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1. Abstract

The standard evaluator enables the full description of a discipline analyses used in a Multidisciplinary Analysis
and Optimization (MDAO) assembly including any relevant options. It also enables assembling an MDAO
assembly from a textual description, it’s state from a HDF5 file, and optimization definition from a third textual
description. These descriptions are independent of any specific MDAO framework, even though the current
implementation that was developed as part of the contract is leveraging the NASA OpenMDAO framework (J.
S. Gray, 2019).

This enables replacing components inside an assembly in a programmatic and simple way, for example to
replace a group of computationally expensive analyses with a surrogate model or a simplified analysis. It also
allows to create an assembly via a textual description and paves the way to build a GUI for creating and editing
the assembly.

This, together with the ability to define the optimization problems to be solved in an MDAO problem via a
textual and standardized format, allows the capture and version control of MDAO studies. This becomes a key
enabler of integration with the digital thread and modern development processes.

This paper describes the need for programmatically defining options for components in an MDAO assembly,
especially when wanting to run components that are hosted remotely and not within the same computing
environment / memory space of the MDAO framework.

We further describe the independent assembly definition that was developed and implemented as a Python
library and show multiple examples of using this definition and the library.
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3. Nomenclature

CI/CD: Continuous Integration/Continuous Development — Aims to streamline and accelerate the software
development lifecycle

CLIN: Contract Line Item Number - A specific task or deliverable defined in a government contract.

GitHub: A web-based DevOps lifecycle tool that provides a Git-repository manager with wiki, issue-tracking,
and CI/CD pipeline features.

HDFS5: Hierarchical Data Format version 5 - A file format designed to store and organize large amounts of
numerical data.

JSON: JavaScript Object Notation - A lightweight data interchange format based on JavaScript object syntax.

MBE: Model-Based Engineering - An approach that uses models as the primary artifacts of the engineering
process.

MBSA: Model-Based Systems Analysis - The application of modeling to support system analysis activities.

MDAO: Multi-Disciplinary Analysis and Optimization — Analyzing and optimizing problems leveraging
multiple different disciplines working in conjunction and influencing each other.

NASA: National Aeronautics and Space Administration - The United States government agency responsible for
the civilian space program and aerospace research.

OpenMDAO: An open-source framework for multidisciplinary design, analysis, and optimization developed by
NASA.

Pydantic: A data validation and settings management library using Python type annotations.
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5. Introduction

National Aeronautics & Space Administration (NASA) Aeronautics engaged with industry, academic, and other
agencies through the Sustainable Flight National Partnership (SFNP) to accomplish the aviation community’s
goal of net-zero carbon emissions by 2050. The Advanced Air Transport Technology (AATT) Project was a
contributing member of the SFNP and was tasked with integrating simulation data, ground test data, and flight
demonstration data for system-level vision-vehicle performance and technology assessments. The effort toward
collating and integrating technology and vehicle data across the SFNP led by the AATT Project was dubbed
Model-Based Systems Analysis & Engineering (MBSA&E). NASA sponsored a set of projects to stimulate
innovation and develop industry partnerships supporting the MBSA&E effort. The Standard Evaluator project
described in this report was one of six projects performed by Boeing.

Cameo MBSE Optimization Optimizer /
Model Definition Design Space Exploration
CLIN 003 Methods
A interacting with
CLIM 003
» ‘_| QOpenMDAQ Problem Assemble Components Using Only
Component Assembly < *| Assembiing Components the Standard Interface Definitions
Definition Expose Standard Evaluator r'y and Schema
as Remote Callable Endpoint
P [ Aircraft Data Hierarchy Defines

Yy Inputs / Outpuis and relations to
RESTiul Service End Standard Evaluator other Disciplines
Points (Inputs / Outputs) CLIN 001

Surrogate Models Opel“g?;ﬂ?bﬁr:gb'em RESTiul Service End | |Other MBSA Systems|
N Foints I Frameworks |

Components |

Simulation with
Defined Input / Output

Figure 1 Overview of the functionalities implemented and their context

Figure 1 shows the vision that was outlined at the beginning of the project, and highlights the two main
capabilities implemented in the standard-evaluator Python open-source library:

e Component Assembly Definition
e Optimization Definition

Both of these are MDAO framework independent definitions that are implemented via Pydantic classes and
allow the storing of the information in JSON format, and through that enable version control of both the
assembly of a Multi-Disciplinary Analysis and Optimization (MDAO) and the actual optimization definitions
used in a study. The library developed in this project leverages OpenMDAO, but other frameworks like Ansys
ModelCenter, Dassault 3DX, or Siemens Simcenter HEEDS could also use this information. Conversion to the
CMDOWS format (Imco van Gent, 2018) should be possible but has also not been explored.

