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Abstract: The NRC SPAR models currently employ the alpha factor common cause failure (CCF) 
parameterization and represent CCF for a group of redundant components as a single “rolled-up” basic 
event in the system fault trees.  These SPAR models will be updated to employ a more precise but 
computationally intensive approach that expands the CCF basic events for all active components to 
include all terms that appear in the Basic Parameter Model (BPM).  A discussion is provided to detail 
the differences between the rolled-up common cause component group (CCCG) and expanded BPM 
adjustment concepts based on differences in core damage frequency and individual component 
importance measures.  Lastly, a hypothetical event is evaluated with a SPAR model to show the 
difference in results between the current method (rolled-up CCF events) and the newer method 
employing all of the expanded terms in the BPM.  The evaluation of the event with the SPAR model 
employing the expanded CCF terms will be solved using both the Graphical Evaluation Module 
(GEM) within SAPHIRE, and SAPHIRE itself for the conditional probability calculation discussed in 
Reference 1. 
 
Keywords: CCF, SPAR Models, SAPHIRE.

1.  INTRODUCTION 
 
The Nuclear Regulatory Commission (NRC) Standardized Plant Analysis Risk (SPAR) models 
currently employ the alpha factor common cause failure (CCF) parameterization [2] and represent 
CCF for a group of redundant components as a single “rolled-up” basic event in the system fault trees.  
The SPAR models that are presently being updated will employ a more precise but computationally 
intensive approach by expanding the CCF basic events for all active components to include all terms 
that appear in the Basic Parameter Model (BPM)[3].  This approach will retain these additional 
expanded basic events through the cut set quantification, and calculation of importance measures 
based on the cut sets.  This paper discusses the differences between these two adjustment concepts and 
provides detailed results of differences in core damage frequency and individual component 
importance measures under the two approaches. 
 
Advantages of representing CCF events as a “rolled-up” basic event are quantification time, the 
smaller resultant number of cut sets, and modeling issues.  Modeling using only a single basic event 
reduces the potential for modeling errors, such as incorrectly identifying all CCF cross products.  For 
two or three train systems, the likelihood for error is small, but as the number of components increases 
this potential also increases.  The resultant probability for the CCF basic events are calculated 
correctly using the rolled-up method given the quantification uses a built in calculator, such as in the 
Systems Analysis Programs for Hands-on Integrated Reliability Evaluations (SAPHIRE) software [4].  
A disadvantage to the rolled-up approach is that the resultant importance measures are based on the 
generated cut sets, which do not include the cross products.   Therefore, this could potentially have an 
impact on the calculated importance measures.  This rolled-up approach was sufficient for the original 
uses of the SPAR models but as their uses have expanded and demands for precision have increased, 
the limitations of the rolled-up approach may be more severe. 
 



The SPAR models are currently being updated to expand all potential CCF combinations in order to 
get more accurate resultant cut sets.  The advantage of expanding the CCF basic events is that this will 
produce all of the cross products that were missed with the CCF events “rolled-up”.  These new cut 
sets will allow a better approximation to core damage frequency (CDF) and risk metrics derived from 
CDF, such as incremental conditional core damage probability (ICCDP).  In addition, these new cut 
sets will provide more precise estimates of basic event importance measures.  The disadvantage of 
expanding out the CCF events is the extra computational time that will be required to generate and 
quantify the additional cut sets. 
 
This paper will first discuss the differences between the two SPAR model CCF approaches in terms of 
the overall base CDF results and associated importance measures.  The next part of this paper will 
illustrate the impact of these approaches on event assessment, using a hypothetical example.  This 
hypothetical example will be evaluated using the ICCDP as the risk metric.  From the ICCDP results, 
component importance measures will be calculated and presented for each of the two approaches to 
CCF.  The evaluation will use the Graphical Evaluation Module (GEM) within SAPHIRE [4].  The 
fully expanded CCF SPAR model will be evaluated in two ways.  The first way will use GEM, while 
the second way will use SAPHIRE to carry out the conditional probability calculation described in [1]. 
 
