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ABSTRACT 

 

This paper presents the Visual Basic Application (VBA) implementation of the Binary Decision 

Diagram (BDD) that encodes the truth table representation of a Boolean function. The developed VBA 

tool provides an integrated risk analysis environment where the risk analyst uses familiar Excel 

spreadsheet tabs as a convenient vehicle to provide key inputs to backbone VBA modules. First, basic 

event definitions, associated descriptions and failure probabilities are provided, followed by system fault 

trees constructed therein to represent contributing causes to a top failure event. The fault tree is then 

converted to the corresponding BDD, which is subsequently solved to produce minimal cutsets 

(qualitative) and to calculate the top event probability using three methods (quantitative): rare event 

approximation, minimal cutset upper bound (MCUB) and exact probability calculation. Importance 

measures are calculated as part of the quantification process as well. Key algorithms involved in all these 

operations are implemented in a suite of VBA modules embedded in an Excel file named 

“VBA_BDD_PRA_Analyzer_R00.xlsm”. One interesting feature of the developed tool is its capability to 

visualize the obtained BDD structure in an Excel spreadsheet. This enables the risk analyst to see how the 

system Boolean function of the top event is represented in the truth table via BDD. The risk analyst can 

visually trace various BDD paths leading to the top event failure that define minimal cutsets. Last, but not 

least, the developed program is a convenient educational tool the risk analysis can carry and play with to 

gain an enhanced understanding of how fault trees are solved to obtain qualitative insights as well as 

quantitative risk values, without being restricted by availability of commercial grade risk analysis 

software packages. All it takes is Microsoft Excel. Illustrative applications include the qualitative and 

quantitative analysis of an example fault tree, followed by the use of the developed tool for combining 

fragilities for seismic PRA applications. 
 

INTRODUCTION 
 

Per Shannon Decomposition, a Boolean function can be represented by the sum of two disjoint functions 

of the Boolean function. By performing this operation recursively, a truth table representation of the 

Boolean function can be generated, with all possible combinations of failures leading to a system failure 

efficiently identified. A Binary Decision Diagram (BDD) is a rooted, directed acyclic graph where a 

Shannon decomposition is carried out at each node of the BDD, with two terminal nodes, 1 and 0, 

representing the Boolean functions 1 and 0. Each non-terminal or internal nodes has two outgoing 

branches. The high branch side corresponds to the case where the variable is assigned 1 (typically 

indicated as a solid line) while the low branch side correspond to the case where the variable is assigned 0 

(typically indicated as dashed line). The Shannon decomposition of a BDD is succinctly defined in terms 

of the ternary If-Then-Else (ITE) connectives as  

 

𝐹 = 𝐼𝑇𝐸(𝑥, 𝐹1, 𝐹0) = 𝑥𝐹1 + �̅�𝐹0 
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where 𝑥 is one of variables in the Boolean equation and 𝐹1 and 𝐹0 are Boolean functions evaluated at 𝑥 = 

1 and 𝑥 = 0, respectively. During the BDD conversion of a fault tree or its Boolean function, the above 

BDD operation is recursively performed on the higher priority variable x as 

 

𝐹 < 𝑜𝑝 > 𝐺 = 𝐼𝑇𝐸(𝑥, 𝐹1, 𝐹0) < 𝑜𝑝 > 𝐼𝑇𝐸(𝑦, 𝐺1, 𝐺0) 

=  {
𝐼𝑇𝐸(𝑥, 𝐹1 < 𝑜𝑝 > 𝐺1, 𝐹0 < 𝑜𝑝 > 𝐺0), 𝑖𝑓 𝑥 = 𝑦
𝐼𝑇𝐸(𝑥, 𝐹1 < 𝑜𝑝 > 𝐺, 𝐹0 < 𝑜𝑝 > 𝐺), 𝑖𝑓 𝑥 < 𝑦

 

 

where <op> is an AND or OR Boolean operator. Figure 1 shows ITE and BDD representations of simple 

Boolean functions. 

