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Abstract 

Engineering problems are generally solved by analytical models or computer 

codes. These models, in addition to conservation equations, also include many 

empirical relationships and approximate numerical methods. Each of these 

components contribute to the uncertainty in the prediction. A systematic 

approach to judge the applicability of the code to the intended application is 

needed. It starts from verification of implementation of formulation in the code, 

identification of important phenomena, finding relevant tests with quantified 

uncertainty for these phenomena and validation of the code by comparing 

predictions with the relevant test data. The relevant tests must address 
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phenomena as expected in the intended application. In case of small size or 

limited condition tests, the scaling analyses is needed to assess the relevancy of 

the tests. Finally, a statement of uncertainty in the prediction is needed.  

Systematic approaches are described to aggregate uncertainties from different 

components of the code for intended application. In this paper verification, 

validations and uncertainty quantifications are briefly described. 

1. Introduction 

Many problems in engineering are solved by analytical models or computer 

codes. These models are based on conservation equations, for mass, momentum, 

and energy, constitutive or empirical relationships and numerical methods. These 

codes are applied in designing large facilities or for investigating their response to 

abnormal conditions. This is more acute for systems where multi-component fluid 

undergoes phase change either due to heating or depressurization.  Additionally, 

full system level data may not be available. In these situations, code predictions 

provide system response. So, the question is how much to trust the code or 

models? How to determine fidelity of code predictions? More complicated is the 

physics, harder will be to answers these questions. 



FE-21-1504 Rohatgi 3 

To have confidence in predictions, the code must undergo rigorous review. The 

first step is verification. The formulation is transformed into a computer code. 

Verification is a process of ensuring that formulation has been correctly 

programmed. The next step is validation where accuracy of the models is 

evaluated by comparing the predictions with data obtained from relevant tests. 

Usually there is lack of relevant data corresponding to applications. Finally, all 

analyses require an estimate of uncertainty in the prediction for an application. 

The uncertainty in the prediction is sum of contributions from numerics, models 

and parameters such as geometry, initial, and boundary conditions.  In general, 

the statement of uncertainty is presented as a statistical statement due to 

uncertainty distribution of components contributing to the uncertainty. 

In this paper, verification, measure of relevancy (scaling) of the tests, validation 

and methods of uncertainty evaluations will be briefly discussed. 

“A model without observation is a mathematical exercise of little use. 

Observations without models contribute mostly to confusion” J.-L. Lions 1928-

2001 

All Verification, Validation, Uncertainty Quantifications (VVUQ) are application 

dependent. Figures 1 and 2 summarize the concepts. The first diagram is 
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traditional approach where performance of reality or application is converted into 

mathematical formulation. The formulation is coded into computerized model.  

The verification ensures that the formulation is correctly coded. The 

computerized model is applied to application relevant tests and predictions are 

compared with the data. This way the code is validated for the intended 

application. However, in case of complicated physics such as two-phase flow, or 

impossibility to conduct tests due power, pressure or safety with the intended 

facility, an intermediate step is needed to design a facility that is scaled down 

version of the intended application. The data from this scaled down facility are a 

surrogate of the actual application for validation of the computerized model. Final 

step is the estimation of the uncertainty of predictions from validated 

computerize model or code.  
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Fig. 1 Tradition approach of valida

Application

Relevant Test Conceptual 
model

Computerized 
model

Scaling

Validation

Analyses

Verifi
catio

n

 

Fig. 2 General approach of validation 

VVUQ is important for many applications. The concepts of VVUQ will be 

illustrated with examples from nuclear industry.  A general perspective is 

provided by Roache [1]. 

United State Nuclear Regulatory Commission (USNRC) has licensed nuclear 

reactors based on modeling and simulation since 1960s [2]. There are many sub-

scale tests but no prototype testing. Biggest contributors to uncertainty in the 

predictions are model uncertainties. Weapons area modeling and simulation has 

been a driver for VVUQ in scientific computing. Again, no prototype tests exist. 
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Aircrafts have been designed with wind tunnel tests and prototype performance 

are predicted based on validated codes. 