Section 2 of this paper provides background information that will be used in the process to obtain the 
final results.  This section discusses how the CCF basic event probabilities are calculated.  Information 
about the hypothetical event that will be evaluated using GEM and the conditional probability 
calculation is also discussed in Section 2.  Section 3 will discuss how the CCF basic event expansion 
process is performed within SAPHIRE to carry out the conditional probability calculation described in 
[1] using a manually created component failure fault tree representing all potential failures, i.e., 
independent and CCF.  Lastly, section 4 will provide the final results of the comparison between the 
two CCF approaches.   
 
2.  BACKGROUND 
 
2.1  BPM Calculation for CCF Events 
 
All of the SPAR models utilize the same CCF modeling approach, which utilizes a single basic event 
to represent the potential failure of similar components within a specific common-cause component 
group (CCCG).  For example, the fault tree for a CCCG consisting of three emergency diesel 
generators (EDGs) has events representing independent failure, along with a single basic event 
representing the potential dependent failure of all three EDGs due to a common cause.  This single 
basic event will be referred to as the “rolled-up” CCF basic event. 
 
The single CCF basic event’s probability is calculated using the alpha-factor parameterization of the 
BPM, which in turn uses the expansion of the different potential failure events.  To illustrate, the BPM 
uses the following equations for a three-train CCCG (components A, B, and C) where the success 
criterion is one of three components operating.   
 

AT = AI + CAB + CAC + CABC 
BT = BI + CAB + CAB + CABC 
CT = CI + CBC + CAC + CABC 

 
where:  
 
+ = engineering expression for the union of events (�) 
AT , BT , CT = total failure of components A, B, and C from all causes 
AI , BI , CI = failure of components A, B, and C from independent causes 
CAB = failure of components A and B from common causes 
CAC = failure of components A and C from common causes 
CBC = failure of components B and C from common causes 



CABC = failure of components A, B, and C from common causes 
 
The resultant minimal cut sets for this CCCG would be, under the usual assumption that the above 
representation represents a partition of the sample space, which eliminates cut sets such as CABCBC: 
 
 {AI, BI, CI}, {AI, CBC}, {BI, CAC}, {CI, CAB}, and {CABC}  
 
These resultant cut sets can now be quantified to determine the overall failure probability of the 
CCCG.  For quantification, the minimal cut sets are expressed in terms of the BPM, employing the 
standard symmetry assumption of the BPM. 
 

PS = P[AI, BI, CI] + P[AI, CBC] + P[BI, CAC] + P[CI, CAB] + P[CABC] 
 
where: 
 
P[AI] = P[BI] = P[CI] = Q1 
P[CAB] = P[CAC] = P[CBC] = Q2 
P[CABC] = Q3 
 
Using the symmetry assumption, one obtains the following: 
 

QS = Q1
3 + 3Q1Q2 + Q3 

 
The terms in this equation are �)(m

kQ probability of CCF basic event involving k specific components 
in a common cause component group (CCCG) of size m (1�k�m). 
 
The total probability for each component in the CCCG (QT) can be written as [2]  
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The terms of the BPM are usually expressed in terms of more quantifiable parameters, such as in the 
alpha-factor model.   
 
The alpha-factor model is utilized by the NRC for quantifying CCF probabilities.  It is a multi-
parameter model and the alpha-factor parameters are estimated from ratios of failure counts.  The 
parameters are 
 
Qt = total failure probability (or rate) of each component in the CCCG due to all independent and CCF 
events. 
�k = fraction of the total number of failure events that occur in the CCCG that involve the failure of k 
components due to common cause. 
 
The SPAR models assume a staggered-testing scheme in calculating the CCF basic event failure 
probabilities.  The equation for the terms of the BPM under the assumption of staggered testing is [2] 
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For illustration, the probabilities for a three-component CCCG using the staggered-testing scheme is 
calculated using the following equations 
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The estimates of the alpha-factors in this equation are obtained from the CCF database developed for 
the NRC by the INL (need reference for this database). 
 