 

Boolean 

Function 
F = x F = x + y F = xy 

ITE 

Representation 
F=ITE(x,1,0) F=ITE(x,1, ITE(y,1,0)) F=ITE(x, ITE(y,1,0), 0) 

BDD 

Representation 

X

1 0
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Figure 1. ITE and BDD Representations for Simple Boolean Functions 

 

Each of example BDDs shown in Figure 1 is a tree composed of nodes that represent Boolean variables in 

each Boolean function. Every node in the BDD can be thought of as a BDD that begins at that node. Since 

each BDD starts from the root node (node x in the example BDD) and grows down to terminal nodes 

(nodes 1 and 0), all parts of a BDD can be accessed by traversing down from its root node. Since this 

BDD structure is similar to a linked list, it is essential to provide a mechanism for bookkeeping 

relationships among the BDD nodes. The most efficient way of tracking the BDD structure is to extract a 

computer memory address of the BDD and use it as a pointer to that BDD. Figure 2 conceptually 

illustrates the idea of using the memory address to represent the BDD data structure between one 

upstream node, i, and two downstream nodes, j1 and j0. 

 

i

j1 j0

X = variable 
at level i

i
j1
j0

L(i)

Node
High
Low

Key

j1
...
...

L(j1)

j0
...
...

L(j0)

 
Figure 2. Computer Memory Representation of BDD Data Structure 

 

Each BDD stores pointers or memory addresses of downstream BDDs on the high and low branch sides 

(i.e., solid and dotted lines, respectively). These memory addresses are used to navigate through the BDD 

structure from the root node down to the terminal nodes, 1 and 0. Because of a need to handle computer 
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memory addresses in the BDD data structure, the BDD has been implemented using computer program 

languages such as C, C++ and Java since pointers are one of built-in variables available with these 

languages. Due to an unprecedented improvement in quantification time afforded by the efficient use of 

computer memory using these languages, recent years have seen a wide spread acceptance and use of the 

BDD as an efficient mathematical tool to encode and solve the truth table for large scale fault trees that 

are often encountered in nuclear power industry. Although not as powerful as the aforementioned 

programming languages, one of the most practical desktop computing tools many engineers use is Visual 

Basic Application (VBA) embedded in Excel as it offers easy access (already part of MS Excel) and a 

relatively shallower learning curve compared with other computer programming languages (much easier 

to learn and use in a short amount of time). As opposed to a common perception, the VBA is not just 

limited to simple tasks such as automating routine repetitive calculations using macros, but it can be used 

for more serious and advanced computations such as advanced simulations and solving complex 

engineering problems. When it is coupled with dynamically linked libraries (DLLs) or application 

programming interface (API), its computing capability can be even further expanded beyond its often 

cited performance limitations. Then, one can ask if the VBA has or use pointers that are essential to 

implementation of the BDD. Interestingly, those who are even well versed in the VBA would think that 

the answer would be ‘no’ because we do not see pointer declarations and macros in typical VBA 

applications. However, just like the aforementioned programming languages, the VBA does use pointers 

extensively. The difference is that the VBA hides these pointers whenever possible so as not to burden the 

user with formalities and protocols required when using them. The main purpose of this paper is to 

demonstrate that the BDD can also be effectively implemented inside Microsoft Excel using the VBA, a 

very familiar desktop computing environment where many risk analysts and other engineers perform a 

wide range of computations on a daily basis, and then used to develop an integrated risk assessment tool 

for fault tree analysis by leveraging built-in libraries and functions that are available as part of Excel. The 

implementation is based on algorithms from Rauzy (1993). 

 

VBA BDD IMPLEMENTATION 

 

In this section, basic building blocks of the integrated risk assessment tool using VBA are described. This 

includes BDD Class Declaration, Hashing, BDD Retrieval from Dictionary Object, BDD Visualization, 

Front-End User Interface, and Back-Bone VBA modules. 

 

BDD Class Declaration 

 

 
Figure 3. Data and Function Members of the BDD Class 

 

Figure 3 presents the structure of the BDD Class. The BDD Class has the following members and 

functions: 

 Index: This variable represents the subscript in the variable ordering. 

 Label: This variable contains the name of the BDD node specified by the analyst. 

 pHigh: This variable point to Then part of an If-Then-Else operator, with the If being the variable 

represented by the node, also known as the splitting variable. 

 pLow: This variable point to ELSE part of an If-Then-Else operator. 

