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Democratization of numerical simulation through the development and deployment of Smart 

Engineering Simulation Apps is gaining momentum; however such apps must satisfy several 

important technical requirements to ensure the level of reliability needed for professional use by 

experts and no-experts alike.  

What are Smart Engineering Simulation Apps?  

By Smart Engineering Simulation Apps we mean FEA-based software tools for standardization 

and automation of recurring analysis tasks and process workflows for use by non-specialists. 

Designed to fit into existing analysis processes of an engineering organization or industry, 

simulation apps (“sim apps”) capture institutional knowledge, best practices and design rules, can 

be shared by engineering groups at different geographic locations and produce consistent results 

by tested and approved analysis procedures. When designed to meet the requirements of 

Simulation Governance, sim apps for engineering use are “smart” because their embedded 

intelligence enables accurate, efficient, robust, and reliable simulations with built-in quality 

assurance, so critical for the non-expert user.  

What is the Value of Using Simulation Apps? 

Proper application of numerical simulation procedures requires expertise in computational 

engineering that is not widely or readily available. Standardization deployed by means of Smart 

Simulation Apps can leverage this expertise for recurring analysis tasks and process workflows 

similar to the expertise of specialists in applied mechanics made available through classical 

engineering handbooks.  

Because classical handbooks present results for parameterized problems solved by classical 

methods, they have limitations in model complexity and scope. FEA-based Smart Simulation 

Apps developed by expert analyst on the other hand, deploy verified solutions obtained by 

numerical means allowing models of much greater complexity to be deployed for users who do 

not need to have the same level of expertise in numerical simulation technology. The benefits 

include: (a) Making difficult classes of simulation problems easier, faster, and more accurate to 

solve by the specialist to support increasing complexity of products and the demands of shorter 

design cycles, (b) making routine classes of design analysis problems solvable by designers and 

engineers as they did for years when using handbooks and design curves produced by methods 

groups, and (c) empowering the new engineer to be productive sooner with access to reliable 

tools that have captured the institutional knowledge and best practices of the organization. 
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Figure 1 shows an example of a FEA-based handbook which takes the idea of the tried and tested 

classical engineering handbook and expand it with the flexibility of finite element analysis. CAE-

Handbook developed by Engineering Software Research & Development, Inc. (ESRD) was 

designed to provide standard solutions for routine design and analysis problems in a very user-

friendly environment, with confirmation of reliability. Parameterized models of complex parts and 

details developed by qualified analysts are delivered in a very convenient and highly reliable 

handbook environment for use by designers and analysts. 

 
Figure 1. CAE-Handbook – Deployment of Sim Apps using a familiar paradigm. 

Simulation, Numerical Simulation and Simulation Governance1  

Simulation should be understood as the imitative representation of the functioning of one system 

or process by means of the functioning of another. In this article we are concerned with the 

functioning of mechanical and structural systems and their imitative representation by 

mathematical models with two objectives: (a) Creation of design rules and (b) application of 

design rules.  

Because mathematical models formulated to represent some aspects of physical reality are 

generally complicated, they must be solved numerically. Numerical simulation seeks to find an 

approximate solution to the exact solution of mathematical models. To support engineering 

                                                                    

1 If names be not correct, language is not in accordance with the truth of things. If language be not in accordance 
with the truth of things, affairs cannot be carried on to success. – Confucius, Analects, Book XIII, Chapter 3. 
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decisions based on the approximate solution, it is essential to have assurance that the errors of 

approximation are reasonably small. 

A mathematical model is a transformation of one set of data, based on a precisely formulated 

idea of physical reality, to another (the quantities of interest). The rules for the transformation are 

derived by conceptualization, a process which involves the application of expert knowledge and 

the estimation of physical properties from existing sources or from calibration experiments. The 

approximate solution of the mathematical model obtained by the finite element method consists 

of the displacement field over the solution domain, therefore extraction procedures are used for 

obtaining the quantities of interest needed for prediction. The simulation functions of knowledge 

capture, conceptualization, modeling, numerical approximation and prediction are illustrated in 

Figure 2. 

 
Figure 2: Simulation functions. 