2.2 Conditional Probability and Event Assessment 
 
The method used to condition CCF probabilities in event evaluations described in [1] is based on the 
conditional probability equation defined below.  This conditional probability equation is central to 
evaluating the conditional probability of CCF given failure of a component in a CCCG.   
 

 �  �
 �E

ESES
Pr

Pr|Pr �
�   provided Pr[E] > 0 

where: 
 
Pr[S|E] = conditional probability of SPAR model given event E. 
 
To illustrate this conditional probability calculation for a simple case prior to utilizing it on a full-scale 
SPAR model, consider the simple fault tree from [1], reproduced in Figure 1.  The minimal cut sets for 
this fault tree are generated and quantified (using the minimal cut set upper bound approximation) to 
give a probability of 1.245E-04 (Pr[S]).  The basic event probabilities for this fault tree are listed in 
Table 1.  To perform the conditional probability calculation as shown in the equation above, the CCF-
TOP fault tree will be modified to include the condition that component A has failed to start.  In order 
to perform this evaluation, the CCF-TOP fault tree is augmented by “ANDing” it with a fault tree 
representing the failure of A to start (i.e., gate EDG-A-S).  In other words, the CCF-TOP gate is 
ANDed with EDG-A-S (i.e., Pr[S�E]) and this new fault tree is solved to obtain its minimal cut sets 
and resultant probability.  The minimal cut sets for this augmented fault tree are listed in Table 2.  The 
probability of the augmented fault tree based on these cut sets is 2.704E-05 (Pr[S�E]), and the total 
failure probability of A (i.e., EDG-A-S gate probability) is 5.0E-03 (Pr[E]), using the values of the 
basic events in Table 1.  The conditional probability of failure of the CCCG, given the observed failure 
of component A is 5.408E-03 (Pr[S|E]), obtained by dividing 2.704E-05 (Pr[S�E])by 5.0E-03 (Pr[E]). 
 

 
Figure 1. Simple example fault tree. 

 



 
Table 1.  Basic Event Probabilities. 

Failure to Start Failure of Run 
�1 9.8195E-01 S-AB (Q2) 3.350E-05 �1 9.703E-01 R-AB (Q2) 1.330E-04 
�2 1.340E-02 S-AC (Q2) 3.350E-05 �2 2.230E-02 R-AC (Q2) 1.330E-04 
�3 4.650E-03 S-BC (Q2) 3.350E-05 �3 7.410E-03 R-BC (Q2) 1.330E-04 
A-S (Q1) 4.910E-03 S-ABC (Q3) 2.325E-05 A-R (Q1) 1.158E-02 R-ABC (Q3) 8.840E-04 
B-S (Q1) 4.910E-03   B-R (Q1) 1.158E-02   
C-S (Q1) 4.910E-03   C-R (Q1) 1.158E-02   
        

 

Table 2.  Minimal cut sets for conditional probability calculation using the modified CCF-TOP 
fault tree. 

Cut No. Cut Sets Cut Set 
Probability 

Conditional 
Probability 

1 S-ABC 2.330E-05 4.660E-03 
2 A-S, B-R, C-R 6.607E-07 1.321E-04 
3 A-S, R-BC 6.530E-07 1.306E-04 
4 A-S, R-ABC 4.340E-07 8.680E-05 
5 B-R, S-AC 3.886E-07 7.772E-05 
6 C-R, S-AB 3.886E-07 7.772E-05 
7 A-S, B-R, C-S 2.797E-07 5.594E-05 
8 A-S, B-S, C-R 2.797E-07 5.594E-05 
9 B-S, S-AC 1.645E-07 3.290E-05 