While not implemented under the current contract the component assembly information and optimization
definition can be exchanged with Cameo Models leveraging the capabilities delivered in the CLIN0OO3 project,
and the definition of inputs and outputs and relationships between disciplines could be managed by the Aircraft
Data hierarchy developed under CLINOO1.

The other capability developed during the contract was a prototype to enable the full description of a discipline
MDAO/MBSA assembly including any relevant options. This ensures that options are well defined and can be
programmatically discovered compared to the current approach where what options are available or required to
instantiate a discipline or change its behavior is burdensome.

NASA/CR-20250007049 4



When soliciting proposals for this contract NASA expressed the goal to have the ability to do studies where you
can easily change fidelity levels of simulations, a functionality enabled via the standard-evaluator library. The
independent definition of components allows the development of wrappers that expose the same simulation to
multiple frameworks instead of the current state where simulations need to be wrapped repeatedly for different
integration frameworks.

Furthermore, assembling simulations and components via programming can be limiting for some user
communities, which prefer graphical user interfaces (GUI). The assembly definition allows developing such a
GUI in different programming languages. Finally, the assembly definition together with utility routines in the
standard-evaluator library provides the ability to exchange simulations of different fidelities.

A team from DLR (German Aerospace Center) Institute of System Architectures in Aeronautics build a system

they called MDAX that tries to address some of the GUI aspects of creating workflows (A. Page Risueno, 2020),
but choose the XDSM standard to store the assembly information. Exploring how to combine the work done by
DLR and in this work is future work.

Another related effort is the CMDOWS proposed standard to store and exchange MDO systems. It has similar
goals to the work done under this contract but does not approach the assembly in an object-oriented approach as
a nested system as what was implemented in the standard-evaluator library (Imco van Gent, 2018). It should be
possible to write converters from one format into the other and back.

6. Programmatically defining options
Components of a MDAO assembly have two different types of inputs to them:
e Options which are set when the component is initialized

o Inputs that define the values used to calculate the outputs of the component and are expected to be
changed every time the component is executed.

Examples of options are dimensions of inputs, names of files needed to run an analysis, or values that are
expected to be fixed during execution.

While it sometimes makes sense to store values that are fixed during a study in the options, it is best practice to
avoid doing this. Instead, it is better to set those as inputs with bounds that are equal so that the component can
be reused in a study where this input might become a design variable.

When building reusable components, it is important to programmatically define options. For example, the
NASA Aviary library (Carl Recine, 2024) contains a large number of components implementing components
for MDAO of airplanes, many of which have options that drive the behavior of a component.

If a user wants to use a component, for example that is part of a library like Aviary, the user needs to understand
what options are required to instantiate the component when adding it to an MDAO assembly. There are a few
different ways of finding out how to use the components.

1. Looking at the source code. This is a very human centered approach, and often can be very time
consuming, especially when the component is complex. It might require multiple attempts by the user to
figure out what the options are, and how to set them. Finding default values is not always easy and
knowing what valid inputs for the option are requires deep understanding of the component. It is nearly
impossible for an automated process to do this which is a requirement to develop a Graphical User
Interface (GUI) to create assembles of components.

2. Looking at the documentation of the code. This is another human centered approach, with most of the
drawbacks of looking at the source code. While more automation is possible with this approach, it
requires good discipline by developers of components to ensure the documentation is correct. While
there are some good tools to automate the creation of documentation, when code gets updated, there is a
high risk of the documentation not being correct.