ASME started Journal of Verification, Validation and Uncertainty Quantification in 

2016 to promote validation and verification advancements. 

In an effort to provide uniformity with reporting errors, in 1985, the ASME Journal 

of Fluids Engineering started requiring a statement of numerical error and full 

guideline was created in 1993 [3].   ASME Verification and Validation-20 

committee has also published guidelines for computational fluid dynamics [4]. 

American Institute of Aeronautics and Astronautics (AIAA) has also published a 

guide on verification and validation in 2002 [5].  

Some examples of comprehensive publications related to scientific computing are 

given in few references [6,7]. 

2. Verification 

Verification is an important step in assuring that the code represents the 

formulation, and the code results are accurate, or accuracy can be quantified.  

This is accomplished by two steps, code verification and solution verification.  

These methods have been described with examples [6,8,9,10]. 
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The code verification ensures that formulation, balance equations, constitutive 

relationships and numerical scheme have been correctly programmed in the 

code. In one approach, during development, the coding is checked by another 

person, knowledgeable about equations and coding. If the application is for single 

phase flow, results can be compared to actual analytical solution for simple 

geometry. The other methods to give confidence in code are, changing boundary 

conditions and reviewing the trend, providing symmetrical boundary conditions, 

and checking for expected symmetry in solution and finally, code to code 

comparisons. All these methods may not be sufficient but collectively they 

provide verification.   

The additional method for complicated physics is the Method of Manufactured 

Solutions (MMS) that generates an analytical solution for code verification [ 

8,9,11,12]. The basic idea of the procedure is to simply manufacture an exact 

solution for the equations with simplified physics for simple geometry. An 

approximate analytical solution is created and plugged in the equations. A source 

term is calculated that will make solution satisfy the formulation. This source term 

is incorporated in the code and the code prediction should be same as the 

solution that was the basis of computing the source term. 
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The solution verification deals with the numerical accuracy of the computational 

model and provides estimate of numerical uncertainty. The uncertainty occurs 

due inadequate spatial and temporal discretization, and loose convergence 

criteria. ASME Journal of Fluids Engineering requires grid convergence studies 

before results are accepted. Grid convergence index provides a measure of 

numerical uncertainty [3,8,10,13,14]. 

In case of complex physics such as multi-component, multiphase flows, 

nodalization (spatial discretization) studies for system codes are difficult. In these 

situations, the model form uncertainties and numerical uncertainty are combined 

for the purpose of estimating aggregate uncertainty in the prediction. 

3. Phenomena Identification and Ranking Table (PIRT) 

For computer codes to be credible, they should have physics-based models that 

have undergone rigorous validation- where code results are compared with the 

test data.    Codes are applied to a variety of problems, and the sub-models of 

physical phenomena have different levels of impact on the quantities of interest 

(QoI).   Therefore, requirements for models of phenomena and components will 

be specific to an application.  This leads to a need to prioritize the model 

development and tests for each application. In addition, the uncertainty 
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quantification methods must also appropriately choose characterization of 

important physical phenomena and their interactions.  This is important as the 

code includes hundreds of models and is expensive to quantify uncertainty for 

each of them.   

A method of identifying important phenomena is essential and was first 

developed under USNRC program of Code Scaling, Applicability and Uncertainty 

(CSAU) quantification [15,16]. This is called Phenomena Identification and Ranking 

Table (PIRT).  The PIRT has two parts, first, identification of phenomena and 

components, second, ranking them based on their impact on quantity of interest 

(QoI) or Figure of Merit (FOM).  Another recent addition to traditional PIRT is 

inclusion of status of knowledge.  Knowledge will include appropriate data base 

and basic models. Combination of PIRT ranking and status of knowledge will set 

the priority of future experiment and model development. This has now been 

included in most of the recent PIRTs.  This information will guide in model 

development and performing needed tests.  