10 C-S, S-AB 1.645E-07 3.290E-05 
11 A-S, S-BC 1.645E-07 3.290E-05 
12 A-S, B-S, C-S 1.184E-07 2.368E-05 
13 A-S, C-R, R-AB 7.575E-09 1.515E-06 
14 A-S, B-R, R-AC 7.575E-09 1.515E-06 
15 R-AB, S-AC 4.455E-09 8.910E-07 
16 R-BC, S-AC 4.455E-09 8.910E-07 
17 R-AC, S-AB 4.455E-09 8.910E-07 
18 R-BC, S-AB 4.455E-09 8.910E-07 
19 A-S, C-S, R-AB 3.206E-09 6.412E-07 
20 A-S, B-S, R-AC 3.206E-09 6.412E-07 
21 R-ABC, S-AC 2.961E-09 5.922E-07 
22 R-ABC, S-AB 2.961E-09 5.922E-07 

Totals  2.704E-05 5.408E-03 
 
The process discussed above to calculate the conditional probability for the simple fault tree will be 
used on a SPAR model for the hypothetical event.   
 
2.3  SAPHIRE Calculation and GEM Module 
 
The CCF basic events in the SPAR models are quantified within SAPHIRE using a plugin DLL.  This 
plugin uses the BPM expansion to calculate the CCF event’s probability and then rolls up these 
expanded events to yield a value for a single basic event.  This rolled-up BPM calculation is discussed 
in Section 2.1, with the independent failures removed since these are modelled in their respective fault 
trees.  SAPHIRE 8 will be used in this analysis, since this version of SAPHIRE performs both the 
“rolled-up” calculation and can expand out the BPM terms (with probabilities) in order to generate all 
possible cut sets.  All possible cut sets means that the cross-products will be generated, which will not 
be obtained when the CCF events are “rolled-up”.  For example, a fault tree for a three-train CCCG 
will produce cut sets such as A-S * S-BC, whereas in the “rolled-up” case this cut set would not be 



generated.   By including these expanded terms, more cut sets will be generated, which will provide 
more precise estimates of CDF and component importance. 
 
To analyze the hypothetical event, GEM will be used within SAPHIRE.  GEM is designed to help the 
analyst map the event into the SPAR model and automate cut set generation and calculations of the 
resultant risk metric.  For event evaluation, the risk metric that is calculated is the ICCDP.  The 
ICCDP is calculated from the conditional core damage probability (CCDP) and the core damage 
probability (CDP).  The CCDP is the result based on estimating CDF for the event and then 
multiplying the resultant CDF by the duration of the condition.  The CDP is calculated by multiplying 
the base CDF by the duration of the condition.  The ICCDP is then calculated as the difference 
between CCDP and CDP: 
 

ICCDP = CCDP – CDP 
 
To calculate the CCDP, GEM solves all of the sequences with the basic event representing the failed 
component set to TRUE and the corresponding CCF probability conditioned upon this failure.  This 
result will give the conditional core damage frequency (CCDF).  The CCDF is then multiplied by the 
duration of the condition.  The CDP is calculated similarly by multiplying the base CDF by the 
duration of the event.  The ICCDP is calculated by subtracting each sequence CDP from its respective 
CCDP, and then all of the sequence differences are summed. 
 
When evaluating an event where a component in a CCCG has failed, SAPHIRE 8 uses this 
information to condition the CCF probability using the calculation discussed in [2].  This conditional 
probability will then be assigned to the single CCF event and used in the evaluation.  However, for this 
comparison, a new SPAR model will have the CCF events expanded out into all of their BPM terms 
and the probabilities for these terms will be conditioned, also.  These two SPAR CCF models will then 
be evaluated to determine their ICCDP for comparison.   The respective component importance 
measures, primarily Birnbaum, will also be compared.       
 
The hypothetical event for the comparison is the failure to start of an EDG.  The CCF probabilities 
will be conditioned based on this observed failure and the potential that other EDGs in the CCCG 
could fail to start from the same cause.  The duration of this event is assumed to be 96 hours.  This 
hypothetical event will be evaluated using GEM in SAPHIRE 8 for both SPAR CCF models, one with 
the CCF events “rolled-up” and one with the CCF events expanded out into their BPM terms.  The 
ICCDP and component importance measures will be compared.  
 
