lamp 6 off 

temperature down night 

 

4.1.2 Experiment results and discussion 

 This section reports the results of the experiments using the real world rule 

databases.  Two approaches are evaluated and compared in the experiments, that is, 

the proposed conflict detection method, temporal-aware conflict detection method 

(T-Code), and UTEA method based on user, triggers, environment entities, and 

actuators (Sun et al., 2015). 

 This thesis employs a closed world assumption in our experiments.  More 

clearly, it is assumed that all environmental factors are captured by the sensors and are 

represented as events which serve as inputs of rules.  In addition, external 

environmental factors do not affect the results of internal actions.  For example, if an 

action causes the measurement of temperature to decrease, then it is assumed that the 

measurement of temperature decreases eventually, even that the temperature of the 

external environment is much higher than the target environment.  This assumption 

avoids independence between rules.  When each rule is independent of each other, 

there will not be any the conflict of the cycle generated. 

 The detection schemes are implemented using Java programming language 

which runs on a laptop with Intel Core i7 and 12GB RAM.  This thesis evaluates 

four metrics which are accuracy, precision, recall, and f1-measure.  Before defining 

the meaning of the metrics, the results of four categories which are true positive (TP), 
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false positive (FP), false negative (FN), and true negative (TN) should be explained 

first.  Table 4-3 indicates that the significance of the four categories of results.  For 

example, TP means that there is a conflict in the system and this conflict is detected.  

Next, the meaning of the metrics is defined by the results of these four categories as 

shown in Table 4-4. 

There are 6 conflicting rules in the first rule database (sweet potato seedling).  

As shown in Table 4-5, the precision of the UTEA approach is lower than T-Code as 

the UTEA approach concludes that there are 8 conflicting rules.  This is because 

UTEA does not take temporal relationships into account.  That is to say that UTEA 

approach cannot express any temporal rules.  For instance, the rule#1 and rule#503 

in the database of sweet potato seedlings have similar environmental factors in the 

condition and perform contradictory actions so that they are detected as a conflict.  

In fact, because the temperature cannot be less than 27 degrees Centigrade and greater 

than 29 degrees Centigrade at the same time, these two rules cannot be triggered at the 

same time.  On the other hand, our approach (T-Code) is aware of the temporal 

relationship.  We can simulate all the circumstances first, then detect all the 

circumstances of the conflict.  As a result, the rules which cannot be triggered at the 

same time can be avoided to be triggered at the same time.  For example, in the 

database of sweet potato seedlings, we simulated 32 possible scenarios in our 

approach.  Table 4-5 summarizes the average detection rate of 32 rules. 

In the second experiment, we use orchid cultivation rules database, where one 

temporal rule is contained.  The action of the rule#4 in the database lasts ten units, 

and the effect is the same.  Thus, the rule#4 can be converted into the form shown in 

formula (4.1) through the method of T-code. 

 C → ○(A 𝒰𝒰Ta ¬A) ∧ ◇(E 𝒰𝒰Te ¬E) (4.1) 
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Because the rule#4 is a temporal rule, the opportunistic conflicts may occur.  As 

mentioned above, the opportunistic conflicts cannot be guaranteed that the rules are 

going to be triggered at the same time, so that the conflict cannot be detected.  For 

example, the rule#4 and the rule#103 will be triggered at the same time when the 

temperature is less than 10 degrees Centigrade.  However, the action and the effect 

of these two rules will be contradictory in ten units of time.  Hence, these two rules 

will be detected in conflict, and be reported to users that the actions and the effects of 

these two rules have the conflict of contradiction.  Another example is opportunistic 

conflict, the rule#4 and the rule#103 have the opportunity to conflict.  Although 

these two rules do not conflict at the end, there is a chance to conflict when the lamp 

of the rule#4 is on for ten units of time.  These two rules cannot determine whether 

there is a conflict or not by using logical derivation.  Hence, the conflict between 

these two rules cannot be detected by T-code.  However, T-code can let the users 

know that the two rules are in a chance to conflict. 