Past PIRTs were developed based on expert opinion. However, this becomes 

subjective. The other approaches are based on scaling or sensitivity analyses that 
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quantify the impact of phenomena on figure of merit or QoI. These are called 

quantitative PIRT or QPIRT [17,18]. 

As PIRT is application dependent, the first step is to identify the application. In 

case of nuclear energy, the application will be related to nuclear reactor.   The 

problem could be steady state or transient. In case of transient, the duration of 

the transient is divided into periods based on important events such as valve 

opening or operator action, or some significant change in important 

phenomenon. 

Once problem and period of transient has been established, the phenomena are 

decomposed from top-down approach. Reactor system first decomposed in larger 

component or sections with group of phenomena. Each of these sections is 

further decomposed. Finally, the decomposition leads to single basic phenomena. 

This step assures that all the phenomena and their hierarchy has been accounted. 

This step depends on the expertise of the PIRT participants. 

The next step in PIRT is to rank the phenomena based on their impact on figure of 

merit. The first approach is based on expert opinion. This was earlier developed in 

CSAU [15] and applied to pressurized water reactor (PWR) large break loss of 

coolant (LBLOCA) event. This approach requires broad expertise in the 
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participants of the PIRT. Subsequently, this approach has been adopted in 

different fields. This is the most common method of developing PIRT. The 

weakness of this approach is subjectiveness, dependency on expert opinion, and 

resulting consensus.  

 The second approach, consists of two methods, is based on relative quantitative 

impact of phenomena/component on figure of merit and is called QPIRT [17,18].  

The first method requires an order of magnitude analyses based on conservation 

equations and reference values of the variables for each phase of the transient or 

for steady state. The examples of this method are, H2TS [19] and fractional scaling 

analyses (FSA) [20].  In this method, the initial or average values of reference 

quantities are used to non-dimensionalize the system level balance equations for 

each phase of the transient.  This method provides a quantitative approach of 

phenomena/ component ranking. 

The other method for QPIRT is based on sensitivity analyses using the computer 

codes. In this approach, the sensitivity of output parameter or figure of merit to 

parameters of model or initial and boundary conditions are estimated. Models 

with higher sensitivity have higher intensity of change or rate of change. 

However, the impact will be measured by net change of the parameter of interest 
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or FOM over the variation of the model or input parameters during period of 

interest.  The weakness of this method is that sensitivity and ranking will be based 

on the models in the code that will be the target of code validation. 

4. Calibration 

The term calibration different meaning for instrumentation and code models. In 

this paper calibration will only refers to improvement of models. Process of 

improving the predictive capability with of part of data, by adjusting parameters 

of the computational model, is called calibration. The process is illustrated in the 

Figure 3 [6]. This approach is used in scientific computing. The data is divided in 

two groups. The first group is for calibrating the models and the second group is 

for validating the models. However, for general purpose code with application to 

regulatory issues, this may not be acceptable approach as it implies tuning the 

code for every application. The other studies provided mathematical foundation 

based on Bayesian approach for calibration [1,6,21]. The calibration described 

here is for improving the fidelity of the models in the code, in response to 

comparison with the data, and therefore, is not a validation. Code should be 

validated with other independent tests that are sperate from data for calibration. 
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The term calibration has been used to improve accuracy of the measurements but 

is not the subject of this paper. 

Computerized 
Model

Validation 
Test

Comparison Acceptable

NO,  Improve the model

Apply the 
modelYes

NO, Improve the test  

Fig. 3 Calibration process 

5. Validation 

Validation is a step where code’s ability to predict the actual performance of a 

system is assessed. As indicated in Figures 4, the   validation is performed by 

comparing code predictions for tests with the data. The validation is always 

related to an application, guided by PIRT and with appropriate tests.  
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  Fig. 4 Validation process 

In Figure 4, the conclusion from the comparison of prediction with data is 

acceptable, when the tests represent the facility of interest (Figure 2). That is 

established by scaling study that is addressed in Section 6.  Figure 4 also refers to 

frozen code. This implies that the validation is performed with a specified (frozen) 

version of the code, and results will only apply to that version of the code. 

