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ABSTRACT 

Fault detection and diagnosis (FDD) technologies are critical to ensure satisfactory building performance, such 

as reducing energy wastes and negative impacts on occupant comfort and productivity. Existing FDD technologies 

mainly focus on component-level FDD solutions, which could lead to mis-diagnosis of cross-level faults in heating, 

ventilating, and air-conditioning (HVAC) systems. Cross-level faults are those faults that occur in one component or 

subsystem, but cause operational abnormalities in other components or subsystems, and result in a building level 

performance degradation. How to effectively diagnose the root cause of a cross-level fault is the focus of this study. 

This paper presents a novel discrete Bayesian Network (DisBN)-based method for diagnosing cross-level faults in 

an HVAC system commonly used in commercial buildings. A two-level DisBN structure model is developed in this 

study. The parameters used in the DisBN model are obtained either from expert knowledge or through machine-

learning strategies from normal system operation data. Meanwhile, the probability parameters are discretized to 

incorporate the uncertainties associated with typical expert knowledge. Thus, the developed DisBN method 

addresses the challenges many other BN based FDD methods face, i.e., the lack of fault data for BN parameter 

training. The developed DisBN represents causal relationships between a fault and its cross-level system impacts 

(i.e., fault symptoms or fault indicators) by considering how fault impacts propagate across different levels in a 

HVAC system. A weather and schedule information-based Pattern Matching (WPM) method is employed to 

automatically create WPM baseline data sets for each incoming real time snapshot data from the building systems. 

Consequently, BN inference and real-time diagnostics are achieved by comparing incoming snapshot data and the 

WPM baseline data set. The proposed method is evaluated using experimental fault data collected in a campus 

building. Fault diagnosis results demonstrate that the WPM-DisBN method is effective at locating the root causes of 

cross-level faults in an HVAC system.  
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Nomenclature 
Abbreviations    
HVAC Heating, ventilation and air conditioning OpF-Chiller-Off Chiller is off while under normal 

operation, it should be on 
FDD Fault detection and diagnostics CHWS-Temp Chilled water supply temperature  
AHU Air handling unit CHWR-Temp Chilled water supply temperature  
VAV Variable air volume CHW-Flowrate Chilled water flow rate  
BN Bayesian network CHW-Cooling Calculated chiller cooling supply 
DisBN Discrete Bayesian network CHW-Pump-Speed Chiller pump speed 
WPM Weather and schedule-based pattern 

matching 

AHU-OA-DMPR AHU outdoor air damper position  

BAS Building automation system AHU-CC-VLV AHU cooling coil valve position  
CPT Conditional probability table AHU-MAT-OAT Difference between AHU mixed air and 

outdoor air temperatures 
CHWS-Temp-Bias-N Chilled water supply temperature sensor 

negative bias (screen reading lower than a 

real value) 

AHU-SF-Speed AHU supply air fan speed  

CHWS-DP-Bias-P Chilled water supply differential pressure 

sensor positive bias (screen reading higher 

than a real value) 

AHU-SA-Temp AHU supply air temperature  

AHU-OA-DMPR-

Stuck-H 

AHU outdoor air damper stuck at a higher 

than a normal position 

VAV-RHC-VLV VAV reheat coil valve (average of reheat 

coil valve position in the VAVs which 

connect to AHU) 

AHU-SA-Temp-

Bias-N 

AHU supply air temperature sensor negative 

bias (screen reading lower than a real value) 

AHU-PreHC-VLV AHU preheat air temperature 

AHU-CC-VLV-

Stuck-H 

AHU cooling coil valve stuck at a higher 

than a normal position 

FN-G-EV-S Well-connected fault node with strong 

evidence node 

OpF-Sch-Occ Schedule fault (system is occupied while 

under normal operation, it should be 

unoccupied) 

FN-G-EV-W Well-connected fault node with weak 

evidence node 

OpF-Sch-Unocc Schedule fault (system is unoccupied while 

under normal operation, it should be 

occupied) 

FN-P-EV-S Poorly-connected fault node with strong 

evidence node 

AHU-OpF-CC-VLV-

SWO-H 

AHU cooling coil valve control override at a 

higher than a normal position 

FN-P-EV-W Poorly-connected fault node with weak 

evidence node 

 

1 Introduction 

It is well recognized that significant energy waste and unsatisfactory indoor environments exist in commercial 

buildings due to malfunctioning sensors, components, and control systems in the Heating, Ventilation and Air 

conditioning (HVAC) systems[1].  Fault detection and diagnosis (FDD) technologies are hence some of the most 

critical technologies to ensure building performance, especially its energy efficiency. Studies and field practices 

have shown that 5% to 20% energy savings can be achieved by applying FDD solutions, followed by correction in 

HVAC systems in commercial buildings [2,3]. Furthermore, occupant comforts can be improved and equipment 

lifecycle can be extended by eliminating faults and malfunctions in HVAC systems [4–6].   

 HVAC systems in commercial buildings are becoming complicated. Various subsystems such as 

cooling/heating plant subsystems, primary air distribution subsystems, and terminal air distribution subsystems are 

often highly coupled. Impacts of a fault occurring in one equipment and subsystem may propagate and cause 

adverse effects across different equipment or subsystems [7,8]. When facing such faults, component-level FDD 

solutions may fail to effectively diagnose and locate the root cause of a cross-level fault. Here, a cross-level fault 

refers to a fault that causes effects in multiple subsystems, or might even trigger other faults. For example, a chiller 

supply water temperature sensor bias fault (e.g., sensor reading higher than actual temperature), which occurs in the 

chiller plant, would cause the cooling valve position in a downstream air handling unit (AHU) to be smaller than 

normal. A component-level FDD tool that only monitors the AHU might fail to locate the fault and generate false 

alarms such as a cooling coil valve fault or a supply air temperature sensor fault. Lin et al. reported that the false 

alarm rates ranged from 36% to 86% and the misdiagnosis rates ranged from 13% to 21%, after evaluating two 



commercial AHU FDD tools and one research-grade AHU FDD algorithm [58]. Consequently, the building facility 

staff could be overwhelmed, and hence ignore the outputs from the FDD tool if too many false alarms are 

generated.  Moreover, operators or owners of small or medium-sized buildings often demand information on the 

overall operational performance of a building, which requires a focus on cross-level faults which often have building 

level impacts [9]. 

Recently, two studies investigated the detection of cross-level faults in an HVAC system. For example, Wu et 

al. developed a cross-level fault detection method [10]. In the study, a system level fault detection architecture for 

HVAC systems was constructed. Chen et al. proposed a whole building fault detection method [11]. In the study, a 

data-driven framework was developed to flag faults which caused significant abnormalities in multiple 

subsystems/equipment during system operation. Despite these studies, efficiently diagnosing and isolating the root 

cause of a cross-level fault remains a challenge. This is because a detailed and accurate reasoning process needs to 

be achieved to reason the root cause when various fault symptoms are observed.  

Fault diagnosis for cross-level faults of such complex systems is even more challenging since the casual 

relationships of their direct and indirect impacts are very hard to be analyzed. Among existing fault diagnosis and 

isolation solutions, Bayesian Network (BN)-based methods have demonstrated efficacy due to their excellent ability 

to work under uncertainty and incomplete information [12]. When used for HVAC fault diagnostics, BNs have been 

reported to be successfully implemented for boiler, chiller, AHU, variable air volume (VAV) terminals, and other 

HVAC component fault diagnostics. For instance, Widarsson et al. developed a BN-based method based on the 

analysis of system mass-balances for early-warning for leakage in recovery boilers [13]. The probabilities obtained 

can help the operator to identify and isolate the boiler faults. An intelligent chiller FDD method by using a Bayesian 

belief network was developed by Zhao et al. [14]. In the study, a three-layer structure BN, which included the fault 

layer, fault symptoms layer and an additional information layer, was proposed to improve the diagnosis accuracy. In 

addition, two rules incorporating calculated posterior probabilities were used to isolate the fault root causes. 

Similarly, Zhao et al. proposed diagnostic BNs for diagnosing 28 faults in different components in AHUs. These 

diagnostic BNs were developed based on the existing knowledge of AHU fault patterns found in three AHU FDD 

projects as NIST 6964, ASHRAE project RP-1020 and RP-1312 [15,16]. Xiao et al. proposed a BNs-based strategy 

for diagnosing ten typical faults of VAV terminal units [17]. An evaluation of the proposed method based on a 

simulation platform demonstrated that the proposed BNs-based strategy could be used for both on-line and off-line 

FDD for VAV terminal units. Hu et al. proposed a Bayesian belief network to diagnose refrigerant charge faults in 

variable refrigerant flow air conditioning systems [18]. In this study, the network structure and the relative 

probability distribution for two types of faults (i.e., the refrigerant overcharge fault and refrigerant leakage fault) 

were obtained after a feature selection process by using expert knowledge and data mining. Najafi et al. proposed a 

diagnostic algorithm by integrating BNs and obtaining an estimation of the posterior distribution to find the closet 

system behavioral pattern [19]. Through this way, the diagnostic algorithm could be less dependent on model 

accuracy and more flexible with respect to measurement constraints. They demonstrated the effectiveness of such 

algorithms to diagnose AHU faults. Apart from using BNs for component-level fault diagnostics, Verbert et al. 

developed a model-based BN method to diagnose system-level HVAC faults [20]. In the study, interdependencies 

between different components were considered and the diagnostics were carried out continuously in all operating 

modes. However, the process of diagnostics model development is time consuming because of the diverse building 

characteristics and operating modes. Taal et al. developed a reference architecture which integrated energy diagnosis 

and FDD systems into a single framework [21]. In the architecture, four types of symptoms and three types of faults 

in HVAC systems were clearly identified. In addition, the development of the architecture can effectively employ 

the information obtained from the HVAC schematic diagrams, which are commonly used by HVAC system 

designers or control engineers. Hence, this architecture can significantly facilitate the development of the BN 

structure model at the system level or sub-system level. In other two articles [22,23], the authors further developed a 

4S3F (four symptoms and three faults) method based on the generic reference architecture developed in [21] and 

demonstrated the effectiveness of the method in diagnosing faults in a thermal energy generation plant and an 

aquifer thermal energy storage system. However, the authors did not evaluate the effectiveness of the developed 

method in the cross-level systems (i.e., the primary cooling subsystems and the air distribution subsystem) in which 

the incorporation of fault symptoms into the BN model may be challenging. Moreover, some further research works, 

such as the development of fault identification model, the sensitivity analysis of the prior probability and conditional 

probability, and using real time building automation system (BAS) data to diagnose faults, need to be conducted to 

fully integrate the developed method into fault diagnostic solutions.     



Researchers also attempted to integrate BNs with other strategies to address some issues (i.e., incomplete 

expert knowledge and high false alarm) that are often associated with BN methods. For instance, He et al. increased 

the performance of a BN classifier for chiller fault diagnosis by integrating the probabilistic boundary and site 

information into a BN classifier [24]. Through this way, both false alarm rate and missed detection rate could be 

decreased. Wang et al. fused the distance rejection (DR) and mutual-source non-sensor information (MI) into the 

BNs to lower the false alarm rate [25]. In this study, DR was firstly applied to the BN by transforming the chiller 

FDD problem into a single-class classification problem. An adjustable false alarm rate could be adjusted by tuning 

DR to lower the false alarm rate. Then, MI was employed to increase identification accuracy of new types of faults. 

Liu et al. employed a back-propagation (BP) neural network to impute the missing data and maximum likelihood 

estimation to obtain BN parameters. The parameter estimation under incomplete expert knowledge was developed 

based on BP neural networks and fuzzy set theory [26]. The developed method was employed to diagnose a solar 

assisted heat pump system with complete and incomplete symptoms.  

Although the above-described research works have demonstrated the efficacy of BN-based diagnostics 

solutions, most approaches targeted at component-level fault diagnosis. From these studies, one can observe that 

there are two challenges faced by BN-based solutions: 1) develop BN structures that reflect the causal relationships 

in a system; and 2) obtain probability distributions such as the prior probability distributions and conditional 

probability table (CPT) for each node in the network [27,28]. Compared with component-level BN-based fault 

diagnosis tools described above, a BN-based method for diagnosing cross-level faults faces even steeper difficulties 

for both challenges. As described earlier, a cross-level fault causes direct and in-direct fault symptoms across 

multiple components and subsystems, all of which need to be included when developing a robust BN structure 

model. When a fault occurs, some components/subsystems which are more likely to be affected than others, should 

be reflected in the BN model.   

This paper attempts to address the second challenge (i.e., difficulty of obtain probability distributions for BN 

nodes) by developing a discrete BN (DisBN) for diagnosing and isolating cross-level faults in a HVAC system. 

Unlike continuous BNs which use continuous probability distributions in each node of a the network, in a DisBN, 

the continuous variables are discretized to represent fuzzy events [29]. DisBNs have received increased attention in 

the recent years because of  their ability to efficiently handle the parameter modeling in BNs, especially when 

obtaining parameters from expert knowledge and incomplete field data, and hence facilitate the analysis of complex 

systems in various areas of application [30]. Despite its promises, DisBN has not been well-studied for HVAC FDD 

applications. We have only found one study in the literature which employed discrete BNs for chiller fault diagnosis 

[31]. However, the developed method was component level FDD solution and was only applied to diagnose chiller 

faults. Moreover, the authors did not provide a parameter sensitivity test to prove the robustness of the method. To 

bridge this gap, this study integrates DisBN with several other machine learning strategies, such as a weather and 

schedule-based pattern matching (WPM) method developed in [11] and develops a novel fault diagnosis framework 

for cross-level fault isolation.   

In summary, the contributions of this paper include: 

1) A novel discrete BN framework, which works well with the uncertainties of expert knowledge and field 

data, is developed and integrated with other machine learning strategies, such as the WPM method.  The 

developed framework reduces the complexity of the diagnostics model development, especially the 

parameters and hence is expected to minimize engineering efforts. Sensitivity studies are also conducted to 

understand how the discretized parameters may affect diagnosis accuracy.   