Option Explicit 
Public index As Integer  

Public Label As String  

Public pHigh As bdd  
Public pLOW As bdd  

Public pNext As bdd  

 
Private Sub Class_Initialize() 

Set pHigh = Nothing 

Set pLOW = Nothing 
Set pNext = Nothing 

End Sub 

 
Private Sub Class_Terminate() 

Set pHigh = Nothing 

Set pLOW = Nothing 
Set pNext = Nothing 

End Sub 

Private Sub 
Class_Initialize() 

Set pHigh = Nothing 

Set pLOW = Nothing 
Set pNext = Nothing 

End Sub 

 
Private Sub Class_Terminate() 

Set pHigh = Nothing 

Set pLOW = Nothing 
Set pNext = Nothing 

End Sub 

Private Sub Class_Terminate() 
Set pHigh = Nothing 

Set pLOW = Nothing 

Set pNext = Nothing 

End Sub 
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 pNext: This variable points to the next node in a hash bucket (Dictionary for this implementation). 

More details will be discussed on the use of Dictionary object for hashing in the next section. 

As can be seen above, pHigh, pLow and pNext storing pointers are an essential part of the BDD Class 

declaration. Naturally, one may wonder if VBA has or use pointers. It is not well known, but, much to 

nice surprise for advanced VBA users, VBA does indeed use pointers.  These functions are “VarPtr” 

(Variable Pointer), “StrPtr” (String Pointer), and “ObjPtr” (Object Pointer) and they use pointers to access 

information held in variables. For example, ObjPtr returns the pointer to the interface referenced by an 

object variable. The address of a BDD Class object is extracted as follows: 

 

 
 

The above example assigns the address of a BDD object to the pHigh variable, but it can be assigned to 

the other two class variables, pLow and pNext, in a different syntax. By default, there are two special 

BDDs defined to represent two terminal points of a BDD: ZERO and ONE BDD. These terminal BDDs 

are defined as follows: 

 

 
 

As can be seen above, BDD class indices, 1 and 2, are exclusively reserved for ZERO and ONE BDD, 

respectively. Since these are terminal nodes, pLow and pNext are not updated and kept to null or nothing. 

It should be noted that the provision of these two special BDDs up front ensures that these two special 

BDDs are available for reference with other BDDs created afterwards. Once they are defined, they are 

stored in a Dictionary object declared as a DicBDD using 0 and 1 as key values and their memory 

addresses as key data. This is discussed next. 

 

Hashing 

 

Since BDDs are canonical form, there should not be isomorphic subgraphs. In other words, there must be 

no identical nodes in the BDD, which ensures that the resulting BDD is reduced without any redundant 

nodes. To address this, a hash-based table called unique-table is introduced in ITE. Hash table provide a 

quick method of storing and retrieving data based a unique key value. Each BDD node include variable 

index and pointer addresses of child nodes. Every time ITE is called a lookup in the hash-table must be 

made. If a corresponding node can be found, the hash-table entry is used rather than creating a new node. 

In VBA, Dictionary Class provides a mapping from a set of keys to a set of values. Each addition to the 

dictionary consists of a value and its associated key. Retrieving a value by using its key is very fast 

because the Dictionary class is implemented as a hash table. The current VBA implementation of BDD 

utilizes a variety of Dictionary objects. Of these, two Dictionary objects that play critical roles in the 

current implementation are detailed in what follows. The first one is BDDCollection Dictionary. This 

Dictionary object stores the address of a BDD using a unique key as follows: 

 

 
 

As mentioned earlier, the ObjPtr function is used to extract the address of a BDD. The second Dictionary 

object is OPSCollection Dictionary. This stores intermediate results of logical operations made on BDDs 

Set BDDObj = New BDD ‘New BDD Object 

pHigh = ObjPtr(BDDObj) ‘Address of New BDD Object Assigned to pHigh Variable 

 

Set BDDZERO = New BDD 
BDDZERO.Label = "0" 

BDDZERO.index = 1 

dicBDD.Add 0, ObjPtr(BDDZERO) 'specified key and value' 

Set BDDONE = New BDD 
BDDONE.Label = "1" 

BDDONE.index = 2 

dicBDD.Add 1, ObjPtr(BDDONE) 'specified key and value 
 

BDDCollection.Add Unique_Identifier, BDD_Address 
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and then make them available for future reference such that the same logical operations that already exist 

in the dictionary can be identified and re-utilized for faster logical operations. The address of existing 

logical operation results is simply extracted from the dictionary and used as an input to the creation of a 

branch point BDD that represents a layer of many nested IF-THEN-ELSE operations.  