PIRT process is prerequisite for performing validation. As described earlier, PIRT is 

for a specific application for a given prototype. It identifies the important 

phenomena for this application.  

After PIRT, relevant tests are identified that will be modeled with the code. The 

three types tests are Separate effect Tests (SET), component tests and Integral 

Effect Tests (IET). The SETs are simpler tests and represent single or a group of 

few phenomena. They are generally well instrumented and can be at large scale. 
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The component tests were sometimes placed in category of SETs. Many facilities 

include components that are not easily represented by the basic formulation in 

the code. These components are represented with empirical models obtained 

from standalone tests for these components. These components are also part of 

scaled integral facilities (IET). These component models are validated with the 

data not used for model development.  The IETs represent the protype facility at 

smaller scale. They test the ability of the code to integrate different sections and 

components undergoing different thermal-hydraulic conditions. These test 

facilities are generally designed for one application to minimize scale distortions 

but when applied to another application, they will have larger distortions. Still, 

they provide valuable data for code validation. 

Validation also determines the accuracy of prediction of the models in the code. 

The contributions to uncertainty in the prediction from the sources such as 

numerics or initial and boundary conditions and geometric representations are 

minimized. However, in some applications, the numerical uncertainty is difficult 

to minimize, and the result of validation will be a combination of model 

uncertainty and numerical uncertainty. The validation provides two important 

information; Is code applicable to intended application and how much is the 

uncertainty in the prediction of important phenomena.  
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The uncertainty in prediction of individual phenomenon from SETs is essential in 

estimating the aggregate uncertainty in quantity of interest (QoI). The uncertainty 

quantification is described in a Section 7. 

As illustrated in Figure 5, domains or range of tests should cover the domain of 

application but is not always possible.  The scale related distortions always exist 

and will contribute to the uncertainty in expected prediction of QoI. The 

contribution of scale distortion is described in next the section.  One approach 

that is followed is to have tests at different sizes to ensure code can predict 

phenomenon at different scale. These tests are called counterpart tests and they 

increase the domain of validation [22-24]. 

In addition, Dinh et al.  [25] pointed out that the tests produce large amount of 

data, but only small part is utilized for validation.  The data has spatial and 

temporal details among many instruments, but the code only relies on some 

aggregate or average test values. 
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Fig. 5 Domains of application and validation  
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6. Scaling 

Most systems or control volumes under consideration are characterized by 

quantities of interest. For fluid system, the region of interest is a control volume 

that is subjected to many forces that will affect the characteristics of the fluid in 

the control volume such as pressure and density. In solid mechanics, the region of 

interest is a solid body, that can deform in presence of surface and internal forces.   

In case of motion of solid body, friction and external forces govern the quantity of 

interest such as velocity or acceleration.  These external and internal forces are 

called agents of change.  

In these examples, the quantity of interest that characterizes the region under 

consideration, and a set of agents of change contribute to the change in this 

quantity of interest. These agents have different impact on the quantity of 

interest.  A simulation model should correctly predict the relative contributions of 

individual agents. Scaling is applied to design experiments. Scaling identifies 

agents of change that effect the QoI and preserves their ranking between the 

actual application and the surrogate test. This will ensure that data will be 

relevant for the validation of simulation codes for specific application. 
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Validation is relevant only if the tests represent the intended application.  

In single phase flow systems, the area to volume ratio plays a significant role and 

is major contributor to scale distortion. Smaller facilities have lager area to 

volume ratio, so the surface effects such as heat transfer or friction get magnified. 