Taking the action part as an example, possible situations and comparisons of 

UTEA and T-Code are shown in table 4-6.  The last three situations are the 

opportunistic conflicts and cannot be detected by T-Code.  In the orchid cultivation 

rule database, the first three cases occur; T-Code recognizes the opportunistic conflicts 

as conflicts.  We simulated 54 possible scenarios in our approach and take the 

average of these 54 results and list them in table 4-5.  The number of the conflicts in 

different scenarios is different.  In these scenarios, most of the conflicts take place at 

8:00 and 20:00, because more rules are triggered at these two moments.  T-Code can 

detect most of the conflicts in addition to the opportunistic conflicts.  While UTEA 

cannot represent the temporal rules, therefore, any temporal rule cannot be detected.  

Overall speaking, T-Code can detect more types of the rules and simulates more 
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situations than UTEA.  Also, the error rate of T-Code is relatively low. 

Table 4-3 Confusion matrix 

 Actual 

D
et

ec
te

d 
 Yes No 

Yes TP FP 

No FN TN 

 

Table 4-4 The meaning of the metrics 

Metric Definition 

Accuracy 
𝑇𝑇ℎ𝑒𝑒 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑟𝑟𝑒𝑒𝑟𝑟 𝑡𝑡ℎ𝑎𝑎𝑡𝑡 𝑎𝑎𝑛𝑛𝑒𝑒 𝑐𝑐𝑜𝑜𝑛𝑛𝑛𝑛𝑒𝑒𝑐𝑐𝑡𝑡𝑟𝑟𝑐𝑐 𝑐𝑐𝑟𝑟𝑎𝑎𝑟𝑟𝑟𝑟𝑐𝑐𝑜𝑜𝑐𝑐𝑒𝑒𝑐𝑐

𝑇𝑇ℎ𝑒𝑒 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑒𝑒𝑛𝑛 𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑟𝑟𝑒𝑒𝑟𝑟
 

Precision 
𝑇𝑇𝑃𝑃

𝑇𝑇𝑃𝑃 + 𝐹𝐹𝑃𝑃
 

Recall 
𝑇𝑇𝑃𝑃

𝑇𝑇𝑃𝑃 + 𝐹𝐹𝐹𝐹
 

F1-measure 
2𝑇𝑇𝑃𝑃

2𝑇𝑇𝑃𝑃 + 𝐹𝐹𝑃𝑃 + 𝐹𝐹𝐹𝐹
 

 

Table 4-5 Conflict detection rates using T-Code and UTEA 

Sweet potato Accuracy Precision Recall F1-measure 
T-Code 100.00% 100.00% 100.00% 100.00% 
UTEA 81.82% 71.43% 100.00% 83.33% 
Orchid Accuracy Precision Recall F1-measure 
T-Code 99.83% 100.00% 99.07% 99.38% 
UTEA 63.64% 62.50% 83.33% 71.43% 
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Table 4-6 Possible situations of the rules in the orchid cultivation rule database 

No. Rule 1 Rule 2 T-Code UTEA 
1 C → ○□A C' → ○□¬A V V 
2 C → ○□A C' → ○(A 𝒰𝒰 ¬A) V X 
3 C → ○□¬A C' → ○(A 𝒰𝒰 ¬A) X X 
4 C → ○(A 𝒰𝒰 ¬A) C' → ○(A 𝒰𝒰 ¬A) X X 
5 C → ○(A 𝒰𝒰 ¬A) C' → ○(¬A 𝒰𝒰 A) X X 
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4.2 Simulation 

 In this section, this research reports the results of running UTEA and T-Code rule 

detection schemes in a simulated environment.  The generated database includes the 

non-conflicting rules, conflicting rules, and different proportions of the temporal rules.  

To simplify the simulation, these simulated rules are non-semantic rules, namely, the 

conditions, the actions, and the effects of the rules are only assigned a name. 

 

4.2.1 Database without conflicting rule 

 In order to verify that whether the proposed approach is able to report correct 

results in a database without any conflict.  Two databases without any conflict are 

generated first. One of them does not contain temporal and the other one contains 

temporal rules.  The first database (without temporal rules) stores 10 rules and the 

second one stores 10 non-temporal rules and 2 temporal rules.  The results are shown 

in Table 4-7.  In this section, because there is no conflict in these databases, the 

meanings of the results of the four categories (TP, FP, FN, and TN) are not the same.  