2) The developed WPM-DisBN method is effective to diagnose and isolate the root cause of cross-level faults 

in complex HVAC systems. Consequently, the issue of false alarms which are commonly triggered by 

component-level FDD tools can be addressed.  

3) The developed WPM-DisBN method is evaluated by operation data collected from a real commercial 

building to demonstrate the effectiveness of the proposed method in analyzing real world data.   

In the following sections, this paper will firstly introduce the general process of using BNs for fault diagnosis, 

followed by the description of a DisBN. The development of the WPM-DisBN method is discussed in Section 3. 

Section 4 introduces the process to evaluate the performance of the developed WPN-DisBN method by using real 

building data with artificially injected faults. Finally, Section 5 provides the summary and conclusion of this work. 

 



2 Bayesian Network for fault diagnosis 

2.1 Bayes theorem 

The BN-based diagnostics method is based on Bayes theorem. In the Bayes theorem, a conditional probability 

is used to measure the probability of an event under the assumption that another event has occurred. If an event A 

happens (here A may represent a fault) when an event B (here B may represent a symptom) is known or assumed to 

have occurred, the probability of A under the condition B can be written as [32]: 

 ���|�� = �����
���� = ���|������

����  
(1) 

where P(AB) is the joint probability of event A and B, and ����� = �������|�� = �������|��.  

Supposing A1, A2, . . . , An  are a set of random variables and satisfy: (a) ∑ �	 = 
�	� , where S is the certain 

event; (b) they are mutually independent; and (c) P(Ai) > 0, i= 1, 2, . . . , n, for any given event B, the following 

marginal probability can be obtained: 
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Through this way, Equation 1 can be re-written as: 
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(3) 

A Bayesian inference is to find out the event caused from the effects of the event by calculating the posterior 

probability. Bayes theorem provides a way to calculate the posterior probability (left side in Equation 1) from the 

prior probabilities (right side in equation). The prior probability of variable  ������� )) and the conditional 

probability of the variable B given ������|��)) firstly assigned through the existing knowledge of the problem 

which can be either some statistical results or the estimation from the experts in the field. Then, the posterior 

probability ����|�� can be calculated via Equation 3. 

2.2 BN for fault diagnostics 

BNs are a powerful tool to represent the knowledge and the inference under uncertainties. A probabilistic 

model which reveals the causal relations between faults and symptoms can be developed through BNs. Although, 

BNs have a similar structure with the faulty tree method which is used to develop a hierarchical rule-based method 

for HVAC system FDD [33], there is a conceptual difference between BN-based method and rule-based method as 

the latter usually employs a binary variable rule for inference, while a BN incorporates uncertainty by using the 

probability theory when reasoning. Therefore, the deterministic inference in rule-based method with ad-hoc manner 

which can lead under-responsiveness or over-responsiveness to evidence and possibly lead to an incorrect 

conclusion can be avoided by adding uncertainty factors in a BN [34]. 

Two primary elements, i.e., a structure model and a parameter model are often included when developing BNs. 

In a BN structure model, nodes and arcs are used to describe various events and corresponding causal relationships 

among events. Each node represents a variable which is assigned to a probability. Arcs are the direct reasoning 

connection between nodes. Once the BN structure model is defined, a BN parameter model for each node should be 

developed so that BN inference algorithms can use them to calculate the posterior probabilities. Both the structure 

model and the parameter model in BNs can be obtained through statistical learning and/or expert knowledge. In 

addition, the BNs can be updated after new knowledge on the system is obtained [12]. 

Figure 1 shows a simple BN structure model with four nodes and three arcs, which can be used for fault 

diagnosis. In the figure, nodes Fs represent the faults, and nodes Es represent the symptoms (i.e., evidence) caused 

by the faults. Usually, each fault has two states which are faulty and fault free, and each fault symptom can have 

multiple states which are quantified by the conditional probabilities. 



 

Fig. 1. Simple representation of a BN model. 

 

2.3 BN parameters 

Probability parameters of a BN reflect the quantitative relations among parent (fault) nodes and child (evidence) 

nodes. Usually, three probabilities, namely prior probabilities, conditional probabilities, and LEAK probabilities 

(which is only for Noisy-Max gate, see discussion later), need to be determined when developing a BN parameter 

model.   

Prior probability, which represents the frequency of a fault event that may happen, needs to be assigned to the 

fault nodes.  

Conditional probability is to measure the probability of a symptom event under the occurrence of a fault event. 

When developing a diagnostic BN, the conditional probability distributions for each evidence node are stored in the 

CPTs which reflect all possible combinations of states of fault nodes.  

The construction of continuous Prior probability distribution and the Conditional probability distribution is the 

most difficult task for complex systems, as eliciting complete sets of probability values that reflect the coupled 

relationships among variables in a complex system requires extensive data or knowledge [35]. To address this 

challenge, DisBNs, which employ discrete values are widely employed for developing BN parameter models in a 

diversity of applications [36–38]. There are several ways to discretize probability distributions and develop DisBN 

models. A thorough review of efforts can be found in [30]. In this study, we employed a ranked node method [35] to 

construct the conditional probability table which provides the ranked levels for evidence nodes. This approach 

works well with the nature of expert knowledge elicitation, and avoids the need of obtaining complete sets of 

probability distribution for each node. Detailed descriptions of the construction will be illustrated in Section 3.3.     

LEAK probability is a probability when a child node is having a value of 1 with all parent nodes having values 

of 0. In a fault diagnosis application, LEAK probability represents the probability when an evidence node 

demonstrates an abnormal (faulty) state, yet there is no fault occurring.  

The employment of LEAK probability is to address the challenge where the number of parameters for evidence 

nodes grows exponentially with the increasing number of fault nodes as the network structure becomes more 

complex. Studies showed that it is unreliable to directly generate the conditional probabilities for each state of the 

evidence node when there are more than four fault nodes [39]. For example, traditionally, when generating a 

conditional probability table of an evidence node, all of the possible combinations of states of its parent nodes (fault 

nodes) should be considered. If an evidence node is a Boolean state node which contains two states, and there are n 

parent nodes in which Boolean state is, then the parameters of a conditional probability table would have a size of 

2n+1. In real practice, the development of such kinds of conditions will be highly challenging and time-consuming. 

Therefore, canonical models such as Noisy-OR gate and Noisy-Max gate which only require a few parameters 

become attractive when developing BN parameter models. The use of canonical models not only simplifies the 

construction of BNs and influences diagrams, but also can lead to more efficient computations [39]. In the Noisy-

OR gate, effect evidence Y (a binary random variable) is deduced by each cause event Xi (a binary random variable) 

which acts independently of the other cause events [40]. A Noisy-MAX gate is the extension of the Noisy-OR gate.  

In the Noisy-MAX gate, effect event variable Y has ny states and these states are ordered according to the effect 

strength. At the same time, every parent variable (cause event) Xi has ni values. By this means, the number of 

parameters can be reduced from exponential to linear in the number of parent nodes.  

Here in this study, Noisy-Max gates are adopted to develop the DisBN parameter model. Three assumptions 

should be made when employing Noisy-Max gates: 1) the child node and all its parents must be variables indicating 

the degree of presence of an anomaly; 2) each of the parent node must represent a cause that can produce the effect 



(the child node) in the absence of the other causes; and 3) there may be no significant synergies among the causes 

[39]. 

 

 

3 Method description 

3.1 Outline of the method 

The architecture of the proposed WPM-DisBN method is illustrated in Fig. 2. The method contains four major 

processes, which include one offline and three online processes: 1) development of DisBN structure and 

determination of parameters (off-line, as illustrated in Sections 3.2 and 3.3); 2) WPM baseline generation, DisBN 

LEAK probability generation, and DisBN update (on-line, as illustrated in Section 3.4); 3) evidence event generation, 

DisBN inference and posterior probability calculation (on-line, as illustrated in Sections 3.5), and 4) fault isolation 

(on-line, as illustrated in Sections 3.6).  

In terms of the development of a BN structure and associated parameters, three methods are often employed as: 

1) structure and parameters are purely learned from data without human knowledge interaction; 2) structure and 

parameters are identified based upon domain expert knowledge; and 3) structure and parameters are developed 

based on a combination of expert knowledge and data obtained from system operation [41]. Although there are 

limited studies [24,42] that use only simulated data to train a BN model for HVAC fault diagnosis, the challenge of 

getting real building operation data, which represent a HVAC system with faults under different weather/operation 

conditions, has limited the application of pure data-driven BN development in real world application.  

 

Fig. 2. Method architecture. 

 

3.2 Development of the DisBN structure model 

In this study, the DisBN structure model, which included a two-layer structure and various nodes, was 

developed based on physical analysis and domain expert knowledge. This is again because of the difficulty of 

collecting high-quality data from real building systems that contain sufficient information about potential faults for 

the DisBN model development. Although rules have been developed for component-level FDD solutions, such as 



for AHUs [43,44], VAV terminal units [45,46] and chillers [14,33], there are few literature reporting rules of 

considering an entire HVAC system which includes multiple subsystems across different levels. Hence, before 

developing the DisBN structure model for cross-level faults, rules which represent various causal relations among 

faults and symptoms in different levels in a system were developed. 

3.2.1 Determination of the structure layer 

During the development process, the first step is to determine the network layer according to the nature of the 

problem. Traditionally, a two-layer BN structure which includes a fault layer and a fault evidence layer is employed 

to develop the DisBN for fault diagnosis problems. Apart from the two-layer DisBN structure, more layers may be 

added to represent some specific system behaviors or to include additional information. For example, an additional 

information layer, which includes system operation maintenance information, was used to develop DisBN for chiller 

and AHU fault diagnosis [14–16]. In this study, we employed a two-layer structure to develop the DisBN for cross-

level faults diagnostics for its simplicity. 

3.2.2 Determination of nodes 

Network nodes are assigned to represent different variables through system rule mapping or knowledge 

representation. Two types of nodes, i.e., fault nodes and evidence nodes, are needed when developing a two-layer 

structure. The fault and evidence nodes are selected based on a specific fault diagnosis application  

i) Fault node 

In this study, fault nodes represent fault root causes in one specific piece of component. For example, an AHU 

supply air temperature sensor bias fault (either positive bias or negative bias) represents a sensor bias fault occurring 

in one piece of supply air temperature sensor in an AHU, and hence is assigned to one fault node. The states of a 

fault node are divided into two states: faulty state and fault free state. Different from the component-level fault 

diagnosis described in [47], fault severity is considered as part of the definition of fault state to allow a more 

generalized fault diagnosis.  

To illustrate the development process, nine fault root causes, which represent the nine cross-level faults 

implemented in the demonstration building, are summarized in Table 1. More details about these nine faults are also 

discussed in Table 1 and further described in Section 3.2.2.  A total of ten fault nodes, which reflects those nine fault 

root causes in different components (e.g., the AHU supply air temperature sensor bias fault occurs in both AHU-1 

and AHU-2, and hence is created as two fault nodes) in the HVAC system, are included in the BN structure model.   

 

Table 1. Fault cause and fault node list. 
Fault 

category 

Fault cause Abbreviation Fault node name 

Primary 

cooling 

subsystem 

fault 

CHWS temperature sensor negative bias (screen 

reading lower than a real value) 

CHWS-Temp-Bias-N CHWS-Temp-Bias-N 

CHWS differential pressure sensor positive bias 

(screen reading higher than a real value) 

CHWS-DP-Bias-P CHWS-DP-Bias-P 

Supply air 

subsystem 

fault 

AHU outdoor air damper stuck at a higher than a 

normal position 

AHU-OA-DMPR-Stuck-H AHU2-OA-DMPR-Stuck-H 

AHU supply air temperature sensor negative bias 

(screen reading lower than a real value) 

AHU-SA-Temp-Bias-N AHU1-SA-Temp-Bias-N 

AHU2-SA-Temp-Bias-N 

AHU cooling coil valve stuck at a higher than a 

normal position 

AHU-CC-VLV-Stuck-H AHU2-CC-VLV-Stuck-H 

Operator 

Fault 

Schedule fault (system is occupied while under normal 

operation, it should be unoccupied) 

OpF-Sch-Occ OpF-Sch-Occ 

Schedule fault (system is unoccupied while under 

normal operation, it should be occupied) 

OpF-Sch-Unocc OpF-Sch-Unocc 

AHU cooling coil valve control override at a higher 

than a normal position 

AHU-OpF-CC-VLV-SWO-

H 

AHU2-OpF- CC-VLV-SWO-H 

Chiller is off while under normal operation, it should 

be on 

OpF-Chiller-Off OpF-Chiller-Off 

 



ii) Evidence node 

Evidence nodes represent observable fault symptoms. The establishment of a fault evidence node comes from 

expert knowledge and physical analysis of how a fault affects multiple components. Two sources, i.e., direct 

measurements and virtual measurements (combination of direct measurements), can serve as evidence nodes.  

In this study, for the cross-level faults considered, a total of 11 types of evidence, which comes from various 

measurements in the HVAC system, are determined to develop 16 evidence nodes as illustrated in Table 2. Each 

evidence node represents one specific measurement or rules deduced from multiple measurements. For example, the 

measurement of the outdoor air damper position represents an outdoor air damper position evidence type, and is 

used to create two evidence nodes for both AHU-1 and AHU-2 respectively.  

a) Evidence node: virtual measurement 

Among these 16 evidence nodes, the CHW-Cooling node and VAV2-RHC-VLV node are virtual 

measurements as defined below. 

CHW-Cooling node is the calculated chiller cooling load and can be obtained by: 

 ������� = ��  × �� × �� !"# � − �%#��&'� (4) 

where ��  is the chilled water flow rate, cp is specific heat of chilled water, � !"# �  and �%#��&'  are chilled water 

return temperature and supply temperature respectively. 

The VAV2-RHC-VLV node is an averaged reheat coil valve position among all VAVs (referred to as 

RHCVLV) which are connected to the AHU-2. This evidence node is used when the system is operated in the winter 

or transitional season as some zones require more reheat water after an AHU2-OA-DMPR-Stuck-H fault occurs. 