3.  APPLICATION INTO SPAR MODEL 
 
All of the CCF events developed in the SPAR models are easily identified due to the standardized 
naming scheme and special calculation type within SAPHIRE.  The SAPHIRE calculation uses the 
BPM, with the exception that the independent failure contribution to the overall CCF calculation is 
removed, because the independent events are explicitly included in the SPAR model fault trees. 
 
SAPHIRE 8 has been developed to allow various treatments of CCF events.  The analyst can leave the 
CCF event rolled up as a single basic event or can expand the event into all of the terms included in 
the BPM.  Operationally, the calculation is the same in the software for base case (i.e., no conditional 
equipment failure); however, the resultant cut sets are different.  The expanded CCF event provides a 
more precise overall result, since the cross-products between independent and CCF events are 
generated.  The rolled-up CCF event represents all of this information as a single event; therefore, 
some of the potential cross-products are omitted, which can have some impact on the resultant 
importance measures for individual components.   
 
For this expansion process, the SAPHIRE 8 output adjustment is shown in Figure 2 along with a 
manual expansion, shown in Figure 3, for comparison.  They both calculate the same results, since all 
of the inputs are the same.  The difference for the overall results will easily be identified when the 



rolled-up CCF is used versus the expanded CCF.  The SAPHIRE 8 output and manually expanded 
fault tree for a CCCG representing three EDGs are shown below. 
 

 
 

Figure 2.  SAPHIRE 8 expansion of CCF basic event. 

Figure 3.  Manual expansion of one train of a CCCG. 

The fault tree above is for only one of the EDGs.  The other two fault trees are similar.  When the three 
individual EDG fault trees are solved together using the one-of-three success criterion, the results will 
match those produced by SAPHIRE 8.  As can be seen, the expansion using the software is easier and 
more straightforward than manual expansion. 
 
The expansion process discussed above in SAPHIRE 8 is performed on all of the CCF basic events 
within a SPAR model.  This SPAR model is referred to as the expanded CCF SPAR model and it is 
compared to the original (rolled-up) SPAR model, which keeps all of the CCF basic events rolled up.  
The expanded CCF SPAR model is re-solved and the base results are compared to the original model.  



The differences between the two models, expanded CCF SPAR model and original (rolled-up) SPAR 
model, in CDF and basic event importances are provided in the results section. 
 
4.  RESULTS 
 
The CDF results for the two SPAR models show minor differences, which can be attributed to the 
different loss of offsite power (LOOP) categories used in the SPAR model (i.e,. grid-related, plant-
centered, switchyard, and weather).  From reviewing the cut sets, these differences stem from how the 
CCF basic events are modeled.  For example, the success criterion is one-of-three EDGs; for 
sequences where emergency power is available from the EDGs, only one EDG is supplying power and 
the SPAR model with the CCF terms expanded will explicitly include the CCF of two EDGs in the 
resultant cut sets, compared to no such contribution in model using the single “rolled-up” CCF event.  
These additional cut sets produce a slightly higher CDF, which is shown in the comparison of CDPs 
listed in Table 3.  The other initiating events exhibit no change between the two models.  The CDP 
differences for the two SPAR models, along with the ratio of the resultant CDPs, are listed in Table 3.  
Table 4 lists the importance measures for the dominant 15 basic events that exhibit a relatively large 
change in Birnbaum importance between the two SPAR models.  The difference in importance 
measures is due to the additional cut sets generated when the fully expanded BPM terms are included. 
   

Table 3.  CDPs for the baseline SPAR models. 