For example, TP means that there is no conflict in the system and no conflict is 

detected.  The results of other categories can also be inferred.  In the database 

without the temporal rules, both methods can correctly judge that there is no conflict 

between the rules.  In the database with the temporal rules, the detection results are 

not wrong, in fact, UTEA is unable to express these two temporal rules.  Because 

UTEA is unable to express the temporal rules, the results be detected are 

non-conflicting whether there is conflicts or not. 
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Table 4-7 The results of the non-conflict databases 

Without 
temporal rules 

Accuracy Precision Recall F1-measure 

T-Code 100.00% 100.00% 100.00% 100.00% 
UTEA 100.00% 100.00% 100.00% 100.00% 
With 

temporal rules 
Accuracy Precision Recall F1-measure 

T-Code 100.00% 100.00% 100.00% 100.00% 
UTEA 100.00% 100.00% 100.00% 100.00% 
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4.2.2 Database with some conflicting rules 

 In order to verify that whether the proposed approach is able to report correct 

results in a database with some conflicts, a database with some conflicts is generated 

first.  There are 12 rules in the database, where 10 of them are non-temporal and 2 

are temporal.  The action contradiction, the effect contradiction, the simple cycle, the 

complex cycle, and the temporal-aware conflict exist among the rules in this database.  

There are 8 rules of conflict and 1 rule of opportunistic conflict in this simulated 

environment.  As shown in table 4-8, the non-temporal-aware conflicts can be 

detected by both methods, while the temporal-aware conflicts can be only detected by 

T-Code, and the opportunistic conflicts cannot be detected by both methods.  

Because UTEA cannot express temporal rules, temporal conflicts cannot be detected.  

However, T-code can effectively express temporal rules, so temporal conflicts can be 

detected by T-code.  Because the opportunistic conflicts cannot be guaranteed to 

occur at the same point in time, T-code cannot detect this type of conflict.  It can be 

observed from table 4-9 that T-Code is better than UTEA because T-Code can detect 

the part of the temporal-aware conflicts. 

Table 4-8 Comparison of detecting conflict types 

Conflict Type T-Code UTEA 
Action contradiction V V 
Effect contradiction V V 

Simple cycle V V 
Complex cycle V V 

Temporal-aware action contradiction V X 
Temporal-aware effect contradiction V X 

Temporal-aware simple cycle V X 
Temporal-aware complex cycle V X 

Opportunistic contradiction X X 
Opportunistic cycle X X 
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Table 4-9 The results of the conflict databases 

 Accuracy Precision Recall F1-measure 
T-Code 91.67% 100.00% 88.89 % 94.12% 
UTEA 83.33% 100.00% 77.78% 87.50% 

 

4.2.3 Database with temporal rules 

 In this experiment, this research simulates and tests the conflicting detection 

capabilities of UTEA and T-Code under the changing proportion of temporal rules.  

First, we create the databases with a large number of rules in this time and then 

change the proportion of the temporal rules in all rules.  In addition, the proportion 

of the opportunistic conflicts will be maintained at 10% and 20% of the temporal 

rules.   

 In the first case, I establish a database with 100 rules and keep the proportion of 

the opportunistic conflicts in 10% of the temporal rules.  I add 10% of the temporal 

rules each time and observe the change.  In addition to this, I randomly generate the 

number of the conflicts each time.  The number of the conflicting rules for each 

database with the different proportion of the temporal rules are shown in table 4-10.  

For example, the first rule database used for detection has 90 non-temporal rules and 

10 temporal rules, and there are 25 non-temporal-aware conflicts, 9 temporal-aware 

conflicts, and 1 opportunistic conflict in this database.  The second rule database has 

80 non-temporal rules and 20 temporal rules, and there are 22 non-temporal-aware 

conflicts, 12 temporal-aware conflicts, and 2 opportunistic conflicts in this database.  

These databases are analyzed and the T-Code results and the UTEA result are listed in 

table 4-11 and table 4-12, respectively.  Because the number of the temporal 

conflicts and the opportunistic conflicts increase, the accuracy of the UTEA results 

drops.  However, the accuracy of the UTEA results rises again, because the number 
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of the temporal conflicts and the opportunistic conflicts is reduced.  There will be the 

above situation because the number of the conflicts us randomly generated.  

Similarly, this reason also makes the recall of the UTEA results have such a situation.  

While the recalls of the both methods decline to 0.00% in the final, because the 

random number of the non-temporal conflicts is reduced.  There are only the 

opportunistic conflicts in the 100% database, that is why both methods cannot detect 

out the conflicts.  Consequently, it is obvious that T-Code has a better recognition 

rate than UTEA from the results. 