The RHCVLV is calculated as: 

 RHCVLV =  ∑ �-&-,	�	�
�  

 (5) 

where �-&-,	  is reheat coil valve position in the ith VAV terminal unit, and n is the total number of VAV terminal 

units connected to the AHU-2. 

b) Evidence node: Boolean measurement 

It is noted that in this research, we did not include certain measurements, which are categorized as Boolean 

variables (e.g., the pump status, supply air fan status), into developing the evidence nodes. This is because under the 

current WPM-BN scheme, it is challenging to develop a baseline (when there is no fault) for Boolean type 

measurements. When the WPM baseline dataset is generated by using the WPM method for each snapshot window, 

a standard deviation of each measurement (evidence node) will be calculated and compared with the incoming 

snapshot data, so that the evidence is generated to trigger the BN inference. If a Boolean type evidence node is used, 

no standard deviation can be easily calculated from the WPM baseline for that node. There could be some 

alternative techniques to be developed in the future to overcome this challenge, and to increase the evidence node 

list.  

c) Evidence node: Strong, Moderate and Weak evidence 

In this study, the evidence nodes are categorized according to the coupling between the symptom represented 

by the evidence node and the associated fault condition. Three coupling levels, which are Strong Evidence, 

Moderate Evidence and Weak Evidence, are proposed in this study. A strong evidence node indicates that there is a 

very strong connection between the fault and the symptom reflected by this evidence node, i.e., when a fault occurs, 

there is a high probability that the symptom reflected by this evidence node would occur. For example, if a cooling 

coil valve software-override fault, that is at a higher-than-normal position (AHU2-OpF-CC-VLV-SWO-H), has 

occurred, the AHU supply air temperature will most likely be affected. Therefore, the AHU supply air temperature 

evidence node is categorized as strong evidence.  



It is noted that due to different subsystem sizes, the same symptom can be set as different severity levels. For 

example, for the chilled water differential pressure sensor bias fault with positive bias (CHWS-DP-Bias-P), the 

cooling coil valve evidence node for AHU-1 cooling coil valve position (AHU1-CC-VLV) is a moderate evidence 

node, but the same evidence node for AHU-2 cooling coil valve position (AHU2-CC-VLV) is a strong evidence 

node. This is because the size of AHU-2 is much larger than the AHU-1. Hence, the fault impact on the AHU-2 

caused by the CHWS-DP-Bias-P fault is expected to be more significant compared to the impact on the AHU-1.  

When an evidence node is considered as a weak evidence node for a fault, it is suspected that the occurrence of 

the fault may not always (low probability) trigger the abnormality of this evidence node. An evidence node may also 

be considered as a weak evidence node if its abnormality is only triggered under certain weather or schedule 

conditions by the associated fault. For example, in winter and transitional seasons, the preheating coil valve for 

AHU-2 (AHU2-PreHC-VLV) evidence node is set as a weak evidence node when there is an outdoor damper stuck 

at higher-than-normal fault for AHU-2 (AHU2-OA-DMPR-Stuck-H) fault. This is because if the outdoor air 

temperature is above a threshold, the preheat coil valve of the AHU will not open to provide the preheat water when 

there is an AHU-OA-DMPR-Stuck-H fault. But on a cold weather day when the outdoor air temperature is very low, 

the fault impact may be very significant to generate symptoms.  

Ideally, which category an evidence node belongs to should be determined based on collected building data, 

since the coupling relationship is often affected by system hierarchy and sizes.  However, again, collecting enough 

data with well-labeled fault information is nearly impossible in a real building application. Hence the determination 

of the evidence node category is mostly done based on expert knowledge and physical analysis. 

At each coupling level, the evidence node is further divided into three severity categories, each of which is 

assigned with a predefined conditional probability value. Details about how conditional probability values are 

determined are provided in Section 3.3.2.  

Besides the evidence type, the evidence direction should also be determined. The evidence direction represents 

whether the measurement symptom is higher-than or lower-than the threshold of the baseline. If the symptom is 

higher than the threshold of the baseline, the evidence direction is set to be “Positive”, and vice versa.  A summary 

of evidence nodes and their categories is provided in Table 2. Directions and coupling level for evidence nodes are 

provided in Table 3. 

Table 2. Fault evidence node list. 
Subsystem Evidence No. Measurement  Abbreviation 

Primary cooling 

subsystem  

E1 CHWS temperature  CHWS-Temp 

E2 CHWR temperature  CHWR-Temp 

E3 CHW flow rate  CHW-Flowrate 

E4 Calculated chiller cooling supply CHW-Cooling 

E5 Chiller pump speed CHW-Pump-Speed 

Supply air 

subsystem  

E6.1 AHU-1 outdoor air damper position  AHU1-OA-DMPR 

E6.2 AHU-2 outdoor air damper position  AHU2-OA-DMPR 

E7.1 AHU-1 cooling coil valve position  AHU1-CC-VLV 

E7.2 AHU-2 cooling coil valve position  AHU2-CC-VLV 

E8.1 Difference between AHU-2 mixed air and outdoor air 

temperatures 

AHU2-MAT-OAT 

E9.1 AHU-1 supply air fan speed  AHU1-SF-Speed 

E9.2 AHU-2 supply air fan speed  AHU2-SF-Speed 

E10.1 AHU-1 supply air temperature  AHU1-SA-Temp 

E10.2 AHU-2 supply air temperature  AHU2-SA-Temp 

E11 VAV2 reheat coil valve (average of reheat coil valve 

position in the VAVs which connect to AHU2) 

VAV2-RHC-VLV (in winter 

season) 

E12 AHU-2 preheat air temperature AHU2-PreHC-VLV(in winter 

season) 

3.2.3 Description of the developed DisBN structure  

For the fault diagnostics considered in this study, a DisBN structure is generated based on the above 

discussions which are summarized in Table 3 (for summer season) and Table 4 (for winter and transitional season) 

respectively. Figure 3 demonstrates the developed DisBN structure model for the faults in the summer season, which 

is also summarized in Table 3. The fault nodes are color labeled to red. And the evidenced nodes are color labeled to 

yellow, blue and green to represent nodes in different levels (i.e., primary cooling subsystem and supply air 

subsystem) in the HVAC system.  



In this study, GeNIe [48] BN tool developed by the Pittsburgh University is used to generate the DisBN 

structure which represents various levels in a HVAC system. 

 

 

 

Fig. 3. BN structure model for fault diagnostics (summer season). 

 

Table 3. List of causal relations (summer season). 
Fault type 

No. 

Fault node name Evidence node name Evidence direction Evidence type 

F1 

  

  

  

  

  

 

 

 

OpF-Sch-Unocc 

  

 

CHWS-Temp Positive Strong 

CHWR-Temp Positive Strong 

AHU1-OA-DMPR Negative Strong 

AHU2-OA-DMPR Negative Strong 

AHU1-SF-Speed Negative Strong 

AHU2-SF-Speed Negative Strong 

AHU1-SA-Temp Positive Strong 

AHU2-SA-Temp Positive Strong 

CHW-Flowrate Negative Moderate 

F2 

  

  

  

 

 

 

  

 

OpF-Sch-Occ 

 

 

 

 

CHWS-Temp Negative Strong 

CHWR-Temp Negative Strong 

CHW-Flowrate Positive Strong 

AHU1-SF-Speed Positive Strong 

AHU2-SF-Speed Positive Strong 

AHU1-SA-Temp Negative Strong 

AHU2-SA-Temp Negative Strong 

AHU1-OA-DMPR Positive Strong 

AHU2-OA-DMPR Positive Strong 

F3 

 

 

 

 

 

 

 

OpF-Chiller-Off 

 

 

 

 

 

 

CHWS-Temp Positive Strong 

CHWR-Temp Positive Strong 

CHW-Flowrate Negative Weak 

AHU1-SA-Temp Positive Strong 

AHU2-SA-Temp Positive Strong 

AHU1-CC-VLV Positive Strong 

AHU2-CC-VLV Positive Strong 

CHW-Cooling Negative Moderate 

F4 

 

 

 

AHU2-OpF-CC-VLV-SWO-H 

  

CHW-Flowrate Positive Moderate 

AHU2-CC-VLV Positive Strong 

CHW-Cooling Positive Weak 

AHU2-SA-Temp Negative Strong 

F5 

 

 

CHWS-DP-Bias-P 

 

 

CHW-Flowrate Negative Strong 

AHU1-CC-VLV Positive Moderate 

AHU2-CC-VLV Positive Strong 



 CHW-Pump-Speed Negative Strong 

F6 CHWS-Temp-Bias-N CHWR-Temp Positive Weak 

CHW-Flowrate Positive Moderate 

AHU1-CC-VLV Positive Moderate 

AHU2-CC-VLV Positive Strong 

CHW-Pump-Speed Positive Moderate 

F7 AHU2-OA-DMPR-Stuck-H CHW-Flowrate Positive Strong 

AHU2-CC-VLV Positive Strong 

CHW-Cooling Positive Strong 

AHU2-MAT-OAT Negative Moderate 

F8 

  

AHU2-CC-VLV-Stuck-H CHW-Flowrate Positive Moderate 

AHU2-CC-VLV Negative Strong 

CHW-Cooling Positive Weak 

AHU2-SA-Temp Negative Strong 

F9 AHU1-SA-Temp-Bias-N CHW-Flowrate Negative Weak 

AHU1-CC-VLV Negative Moderate 

AHU1-SF-Speed Positive Strong 

CHW-Cooling Negative Weak 

F10 AHU2-SA-Temp-Bias-N CHW-Flowrate Negative Weak 

AHU2-CC-VLV Negative Moderate 

AHU2-SF-Speed Positive Strong 

CHW-Cooling Negative Weak 

 

Table 4. List of causal relations (winter and transitional season). 
Fault type 

No. 

Fault node name Evidence node name Evidence direction Evidence type 

F2 

 

 

 

OpF-Sch-Occ 

  

AHU1-OA-DMPR Positive Moderate 

AHU2-OA-DMPR Positive Moderate 

AHU1-SF-Speed Positive Strong 

AHU2-SF-Speed Positive Strong 

F7 

 

 

AHU2-OA-DMPR-Stuck-H AHU2-OA-DMPR Negative Weak 

AHU2-MAT-OAT Negative Strong 

AHU2-PreHC-VLV Positive Weak 

 

3.3 Development of parameter model 

There are two methods of generating prior or conditional probabilities: from expert knowledge or from the 

probabilistic analysis of historical data [17]. Here the historical data can be historical operational data, experimental 

data, or simulated data. Data-driven or machine learning techniques are often used to obtain the probabilities when 

they are determined from data. Obtaining the prior and conditional probability distributions is a major challenge 

when developing a BN for fault diagnostics in a building system. Although operational data that contain naturally-

occurred faults are easily obtained, ground truth data (such as service records) that confirms the root causes of these 

faults are very hard to obtain. Even if such data exist for a specific building system, the learned probabilities are 

often not scalable to other buildings and/or building systems due to the fact that each building system is very 

different from others. Similar reasons prevent learning these probability distributions easily from simulated data. 

Sections 3.3.1 and 3.3.2 describe how to use the DisBN method to obtain prior and conditional probabilities from 

literature and expert knowledge.  

3.3.1 Determination of prior probabilities  

As discussed earlier, there is a lack of understanding on how often faults occurred in a building system.  In this 

study, the values that have been reported for component-level fault diagnosis [47] are adopted for the prior 

probability distribution. The prior probabilities should be updated when more system operation knowledge is 

available, or statistical analysis from historical operation data can reveal fault prevalence probabilities. In this 

research, the fault state is divided into faulty state and fault-free state. And initial prior probabilities for each fault 

node are assigned as 0.01 for faulty state and 0.99 as fault-free state as shown in Table 5. These values indicate that 

we believe that for each fault, there is only 1% probability for this fault to occur. Note that we intentionally keep all 

prior probability values to be the same for all faults since we do not have any information to individually customize 

them. However, the developed DisBN can handle individual prior probability for each fault, should such information 

be available. 



 

Table 5. Prior probability for fault nodes. 
Fault node state Prior probability 

Fault 0.01 

Fault free 0.99 

3.3.2 Determination of conditional probabilities  

Due to the limitation of obtaining fault data and their root causes, obtaining a conditional probability 

distribution from fault data is unrealistic for a real building application. Obtaining accurate continuous values for 

condition probabilities from expert knowledge is very difficult as well since expert knowledge tends to be fuzzy. 

However, expert elicitation could provide a range of condition probability for a fault and its associated fault 

evidence in a discrete manner. Using the same example, when AHU outdoor air damper is stuck at a 100% open 

position in cooling mode (non-economizer), the fault symptoms include 1) mixed air temperature measurement has 

the same value as the outdoor air temperature measurement; and 2) AHU cooling coil valve has a position that is 

higher-than-normal (baseline) position. Based on physical system analysis, one can see that both of these two 

symptoms are strong symptoms, i.e., they most-likely would occur whenever the above-mentioned fault occurs. 

Using ranked nodes method [35], a ranked fault evidence node list was developed as illustrated in Table 3 of 

Section 3.2.3. The list includes nine ranked fault evidence categories for three strength levels. A fault evidence node 

is firstly judged by whether it is strong evidence or not, based on expert elicitation and physical system analysis. If a 

fault evidence node is a strong evidence node, i.e., when a fault occurs, this evidence is most likely to occur, then its 

conditional probability is assigned to be 90%.  This indicates that we believe when a fault occurs, its strong evidence 

node has 90% of the probability to show abnormality.  Moreover, we believe that out of these 90% abnormal 

situations, half of which (45%) will yield a very severe fault symptom and the other half will yield a less severe fault 

symptom.  