The facilities must be designed to account for it. Unlike single phase flow, in case 

of two-phase flow, the scale distortions have significant effect on the prediction. 

Beside surface to volume effect, the two phases exchange mass, momentum, and 

heat at the interface. The interface shape and interfacial area density depend on 

flow regimes that are scale dependent.  So, if interfacial related phenomena are 

important and have distortion, they will have impact on prediction of the quantity 

of interest. 

Scaling is an approach for designing appropriate test facilities for given 

application for code validation and for estimating scale distortions for alternate 

applications. The scaling methods also provide a quantitative estimate of PIRT 

ranking. The non-dimensional groups in the global balance equations for 

application, represent the specific phenomenon, and their relative magnitude will 

determine the importance of the corresponding phenomenon [26] 
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In general, the two approaches of scaling are, reductionist and global.  In 

the reductionist approach [27], local balance equations are non-dimensionalized 

and non-dimensionalized groups are identified. This approach leads to many 

groups and must be matched throughout the flow field and their impact on QoI is 

not easily evident. This approach is useful in simplifying formulation like 

developing boundary layer equations.  

In the global approach [19, 28, 29, 30] the whole system is considered. The 

balance equations are integrated over the control volume of interest with 

exchange taking place at the boundaries and provide non-dimensional groups 

that can be related to QoI.  The two approaches for global scaling are: Hiearical 

two tier scaling (H2TS) [19] and fractional scaling analyses (FSA) [20,31].  

In the H2TS approach, two broad categories are Top down and bottom up. 

The top-down looks at the system with different level of decomposition as 

indicated in Figure 6. The H2TS starts from system of interest and moves deeper 

with subsystems, modules in sub systems such as pumps or separators etc. The 

modules may have different constituents such fluid and structures that may 

exchange heat and momentum. For single constituent case with liquid and vapor 

phases, the interfacial exchange becomes important. Once the global level is 
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identified, the volume averaged equations are cast in form of quantity of interest 

and agents of change that affect this quantity. Here, Ψ is quantity of interest or 

state variable and  𝜑𝜑𝑖𝑖 are agents of change. 

d𝛹𝛹
d𝑡𝑡

= ∑ 𝜑𝜑𝑖𝑖n
i=1       (1) 

Each agent of change and QoI are non-dimensionalized by their initial 

values. The coefficient of each agent of change represents the magnitude of each 

agent and indicates the rank of the phenomena represented by agent of change, 

and to go deeper in hierarchy for high ranked phenomena. 

d𝛹𝛹∗

d𝑡𝑡
= 1

𝛹𝛹0
∑ 𝜑𝜑𝑖𝑖,0n
i=1 𝜑𝜑𝑖𝑖+     (2) 

The scaling of three local phenomena is the bottom-up approach. In case of 

SMR, the containment pressure is affected by processes such as condensation on 

the walls. Once that have been identified, the models for processes are 

considered for applicability. This is bottom-up approach. A good example of 

application of H2TS is scaling of AP600 facilities [32] 

FSA is like H2TS. However, the approach of non-dimensionalizing is 

different. In this approach fraction effects are estimated.  An aggregate value 
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(𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,0) of reference values of each agent of change is estimated and applied for 

non-dimensionalization. 

𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,0 = ∑ 𝜑𝜑𝑖𝑖,0𝑛𝑛
𝑖𝑖=1      (3) 

𝜑𝜑𝑖𝑖∗ = 𝜑𝜑𝑖𝑖
𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,0

       (4) 

𝑑𝑑𝛹𝛹∗

𝑑𝑑𝑡𝑡∗
= 𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,0

𝛹𝛹0
∑ 𝜑𝜑𝑖𝑖∗𝑛𝑛
𝑖𝑖=1      (5) 

𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟 = 𝛹𝛹0
𝜑𝜑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,0

= 1
𝜔𝜔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

     (6) 

Each agent of change can be represented by fractional rate of change (FRC).  