Simulation Governance is a managerial function concerned with the exercise of command and 

control over all aspects of numerical simulation through the establishment of processes for the 

systematic improvement of the tools of engineering-decision-making over time. This includes: (a) 

the proper formulation of mathematical models, (b) the selection and adoption of the best 

available simulation technology, (c) the management of experimental data, (d) code, data and 

solution verification procedures, and (e) the revision of mathematical models in the light of new 

information collected from physical experiments and field observations.  

Reliance on predictions based on mathematical models can be justified only if experimental 

evidence demonstrates that the transformation yields predictions that are confirmed by the 

outcome of physical experiments. The key elements of simulation governance are Verification, 

Validation and Uncertainty Quantification (VVUQ).  

Verification is concerned with the accuracy of the numerical solution of mathematical models and 

encompasses code verification, data verification and solution verification. Whereas code 

verification is the responsibility of the code developer, data verification and solution verification 

are the responsibilities of the users. Validation is concerned with objective assessment of the 

predictive performance of mathematical models by comparing simulation results with the outcome 

of experiments, taking into account the effects that uncertainties in the data have on the quantities 

of interest. 

For the creation of design rules, verification, validation and uncertainty quantification, as well as 

procedures for the revision and update of the design rules are needed. When the goal of 
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simulation is the application of established design rules then the objective of simulation 

governance is to ensure that design processes include data verification and solution verification. 

In the interest of efficiency and reliability simulation governance is also concerned with 

standardization of recurring numerical simulation tasks (Figure 3). 

 
Figure 3: The role of VVUQ for the creation and application of design rules. 

Role of Simulation Governance in the Creation of Sim Apps 

In the application of established design rules, data verification and solution verification are very 

important. The goal is to ensure that the data are used properly and the numerical errors in the 

quantities of interest are reasonably small. Engineering simulation apps for standardizing 

recurrent analysis processes under the framework of Simulation Governance must be developed 

by FEA analyst for users who need not have FEA expertise, must possess built-in safeguards to 

prevent use outside of the range of parameters for which they were designed; must incorporate 

automatic quality assurance procedures; and must be deployed with detailed description of all 

assumptions incorporated in the mathematical model and the scope of application. 

To ensure the level of reliability needed for professional use, FEA-based engineering sim apps 

must incorporate solution verification procedures. A-posteriori estimation of relative errors in the 

quantities of interest is an essential technical requirement of Simulation Governance. One 

argument often used to justify the lack of a-posteriori error estimation is that a-priori rules 

established by the expert are sufficient, and that the “user can always consult with an expert if the 

results are wrong”. The problem with this argument is that if the assessment of the quality of a 

solution depends on the subjective opinion of the expert analyst, the same expert opinion is 

needed to determine when the solution is wrong. A non-expert user is not qualified to make that 

determination. Having an automatic solution verification feedback for all the quantities of interest 

however, allows non-expert users to consult with experts when the computed data does not 

converge to within the prescribed tolerance. Engineering simulation apps should not be deployed 

without objective measures of quality for all quantities of interest. To do otherwise would not be 

democratization of simulation but redistribution of risk. 

Why Legacy FEA Struggles with Simulation Apps 

Existing simulation technologies based on legacy finite element implementations are problematic 

when used as the solver engine for Sim Apps. The reasons why traditional FEA codes are not 

used routinely by design engineers are the same reasons that make them largely unsuitable for 
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use in Sim Apps: The inherent complexity and expertise required to ensure that modeling 

assumptions, meshing rules, element selection and extraction of results are consistent, combined 

with their inability to provide objective measures of the errors of approximation are often 

insurmountable challenges for reliable production use. 

Geometry approximation with low-order mapping is one such example. Much de-featuring is 

needed to reduce the element count; meshes and element selection requiring restriction that only 

an expert can understand and are dangerous to use without the expert; difficulty solving high-

fidelity, multi-scale problems with solid elements, requiring the use of discretization approaches 

combining shell and solid elements with the complications associated with incompatible 

displacements, just to name a few.  

Consider, for example, the large element libraries commonly available in legacy finite element 

analysis implementations. Many of the elements in the library include reduced integration. In the 

late 1960s and early 1970s it was assumed that linear or quadratic polynomial approximations 

would be sufficient for all practical applications of the finite element method. Later on it was found 

that these low-order elements were too stiff, meaning that a very large number of elements were 

needed to achieve satisfactory results.  