Using the same example as above, fault evidence node 1 (difference between mixed air and outdoor air 

temperatures) is strong evidence. Hence the conditional probability for it to be abnormal is 0.9, out of which, a 0.45 

conditional probability is assigned for this node to have a very severe fault symptom (very abnormal) and a 0.45 

conditional probability is assigned for this node to have a severe fault symptom. A 0.1 conditional probability is 

assigned to this node for it to have a low severity (not abnormal) fault symptom. A similar treatment is used for the 

other two association levels, i.e., medium evidence nodes and weak evidence nodes, except that the probabilities for 

these nodes to have severe fault symptoms are smaller. Details are provided in Table 6. It is noted that the 

conditional probabilities in Table 6 can be updated when more knowledge is obtained during the system operation.  

 

Table 6. CPT for evidence nodes. 
Evidence symptom level Description Conditional probability under faults 

 

Strong 

Very severe (S_V_S) 0.45 

Severe (S_S) 0.45 

Low severity (S_L) 0.1 

 

Medium 

Very severe (M_V_L) 0.25 

Severe (M_L) 0.25 

Low severity (M_L_S) 0.5 

 

Weak 

Very severe (W_V_S) 0.05 

Severe (W_S) 0.05 

Low severity (W_L_S) 0.9 

The above-described discrete value framework method works well with the fuzziness of typical expert 

knowledge.  In another word, there is generally an understanding of how severe, or likely, a fault symptom is 

associated with a fault, but the exact probability is very challenging to obtain from experiences. Of course, such 

rough handling of conditional probabilities will lead to uncertainties of posterior probabilities.  Fortunately, the 

nature of fault diagnosis for HVAC and building systems makes it acceptable for such rough handling of conditional 

probabilities. A building operator is generally not sensitive to small changes of posterior probabilities. For example, 

30% or 40% posterior probability does not provide meaningful difference for a building operator. The numerical 

value of posterior probabilities is often absurd for field operators. It is much more meaningful when discrete and 

descriptive fault isolation information is provided, such as, “There is a high probability (> 80%) of outdoor air 

damper stuck fault”. The proposed discrete value framework works well with such descriptive fault isolation 

information.  



3.3.3 Determination of LEAK probabilities 

LEAK probability represents a probability of an evidence node to be abnormal when all parent fault nodes were 

absent (when no fault occurs). LEAK probabilities for each evidence node are obtained by determining the 

probabilities of outlier in the baseline data. An outlier is defined as: 

 |/��� − /̅| > 2 ∙ 4 (6) 

where /̅ is the mean of the data sequence, 4 is the standard deviation, and t is the threshold. 

In this study, two classes of threshold, i.e., “very high/very low” and “high/low” are used to describe outlines.  

For the “very high” class and “very low” class, t is set to 3, meaning that the absolute difference between the 

measured value and the mean value on a measurement is higher than three times of the standard deviation, then it 

belongs to the “very high/low” class. For the “high” class and “low” class, t is set to 2, i.e., the absolute difference 

between the measured value from the mean value on a measurement is higher than two times and lower than three 

times of the standard deviation. 

Therefore, LEAK probability can be calculated as: 

 56�7 �8�9:9���2; =  <=�9>8 �? �=2��>8 @:2: A:�B�>
��2:� �=�9>8 �? 9:A>���> @:2: A:�B�> 

(7) 

        Different from previous research in which the LEAK probabilities were needed to be manually preset and could 

not be updated, in this study, the calculation of LEAK probability can be automatically achieved and updated when 

the new baseline data set for each snapshot window is generated as illustrated in Section 3.4.   

3.4 WPM method for baseline generation  

In the development of data-driven fault diagnostics methods, one of the critical issues is to generate a baseline 

data set, to which the incoming snapshot data can be compared in order to detect abnormality. However, in a HVAC 

system in buildings, system operation is highly influenced by different internal and external conditions such as 

weather conditions, occupants, and electrical appliances. Therefore, it is critical to compare the incoming snapshot 

data with baseline data that have similar weather and internal load conditions. A dynamic baseline, which contains 

historical data under similar weather and internal load conditions, is desired for each incoming snapshot data. In this 

study, a weather and schedule information-based pattern matching (WPM) method, which has successfully been 

used for fault detection, is used to generate the WPM baseline data set [11, 56].  

      The WPM method essentially contains four major scenarios. First, the historical operation fault free dataset is 

created. Secondly, the weather information data from the historical dataset and the new incoming snapshot data are 

combined together to produce one time-series dataset. Thirdly, the weather information data is divided into N 

individual non-overlapping and equal-sized segments, i.e., data windows. Fourthly, the SAX time series method is 

used to search similar weather time series data from the historical database. The data windows are tagged using 

symbolic strings. Lastly, the system’s operation window with the same symbolic strings are clustered to generate a 

WPM baseline dataset.  

The WPM baseline data set serves two purposes as 1) update LEAK probabilities in the DisBN. When the 

WPM baseline dataset is generated for each snapshot window, the outliers in the baseline data are then counted by 

using the predefined thresholds. The LEAK probability distribution can be obtained through Equation 7. When the 

new snapshot window data is obtained, the LEAK probability distribution will be re-calculated and fed into the 

DisBN parameter model. The DisBN is updated accordingly; and 2) produce online system fault evidence.  

 

3.5 Bayesian inference 

       In this Section, we illustrate how the evidence was generated to trigger BN inference in Section 3.5.1, and the 

Bayesian inference algorithm that was used in this study in Section 3.5.2. It is noted that the described Bayesian 

inference process can be used for both DisBNs and continuous BNs. 



3.5.1 Evidence generation 

Fault evidence, which is referred to as a symptom caused by a fault, is employed to trigger BN inference. Fault 

symptoms are typically observed from two sources: 1) concurrent relationships among measurements. For example, 

when an outdoor damper is stuck at 100% open position, the mixed air temperature measurement is the same as the 

outdoor air temperature measurement, and is very different from the return air temperature measurement; and 2) 

historical relationship between current measurement and historical baseline. In such a case, symptoms are obtained 

by comparing the current value of a measurement with its baseline value. For example, another symptom of the 

outdoor damper stuck at 100% open position fault is that the cooling coil valve position may be higher than its 

baseline values under similar weather and internal conditions.  

In this research, since a WPM baseline is dynamically generated for each snapshot window, it is much easier to 

adopt the second source, i.e., using historical relationship, to generate fault evidence. The evidence generation 

process is described as follows: for an incoming snapshot data window, a WPM baseline is generated by selecting 

historical baseline data that have similar weather conditions and time of the day. The standard deviation 4  is 

calculated while generating the WPM baseline. If the incoming snapshot measurement data is within the threshold, 

i.e., 14  (standard deviation) in this study, the snapshot data is considered as fault free. Window 3 of Fig. 4 

demonstrates such a normal operation sample. If the incoming snapshot measurement data is higher than 14 but less 

than 24, the evidence node related to this measurement is considered as a moderate symptom (“severe” in Table 6) 

as demonstrated in window 1 of Fig. 4. If the incoming snapshot measurement data is higher than 24, the evidence 

node related to this measurement is considered as a strong symptom (“very severe” in Table 6) as demonstrated in 

window 2 of Fig. 4. 

Detailed evidence coupling and severity levels are defined in Table 6. 

 

Fig. 4. Demonstration of evidence severity level. 

3.5.2 Inference algorithm and posterior probability calculation 

A Bayesian inference is to perform a backward inference i.e., find the most probable instance given the 

observed evidence [49], based on Bayes’s theorem as shown in Equation 3. Different inference algorithms exist to 

implement inference, which include exact inference algorithms and approximate inference algorithms [32,50]. In 

exact inference algorithms, the exact probabilities of variables can be calculated. In approximate inference 

algorithms, the approximate probabilities of variables are calculated through statistical approaches [50]. Based on 

existing literature, the jSMILE tool [48] is used in this study to carry out the DisBN inference and calculate the 

posterior probability for each fault node. Here, we used the default algorithm i.e., Clustering Algorithm to perform 

the DisBN inference [48]. The clustering algorithm is an exact algorithm for belief updating and has an advantage in 

computation efficiency [48].  

 

3.6 Development of isolation rules 



After the posterior probability distribution is obtained via inference algorithms, fault isolation is performed by 

comparing the posterior probability values of each fault node. Usually, the fault node with the highest posterior 

probability given the evidence state is identified as the most possible cause of an abnormality. Therefore, after the 

BN inferences are completed, a ranking mechanism is employed on the posterior probabilities generated in fault 

nodes to determine the root cause. 

In this study, posterior probabilities for each fault node are calculated when each incoming snapshot data 

sample is obtained. In this study, the data sample has a 5-minute sampling rate. The posterior probability for the 

entire faulty operation is calculated by: 

 �E&&��� = ∑ �	����	�
�  

(8) 

  

where �E&&��� is calculated posterior probability during a period, �	��� is the calculated posterior probability based 

on each incoming data sample, n is the total number of samples in a period.  

However, directly using the posterior to identify the root fault cause may generate errors because some faults 

have inherently higher prior probabilities, and there might exist simultaneous faults in the system. Therefore, a series 

of fault ranking/isolation rules have been developed to increase the accuracy and robustness of the fault diagnosis 

process [50]. Different rules have been developed for BN-based tools for different equipment fault diagnosis [15,17]. 

Usually, the maximum posterior probability method is used to diagnose and isolate a fault cause. For example, in the 

BN-based diagnosis approach for faults in chillers, two isolation rules based on the ranking of posterior probability 

of fault node were adopted to isolate the fault [14]. Cai et al. pointed that if there existed a larger difference between 

prior and posterior probability of a fault, there would be a higher possibility of the corresponding fault occurrence 

[51]. Additionally, they also mentioned that a fault diagnosis methodology using BN-based methods could only 

provide a probability distribution of a fault, but could not draw a deterministic diagnosis result. 

 This study focuses on a single fault scenario, not simultaneous multiple faults scenarios. A fault is isolated, i.e., 

identified as the root-cause for an abnormality, by the following two isolation rules:  

1) the posterior probability of first ranking fault node �E&&��� is higher than 15%; and 

2) the posterior probability of this fault node �E&&��� is the highest among all fault nodes, and is 10% higher than the 

second-highest one.  

 

4 Method evaluation 

Accuracy of the developed DisBN needs to be evaluated by comparing diagnosis results with ground truth [52]. 

Different methods including sensitivity analysis, conflict analysis, simulation and experimental research have been 

used in the literature to verify and validate fault diagnosis results. It is noted that, although, verification and 

validation procedure for fault diagnosis have been employed and reported in process control industry [51,53], 

aerospace industry [54],  structure health monitoring [55] and so on, we did not find a systematic implementation of 

such procedure in BN-based building diagnosis studies. In this study, we verify and evaluate the developed DisBN 

model by examining the diagnosis results using data collected from a BAS of a real campus building.  

4.1 Description of the test facility 

In order to evaluate the developed WPM-DisBN fault diagnosis method, one campus building in Philadelphia, 

PA was chosen as the test building in this study. The building is a seven-story, 78,000 square-foot mixed use 

building. A typical VAV HVAC system which is commonly seen in medium-sized commercial buildings (including 

a water-cooled chiller subsystem, three VAV-AHU subsystems, and a hydronic heating subsystem) is installed in the 

building. Figure 5 illustrates the HVAC system configuration in the building. A BAS is employed to monitor the 

system operation, as well as collect and store operation data. Besides, measurements from an electric power meter 

that measures the whole building’s electricity usage, weather station sensors (temperature sensor and relative 

humidity sensor) are also connected to the BAS. Outdoor air enthalpy information is not provided by the BAS, but is 

computed in this study by using the weather station temperature and relative humidity sensor measurements. 



Outdoor air pressure is also collected through a weather information website (https://www.accuweather.com/) to 

calculate the outdoor enthalpy. 

 

Fig. 5. HVAC system configuration in the building. 

 

4.2 Description of the data set 

Data were collected at a 5-minute sample rate at the building by its BAS, and were manually analyzed and 

labeled into two data sets, i.e., “fault-free” data set and fault data set. A historical “fault-free” data set represents a 

baseline when the system operation was considered satisfied. In the “fault-free” data set, a total of 140 “fault-free” 

test days from Year 2016 to Year 2017 was used to serve as historical baseline data, which are used later to 

dynamically generate the WPM baseline. 

Three types of faults, which included operator faults, primary cooling subsystem faults and supply air subsystem 

faults, were manually implemented in the test building. The faults were selected because each of them would cause 

fault symptoms across different components or subsystems, and hence are “cross-level” faults. Details about these 

manually implemented faults and the implementation process are described in [11,56]. Generally speaking, a fault 

was implemented by injecting/overriding control signals (e.g., when simulating actuator stuck faults, operator faults, 

software overriding faults, and schedule faults) or by modifying setpoint values (e.g., when simulating sensor bias 

faults). A manual process as described in was adopted to establish the ground truth to label fault cases [56]. This 

manual process compares key building measurements with their baseline values, similar to those in a manual 

commissioning process, to identify if one of the following four scenarios exists: 1) an artificially-implemented fault 

with expected fault symptoms; 2) naturally-occurred faults with expected fault symptoms; 3) an artificial-

implemented fault and a naturally-occurred fault occurred simultaneously; and 4) an artificially-implemented fault 

without expected fault symptoms. After manually examining system operation, a total of fourteen fault cases, which 

include eleven manually implemented faults and three naturally-occurred cross-level fault cases through Year 2016 

to Year 2017 (see Table 7), were used to evaluate the developed WPM-DisBN method.  