Event Trees 

SPAR Rolled-Up CCF  SPAR Expanded CCF   

CDP CDP

CDP Ratio Ratio 
(Rolled-Up 
/Expanded)

Plant Centered LOOP 8.2E-05 1.0E-04 0.81 
Switchyard Centered LOOP 2.1E-04 2.4E-04 0.84 
Grid related LOOP 9.4E-05 1.1E-04 0.86 
Weather related LOOP 9.0E-04 1.0E-03 0.88 

 
 

Table 4.  Birnbaum importance measures for the baseline SPAR models. 

SPAR Basic Event 
Rolled-Up CCF 

Birnbaum 
Expanded CCF 

Birnbaum 
Ratio (Rolled-Up 

/Expanded) 
SWG-FAN-TM-SPFN12 1.89E-10 2.28E-08 8.27E-03 
SWG-FAN-FS-SPFN12 2.81E-10 2.33E-08 1.20E-02 
SWG-FAN-FR-SPFN11 1.15E-09 1.83E-08 6.29E-02 
SWG-FAN-FR-SPFN13 1.15E-09 1.83E-08 6.29E-02 
MSS-ADV-CC-1MS10 8.61E-09 7.26E-08 1.19E-01 
MSS-ADV-CC-4MS10 8.81E-09 7.29E-08 1.21E-01 
MSS-ADV-CC-3MS10 8.61E-09 7.13E-08 1.21E-01 
MSS-ADV-CC-2MS10 8.81E-09 7.15E-08 1.23E-01 
SWS-MDP-TM-P14 4.40E-09 3.04E-08 1.45E-01 
SWS-MDP-TM-P13 4.60E-09 3.11E-08 1.48E-01 
SWG-FAN-FS-SPFN11 3.14E-10 2.68E-09 1.17E-01 
SWG-FAN-FS-SPFN13 3.14E-10 2.68E-09 1.17E-01 
SWS-STR-PG-P13 9.85E-09 3.18E-08 3.10E-01 
SWS-MDP-FR-P13 9.85E-09 2.96E-08 3.32E-01 
SWS-TSA-PG-P13 9.85E-09 2.96E-08 3.32E-01 

 
The final results showed minor differences between the two SPAR models (rolled-up and expanded 
CCF) from analyzing the hypothetical event.  The expanded CCF SPAR model was evaluated first 
using GEM and then using the conditional probability calculation discussed in Section 2.  The GEM 
module sets the selected component to failed (i.e., TRUE) and then recalculates the CCF probabilities 



assuming the potential for CCF.  SAPHIRE performs the necessary steps to calculate the CCDP, the 
CDP and the ICCDP.  The CCDP and CDP are calculated as described in Section 2. 
 
The two SPAR models (expanded CCF and rolled-up CCF events) were evaluated using the GEM 
software in order for a comparison to be performed.  The expanded CCF SPAR model was also 
evaluated using the conditional probability calculation discussed in Section 2.2.  The results from the 
three different evaluations are compared for both ICCDP and component importance measures, 
primarily Birnbaum. 
 
The calculated ICCDP result is slightly different for the GEM and conditional probability calculation.  
The original SPAR model (rolled-up CCF) yielded an ICCDP of 1.233E-6, while the expanded CCF 
SPAR model calculated with Gem produced an ICCDP of 1.221E-6.  The expanded CCF SPAR model 
using the conditional probability calculation discussed in Section 2.2 gave an ICCDP of 1.204E-6.  
The top ten sequences based on ICCDPs are shown in Table 5 for each of these approaches.   
 
The difference in results between the rolled-up and expanded SPAR models using GEM was expected 
based on the baseline results.  The major difference between these two models is based on the 
modeling structure of the CCF events for redundant components.  The difference in ICCDP is based 
on the combinations of cut sets being generated with the cross products being included.  By expanding 
out these terms, there are more combinations; however, the conditional probability is smaller than the 
rolled-up CCF probability since they are spread across the terms.  This causes a slightly lower ICCDP.  
In reality, there is no practical difference between the two results (i.e., 1.23E-6 versus 1.22E-6, which 
is a very small difference if uncertainty is considered.   
 