Larger is FRC, ωi, more effective is the agent of change.  In designing a facility, the 

FRCs should be matched. 

𝑑𝑑𝛹𝛹∗

𝑑𝑑𝑑𝑑
= 1

𝛹𝛹0
∑ 𝜑𝜑𝑖𝑖,0𝑛𝑛
𝑖𝑖=1 𝜑𝜑𝑖𝑖+ =  𝜔𝜔𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = ∑ 𝜔𝜔𝑖𝑖

𝑛𝑛
𝑖𝑖=1 =  ∑ 𝜑𝜑𝑖𝑖,0

Ψ0

𝑛𝑛
𝑖𝑖=1   (7) 
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Fig. 6 Decomposition in H2TS method [19] 

For meaningful validation, the tests should represent the phenomena appearing 

in the actual application. As was illustrated in Figure 5, the test data may not 

cover the range of parameters expected in the application. If the region of 

application is bigger than region of validation, extrapolation of the discrepancy in 

the prediction may be required.  There are counterpart tests that simulate same 

phenomenon at different scales and based on these counterpart tests, if the 

discrepancy decreases with size, the discrepancy for full size facility is expected to 
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be less. As a conservative approach, the discrepancy for the largest size may be 

assumed to be same for the full-scale facility. 

As per Figure 2, for performing validation study to judge the code capability to 

simulate the phenomena or operation, a scaling analysis is needed to establish 

relevancy of tests.  Some examples of scaling analyses for nuclear plants, 

Advanced Passive pressurized water reactor (AP-600) [32] and small modular 

reactor (SMR) [33] and Economical Simplified Boiling Water Reactor (ESBWR) [34] 

are in the literature as referred here. 

7. Uncertainty Quantification 

After establishing the applicability of the computerized model to a given problem, 

based on verification and validation, the next question is to estimate the total 

uncertainty in the prediction of quantity of interest. The five basic contributors to 

uncertainty are initial and boundary conditions, geometrical representation, 

formulation of problem, model form based on empirical correlations in the code, 

and finally, numerics. The uncertainties are propagated through different steps to 

reach final QoI prediction. Roache [35] has some general views on validation and 

uncertainty quantification that are for CFD but are general enough, to apply to 

other analyses.  



FE-21-1504 Rohatgi 25 

Helton [36] has described Quantification of Margins and Uncertainties (QMU) as 

applied to reliability and safety of nuclear weapon stockpile. His paper describes 

statistical aspects of two types of uncertainties such as aleatory and epistemic. In 

aleatory uncertainty, the data have inherent randomness such as bubbly or 

droplet flows, where the sizes and interfacial density, are always changing. The 

epistemic uncertainty is due to the lack of knowledge or inability to measure 

some parameters such as distribution of heat transfer from the structures to 

different phases in two-phase flow.  The study [36] also describes the methods of 

addressing these uncertainties and their contribution to overall uncertainty. 

Initial Conditions
Boundary Conditions

Geometry

Formulation
Models

Numerical method
Quantity of interest

 

 

Fig. 7 General approach for uncertainty determination 

Westinghouse has developed an uncertainties propagation method, ASTRUM 

(Automated Statistical Treatment of Uncertainty Method) [37], that is like CSAU (Code 

Scaling, Applicability and Uncertainty) evaluation [15] and considers the effect of the 

uncertainties of the input parameters, computer-code models, initial- and boundary-

conditions, geometry, scale effect and other application-specific input data, and 
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solution algorithms on the predicted results for figure of merit (FOM) or QoI. The 

ASTRUM differs from CSAU in the way that uncertainties are combined and the 

numbers of contributors to uncertainties that are considered. ASTRUM is based on 

most widely applied non-parametric methodology, first proposed by GRS 

(Gesellschaft für Anlagen- und Reaktorsicherheit, Global Research for Safety) [38], 

that was based on well-established concepts and tools from probability and statistics 

given by Wilks [39]. The main advantage of this approach is that the number of 

calculations needed are independent of the number of uncertainty parameters to be 

considered. The necessary number of code calculations is given by the Wilks’ formula 