Table 7. Whole building faults data set. 
Date Fault description Tagged fault name Fault duration 

07/06/16 Chiller abnormally stops OpF-Chiller-Off Naturally-occurred fault 

08/08/16 AHU-1 supply air temperature sensor negative bias 1.7°C AHU1-SA-Temp-Bias-N 10:22 to 21:16 

09/07/16 AHU-2 supply air temperature sensor negative bias 1.7°C AHU2-SA-Temp-Bias-N 10:30 to 22:09 

09/11/16 Operator fault, chiller off OpF-Chiller-Off 18:30 to 20:30 

12/01/16 AHU-2 outdoor air damper stuck at 90% open (higher-than-normal) AHU2-OA-DMPR-Stuck-H 10:00 to 20:45 

01/03/17 AHU-2 outdoor air damper stuck at 80% open (higher-than-normal) AHU2-OA-DMPR-Stuck-H 10:00 to 20:30 

01/14/17 Occupied from 1:30 AM to 7:00 AM OpF-Sch-Occ 10:22 to 21:16 

07/09/17 Chiller abnormally stops OpF-Chiller-Off Naturally-occurred fault 

07/11/17 AHU-2 outdoor air damper stuck at 90% open (higher-than-normal) AHU2-OA-DMPR-Stuck-H 10:00 to 20:01 



07/18/17 AHU-2 outdoor air damper stuck at 100% open (higher-than-normal) AHU2-OA-DMPR-Stuck-H 11:00 to 20:01 

08/03/17 Chiller chilled water supply temperature sensor negative bias 1.7°C CHWS-Temp-Bias-N 10:00 to 21:27 

08/05/17 HVAC system earlier occupied   OpF-Sch-Occ Naturally-occurred fault 

08/11/17 AHU-2 cooling coil valve position software override at 100% open 

(higher-than-normal) 

AHU2-OpF-CC-VLV-SWO-H 10:05 to 20:06 

09/15/17 Chiller chilled water differential pressure sensor positive bias 689 Pa CHWS-DP-Bias-P 10:30 to 15:21 

 

4.3 Method evaluation description 

For each fault case, the WPM-DisBN method was used to analyze the BAS data which had a 5-minute interval 

rate, as if the method was used for online FDD. The method evaluation was performed by analyzing the posterior 

probability distributions i.e., the calculated posterior probability for each fault node, during the entire faulty 

operation period as given in Equation 8.  

4.3.1 Overall performance of the WPM-DisBN method   

Among the total of fourteen cross-level fault test cases (including three naturally-occurred cross-level fault 

cases), root causes of eleven cases were successfully diagnosed and isolated by the WPM-DisBN method according 

to the predefined isolation rules described in Section 3.6.  

Table 8 summarizes the diagnosis results which include the posterior probabilities of top three fault nodes. 

Cases are labeled as “diagnosed” if the artificially implemented (or naturally-occurred) fault is flagged to be the root 

fault cause based on the isolation rules. For the three cases that are labeled as “mis-diagnosed” cases, the root fault 

cause is among the top three faults, i.e., posterior probability values rank within the top three. Moreover, in two out 

of the three mis-diagnosed fault cases, the occurred fault is the fault that has the highest posterior probability. 

However, in these three mis-diagnosed cases, the second-highest posterior probability value of the fault is very close 

to the first-highest posterior probability, i.e., less than 10%. This means that the WPM-DisBN method could not 

differentiate the two top root causes, according to the defined rules.  

Table 8. Fault diagnosis result. 
Date 

 

Fault type Rank of calculated posterior probability Diagnosis result 

No.1 Value No.2 Value No.3 Value 

07/06/16 OpF-Chiller-Off OpF-Chiller-Off 100% AHU2-SA-Temp-

Bias-N 

49% AHU1-SA-Temp-

Bias-N 

42% Diagnosed 

08/08/16 AHU1-SA-Temp-

Bias-N 

AHU1-SA-Temp-

Bias-N 

60% AHU2-SA-Temp-

Bias-N 

33% OpF-Sch-Occ 9% Diagnosed 

09/07/16 AHU2-SA-Temp-

Bias-N 

AHU2-SA-Temp-

Bias-N 

53% AHU2-OA-DMPR-

Stuck-H 

25% CHWS-Temp-

Bias-N 

20% Diagnosed 

09/11/16 OpF-Chiller-Off OpF-Chiller-Off 65% AHU2-OA-DMPR-

Stuck-H 

37% OpF-Sch-Unocc 35% Diagnosed 

12/01/16 AHU2-OA-

DMPR-Stuck-H 

AHU2-OA-

DMPR-Stuck-H 

100% OpF-Sch-Occ 44% OpF-Sch-Unocc 10% Diagnosed 

01/03/17 AHU2-OA-

DMPR-Stuck-H 

AHU2-OA-

DMPR-Stuck-H 

100% OpF-Sch-Occ 23% OpF-Sch-Unocc 0% Diagnosed 

01/14/17 OpF-Sch-Occ OpF-Sch-Occ 98% AHU2-OA-DMPR-

Stuck-H 

92% OpF-Sch-Unocc 45% Mis-diagnosed 

07/09/17 OpF-Chiller-Off OpF-Chiller-Off 91% AHU2-SA-Temp-

Bias-N 

58% CHWS-DP-Bias-P 32% Diagnosed 

07/11/17 AHU2-OA-

DMPR-Stuck-H 

AHU2-OA-

DMPR-Stuck-H 

55% CHWS-Temp-Bias-

N 

21% AHU2-SA-Temp-

Bias-N 

11% Diagnosed 

07/18/17 AHU2-OA-

DMPR-Stuck-H 

AHU2-OA-

DMPR-Stuck-H 

82% CHWS-Temp-Bias-

N 

27% AHU2-OpF-CC-

VLV-SWO-H 

22% Diagnosed 

08/03/17 CHWS-Temp-

Bias-N 

AHU2-OA-

DMPR-Stuck-H 

29% OpF-Chiller-Off 15% CHWS-Temp-

Bias-N 

12% Mis-diagnosed 

08/05/17 OpF-Sch-Occ OpF-Sch-Occ 75% AHU2-CC-Vlv-

Stuck-H 

49% CHWS-Temp-

Bias-N 

47% Diagnosed 

08/11/17 AHU2-OpF-CC-

VLV-SWO-H 

AHU2-OpF-CC-

VLV-SWO-H 

61% AHU2-OA-DMPR-

Stuck-H 

60% CHWS-Temp-

Bias-N 

20% Mis-diagnosed 

09/15/17 CHWS-DP-Bias-P CHWS-DP-Bias-P 94% OpF-Chiller-Off 79% AHU2-OA-

DMPR-Stuck-H 

52% Diagnosed 

The following sections illustrate the details of one representative successful diagnosis case, as well as details 

and discussions on all mis-diagnosed cases. Notice that in the following sections, each evidence node’s symptom 



severity is firstly discussed. As illustrated in Section 3.5.1, for each evidence node, the incoming data sample (i.e., 

measurement from the BAS with a 5-minute sampling rate) is compared with its baseline value.  Based on the 

comparison, the data sample is labeled as normal (within standard deviation 4); “positive high” or “negative low” 

(higher than 14 but less than 24); and “positive too high” or “negative too low” (higher than 24). The discussions 

on these fault symptoms lay the basis for the resulting fault ranking.  

4.3.2 Example: successfully diagnosed case 

On July 11th, 2017, an outdoor air damper stuck fault (stuck at a higher than a normal position) was 

implemented at AHU-2. The outdoor air damper at AHU-2 was artificially stuck at 90% open position by overriding 

the corresponding control signal in the BAS from 10:00 to 20:01 on that day.  

Using the BAS data, which has a 5-min sampling interval, a total of 120 data samples from each evidence node 

were collected during the fault implementation period, which is 10 hours (i.e., 600 min = 120 × 5 min). According to 

the BN structure model described in Section 3.2.3, four evidence nodes (i.e., chilled water flow rate (CHW-

Flowrate), AHU2-CC-VLV, chilled water cooling supply (CHW-Cooling) and relation between AHU outdoor air 

temperature and mixed air temperature (AHU2-MAT-OAT)) were connected to this fault node. Figure 6 shows the 

distribution of data samples for each evidence node during the fault implementation period. From the Figure, it can 

be seen that significant numbers of samples were labeled as abnormal (i.e., positive high/too high or negative low) 

during the course of fault implementation. For example, for the CHW-Cooling evidence node (CHW cooling in the 

Figure), a total of 118 samples out of all 120 samples are observed to be either positive high or positive too high 

compared with the WPM baseline.  

 

 

Fig. 6. Distribution of data samples for each evidence node (July 11th, 2017) 

Based on the developed BN model, during the period when the fault was implemented, the top three fault nodes 

with the highest average posterior probability values were AHU2-OA-DMPR-Stuck-H (55%), chilled water supply 

temperature negative bias (CHWS-Temp-Bias-N) (21%), and AHU2-SA-Temp-Bias-N (11%) as in Fig. 7. 

According to the predefined fault isolation rule, AHU2-OA-DMPR-Stuck-H was diagnosed as the root cause.  

Hence, this fault case was judged as a successful diagnosed case. A time-series fault diagnosis result is provided in 

Fig. 8. It was observed that the posterior probability of the AHU2-OA-DMPR-Stuck-H fault node was significantly 

higher than the other two nodes with the second and third average posterior probabilities, during the entire period 

when the fault presented. Real time diagnosis could facilitate a building operator to quickly locate the cross-level 

fault which causes the system level operation abnormality.  

 

 



 

Fig. 7. Calculated average posterior probability results (July 11th, 2017) 
 

 

 

Fig. 8. Time-series posterior probability result for top three fault nodes (July 11th, 2017) 

4.3.3 Example: mis-diagnosed case 

On August 3rd, 2017, a chilled water supply temperature sensor negative bias (CHWS-Temp-Bias-N) at 1.7 °C 

fault was implemented by adjusting the chilled water outlet temperature setpoint on the chiller control panel. The 

fault test period was from 10:00 to 21:27.   

According to the BN structure model described in Section 3.2.3, this fault node was connected to five evidence 

nodes, i.e., chilled water return temperature (CHWR-Temp), CHW-Flowrate, AHU-1 cooling coil valve position 

(AHU1-CC-VLV), AHU-2 cooling coil valve position (AHU2-CC-VLV), and chilled water pump speed (CHW-

Pump-Speed). Figure 9 demonstrates the distribution of data samples for each evidence node. A total of 138 data 

samples were collected during the fault implementation period which is 11 hours and 27 minutes, for the CHWR-

Temp, CHW-Flowrate, AHU1-CC-VLV and AHU2-CC-VLV nodes. In the CHW-Cooling evidence node, the 

numbers of data samples labeled as the “positive high” state and “positive too high” state are high, showing this 

evidence node presented a strong symptom during the fault period.  
 

 



 

Fig. 9. Distribution of data samples for each evidence node (August 3rd, 2017). 

The top three diagnosed fault nodes generated from the developed DisBN model were: AHU2-OA-DMPR-

Stuck-H (29%), OpF-Chiller-Off (15%) and CHWS-Temp-Bias-N (12%) respectively. The ranked posterior 

probabilities for all fault nodes could be seen in Fig. 10. According to the fault isolation rule, this fault was labeled 

as a mis-diagnosed case. The time-series fault diagnosis result is presented in Fig. 11. 

 The reasons for the misdiagnosis of this fault are believed to be the follows: 

 i) Although some fault evidence was observed, the number of observed symptom samples was relatively small. 

For example, for the cooling coil valve position in AHU-2 (AHU2-CC-VLV) evidence node, the total number of 

data samples showing “positive high” and “positive too high” symptoms is 57 out of 138 samples.  

ii) Based on expert knowledge and physical system analysis, some evidence nodes (i.e., the chilled water return 

temperature (CHWR-Temp) node) were set as weak evidence nodes, and hence were assigned to lower conditional 

probability values. Therefore, although strong abnormal symptoms are observed in this node, the posterior 

probability of the associated fault node may not generate a high value. The reason that the CHWR-Temp 

measurement was set as a weak evidence node for this fault is because when supply chilled water temperature is 

lower than normal (negative bias), the downstream cooling coil valves would be closed-down to reduce the chilled 

water flow rate as the cooling loads are not changed.  As a result, the chilled water return temperature often does not 

vary significantly from their baseline values.   

iii) Other evidence nodes (e.g., the cooling coil valve position in AHU-2 (AHU2-CC-VLV) node), which have 

shown strong abnormality, are also strong evidence nodes of other fault nodes (e.g., the AHU2-OA-DMPR-Stuck-

H). Hence, the calculated posterior probability values of those fault nodes are also high. This weakens the isolation 

capability of the developed BN method.  

iv) An evidence node, i.e., Chilled water pump speed (CHW-Pump-Speed-Pump-Speed, is expected to have a 

moderate fault symptom. Yet no fault symptom has been observed during the faulty operation.  This is because the 

chilled water pump at the building is undersized. Therefore, the chilled water pump was always operated at full 

speed to provide the required cooling in the building during the summer season. Consequently, the fault did not 

cause any pump speed abnormalities (e.g., higher speed) compared with the baseline.    

Overall speaking, the implemented fault has not caused strong symptoms on many evidence nodes as expected. 

The symptoms that have been observed could be contributed by some other faults.  Hence, this fault is a difficult 

case to isolate, even using a manual analysis.  
 

 

 



 

Fig. 10. Calculated average posterior probability results (August 3rd, 2017) 
 

 

 

Fig. 11. Time-series posterior probability result for top three fault nodes (August 3rd, 2017) 

 For the other two mis-diagnosed cases, similar situations were observed. For example, the AHU2-OpF-CC-

VLV-SWO-H fault and the AHU2-OA-DMPR-Stuck-H fault can cause very similar fault symptoms (e.g., higher 

cooling coil valve position and chilled water flow rate). Further, the AHU2-MAT-OAT and the CHW-Cooling 

evidence nodes did not present strong symptoms during the fault implementation period. Therefore, the calculated 

posterior probability distributions are closed to each other (i.e., 61% for the AHU2-OA-DMPR-Stuck-H fault and 60% 

for AHU2-OpF-CC-VLV-SWO-H fault).   

 

4.4 Sensitivity test  

As described above, in this study, we adopted a ranked node DisBN method and hence did not assign an exact 

and continuous prior probability distribution for each fault cause, nor an exact and continuous conditional 

probability distribution for each causal relation between a fault cause and associated fault evidence. A discretized 

framework was used to categorize the conditional probability distribution by assigning the conditional probability 

value according to the fault severity. Such a framework is designed in response to the nature of the challenges for 

building fault diagnosis, i.e., lack of fault data, and also to the fact that an exact posterior probability is not 

meaningful for building operators as discussed in Section 3.3.2.   