As expected, the expanded CCF SPAR model’s sequence results were similar using either the GEM 
software or the direct conditional probability calculation described in Section 2.  The expanded CCF 
SPAR model that was evaluated using GEM conditioned the CCF events on the EDG being failed, and 
set the event representing EDG failure to TRUE.  This adjustment was performed prior to generating 
the new sequence cut sets.  The conditional probability approach took the baseline sequence logic and 
ANDed the total failure of the EDG fault tree logic to all sequences.  The minimal cut sets for the 
augmented fault trees were then generated and quantified.  Once the sequence frequency was 
calculated, the individual sequence cut sets were divided by the total failure probability of the EDG, as 
shown in Section 2.2.  The sequence results from this calculation were then multiplied by the duration 
to obtain the CCDP.  The ICCDP was then calculated for this process and, as can be seen in Table 5, 
the results are very similar. 
 

Table 5.  Top ten ICCDP sequences. 

Event Tree 
Name 

Sequence 
Name 

Original SPAR 
Importance 

(GEM software)

Expanded SPAR 
Importance 

(GEM software)

Expanded SPAR 
Importance using 

P[S|A] method 
LOOPWR 16-06-10 5.022E-07 5.075E-07 4.994E-07 
LOOPSC 16-06-10 2.010E-07 2.034E-07 2.000E-07 
LOOPGR 16-06-10 1.405E-07 1.423E-07 1.397E-07 
LOOPWR 16-09 1.260E-07 1.274E-07 1.253E-07 
LOOPSC 16-09 5.025E-08 5.087E-08 5.004E-08 
LOOPGR 16-09 3.513E-08 3.559E-08 3.491E-08 
LOOPSC 16-48 3.079E-08 3.119E-08 3.061E-08 
LOOPWR 16-48 2.726E-08 2.758E-08 2.709E-08 
LOOPSC 15 2.179E-08 2.307E-08 2.215E-08 
LOOPGR 16-48 1.796E-08 1.818E-08 1.763E-08 

 
The importance measures from these evaluations were then calculated and placed into Table 6 for 
comparison.  Table 6 lists the 15 basic events with the largest difference in importance.   
 



Table 6.  Top 15 components with the largest importance difference. 
Basic Event Rolled-Up CCF using 

GEM Birnbaum 
Expanded CCF using 

GEM Birnbaum 
Expanded CCF using 

P[S|A] Birnbaum] 
MSS-ADV-CC-1MS10 8.61E-09 7.13E-08 6.04E-08 
MSS-ADV-CC-3MS10 8.61E-09 7.13E-08 6.04E-08 
MSS-ADV-CC-2MS10 8.81E-09 7.15E-08 6.04E-08 
MSS-ADV-CC-4MS10 8.81E-09 7.15E-08 6.04E-08 
SWS-TRN-TM-BAY03 8.49E-09 2.19E-08 7.54E-09 
CCW-MDP-TM-MDP11 6.98E-10 1.79E-09 1.02E-10 
SWS-MDP-TM-P14 2.23E-07 3.53E-07 1.83E-07 
SWS-MDP-TM-P13 2.23E-07 3.05E-07 1.64E-07 
SWS-MDP-FS-P13 1.45E-06 1.80E-06 1.03E-06 
SWS-MDP-FS-P14 1.59E-06 1.98E-06 1.10E-06 
SWS-MDP-FR-P13 1.22E-06 1.52E-06 3.13E-07 
SWS-TSA-PG-P13 1.22E-06 1.52E-06 3.13E-07 
SWS-STR-PG-P13 1.26E-06 1.57E-06 3.13E-07 
SWS-STR-PG-P14 1.38E-06 1.71E-06 3.46E-07 
SWS-MDP-FR-P14 1.34E-06 1.65E-06 3.46E-07 