 

BDD Retrieval from Dictionary Object 

 

As described above, BDDCollection and OPSCollection have been created to store memory addresses of  

BDDs and BDD Operations. Then, a question arises as to how one can use the stored address of a BDD or 

a BDD operation to access an actual object the address points to. As for other programming languages 

such as C or Java, there is a special character used to directly access an object associated with the address. 

However, there is nothing equivalent available with VBA. Thus, this tricky question can not be handled 

by existing built-in VBA functions and capabilities. For this, a new function named “CopyMemory” 

comes to the rescue. All it takes is simply to declare the following function in the header of the VBA code 

module, which is available as part of MS dynamic library “Kernel32”:  

 

 
 

This function copies a block of memory from one location to another. Its role in the current VBA BDD 

implementation can be best understood by how it is used to extract a BDD in the following code: 

 

 
  

For a given BDD address, TMPAddress, obtained from BDDColletion, CopyMemory copies the object 

associated with the address to the address of an intermediate object, pV. Then, the address of the 

intermediate object is set to the address of the retrieved BDD object, BDDRetrieved. This allows for 

access to data and functions pertaining to the object associated with TMPAddress. Similarly, stored BDD 

operation results can be retrieved. 

 

BDD Visualization 
 

In order to plot the structure of a BDD, the BDD needs to be recursively analyzed from the root of the 

BDD to assign x- and y- coordinates for each node. Once the x- and y- coordinates are assigned to each of 

the BDD nodes, they are used to display the structure of BDD. For this purpose, the following data 

structure is defined in the header portion of the VBA script: 

 

 
 

Front-End User Interface for Input and Output 

 

Figure 4 presents various relationships between the front-end user interface that handles input and output 

functions and back-end VBA modules that perform core tasks. As can be seen from the figure, there are a 

total of six front-end user interfaces. These are Excel spreadsheets created into an Excel file that contains 

the back-end VBA module. Three of them (Control Tab, Basic Events Tab and Fault Tree Tab) provide 

input user interface while the other three (BDD_Graph Tab, MinimalCuset Tab and ImportanceMeasure 

Private Declare Sub CopyMemory Lib "kernel32" Alias "RtlMoveMemory" (pDst As Any, pSrc As Any, ByVal ByteLen As Long) 
 

 

Dim pV As BDD 

Set pV = New BDD 

CopyMemory pV, BDDCollection.Item(TMPAddress) 

Set BDDRetrieved = pV 

  

 
 

Public Type NodeXY 
     Node_ID As String 

     pHigh_ID As String 

     pLow_ID As String 
 

     Node_X As Double 
     Node_Y As Double 

End Type  
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Tab) are associated with presenting and visualizing output data. The input interface tabs provide the core 

backend module named “VBABDD_MAIN” with key input data including truncation limits, basic events 

data , and fault tree structure. After these are processed through the back-end module, both qualitative 

(cutset generation) and quantitative results (top event probability) are sent over to output user interface 

tabs. 

 

VBABDD_MAIN

BDD Class

Control Tab

Back End Module
Front End User 

Interface - Input

Basic Events Tab

Fault Tree Tab

MinimalCutSet

ImportanceMeasure

BDD_Graph

Front End User 
Interface - Output

 
Figure 4.  Relationship Between Front-End User Interface and Back-End VBA Module 

 

In what follows, each of these six user interface tabs is listed below, along with a short description of its 

function: 

 Control Tab: This is the tab where the user can execute the main module of the program by 

clicking on “Solve Logic Model!” Button. This tab provides quick and self-explanatory user 

instructions for the user to follow to use the tool. In addition, the user can provide different 

truncation limits that are used to drop off insignificant cutsets. After each quantification run, this 

tab provides a table of different top event probabilities using three methods: straight sum, 

minimal cutset upper bound, and exact probability.  