Since the prior and conditional probabilities are determined using expert knowledge in a discrete manner, it is 

of interest to examine how sensitive the diagnosis results/accuracy is to the values of these probability parameters. A 

sensitivity test is hence designed to examine the impacts of the probability parameters [57] on the output parameters 



(e.g., posterior probabilities), by implementing small perturbations on the numerical parameters (i.e., prior 

probabilities and conditional probabilities). If the diagnosis/isolation results are affected, i.e., #1 the changes of 

posterior probability values significantly affect the ranking result, or #2 the difference between posterior probability 

values, this indicates that the diagnosis/isolation results are sensitive to certain probability distributions in the 

evidence nodes, and hence the DisBN model is not very robust to diagnose some faults. Consequently, we would 

suggest more carefully assigning probability distributions to increase the robustness of the BN model. 

4.4.1 Test on the prior probability distribution 

In this study, the prior probability distribution of each fault node was equally assigned to 0.99 for fault free 

state, and 0.01 for faulty state. In the sensitivity analysis, two more prior probability distribution sets were used to 

test the impact of this value on the calculated posterior probabilities of each fault cause. Table 9 summarizes the 

prior probability values used in the sensitivity test.  
 

Table 9. Test on prior probability. 
Test case Prior probability 

Fault free Faulty 

PriP base case 0.99 0.01 

PriP test case 1 0.95 0.05 

PriP test case 2 0.9 0.1 

It is found that the average posterior probability of each fault node was changed after the prior probability was 

adjusted. Detailed test results are provided in Appendix I. The results indicate that posterior probability values of 

some fault nodes increased (e.g., AHU2-SA-Temp-Bias-N). While for others, the values decreased (e.g., AHU1-SA-

Temp-Bias-N). However, the fault ranking results were not affected. In another word, the change of the value of 

prior probabilities would affect the exact value of posterior probabilities. Yet the impacts tend to affect all posterior 

probabilities in a uniformed way which lead to the same fault ranking results. Hence, for the prior probabilities that 

were tested, the diagnosis accuracy was not affected by their variations.    

4.4.2 Test on the conditional probability distribution 

The sensitivity tests on the conditional probability distribution are divided into two categories. In the first test 

category, the focus of the sensitivity test is on ranking. It is hence implemented by adjusting the conditional 

probability severity level of a selected evidence node (as shown in Table 6). For example, instead of assigning an 

evidence node to be a strong evidence node, it is assigned as a medium evidence node or a weak evidence node 

during the sensitivity test. In the second test category, the focus of the sensitivity test is on the parameter values. 

Consequently, the sensitivity test is performed by adjusting the conditional probability value (as shown in Table 6).  

For example, instead of using 0.45 for “Strong Evidence” nodes with “Very Severe” fault symptoms, the value is 

changed to be 0.5.   

As there are a total of sixteen evidence nodes in the DisBN structure model, and each evidence node may be 

connected to various fault nodes, the number of conditional probability distributions for each cause-effect relation 

(connection between fault node and evidence node) is tremendous. Therefore, it will be impossible to implement an 

exhaust sensitivity test over all connections and their corresponding conditional probability distributions. In this 

research, a simplified test procedure was designed to implement the sensitivity test on limited representative nodes. 

The node selection procedure is based on two considerations, i.e., 1) the number of connections between a fault node 

and its connected evidence nodes, and 2) the connection strength between a fault node and an evidence node. In each 

category, two extreme conditions are employed in the sensitivity test.  

First, the number of evidence nodes connected to a fault node is considered. If there are many evidence nodes 

connecting to a fault node, this fault node is identified as a well-connected fault node. Observing the developed 

DisBN structure model, it is found that the highest number of evidence node connections a fault node has is nine. 

Therefore, these fault nodes (with nine connections, e.g., operator unoccupied earlier schedule fault, OpF-Sch-

UnOcc) were labeled as well-connected fault nodes. On the contrary, the lowest number of evidence node 

connections of a fault node has is only four. Those fault nodes (e.g., FN-P-EV-S), were considered as poorly-

connected fault nodes. In the sensitivity test, both a well-connected fault node and a poorly-connected fault node 

were selected respectively. It is hypothesized that when a fault node is connected with many evidence nodes, the 

inaccuracy of some conditional probability values would not affect significantly on the fault diagnosis result. Yet, 



for faults that only rely on a few evidence nodes, the accuracy of the conditional probabilities of those evidence 

nodes may have stronger impacts on the diagnosis accuracy. 

Secondly, the connection strength between a fault node and an evidence node is considered. Again, the 

associations between an evidence node and a fault node are categorized into three types (i.e., strong evidence, 

moderate evidence, and weak evidence). These categories are used to determine conditional probabilities as 

described in Section 3.3.2. In the sensitivity test, both strong evidence and weak evidence nodes are considered for 

each fault node.  Hence four sets of sensitivity tests are designed for evaluating the impact of conditional 

probabilities as illustrated in Table 10. The four test categories are:  

• Well-connected fault node with strong evidence node (FN-G-EV-S);  

• Well-connected fault node with weak evidence node (FN-G-EV-W); 

• Poorly-connected fault node with strong evidence node (FN-P-EV-S); 

• Poorly-connected fault node with weak evidence node (FN-P-EV-W). 
 

Table 10. Illustration of test category. 
Category Fault node description Base case category description 

FN-G-EV-S Fault node is well-connected (9 nodes) Strong evidence  

FN-G-EV-W Fault node is well-connected (9 nodes) Weak evidence  

FN-P-EV-S Fault node is poorly-connected (4 nodes) Strong evidence  

FN-P-EV-W Fault node is poorly-connected (4 nodes) Weak evidence  

Note: FN – fault node; G – well connected; EV – evidence node; S – strong evidence; P – poorly connected; W – weak evidence 

 

In the FN-G-EV-S category, the conditional probability of the AHU2- SA-Temp node (a strong evidence), 

which is connected to the OpF-Sch-UnOcc fault node (well-connected), was selected for sensitivity evaluation. In 

the FN-G-EV-W category, the conditional probability of the CHW-Flowrate node (a moderate evidence), which is 

connected to the OpF-Sch-UnOcc fault node, was selected for sensitivity evaluation. In the FN-P-EV-S category, the 

conditional probability of the AHU2-CC-VLV node (a strong evidence), which is connected to the AHU2-OpF-CC-

VLV-SWO-H fault node (poorly-connected), was selected for sensitivity evaluation. In the FN-P-EV-W category, 

the conditional probability of the CHW-Flowrate node (a weak evidence), which is connected to AHU2-SA-Temp-

Bias-N fault node (poorly-connected), was selected for sensitivity evaluation. The BN node selection as described 

above is summarized in Table 11. 
 

Table 11. Selected fault node and evidence node. 
Category Fault node description Evidence node 

FN-G-EV-S OpF-Sch-UnOcc  AHU2-SA-Temp  

FN-G-EV-W OpF-Sch-UnOcc  CHW-Flowrate 

FN-P-EV-S AHU2-OpF-CC-VLV-SWO-H AHU2-CC-VLV 

FN-P-EV-W AHU2-SA-Temp-Bias-N CHW-Flowrate 

 Detailed testing scenarios and results are discussed in the following Sections.  

4.4.2.1. Test on ranking of the conditional probability severity level 

In this test, different test scenarios are designed according to the severity level of an evidence node. For 

example, if the evidence node is assigned to a “strong evidence” level in the base case, it will be changed to a 

“moderate evidence” level and “weak evidence” level respectively in the sensitivity test. All test scenarios are 

summarized in Table 12.   
 

Table 12. Test scenario on conditional probability severity level. 
Causal relation Conditional probability severity level 

Fault node Evidence node Base case Scenario 1 Scenario 2 

OpF-Sch-UnOcc AHU2-SA-Temp Strong Moderate Weak 

OpF-Sch-UnOcc CHW-Flowrate Moderate Strong Weak 

AHU2-OpF-CC-VLV-SWO-H AHU2-CC-VLV Strong Moderate Weak 

AHU2-SA-Temp-Bias-N CHW-Flowrate Weak Strong Moderate 

Examples of test results are summarized in Table 13. Observing these results, it is found that the severity level 

of an evidence node does affect the diagnosis accuracy. However, the impact depends on the evidence connection 

strength. If a fault node is well-connected (with more evidence nodes), the posterior probability of the diagnosed 



fault is not affected significantly if only one or two connecting evidence node’s severity level is changed. However, 

if a fault node is poorly-connected (with fewer evidence nodes), a change of an evidence node’s severity level could 

significantly affect the calculated posterior probability value of this fault.  

For example, the calculated posterior probability of the OpF-Sch-UnOcc fault node (a well-connected node) 

was not affected when the severity levels of the evidence nodes AHU2-SA-Temp and CHW-Flowrate were changed. 

As shown in Table 13, when the severity level of the AHU2-SA-Temp node was changed, the calculated posterior 

probability for the OpF-Sch-UnOcc fault node was maintained at 35%, in the September 11th, 2016 test case for all 

scenarios. When the severity level of the AHU2-AHU-SA-Temp node was changed, the calculated posterior 

probability for the OpF-Sch-UnOcc fault node was maintained at 45% in the January 14th, 2017 test case for all 

scenarios. 

However, the calculated posterior probability of the cooling coil valve software override too high in AHU-2 

(AHU2-OpF-CC-VLV-SWO-H) fault node (a poorly-connected node) was significantly affected when the AHU2-

CC-VLV evidence node was changed from being strong evidence to moderate evidence or weak evidence. The 

calculated posterior probability value dropped from 61% to 51% (set as a moderate evidence) and 29% (set as a 

weak evidence) respectively using data from August 11th 2017 as can be seen in Table 13.  

Another example is the AHU-2 supply air temperature sensor negative bias (AHU2-SA-Temp-Bias-N) fault 

node (a poorly-connected node). When the conditional probability of the chilled water flow rate (CHW-Flowrate) 

evidence node was adjusted from being weak evidence to strong evidence or moderate evidence, the calculated 

posterior probability value of AHU2-SA-Temp-Bias-N fault node increased from 33% to 53% (set as a strong 

evidence) and 48% (set as a moderate evidence) respectively using data from August 08th 2016 as given in Table 13. 

This affected the diagnosis result, i.e., the rank #1 fault will be changed to the AHU2-SA-Temp-Bias-N fault from 

the AHU1-SA-Temp-Bias-N fault.  

 

Table 13. Conditional probability sensitivity test result. 
Fault test date Fault node Posterior probability 

Base case Scenario 1 Scenario 2 

09/11/2016 OpF-Sch-UnOcc (with AHU2-SA-

Temp evidence node changes) 

35% 35% 35% 

01/14/2017 OpF-Sch-UnOcc (with CHW-Flowrate 

evidence node changes) 

45% 45% 45% 

08/11/2017 AHU2-OpF-CC-VLV-SWO-H 61% 51% 29% 

08/08/2016 AHU2-SA-Temp-Bias-N 33% 53% 48% 

From the test results, we can conclude that when a fault node is poorly-connected, the change of the evidence 

type may have significant impacts on the calculated posterior probability of a fault node, and consequently affect the 

diagnosis accuracy. 

4.4.2.2.  Test on the conditional probability values 

In this test, different test scenarios are designed to adjust the conditional probability values according to the 

severity level in each evidence strength category. This is implemented by adding or subtracting 0.05 from the base 

value for the “Very Severe” and “Severe” levels, and 0.1 for the “Low Severity” level. For example, if an evidence 

node belongs to the “Very Severe” level with a conditional probability of 0.45 as the base value, the conditional 

probability of this evidence node will have a value of 0.5 and 0.4 respectively during the sensitivity test. Different 

conditional probability values and test scenarios considered in this second sensitivity test are listed in Table 14 and 

Table 15, respectively. 

 

Table 14. Conditional probability value setting. 
Evidence 

strength 

Category description Conditional probability 

ConP base case ConP case 1 ConP case 2 

 

Strong 

Very Severe (S-V-S) 0.45 0.5 0.4 

Severe (S-S) 0.45 0.5 0.4 

Low Severity (S-L) 0.1 0.0 0.2 

 

Medium 

Very Severe (M-V-S) 0.25 0.3 0.2 

Severe (M-S) 0.25 0.3 0.2 

Low Severity (M-S-L) 0.5 0.4 0.6 



 

Weak 

Very Severe (W-V-S) 0.05 0.1 0.15 

Severe (W-S) 0.05 0.1 0.15 

Low Severity (W-S-L) 0.9 0.8 0.7 

 

Table 15. Test scenario on conditional probability value. 
Causal relation Conditional probability value 

Fault node Evidence node Baseline Scenario 1 Scenario 2 

OpF-Sch-UnOcc  AHU2-SA-Temp Strong ConP Case1 ConP Case 2 

OpF-Sch-UnOcc  CHW-Flowrate Moderate ConP Case1 ConP Case 2 

AHU2-OpF-CC-VLV-SWO-H AHU2-CC-VLV Strong ConP Case1 ConP Case 2 

AHU2-SA-Temp-Bias-N CHW-Flowrate Weak ConP Case1 ConP Case 2 

Examples of the test results are summarized in Table 16. Observing these results, it is found that the change of 

conditional probability values considered in the second sensitivity test has no significant impacts on the fault 

diagnosis result, although some calculated posterior probability values might be changed slightly. This illustrates 

that the minor change of conditional probability values in the same evidence strength scope does not have a strong 

impact on the diagnosis accuracy.  

For example, the calculated posterior probabilities for the AHU2-SA-Temp-Bias-N (a poorly-connected node) 

fault node were slightly changed from 53% to 52% after the conditional probability values were adjusted to ConP 

Case 1. Similarly, for the OpF-Sch-UnOcc (a well-connected node) fault node (a well-connected node) was not 

changed after the conditional probability values were changed.  