To make the element more compliant, reduced integration was implemented. This means that the 

error of discretization, associated with the use of low-order approximations, was to be 

compensated by the use of fewer quadrature points than necessary for the error of numerical 

integration to be negligibly small. Generally speaking, the expectation that errors in numerical 

integration will consistently cancel the error caused by using low polynomial degrees is unrealistic. 

One well known undesirable consequence of reduced integration is the appearance of spurious 

zero energy modes of deformation, called hour-glassing, that produce zero strain and zero stress. 

The process of increasing of the number of degrees of freedom by mesh refinement to reduce 

the discretization error may not converge when reduced integration is used. This type of elements 

makes solution verification impossible. 

Technical Requirements for the Deployment of Smart Simulation Apps 

Across the simulation functions of knowledge capture, conceptualization, modeling, numerical 

approximation and prediction (Figure 2), the technology foundation used by sim apps should be: 

Simple and standard, accurate and complete, fast and efficient, robust and reliable. Sim apps can 

be consider to be “Smart” if they satisfy the essential technical requirements of Simulation 

Governance.  

Simple and Standard: The technology foundation is simple if a minimal element library is used 

to describe the displacement field over the solution domain. It is standard when the principles of 

numerical simulation are used: The model definition is separated from the approximation, a 

hierarchic modeling framework is used for assessing the errors of idealization, and hierarchic 

finite element spaces are used for the control of the errors of discretization. This enables the 

support of high-fidelity, multi-scale analysis on the same mesh and the same elements can be 

used for all analysis types. 
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The development of the knowledge base of FEA and the requirements for verification and 

validation are illustrated in the timeline shown in Figure 4, which starts with the first paper on the 

finite element method published in 1956 [1]. Since the early 1970’s parallel development took 

place. In mathematics, proofs of convergence, a priori and a posteriori error estimation, adaptive 

methods, hierarchic spaces, model hierarchies, and solution techniques evolved. Some of the key 

contributions are noted in the figure. 

In engineering, the development of software products with model definitions intermixed with the 

approximation was started in the early 1970s, resulting in large element libraries. This 

development lead to the practice of finite element modeling where tuning (restriction on element 

sizes, mesh adjustment to match known results, reduced integration, etc.) is commonly used and 

predictions are performed without solution verification. The theorem for the rate of h-convergence 

was misinterpreted by leading researchers and the misunderstanding was not clarified until 1981 

when a paper by Babuška, Szabó and Katz was published in the Journal of Numerical Analysis 

of the Society for Industrial and Applied Mathematics (SIAM) [2]. In 1984, exponential rates of 

convergence through proper mesh design and increase of the polynomial degree were realized. 

By that time the infrastructure of the major FEA software products was established. 

 
Figure 4. Development of the knowledge base of FEA. 

FEA implementations where the model definition is kept separate from the approximation, and 

without which solution verification is not possible, started in the 1980s. The development of 

hierarchic finite element spaces made it possible to estimate and control the errors of 

approximation in professional practice and model hierarchies enabled the assessment of the 

influence of modeling decisions (idealizations) in the predictions (see for example [3, 4]). The 

current focus is in reliability – verification, validation and uncertainty quantification [5, 6].  

The lack of automatic verification procedures is the most compelling reason to rule out the practice 

of finite element modeling in the creation of sim apps. 
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Accurate and Complete: Numerical simulation, unlike finite element modeling, is not about 

getting the right mesh (which element do I use?) or the mesh right (is this mesh dense enough?). 

Objective measure of solution quality for all quantities of interest combined with hierarchic finite 

element spaces enables obtaining accurate results with low-density meshes. An example of high-

resolution results obtained from a low-density mesh by increasing the number of degrees of 

freedom (DOF) using hierarchic finite element spaces is illustrated in Figure 5. The convergence 

of the maximum principal stress as a function of the DOF in the critical region of the component 

in contact provides the necessary support for an accurate prediction.  

The technology base for sim apps must be complete in the sense that one single model can be 

used for structural response and detailed stresses and that a continuous solution (not nodal-

based) must be available for post-processing of any function, anywhere, anytime. An essential 

requirement of completeness for the deployment of Sim Apps is to have a-posteriori feedback 

information to assess the quality of the approximation for all quantities of interest. 

 
Figure 5. Example of high-resolution result obtained from a low density mesh. 