[39]. The number of calculations depends only on the chosen tolerance limits 

(confidence) or intervals of the uncertainty statements of the results. Wilks’ formula 

does not require the results to have a specific distribution (e.g., normal). The number 

code calculations, N, for given confidence (tolerance) of 𝛾𝛾  and percentile of 𝛽𝛽, for 

one parameter uncertainty is given by Wilk’s formula: 

𝛾𝛾 = 1 − 𝛽𝛽𝑁𝑁      (8) 

In case of multiple parameters of interest, p, that are independent, the number of 

calculations is higher, and are given by following relationship [38, 39].  

𝛽𝛽 = ∑ 𝑁𝑁!
(𝑁𝑁−𝑗𝑗)!𝑗𝑗!

𝛾𝛾𝑗𝑗(1 − 𝛾𝛾)𝑁𝑁−𝑗𝑗𝑁𝑁−𝑝𝑝
𝑗𝑗=0   (9)                                      
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For example, for single parameter, the number of calculations needed for 95 % 

confidence (𝛽𝛽) of predicted QoI in 95 % percentile (𝛾𝛾) is 59. In case of three 

independent parameters, the number of calculations required, for same level of 

confidence and percentile, increases to 124 based on Wilk’s formulae described in 

Equation 9. 

For practical application, the modeling uncertainties are represented by specific 

parameters that are either added or multiplied to the existing correlations. The 

state of knowledge is quantified by probability distributions of this parameter, that 

includes the range and shape of distribution. Such a distribution expresses how well 

the appropriate value of an uncertain parameter of the code is known. A state of 

knowledge based on minimum information at the parameter level is expressed by 

uniform distributions. This is often considered the state of maximum ignorance. 

The uniform distribution is often chosen because to greatly increases occurrence 

of the probability of extreme values (i.e., values in the tails). As many distributions 

are normal, or like normal in practice, and because extreme values often result in 

increased uncertainties, the common practice is to assume a uniform distribution, 

when no other distribution can be justified.   
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The selection and quantification of these uncertainty parameters are based on 

experience gained from validating the computer codes by comparing the models’ 

predictions with the data from integral tests and separate effects tests. The tests 

themselves are based on phenomena identified in the PIRT. Additionally, the 

uncertainty is increased to account for any scaling effects in the tests. Any 

statement of uncertainty in prediction is for a specific application.  

In the ASTRUM approach [37], values of model parameters are randomly sampled 

from the distribution of the value of the parameter representing the corresponding 

uncertainty. The code is then run with set of values representing all the 

uncertainties considered.  For every run, a new set of parameters are randomly 

selected from their distribution. The minimum number of code calculations 

depends on the requested probability content, and confidence level of the 

statistical tolerance limits in the uncertainty statements of the results and are 

computed from Equations 8 and 9 [38,39].  The set of predicted values of the FOM 

are arranged from the smallest to the largest value. In case of peak clad 

temperature (PCT) in nuclear reactor accident simulations, the highest value will 

represent 95 % percentile (that is 95 % values will lower than this PCT) at a 95 % 

confidence.  In case of three independent FOMs, the set of values of three FOM 
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from 124 runs are arranged in order. The top three values for each parameter 

represent the 95/95 conditions. 

Generally, the SET/IET matrix will be different for different scenarios. The range 

and distribution of each parameter representing the model uncertainty will be 

specific to the transient of interest. While the ASTRUM approach is not limited by 

the number of parameters representing uncertainty, the largest effort in 

uncertainty estimation is in determining the range and distribution of these 

parameters.  Therefore, PIRT helps in making problem manageable. Among many 

papers that compare different approaches of uncertainty analyses, and one is by 

Bucalossi et al. [40]. 