Table 16. Conditional probability sensitivity test result. 
Fault test date Fault node Posterior probability 

Base case Scenario 1 Scenario 2 

09/11/2016 OpF-Sch-UnOcc (with AHU2-SA-

Temp evidence node changes) 

35% 35% 35% 

01/14/2017 OpF-Sch-UnOcc (with CHW-Flowrate 

evidence node changes) 

45% 45% 45% 

08/11/2017 AHU2-OpF-CC-VLV-SWO-H 61% 61% 61% 

08/08/2016 AHU2-SA-Temp-Bias-N 53% 52% 53% 

Overall speaking, the sensitivity analysis results demonstrate that the developed DisBN model is robust to 

ensure the diagnosis/isolation accuracy. 

 

4.5 Discussions  

The proposed DisBN method demonstrates good capability to diagnose and locate several cross-level faults in 

an HVAC system that are studied in this paper. The sensitivity analysis shows that the robustness of the proposed 

method. In this section, we provide several discussions which navigate the potential improvement of the DisBN-

based HVAC methods in the future.  

4.5.1 Data-driven BN model development  

       In this study, both expert knowledge and the data-driven approach are utilized to develop the BN model. Expert 

knowledge was used to develop the BN structure model and part of the parameters (i.e., prior probabilities and 

conditional probabilities). A data-driven approach (i.e., the WPM method) was used to automatically generate the 

baseline data sets and calculate the LEAK probabilities. Although the proposed DisBN method significantly reduces 

the effort to determine certain parameters, much work is still needed to develop the entire BN model. Hence, 

research is needed to automate the process of determining the BN structure to enable a complete data-driven 

approach for the development of a BN model. 

      It is noted that the development of data-driven methods heavily relies on the collection of high-quality data and 

information. However, this may not be achievable with the current sensing and information management systems. 

For example, during the development of the DisBN parameter model, due to a lack of information about building 

fault frequency and impact in general, and due to the diversity of building design and systems, it is very hard to 

obtain accurate prior probability distributions for each fault, nor conditional probability distributions for each fault 

evidence. Hence, in this study, previous literature and expert knowledge were used to obtain prior probability and 

was set to be universal for all faults considered. At the same time, the conditional probability distributions were 



discretized into several categorized levels. Again, domain knowledge was used to generate these distribution levels. 

More fault occurrence data from real buildings should be collected to provide more insights on the probability 

values. More sensitivity tests could also be conducted to further examine the robustness of the method. Meanwhile, 

the DisBN can also be updated when new information is obtained. 

4.5.2 Fault diagnosability and diagnosis accuracy 

       The proposed DisBN-based method is one of the evidence-based inference FDD techniques, in which the causal 

relations need to be explicitly determined. Consequently, the BN model contains a large number of causal relations 

and parameter settings, which can significantly affect fault diagnosability and diagnosis accuracy. In this study, 10 

fault nodes associated with 9 unique cross-level faults in the HVAC system were used to evaluate the effectiveness 

of the proposed DisBN method. Through the sensitivity test, we found the BN structure model played a critical role 

to ensure the diagnosis accuracy. The diagnosability can be enhanced and diagnosis accuracy can be improved if key 

evidence nodes are included in the BN structure model. For example, the CHW-cooling evidence node presented 

strong symptoms when there was a chilled water supply temperature bias fault. Therefore, the inclusion of the 

CHW-cooling evidence node in the BN structure mode was expected to significantly improve the diagnosis accuracy. 

Meanwhile, some faults were associated with specific evidence nodes, which were not associated with other fault 

nodes. For example, the AHU2-OA-DMPR-Stuck-H fault node has two specific evidence nodes (i.e., the AHU2-

PreHC-VLV node and the VAV2-RHC-VLV node) in the structure model. The inclusion of such specific evidence 

nodes would improve the fault diagnosability and diagnosis accuracy.  

       Additionally, although some faults shared the same evidence nodes, symptom directions on the evidence nodes 

might affect the diagnosis accuracy. For example, both the AHU damper stuck fault and the AHU cooling coil valve 

stuck fault affect the cooling coil valve position (i.e., the AHU-CC-VLV node) and chilled water flow rate (i.e., the 

CHW-Flowrate node). However, the symptom direction may be different. The AHU damper stuck at a higher 

position fault caused the positive symptoms on the AHU-CC-VLV node (i.e., the coil valve position control signal is 

higher than the normal position); nevertheless, the AHU cooling coil valve stuck at higher position fault caused the 

negative symptoms on the AHU-CC-VLV node (i.e., the coil valve position control signal is lower than the normal 

position. Therefore, accurately capturing the symptom direction in the BN model would improve diagnosis accuracy 

as well.  

      On the contrary, some faults in HVAC systems might be harder to diagnose because those faults did not have 

enough evidence nodes, or shared the same evidence nodes and similar symptom direction with other faults. For 

example, the AHU2-OpF-CC-VLV-SWO-H fault and the AHU2-OA-DMPR-Stuck fault shared three evidence 

nodes, and two of them have the same symptom direction and strength. This might cause the accurate diagnosis of 

the AHU2-OpF-CC-VLV-SWO-H fault to be harder. The diagnosis result showed that the difference of calculated 

posterior probabilities between both faults was only 1%. 

     Therefore, the improvement of the diagnosis rate of BN-based methods requires systematic research on the 

relations between faults and symptoms (i.e., the causal relations and quantitative relations) despite the fact that many 

papers employed expert knowledge to develop BN models in the HVAC FDD area. Some papers were found to 

investigate the fault symptom characteristics for some specific types of HVAC equipment. For example, Chen et al. 

reported the fault symptom occurrence probabilities on fan coil units and illustrated that fault symptom occurrences 

and directions were significantly affected by operational conditions [59]. However, more research should be carried 

out on systematically evaluating fault symptoms and impacts on various measurements at either an equipment level 

or at a system level, so that relations between cross-level faults and corresponding symptoms in an HVAC system 

can be well established. 

4.5.3 Diagnosis of simultaneous faults   

       In real practice, simultaneous faults can occur in real buildings. Symptoms from different faults could become 

complex when multiple faults occur at the same time. How to obtain ground truth of fault ranking when multiple 

faults exist needs to be explored. Although the WPM-DisBN method has demonstrated great potential to diagnose 

faults even when simultaneous faults exist, evaluating BN’s output under the scenario of simultaneous faults 

remains to be explored in the future. 

 

5 Conclusions 



Cross-level faults in HVAC systems cause adverse impacts on multiple subsystems, or might even trigger other 

faults. Component-level fault diagnostics solutions may not effectively and accurately diagnose the root cause of 

such faults. Probabilistic-based FDD methods such as Bayesian networks have shown potentials to diagnose and 

locate fault root causes via various inference approaches. However, obtaining accurate and continuous parameters 

for a BN, which are essential to develop the diagnostics model is quite challenging. This obstacle becomes even 

worse when facing complicated HVAC systems and cross-level faults.  

To address the above challenges, this paper presents a novel discrete BN (DisBN)-based method to diagnose 

HVAC system cross-level faults. The two-layer DisBN model, which consists of causal relations among various 

components and subsystems, well addresses the challenge of cross-level fault diagnostics within a complex HVAC 

system. A novel discrete value framework that works well with the uncertainty of expert knowledge and physical 

system analysis is used to determine the prior probabilities and conditional probabilities of a BN. In addition, the 

discretized parameters in the BN model reduce the complexity of the development process for complicated HVAC 

systems. The posterior probability of each fault node is computed and ranked through discrete BN inference. 

Sensitivity tests of the developed DisBN parameter model, especially the discrete value framework, show that the 

proposed method has a good robustness. 

To achieve real-time BN update and diagnosis, a previously reported Weather and schedule information-based 

Pattern Matching (WPM) method is employed to generate a dynamic baseline data set which better represents 

system operation behaviors under different weather and internal load conditions. System operation evidence and 

LEAK probabilities distribution are generated by comparing current building behavior against the WPM baseline.  

Multiple faults were artificially implemented in an HVAC system in a real campus building. BAS interval data 

collected during system’s fault-free operation and faulty operation is used to evaluate the WPM-DisBN method. It 

shows that the developed WPM-DisBN method is effective at diagnosing and isolating the cross-level faults which 

cause impacts on multiple subsystems in an HVAC system. In addition, the evaluation based on the real building 

data also indicates the feasibility of the developed method. 

Declaration of Competing Interest 

 The authors declare that they have no known competing financial interests or personal relationships that could 

have appeared to influence the work reported in this paper. 

 

Author Statement 

Yimin Chen: Conceptualization, Methodology, Data curation and Writing-Original Draft 

Jin Wen: Supervision, Conceptualization, Writing-Reviewing and Editing 

Ojas Pradhan: Experiment implementation, Data collection and Data curation 

James Lo: Writing-Reviewing and Editing 

Teresa. Wu: Methodology advising and Writing-Reviewing 

 

Acknowledgements 

Financial support provided by the U.S. Department of Energy for the research of VOLTTRON Compatible Whole 

Building Root-Fault Detection and Diagnosis (grant No. DE-FOA-0001167) is greatly appreciated. The authors 

would like to appreciate Mr. Bill Taylor, the campus facility manager of Drexel University, for his tremendous 

support in performing fault tests, as well as providing insights on HVAC system operation. 

 

References 

[1] K. Roth, D. Westphalen, P. Llana, M. Feng, The Energy Impact of Faults in U.S. Commercial Buildings, in: 

Int. Refrig. Air Cond. Conf., Purdue University, West Lafayette, IN, 2004. 

[2] M.A. Piette, S.K. Kinney, P. Haves, Analysis of an information monitoring and diagnostic system to improve 

building operations, Energy Build. 33 (2001) 783–791. https://doi.org/10.1016/S0378-7788(01)00068-8. 

[3] J. Granderson, G. Lin, A. Harding, P. Im, Y. Chen, Building fault detection data to aid diagnostic algorithm 

creation and performance testing, Sci. Data. 7 (2020) 65. https://doi.org/10.1038/s41597-020-0398-6. 



[4] B.L. Capehart, M.R. Brambley, Automated Diagnostics and Analytics for Buildings, 1st Edition, Faimont 

Press, Inc., Liburn, GA, 2015. 

[5] CIBSE Guide H: Building Control Systems, Routledge, Oxford, British, 2007. 

[6] S. Ginestet, D. Marchio, O. Morisot, Evaluation of faults impacts on energy consumption and indoor air 

quality on an air handling unit, Energy Build. 40 (2008) 51–57. https://doi.org/10.1016/j.enbuild.2007.01.012. 

[7] Y. Yan, P.B. Luh, K.R. Pattipati, Fault diagnosis of HVAC air-handling systems considering fault propagation 

impacts among components, IEEE Trans. Autom. Sci. Eng. 14 (2017) 705–717. 

https://doi.org/10.1109/TASE.2017.2669892. 

[8] N. Cauchi, K.A. Hoque, M. Stoelinga, A. Abate, Maintenance of Smart Buildings using Fault Trees, ACM 

Trans. Sens. Netw. 14 (2018) 28:1-28:25. https://doi.org/10.1145/3232616. 

[9] S. Wu, J.Q. Sun, A top-down strategy with temporal and spatial partition for fault detection and diagnosis of 

building HVAC systems, Energy Build. 43 (2011) 2134–2139. https://doi.org/10.1016/j.enbuild.2011.04.020. 

[10] S. Wu, J.-Q. Sun, Cross-level fault detection and diagnosis of building HVAC systems, Build. Environ. 46 

(2011) 1558–1566. https://doi.org/10.1016/j.buildenv.2011.01.017. 

[11] Y. Chen, J. Wen, L.J. Lo, Using Weather and Schedule based Pattern Matching and Feature based PCA for 

Whole Building Fault Detection — Part I Development of the Method, ASME J. Eng. Sustain. Build. Cities. 

(2021) 1–23. https://doi.org/10.1115/1.4052729. 

[12] M. Lampis, J.D. Andrews, Bayesian belief networks for system fault diagnostics, Qual. Reliab. Eng. Int. 25 

(2009) 409–426. https://doi.org/10.1002/qre.978. 

[13] B. Widarsson, E. Dotzauer, Bayesian network-based early-warning for leakage in recovery boilers, Appl. 

Therm. Eng. 28 (2008) 754–760. https://doi.org/10.1016/j.applthermaleng.2007.06.016. 

[14] Y. Zhao, F. Xiao, S. Wang, An intelligent chiller fault detection and diagnosis methodology using Bayesian 

belief network, Energy Build. 57 (2013) 278–288. https://doi.org/10.1016/j.enbuild.2012.11.007. 

[15] Y. Zhao, J. Wen, F. Xiao, X. Yang, S. Wang, Diagnostic Bayesian networks for diagnosing air handling units 

faults – part I: Faults in dampers, fans, filters and sensors, Appl. Therm. Eng. 111 (2017) 1272–1286. 

https://doi.org/10.1016/j.applthermaleng.2015.09.121. 

[16] Y. Zhao, J. Wen, S. Wang, Diagnostic Bayesian networks for diagnosing air handling units faults – Part II: 

Faults in coils and sensors, Appl. Therm. Eng. 90 (2015) 145–157. 

https://doi.org/10.1016/j.applthermaleng.2015.07.001. 

[17] F. Xiao, Y. Zhao, J. Wen, S. Wang, Bayesian network based FDD strategy for variable air volume terminals, 

Autom. Constr. 41 (2014) 106–118. https://doi.org/10.1016/j.autcon.2013.10.019. 

[18] M. Hu, H. Chen, L. Shen, G. Li, Y. Guo, H. Li, J. Li, W. Hu, A machine learning bayesian network for 

refrigerant charge faults of variable refrigerant flow air conditioning system, Energy Build. 158 (2018) 668–

676. https://doi.org/10.1016/j.enbuild.2017.10.012. 

[19] M. Najafi, D.M. Auslander, P.L. Bartlett, P. Haves, M.D. Sohn, Application of machine learning in the fault 

diagnostics of air handling units, Appl. Energy. 96 (2012) 347–358. 

https://doi.org/10.1016/j.apenergy.2012.02.049. 