Fast and Efficient: The technology-base for sim apps should enable fast creation of sim apps by 

providing a simplified modeling framework (fewer element types to select from, feasible to use 3D 

solid elements throughout when needed), and flexible and fast post-processing from live dynamic 

results, with fewer reruns tweaking the mesh, and where an automatic sequence of solutions on 

a fixed mesh improves overall computational time while providing feedback on the convergence 

of any result anywhere in the model. Efficiency means that the numerical solution of large 3D 

models for detail stress analysis discretized with solid elements is feasible, and that performing 

different types of analyses (e.g., linear, nonlinear, contact, etc.) does not require building different 

models or using different element types. 

Figure 6 shows an example of a typical detail of an aircraft wing section in which the load transfer 

by the shear clip as well as the local stress distribution are of interest. The multi-body contact 

problem in which thin-wall section members are connected by fasteners was discretized entirely 

with hexahedral (brick) and pentahedral (wedge) elements and a sequence of solutions was 

obtained for a fix mesh using hierarchic finite element spaces. This approach is efficient, clearly 
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separates the model definition from the approximation, and eliminates the complications when 

shell elements are used in regions where the assumptions incorporated in shell theories do not 

hold, and the reconciliation of degrees of freedom among different element types may violate the 

requirement of continuity or impose unnecessary constraints. 

 
Figure 6. Example of efficient meshes for thin-wall 3D solid problems. 

Robust and Reliable: The technology-base for simulation apps is robust if it fits existing 

workflows and use terminology familiar to the end user; if meshes, models, and processes are 

not brittle and do not fail with changes, and if it is fault tolerant. The technology-base is reliable if 

it can be used by specialists and non-experts alike with confidence, and if users receive an 

objective measure of solution quality without an expert on call. 

As an example of robust and reliable implementation of engineering solutions, consider the 

portfolio of sim apps shown in Figure 7. The user can examine each model by clicking on an icon 

on the left panel of the browser while the corresponding detail information is being displayed on 

the panel on the right. For each app in the portfolio a simple 3-step operation is required to obtain 

results: Select – Update – Solve.  
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Figure 7. Portfolio of Simulation Apps displayed in the CAE-Handbook browser. 

Once a model has been selected, it is loaded in the user interface of the host program, in this 

case the CAE-Handbook shown in Figure 8. The user can now proceed to update the model by 

modifying the parameters available for changing dimensions, magnitude and direction of loads, 

material properties, and any other attribute exposed by the model creator. CAE-Handbook checks 

for consistency of the input parameters and warn the user if any rules were violated. The rules 

governing the relation among parameters are available for review by the user at any time. 

To obtain the results corresponding to the input parameters the user simply solves using a pre-

defined setting, and an automatic sequence of solutions is obtained by the finite element method 

on a fixed mesh. In this particular example, a multi-body contact problem is solved and the results 

are presented to the user in the form of a report, contour plots and convergence information for 

the sequence of solutions of increasing number of degrees of freedom as shown in Figure 9. 

This type of engineering sim apps were designed to fit existing engineering processes, capturing 

as well as accumulating institutional knowledge and best practices with increased reliability and 

productivity. Among the benefits are consistency and reproducibility of results, efficient utilization 

of the time of expert analysts and designers alike, avoidance of needless replication of analysis 

tasks and timely delivery of reliable information needed in engineering decision-making 

processes. 
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Figure 8. CAE-Handbook – Select model and Update parameters. 

 

 
Figure 9. CAE-Handbook – Solve and get results with assessment of accuracy. 

Concluding Remarks 

FEA-based Smart Engineering Simulation Apps are software tools for standardization and 

automation of recurring analysis tasks and process workflows for use by non-experts. They are 

designed to fit into existing analysis processes that capture institutional knowledge, best 
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practices, and design rules, where the assumptions are available for review at any time, are 

archived and shared by engineering groups at different geographic locations and produce 

consistent results by tested and approved analysis procedures. 

When designed within the framework of Simulation Governance, simulation applications for 

engineering use are “smart” because their embedded intelligence enables simple, accurate, 

efficient, robust, and reliable simulations with built-in quality assurance. To ensure the level of 

reliability expected in professional use, FEA-based sim apps must provide users with objective 

measures of quality for all quantities of interest. 

Simulation apps meeting these technical requirements will accelerate the democratization of 

simulation by their safe widespread use, making it possible to realize the many benefits of 

simulation-driven design. 
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