Table 4-10 Number of the conflicting rules for each database in first case 

 Non-temporal 
conflict 

Temporal 
conflict 

Opportunistic 
conflict 

Total 

10% 25 9 1 35 
20% 22 12 2 36 
30% 23 12 3 38 
40% 17 17 4 38 
50% 11 18 5 34 
60% 8 11 6 25 
70% 10 3 7 20 
80% 5 2 8 15 
90% 0 1 9 10 
100% 0 0 10 10 

 

Table 4-11 The results of T-Code for detecting temporal-aware conflict in first case 

T-Code Accuracy Precision Recall F1-measure 
10% 99.00% 100.00% 97.14% 98.55% 
20% 98.00% 100.00% 94.44% 97.14% 
30% 97.00% 100.00% 92.11% 95.89% 
40% 96.00% 100.00% 89.47% 94.44% 
50% 95.00% 100.00% 85.29% 92.06% 
60% 94.00% 100.00% 76.00% 86.36% 
70% 93.00% 100.00% 65.00% 78.79% 
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80% 92.00% 100.00% 46.67% 63.64% 
90% 91.00% 100.00% 10.00% 18.18% 
100% 90.00% N/A 0.00% N/A 

 

Table 4-12 The results of UTEA for detecting temporal-aware conflict in first case 

UTEA Accuracy Precision Recall F1-measure 
10% 90.00% 100.00% 71.43% 83.33% 
20% 86.00% 100.00% 61.11% 75.86% 
30% 85.00% 100.00% 60.53% 75.41% 
40% 79.00% 100.00% 44.74% 61.82% 
50% 77.00% 100.00% 32.35% 48.89% 
60% 83.00% 100.00% 32.00% 48.48% 
70% 90.00% 100.00% 50.00% 66.67% 
80% 90.00% 100.00% 33.33% 50.00% 
90% 90.00% N/A 0.00% N/A 
100% 90.00% N/A 0.00% N/A 

 

Next, the rules are adjusted from the first case and are kept the proportion of the 

opportunistic conflicts in 20% of the temporal rules.  The number of the conflicting 

rules for each database with the different proportion of the temporal rules are shown 

in table 4-13.  Because we change the temporal conflicts into the opportunistic 

conflicts in the previous databases, the impact on UTEA is relatively small.  

However, whether T-Code or UTEA, we can still observe that the conflicts which can 

be detected are reduced.  The number of conflicts that cannot be detected by T-Code 

is increased because of the increase in the proportion of the opportunistic conflicts.  

Similarly, the opportunistic conflict is a conflict type caused by the temporal rules, 

therefore, the number of conflicts that cannot be detected by UTEA is also increased.  

Consequently, it is obvious that T-Code has a better recognition rate than UTEA from 

the results. 
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Table 4-13 Number of the conflicting rules for each database in second case 

 Non-temporal 
conflict 

Temporal 
conflict 

Opportunistic 
conflict 

Total 

10% 25 8 2 35 
20% 22 10 4 36 
30% 23 9 6 38 
40% 17 13 8 38 
50% 11 13 10 34 
60% 8 5 12 25 
70% 10 3 14 27 
80% 5 2 16 23 
90% 0 1 18 19 
100% 0 0 20 20 

 

Table 4-14 The results of T-Code for detecting temporal-aware conflict in second case 

T-Code Accuracy Precision Recall F1-measure 
10% 98.00% 100.00% 94.29% 97.06% 
20% 96.00% 100.00% 88.89% 94.12% 
30% 94.00% 100.00% 84.21% 91.43% 
40% 92.00% 100.00% 78.95% 88.24% 
50% 90.00% 100.00% 70.59% 82.76% 
60% 88.00% 100.00% 52.00% 68.42% 
70% 86.00% 100.00% 48.15% 65.00% 
80% 84.00% 100.00% 30.43% 46.67% 
90% 82.00% 100.00% 5.26% 10.00% 
100% 80.00% N/A 0.00% N/A 

 

Table 4-15 The results of UTEA for detecting temporal-aware conflict in second case 