[20] K. Verbert, R. Babuška, B. De Schutter, Combining knowledge and historical data for system-level fault 

diagnosis of HVAC systems, Eng. Appl. Artif. Intell. 59 (2017) 260–273. 

https://doi.org/10.1016/j.engappai.2016.12.021. 

[21] A. Taal, L. Itard, W. Zeiler, A reference architecture for the integration of automated energy performance 

fault diagnosis into HVAC systems, Energy Build. 179 (2018) 144–155. 

https://doi.org/10.1016/j.enbuild.2018.08.031. 

[22] A. Taal, L. Itard, P&ID-based automated fault identification for energy performance diagnosis in HVAC 

systems: 4S3F method, development of DBN models and application to an ATES system, Energy Build. 224 

(2020) 110289. https://doi.org/10.1016/j.enbuild.2020.110289. 

[23] A. Taal, L. Itard, P&ID-based symptom detection for automated energy performance diagnosis in HVAC 

systems, Autom. Constr. 119 (2020) 103344. https://doi.org/10.1016/j.autcon.2020.103344. 

[24] S. He, Z. Wang, Z. Wang, X. Gu, Z. Yan, Fault detection and diagnosis of chiller using Bayesian network 

classifier with probabilistic boundary, Appl. Therm. Eng. 107 (2016) 37–47. 

https://doi.org/10.1016/j.applthermaleng.2016.06.153. 

[25] Z. Wang, Z. Wang, S. He, X. Gu, Z.F. Yan, Fault detection and diagnosis of chillers using Bayesian network 

merged distance rejection and multi-source non-sensor information, Appl. Energy. 188 (2017) 200–214. 

https://doi.org/10.1016/j.apenergy.2016.11.130. 



[26] Z. Liu, Y. Liu, D. Zhang, B. Cai, C. Zheng, Fault diagnosis for a solar assisted heat pump system under 

incomplete data and expert knowledge, Energy. 87 (2015) 41–48. 

https://doi.org/10.1016/j.energy.2015.04.090. 

[27] P. Laitila, K. Virtanen, Improving Construction of Conditional Probability Tables for Ranked Nodes in 

Bayesian Networks, IEEE Trans. Knowl. Data Eng. 28 (2016) 1691–1705. 

https://doi.org/10.1109/TKDE.2016.2535229. 

[28] H. Wang, M.J. Druzdzel, User Interface Tools for Navigation in Conditional Probability Tables and 

Elicitation of Probabilities in Bayesian Networks, ArXiv13014430 Cs. (2013). http://arxiv.org/abs/1301.4430 

(accessed November 27, 2021). 

[29] D. İçen, D. Ersel, A new approach for probability calculation of fuzzy events in Bayesian Networks, Int. J. 

Approx. Reason. 108 (2019) 76–88. https://doi.org/10.1016/j.ijar.2019.03.004. 

[30] J. Rohmer, Uncertainties in conditional probability tables of discrete Bayesian Belief Networks: A 

comprehensive review, Eng. Appl. Artif. Intell. 88 (2020) 103384. 

https://doi.org/10.1016/j.engappai.2019.103384. 

[31] Y. Wang, Z. Wang, S. He, Z. Wang, A practical chiller fault diagnosis method based on discrete Bayesian 

network, Int. J. Refrig. 102 (2019) 159–167. https://doi.org/10.1016/j.ijrefrig.2019.03.008. 

[32] D. Barber, Bayesian Reasoning and Machine Learning, 1st Edition, Cambridge University Press, Cambridge, 

UK, 2012. 

[33] J. Schein, S.T. Bushby, A hierarchical rule-based fault detection and diagnostic method for HVAC systems, 

HVACR Res. 12 (2006) 111–125. 

[34] J. Pearl, Probabilistic Reasoning in Intelligent Systems: Networks of Plausible Inference, 1st Edition, Morgan 

Kaufmann Publishers, Inc., San Francisco, CA, 1988. 

[35] N.E. Fenton, M. Neil, J.G. Caballero, Using Ranked Nodes to Model Qualitative Judgments in Bayesian 

Networks, IEEE Trans. Knowl. Data Eng. 19 (2007) 1420–1432. https://doi.org/10.1109/TKDE.2007.1073. 

[36] J. Ren, I. Jenkinson, J. Wang, D.L. Xu, J.B. Yang, An Offshore Risk Analysis Method Using Fuzzy Bayesian 

Network, J. Offshore Mech. Arct. Eng. 131 (2009). https://doi.org/10.1115/1.3124123. 

[37] K.-S. Chin, D.-W. Tang, J.-B. Yang, S.Y. Wong, H. Wang, Assessing new product development project risk 

by Bayesian network with a systematic probability generation methodology, Expert Syst. Appl. 36 (2009) 

9879–9890. https://doi.org/10.1016/j.eswa.2009.02.019. 

[38] J. Yang, H.-Z. Huang, Y. Liu, Y.-F. Li, Evidential Networks for Fault Tree Analysis with Imprecise 

Knowledge, 29 (2012) 111–122. https://doi.org/10.1515/tjj-2012-0015. 

[39] A. Zagorecki, M.J. Druzdzel, Knowledge Engineering for Bayesian Networks: How Common Are Noisy-

MAX Distributions in Practice?, IEEE Trans. Syst. Man Cybern. Syst. 43 (2013) 186–195. 

https://doi.org/10.1109/TSMCA.2012.2189880. 

[40] S.F. Galán, F.J. Díez, Modeling dynamic causal interaction with Bayesian networks: temporal noisy gates, in: 

2nd Int. Workshop Causal Netw., Berlin, Germany, 2000. 

[41] P. Kraaijeveld, GeNIeRate: An Interactive Generator of Diagnostic Bayesian Network Models, Delft 

University of Technology, 2005. 

[42] D. Bigaud, A. Charki, A. Caucheteux, F. Titikpina, T. Tiplica, Detection of Faults and Drifts in the Energy 

Performance of a Building Using Bayesian Networks, J. Dyn. Syst. Meas. Control. 141 (2019). 

https://doi.org/10.1115/1.4043922. 

[43] J. Schein, S.T. Bushby, N.S. Castro, J.M. House, A rule-based fault detection method for air handling units, 

Energy Build. 38 (2006) 1485–1492. https://doi.org/10.1016/j.enbuild.2006.04.014. 

[44] J. Schein, S.T. Bushby, N.S. Castro, Results from Field Testing of Air Handling Unit and Variable Air 

Volume Box Fault Detection Tools, National Institute of Standards and Technology, Gaithersburg, MD, 2003. 

[45] J. Qin, S. Wang, A fault detection and diagnosis strategy of VAV air-conditioning systems for improved 

energy and control performances, Energy Build. 37 (2005) 1035–1048. 

https://doi.org/10.1016/j.enbuild.2004.12.011. 

[46] S. Wang, J. Qin, Sensor fault detection and validation of VAV terminals in air conditioning systems, Energy 

Convers. Manag. 46 (2005) 2482–2500. https://doi.org/10.1016/j.enconman.2004.11.011. 

[47] A. Regnier, J. Wen, Automated Fault Diagnostics for AHU-VAV Systems: A Bayesian Network Approach, in: 

Int. High Perform. Build. Conf., West Lafayette, IN, 2016. https://docs.lib.purdue.edu/ihpbc/235. 

[48] M.J. Drużdże, Intelligent decision support systems based on SMILE, Softw. Dev. J. (2005). 

https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Intelligent+Decision+Support+Systems+Based

+on+SMILE&btnG=. 



[49] J. Ding, B. Krämer, Y. Bai, H. Chen, Backward inference in bayesian networks for distributed systems 

management, J. Netw. Syst. Manag. 13 (2005). https://doi.org/10.1007/s10922-005-9003-8. 

[50] B. Cai, L. Huang, M. Xie, Bayesian Networks in Fault Diagnosis, IEEE Trans. Ind. Inform. 13 (2017) 2227–

2240. https://doi.org/10.1109/TII.2017.2695583. 

[51] B. Cai, H. Liu, M. Xie, A real-time fault diagnosis methodology of complex systems using object-oriented 

Bayesian networks, Mech. Syst. Signal Process. 80 (2016) 31–44. 

https://doi.org/10.1016/j.ymssp.2016.04.019. 

[52] G. Vachtsevanos, F. Lewis, M. Roemer, A. Hess, B. Wu, Intelligent Fault Diagnosis and Prognosis for 

Engineering Systems, 1st Edition, John Wiley & Sons, Inc, New York, NY, 2006. 

[53] A. Alaeddini, I. Dogan, Using Bayesian networks for root cause analysis in statistical process control, Expert 

Syst. Appl. 38 (2011) 11230–11243. https://doi.org/10.1016/j.eswa.2011.02.171. 

[54] A. Barua, K. Khorasani, Verification and Validation of Hierarchical Fault Diagnosis in Satellites Formation 

Flight, IEEE Trans. Syst. Man Cybern. Part C Appl. Rev. 42 (2012) 1384–1399. 

https://doi.org/10.1109/TSMCC.2012.2187188. 

[55] Y. Ling, S. Mahadevan, Integration of structural health monitoring and fatigue damage prognosis, Mech. Syst. 

Signal Process. 28 (2012) 89–104. https://doi.org/10.1016/j.ymssp.2011.10.001. 

[56] Y. Chen, J. Wen, L.J. Lo, Using Weather and Schedule based Pattern Matching and Feature based PCA for 

Whole Building Fault Detection — Part II Field Evaluation, ASME J. Eng. Sustain. Build. Cities. (2021) 1–16. 

https://doi.org/10.1115/1.4052730. 

[57] E. Castillo, J.M. Gutierrez, A.S. Hadi, Sensitivity analysis in discrete Bayesian networks, IEEE Trans. Syst. 

Man Cybern. - Part Syst. Hum. 27 (1997) 412–423. https://doi.org/10.1109/3468.594909. 

[58]   G. Lin, H. Kramer, J. Granderson, Building fault detection and diagnostics: Achieved savings, and methods to 

evaluate algorithm performance, Build. Environ. 168 (2020). https://doi.org/10.1016/j.buildenv.2019.106505. 

[59]  Y. Chen, G. Lin, Z. Chen, J. Wen, J. Granderson, A simulation-based evaluation of fan coil unit fault effects, 

Energy Build. 263 (2022) 112041. https://doi.org/10.1016/j.enbuild.2022.112041.  



Appendix I 

Table 1 Prior probability sensitivity test 
Date Fault Type Rank of Calculated Posterior Probability Diagnosis 

result No.1 pp0.05 pp0.10 No.2 pp0.05 pp0.10 No.3 pp0.05 pp0.10 

07/06/16 OpF-Chiller-Off OpF-Chiller-Off 100% 99% AHU2-SA-Temp-

Bias-N 

61% 68% AHU1-SA-Temp-

Bias-N 

54% 61% Diagnosed 

08/08/16 AHU1-SA-Temp-Bias-N AHU1-SA-Temp-Bias-N 51% 46% AHU2-SA-Temp-

Bias-N 

35% 35% OpF-Sch-Occ 9% 9% Diagnosed 

09/07/16 AHU2-SA-Temp-Bias-N AHU2-SA-Temp-Bias-N 61% 65% AHU2-CC-VLV-

Stuck-H 

24% 24% CHWS-Temp-Bias-

N 

16% 14% Diagnosed 

09/11/16 OpF-Chiller-Off OpF-Chiller-Off 62% 61% AHU2-OA-DMPR-

Stuck-H 

39% 41% OpF-Sch-Unocc 37% 38% Diagnosed 

12/01/16 AHU2-OA-DMPR-Stuck-H AHU2-OA-DMPR-

Stuck-H 

100% 100% OpF-Sch-Occ 51% 54% OpF-Sch-Unocc 10% 11% Diagnosed 

01/03/17 AHU2-OA-DMPR-Stuck-H AHU2-OA-DMPR-

Stuck-H 

100% 100% OpF-Sch-Occ 35% 43% OpF-Sch-Unocc 0% 0% Diagnosed 

01/14/17 OpF-Sch-Occ OpF-Sch-Occ 100% 100% AHU2-OA-DMPR-

Stuck-H 

98% 99% OpF-Sch-Unocc 50% 55% Mis-

diagnosed 

07/09/17 OpF-Chiller-Off OpF-Chiller-Off 89% 87% AHU2-SA-Temp-
Bias-N 

69% 71% CHWS-DP-Bias-P 28% 25% Diagnosed 

07/11/17 AHU2-OA-DMPR-Stuck-H AHU2-OA-DMPR-

Stuck-H 

53% 51% CHWS-Temp-Bias-N 18% 18% AHU2-SA-Temp-

Bias-N 

18% 22% Diagnosed 

07/18/17 AHU2-OA-DMPR-Stuck-H AHU2-OA-DMPR-

Stuck-H 

79% 76% CHWS-Temp-Bias-N 17% 16% AHU2-OpF-CC-

VLV-SWO-H 

22% 22% Diagnosed 

08/03/17 CHWS-Temp-Bias-N AHU2-OA-DMPR-

Stuck-H 

26% 24% OpF-Chiller-Off 14% 14% CHWS-Temp-Bias-

N 

8% 8% Mis-

diagnosed 

08/05/17 OpF-Sch-Occ OpF-Sch-Occ 72% 69% AHU2-CC-VLV-

Stuck-H 

41% 51% CHWS-Temp-Bias-

N 

48% 49% Diagnosed 

08/11/17 AHU2-OpF-CC-VLV-SWO-H AHU2-OpF-CC-VLV-

SWO-H 

49% 46% AHU2-OA-DMPR-

Stuck-H 

52% 48% CHWS-Temp-Bias-

N 

14% 13% Mis-

diagnosed 

09/15/17 CHWS-DP-Bias-P CHWS-DP-Bias-P 96% 96% OpF-Chiller-Off 78% 76% AHU2-SA-Temp-

Bias-N 

72% 49% Diagnosed 

 

 

 

 

 

 

 

 