 Basic Events Tab: This is the tab where the user provides basic events data such as names of 

basic events that are used to construct component and system fault trees, associated basic failure 

probabilities and brief descriptions. It is important to note that the ordering of basic event in this 

table is used to develop the top-down, left-right ordering of the basic event in the fault tree. Each 

basic event is assigned a number for the purpose of ordering. This number is called the basic 

events ‘index,’ with the indexes starting at 3 (for the basic event to be considered first) and 

increasing to represent the position of the event within the ordering. 

 Fault Tree Tab: This tab contains the logic equations which relate gates to their inputs and the 

gate logic type. Data can be input as a tabular format and the contents of each column include 

gate name, gate type, number of gate inputs to gate, number of basic event inputs to gate and 

names of the gate inputs and basic event inputs (up to 10 inputs) 

 BDD_Graph Tab: This is where the graphical representation of the BDD structure is presented. 

 Minimal Cutset Tab: This is where qualitative fault tree solutions or minimal cutsets are 

presented in a tabular format. 

 Importance Measure Tab: This is where various importance measures such FV, RAW, RRW, 

and BI are presented for the basic events defined in Basic Events Tab. 

The user can use these spreadsheets to provide input data for quantification runs and to review analysis 

results such as minimal cutsets as well as importance measure.  Figure 5 provides a compilation of six 

screen shots of these six user interface tabs.  
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Figure 5. Compilation of Screenshots for Six Tabs for User Interface with VBA BDD Backbone Module 

– Control, BasicEvent, Fault_Tree, MinimalCutSet, BDD_Graph,and ImportanceMeasure 

 

VBA Modules and Functions 

 

In the previous section, each of basic building blocks essential for the current VBA BDD implementation 

has been introduced with a brief description of definition and function. Then, these are used in various 

VBA modules and functions. These backbone modules are as follows: 

 VBABDD_Main Module: This is the main computation module that is made up of key functions 

and modules described subsequently. This module can be executed by using the “Solve Logic 

Model!” Button provided in “Control” Tab that is covered in the user interface section. Figure 6 

lays out key steps that are executed sequentially as part of this module.  

VBABDD_MAIN
Read Basic Events 

and Gate Data
Create Basic BDDs

Create Fault Tree 
BDD

Generate Minimal 
Cutset

Obtain Solutions

Calculate Top Event 
Probability

Compute 
Importance 
Measures

Visualize BDD 
Structure

 
Figure 6.  Key Tasks Executed for VBABDD_Main Module 

 

 BDDCOMP Function: This function employs the ITE procedure for procuring the BDD. It 

performs a step-by-step process through the fault tree, calculating the ITE structure for each basic 

and gate event. This process proceeds from the bottom gates (those fully defined by basic event 

inputs only) up through the fault tree, evaluating the ITE structure of each gate until the top gate 

is reached. The ITE structure of each gate is such that it is composed only of the basic events in 

the fault tree. The results of any computation are stored in a computable table and this table is 

searched for each subsequent computation. This way, a result is readily available if the 

computation has been previously completed and no computation is repeated. The ITE table which 

holds the nodes of the BDD provides an order triple. This means that each node is represented by 

three values, the first value indicates the basic event for this node, the second value gives the 
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position of the ITE table for the THEN branch and the third value indicates the position of the 

ELSE (0) branch node in the ITE table.  

 BDDOrder Module: This module is primarily concerned with the ordering of the basic events in 

the fault tree. It first obtains information about the fault tree including the top event. It also 

differentiates basic events, intermediate gates and the top gates. Using the obtained information, it 

constructs the sequence of BDD object generation. 

 MINSOL and WITHOUT Functions: These functions are used to minimize the BDD structure 

for obtaining qualitative solutions.  Once the top event ITE structure has been completed, there is 

no guarantee that the resulting BDD will be minimum (i.e., produced minimal cutsets). The form 

of the BDD generated at this stage neds to be retained for the fault tree quantification. To produce 

the qualitative results a minimizing procedure needs to be executed. This codes uses the 

algorithm developed by Rauzy (1993).  

 SOLUTIONS Function: This module is a path tracing algorithm used to obtain the minimum 

cutsets of the fault tree once the BDD has been minimized by using MINSOL and WITHOUT 

functions. 