UTEA Accuracy Precision Recall F1-measure 
10% 90.00% 100.00% 71.43% 83.33% 
20% 86.00% 100.00% 61.11% 75.86% 
30% 85.00% 100.00% 60.53% 75.41% 
40% 79.00% 100.00% 44.74% 61.82% 
50% 77.00% 100.00% 32.35% 48.89% 
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60% 83.00% 100.00% 32.00% 48.48% 
70% 83.00% 100.00% 37.04% 54.05% 
80% 82.00% 100.00% 21.74% 35.71% 
90% 81.00% N/A 0.00% N/A 
100% 80.00% N/A 0.00% N/A 
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4.3 Performance 

 This research tries to record the execution time required for the databases with 

different rules and the record results are shown in table 4-16.  As shown in Fig. 4-1, 

T-Code spends more time than UTEA, therefore, this research tries to analyze the time 

complexity of each part.  First, the rules are converted to the temporal logic 

expressions, which runs in O(N), where N is the number of rules.  Secondly, these 

are converted to the SNF, which runs in O(N*M), where N is the number of rules and 

M is the number of token in each rule.  Thirdly, the time complexity of the 

traditional resolution is exponential time, while the temporal resolution is only 

composed of the traditional resolution and temporal conversion.  Therefore, the time 

complexity of the temporal resolution is also exponential time.  Finally, this research 

uses DFS to detect cycle, and the time complexity of DFS is O(V+E).  We can know 

the part of the resolution takes the most time.  Thus, this research also tries to record 

the temporal resolution time and lists in table 4-16.  As shown in Fig. 4-2, we can 

observe that the temporal resolution time occupies most of the overhead.  Therefore, 

this research proposes a solution that is to cache the results of the temporal resolution.  

Because every time a rule is added, the temporal resolution will be done again.  

However, in fact, the previous results are unchanged.  Thus, it took a lot of 

unnecessary time.  If we cache the results of the temporal resolution, we only need to 

re-execute the temporal resolution when performing the first detection of the database 

or the previous rules are changed.  So that we can save a lot of overhead.  As a 

result, although the overhead can be drastically reduced, T-Code still takes more time 

than UTEA.  However, because the detection is performed when offline, this 

overhead is still within acceptable limits.  And this research can spend more time to 

get better the results of the detection. 
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Table 4-16 The overhead of the conflict detection 

Times/ms T-Code UTEA Resolution time 
0 0 0 0 
10 965 659 309.6 
20 1828 685 1114 
30 3630 697 2862 
40 25690 754 24261 
50 38257 805 35506 
60 51244 812 47910 
70 70379 921 67356 
80 97912 948 95042 
90 133202 996 129831 
100 172360 1053 169323 

 

 
Fig. 4-1 The overhead of conflict detection 
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Fig. 4-2 The overhead of T-Code 
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5 Conclusion 

Conflict detection has been recognized as one of the most important issues in an 

environmental regulation system.  Although here are a number of research works 

dealing with this issue, most of these work do not take the temporal relationship into 

account.  As a result, this research proposes a temporal-aware approach to detect the 

conflicts.  Our approach is first to design a temporal-aware rule syntax described 

using temporal logic.  In addition, these rules are implemented and used to detect 

conflicts based on rule resolution and the DFS.  Based on the results of the 

evaluation, the proposed approach is able to effectively detect the contradictions, the 

cycles, and the temporal-aware conflicts.  Compared to non-temporal aware 

approach, our approach takes slightly longer detection time.  However, it is 

worthwhile as more conflicts that are originally hard to be detected can be detected in 

advance. 

 It is worthy to point out that overheads of the proposed approach can be 

improved further.  Such as before detecting the conflict, the number of rules that do 

not need to be detected can be reduced.  Some rules which must not produce 

conflicts can be known through the knowledge base or long-term data analysis.  

These rules which do not cause the occurrence of conflict can be omitted at the time 

of detection.  As a result, the number of detected rules can be reduced so that 

overhead can be improved.  The author will design an efficient model to detect the 

opportunistic conflict.  On the way to comprehensively remove conflicts of rules, the 

author will continue to study new types of conflicts based on empirical observations.  

The actions or effects of the current rule syntax are Boolean.  However, in the real 
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world, many action and effect are numerical.  For example, the values used to set the 

speed of a motor are numerical instead of Boolean.  The above-mentioned extension 

of action/effect values makes resolution of rules more difficult.  Finally, besides 

detecting conflicting rules, we also hope that the conflicts are able to be automatically 

resolved to further ease the burden of rule developers. 
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