8. Machine Learning 

Traditional validation involves simulating relevant tests with the code and 

comparing the predictions with the data. The data could be sparse. Another 

approach is to develop a machine learning models based on synthetic data from 

tests and high-fidelity simulations that can either be a predictive tool or can 

create relevant benchmark for validation. 
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Dinh and his team have done extensive work in the area of data driven modelling 

and application of machine learning (ML) in validation [41-45].  The details of 

applications can be found in these papers.  

The ML approach consists of first organizing the available data in features or the 

inputs and labels that are output as represented in Figure 8. This database can be 

augmented by using high fidelity simulation. The data set is divided in to two 

segments, one for training and other for testing. Once feature set and label set 

have been established, algorithm from many available techniques such as neural 

network, support vector machine, decision tree, linear regression random forest, 

[45] etc. can be applied to develop machine learning model from the training 

segment of the database. This ML model becomes a surrogate to the simulation 

methods.  The approach also provides the accuracy of prediction from simulating 

testing segment of the database. 

The machine learning model can then be applied for creating benchmarks. The 

low dimensional or low fidelity analytical tools can be validated with synthetic 

database. Radiaideh and Kozlowski [46] have described an example for 

application of deep learning (neural network) for uncertainty quantification. 
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Fig. 8 Machine learning schematic 

9. Summary 

This paper summarizes the various concepts and steps that are needed to validate 

a computer code and to estimate the uncertainty in predictions. 

Computer codes have been developed to simulate performance of systems or 

control volumes of concern, and they consist of conservation equations for mass, 

momentum and energy along many constitutive relationships that have been in 

general empirically obtained. The predictions will always have uncertainty due to 

approximation in formulation and uncertainty in constitutive relationships. 

Through verification process, errors in implementation in the codes are 

eliminated. However, uncertainty due to numerical scheme will still be present 

and is minimized. 
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The validation process is an evaluation of formulation and empirical constitutive 

relationships. This is accomplished by comparing code predictions with the data 

for separate effects (SET) and integral effect tests (IET). As the validation is for an 

application, the test matrix should also be relevant to the intended application. 

The tests should simulate important phenomena as determined by PIRT process. 

This is ensured by scaling analyses for either existing tests or for designing new 

tests. The tests should have same phenomena as in the application and with the 

similar relative impact on the quantity of interest (or figure of merit).  Validation 

with appropriate tests indicates that the code is applicable to the intended 

application.  

In some cases, where the code is exclusive for an application, the models in the 

codes can be modified based on relevant data to minimize uncertainty in code 

predictions. This step is calibration and should be carefully executed to avoid 

compensating errors.  The calibration, described here, is based on comparison of 

prediction with data but is a step for code improvement and generally not 

considered validation. 

The last step, in the determination of the fidelity of the code application, is an 

estimate of uncertainty in the prediction of the quantity of interest. Many factors 
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contribute to this aggregate uncertainty. These are, boundary and initial 

conditions, empirical models or constitutive relationships, geometric 

simplifications, and numerics. The common approach is to estimate uncertainty 

distribution in these contributors except for numerics. The values of these 

contributors are sampled from their distributions and the code is executed with 

different set of the contributors. This approach leads to a distribution of 

prediction and from which mean and standard deviation can be calculated.  In 

general, uncertainty is propagated in two ways.   In a response surface approach, 

the code is replaced by a surrogate response surface that represents quantity of 

interest as function of parameters representing important phenomena or agent 

of change. The important parameters are sampled from their uncertainty 

distribution and distribution of QoI is obtained from the response surface. The 

second approach is nonparametric method [38]. The Wilks’ formulae determine 

the minimum number of system calculations needed to determine the prediction 

with specified confidence. This approach saves computational effort. 

Finally, machine learning is being investigated and applied for estimating scale 

distortion and code validation. This is alternate approach to traditional scaling and 

validation. 
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