 BDDProb  Function: This function is concerned with computing the sum of the probabilities of 

all the paths ending in a terminal 1 vertex leading from the THEN branch of the node. 

 BDDXY Module: This module run in parallel with SOLUTION function to trace BDD nodes and 

assign x and y coordinates to each node for visualization purposes.  

 BDDPlot Module: This module interfaces with “BDD_Graph” Tab to generate a graphical 

representation of the BDD structure using x and y coordinate data generated by BDDXY Module. 

ILLUSTRATIVE APPLICATIONS 

 

In what follows, two illustrative application cases are presented to demonstrate the capabilities of the 

developed VBA tool. The first example case is concerned with the cutset generation and top event 

probability (TEP) calculation of an example fault tree where an rare event approximation assumption 

holds while the second example case is related to the use of the developed VBA tool to combine seismic 

fragilities of an SSC with different failure modes or made up of a number of sub-components to remove 

conservatisms or non-conservatisms in the top event probability when both involving high failure 

probabilities. 

 

Fault Tree Analysis – Cutset Generation and Top Event Probability Calculation 

 
An example fault tree is analysed to verify and validate the cutset generation and top event probability 

(TEP) calculation capabilities of the developed VBA tool. The example fault tree is part of an internal 

events model for a commercial nuclear power plant (NPP) and has a total of 65 basic events and there are 

a total of 152 gates (combinations of OR and AND gates).  In general, all basic event probabilities are on 

the order of 1E-5 or less. Therefore, a rare event approximation holds true for TEP calculation. For 

comparison purposes, the fault tree was first solved using a commercially available fault tree analysis 

program verified and validated for quality assurance and the resulting cutsets and TEPs are compared 

with those obtained from the VBA tool run at different truncation levels. Table 1 presents the resulting 

comparisons. At each of different truncation levels, it can be seen that the developed VBA tool extracts 

exactly the same number of cutsets as with the commercial package. The calculated TEP values at 

different truncation levels are essentially the same (1.86E-02) between the VBA tool and the commercial 

package regardless of the choice of calculation method (e.g., rare event, MCUB or exact) due to very 

small probabilities used for the basic events included in the example fault tree model. 
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Table 1. Comparison of Number of Cutsets and TEP Values for Example Fault Tree 

Truncation 

Limit 

Commercial Package VBA BDD Tool 

# of Cutsets 
Rare Event 

TEP 
# of Cutsets 

Rare Event 

TEP 
MCUB TEP Exact TEP 

0.00E+00 970 1.86E-02 970 1.8624E-02 1.8609E-02 1.8608E-02 

1.00E-25 608 1.86E-02 608 1.8624E-02 1.8609E-02 1.8608E-02 

1.00E-18 531 1.86E-02 531 1.8624E-02 1.8609E-02 1.8608E-02 

1.00E-14 257 1.86E-02 257 1.8624E-02 1.8609E-02 1.8608E-02 

1.00E-08 34 1.86E-02 34 1.8624E-02 1.8609E-02 1.8608E-02 

1.00E-05 7 1.86E-02 7 1.8611E-02 1.8596E-02 1.8608E-02 

 

Application to Seismic PRA – Combing Fragilities 

 

In seismic probabilistic risk assessment (SPRA), there could be multiple failure modes for some PRA 

targets credited in the plant logic model (e.g., functionality, anchorage failure, etc.,). If seismic capacities 

of these failure modes do differ significantly from each other, the one with the lowest capacity can be 

used as a representative failure mode of the component. However, if they are closely apart (e.g., less than 

20 percent in capacity), the failure probabilities of the different failure modes need to be appropriately 

summed up or combined in the risk quantification. A similar case can be encountered when a super-

component include multiple sub-components. For example, a diesel generator includes not only  the 

engine block and generator, but also all other items of equipment mounted on the diesel generator or on 

its skid (e.g., lubrication system, fuel supply system, cooling system, heaters, starting systems, and local 

instrumentation and control systems). The term “rule of box” is used to associate SSCs inside or in close 

proximity of primary components (SQUG GIP (2001)). Sub-components where the rule of box applies are 

grouped into the single fragility group and the seismic fragility of “the box” is represented by a “super 