The importance measures, e.g., Birnbaum, are a direct output when the GEM software is used in 
calculating the ICCDP.  Since GEM generates the minimal cut sets, the importance measures can be 
directly calculated versus the conditional probability calculation.  The importance measures, e.g., 
Birnbaum, using the conditional probability calculation were obtained from cut sets generated within 
SAPHIRE, and the cut set probabilities were conditioned by dividing by the failure probability of the 
EDG.  Therefore, these final cut sets still contain the failure of the EDG and a lot of the “A” train 
components given a LOOP.  This logic will cause some of these components to have different 
importance measures compared to the logic where the “A” EDG is set to TRUE.  The trend of the 
importance measures is similar to the ICCDP; therefore, the approximation is adequate. 
 
The importance measures listed in Table 6 are similar to those listed for the base result comparison.  
The differences in these components’ Birnbaum are attributed to the cross product cut sets that are 
generated when all of the CCF basic events are expanded out.  As can be seen in Table 6, the 
Birnbaum is larger for all of the components listed when the CCF basic events are expanded out.  
Based on the results shown here with the hypothetical event evaluated and the base results, the 
expanded CCF SPAR model provides more accurate results. 
 
4.  CONCLUSION 
 
The evaluation of the two SPAR models exhibited results that were expected.  Expanding the CCF 
events gave results that were close to those obtained without expansion, that is, with a single rolled-up 
CCF event.  However, the updated SPAR model generates all of the possible CCF cross products, 
which will provide more precise estimates of CDF and risk metrics derived from CDF, such as 
ICCDP.  In addition, these new cut sets will produce more precise estimates of importance measures.  
The evaluation of the hypothetical event illustrates the differences in these approaches.  The GEM-
evaluated expanded CCF SPAR model was similar to the expanded CCF SPAR model evaluated using 
the direct conditional probability calculation.  The biggest differences can be seen in the basic event 
importance measures.   
 
A disadvantage of the expansion of the CCF events is the added time to generate and quantify the 
additional cut sets produced by the expansion.   The time to generate all of the cut sets with the 
expanded BPM model is approximately twice as long at the same truncation as the model with a single 
rolled-up CCF event.  The cut set generation time when using the direct conditional probability 
calculation is even longer due to the need to solve the augmented fault trees, which requires a lower 
truncation level in order to generate the same cut sets as obtained using GEM.  Using GEM is more 



expedient compared to the conditional probability calculation without a significant decrease in 
accuracy.     
 
Based on the results, the multiple insights can be drawn.  The insights will vary depending upon the 
risk metric that is the most important.  If cut set generation and quantification speed is the important 
metric, then the original SPAR model (rolled up CCF events) will be the best option.  This SPAR 
model generates cut sets and quantifies these cut sets the fastest and the overall results both CDF and 
ICCDP are very similar to the expanded CCF SPAR model.  If CDF, CDP, CCDP, and ICCDP risk 
metrics are important, then based on the final results the expanded CCF SPAR model will provide the 
most accurate results.  This SPAR model; however, will take longer to quantify due to the extra cut set 
combinations.  Lastly, if basic event importance measures are the important risk metric, then the 
expanded CCF SPAR model will provide a more accurate representation.  This is based on all of the 
cross product cut sets that are generated in the final results. 
 
The ICCDP calculation discussed two options, using GEM and conditional probability calculation.  
Based on the results, quantification time, and calculation of basic event importance measures, the 
GEM software provides the best option.  This software is straightforward and does not require any 
manual modifications to the logic model to generate the final ICCDP results.  The overall results as 
shown above are very similar.  Therefore, the use of GEM would be recommended when performing 
event evaluations on full SPAR models. 
 
The recommendation based on the results and important risk metrics is to expand out all of the CCF 
basic events within the SPAR models and use GEM when performing event evaluations.  This would 
provide a more accurate representation of the CDF, ICCDP, and component importance measures.  
With the increase in the use of PRA, the more accurate calculation in component importance measures 
is needed.  Therefore, the combination that should be used is the expanded CCF SPAR model and use 
of the GEM software. 
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