component” where the seismic fragilities of all sub-components are calculated by the fragility analyst and 

assumed to be completely correlated. Often times, the fragility of the weakest SSC is used to represent the 

fragility of the entire group. In most cases, this is acceptable if the weakest item has the fragility well 

below compared with the other items. However, if there are fragilities of different components or failure 

modes of the same component are close to each other such that their fragility curves overlap in a certain 

acceleration range. Simply choosing the weakest fragility is non-conservative due to a potential system 

failure contribution from the other items whose fragility curves are relatively close for the weaker SSCs 

within the fragility group and overlap with that of the weakest item. One could include all possible 

combinations of failure modes of all sub-components. However, this could be an expensive option 

considering an increase in the computing overhead. The second option would be to add up all the 

individual fragilities to come up with a total failure probability. This approach becomes significantly 

conservative since it may overstate the total failure probability for the SSC/function. For example, take a 

system with 10 components and assume all 10 failure modes have the exact same fragility (e.g., Am=0.9, 

βc=0.46). A simple summation would lead to the system probability of 2.0 (i.e., 10 * 0.2), which is much 

larger than 1.0.One alternative is to develop a composite fragility curve in an exact fashion, which 

requires taking into account success terms. For example, for two failure modes, A and B, we can use P(A 

U B) = P(A) + P(B) – P(A)*P(B) to develop the composite fragility at each acceleration value. This 

removes the issue of underestimating or overshooting the top event probability of the approached 

described before. This calculation is performed using the exact TEP calculation capability of the VBA 

tool developed in this paper. Two example cases are considered for a hypothetical system with 10 sub-

components. The first case is concerned with a fragility group where there is obviously one weakest item 

whose fragility is well below from the other fragilities (e.g., one item with Am=0.5, βc=0.5 << nine items  

with Am=4.0, βc=0.5) while the other case is not (e.g., one item with Am=0.5, βc=0.5 ≈ nine items  with 

Am= 0.55, βc=0.5). Figure 7 shows comparisons of system fragilities based on three methods: weakest 

item fragility, straight sum of component fragilities, and exact Boolean summation of component 
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fragilities. Figure 7 (a) shows that the exact composite fragility is essentially equal to the weakest item 

fragility, which corroborates the fact that the use of the weakest item fragility as a representative fragility 

is reasonable as long as the weakest fragility is well below from the other fragilities. For this case, the 

straight sum fragility is not a good choice since it significantly overshoots the system fragility at high 

acceleration levels. For the second case where the median capacity of the weakest item is only 5 % less 

than that of other fragilities, both the straight sum and weakest item fragility turn out to be not a good 

choice as the representative system fragility since they significantly over- or under-underestimate the 

system fragility relative to the exact composite fragility. Thus, the exact composite fragility curve may be 

required depending on risk significance of the component under investigation.  

 

  
         (a)  Weakest item capacity << other items          (b) Weakest item capacity ≈ other items 

Figure 7. Comparison of system fragility curves based on the weakest item, straight sum, and exact 

calculation   

 

SUMMARY AND CONCLUSION 

 

This paper has demonstrated that the BDD can be implemented using VBA and built-in Excel 

functions/libraries and then used to develop an integrated risk analysis environment for efficient fault tree 

analysis. Key algorithms involved in all BDD operations such as fault tree conversion to BDD, minimal 

cutset generation, TEP calculation, and visualization are implemented in a suite of VBA modules. Excel 

spreadsheets that are familiar to the ordinary risk engineer are not only used to provide parameter values 

for controlling the developed VBA modules, but also they are used as input and output interface to 

provide fault tree data structure and at the same time to present both the qualitative (cutsets) and 

quantitative (TEPs) results. Illustrative application example cases show that the developed VBA tool can 

accurately perform fault tree analysis and it is an excellent tool to develop the composite fragility for a 

component with multiple failure modes close to each other or a super-component with its sub-components’ 

fragilities close to each other if warranted by its risk significance. Lastly, the developed VBA tool is a 

convenient educational tool the risk analysis can carry and play with to gain an enhanced understanding 

of how fault trees are solved to obtain qualitative insights as well as quantitative risk values, without 

being restricted by availability of commercial grade risk analysis software packages.  
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