NASA/CR-20250007049 5



3. Providing programmatic way of describing the options, including default values, ranges, and
explanations. This approach is designed to work with automation as well as with a human user and
avoids the need to access to source code of the component. This is especially useful for components or
simulations that are proprietary or when the component is executed via remote calls. It also enables the
development of a GUI to build assemblies of components.

In this work we created a Python class that is an example implementation of an API to enable a developer of a
component to programmatically define options, and for a user of a component to inquire about the options.

Definition of options

required_options Allowing adding information about which options

impact inputs or outputs, for example, an option that

required_options_name gizes an input

_define_options Abstract method for developer to define options

full_options If oplions can only be discovered once a class has

been instantiated we can get their required options via

full_options_names this interface. This is required for example for groups.

Get the values of the current options. It combines

current_options
. default values and user set values

Access the value of options. This hides how options

lookup_option_value
‘ ‘ p_option_ ‘ ‘ are managed.

‘ ‘ add_standard_input ‘ ‘ Allowing adding information about which options

impact inputs or outputs, for example, an option that
sizes an input

‘ ‘ add_standard_output ‘ ‘

Figure 2: API to programmatically define options

Figure 2 shows the API that allows the programmatic definition of options. This is currently implemented as a
separate class that can be used with dual inheritance in conjunction with OpenMDAO classes, but it could be
included in OpenMDAO directly by adding this API to the System class.

The API defines 9 main new methods. The first three are class methods which can be called without the need to
instantiate the class, thereby making it possible to get the defaults and information about the options without the
need to instantiate the class (shown as trapezoids in Figure 1). A user can call the class method
required_options, store the results in a variable, update the options from their default, and then can instantiate
the component with the new options.

e required_options is a class method that returns a descendant of an OpenMDAO OptionsDictionary
named UnitsOptionsDictionary to allow the definition of units for an option. It allows the definition of
all options, their types, bounds, default values, and descriptions, among other things.

e required options names is a class method that returns just the names of all required options.

o define_options is a class method that a developer of a component should overwrite to define the
options for this component. Part of defining the options is to not just define what they are, but also to
define bounds, units, types, descriptions etc.

The next six methods are instance methods (double boxes in the figure), that is, they can only be called when
the class has been instantiated. The first three are user facing methods (green background in Figure 1), with the
last three methods targeting component developers and shaded in light purple.

o full options is like the required options class method but can consider that some options are only
discoverable after a component, and specifically a group, have been instantiated. An example is below.
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o full option_names returns the names of the full options.
e current_options returns the values of the current options as an UnitsOptionsDictionary.

The reason we need to have a full options instance method in addition to the required options class method
especially for groups is that for a group implemented in OpenMDAO we only know the components inside the
group once the group is instantiated, since the components are added to the group in the sefup method. So only
after the setup method has been called does the group know which components are inside the group. In the
implementation of the full_options method the method iterates over all components inside the group, calls the
full_options method of each component, and then merges all options into the options of the class.

The last three main methods are used by the developers of a component.

e lookup_option_value should be used inside the computational methods of a component when trying to
access the value of an option. This will check that the option is defined as part of the required options
for this component and hide from the developer how options are managed.

e add_standard_input supersedes the OpenMDAO add input method and allows the developer to
specify that an input depends on one or more options. This will allow more visibility into which options
impact which input to the component. Note that this is not required to be done if it is too difficult to link
an option to a specific input or output. This method also allows the developer to look up the value,
units, or description of an input via a _lookup_info method if they have not been set, and the
_lookup_info method has been implemented.

e add_standard_output supersedes the OpenMDAO add output method, and does the same thing as
add_standard_input for outputs.

A demonstration of this functionality can be found in the GitHub project for the standard-evaluator under the
demos folder https://github.com/Boeing/standard-
evaluator/blob/main/docs/source/demos/defining_options.ipynb, or in the documentation
https://boeing.github.io/standard-evaluator/demos/defining_options.html.

1. Demonstration of using the programmatically defined options

This demonstration shows how to create a component and group that allow an user to programmatically define
options. It shows how to access the default options of a component using the required options class method,
and the default options of a group using its full options instance method once the group has been initialized.

The demo finishes with showing how to get the current values of all the options required to set up a group using
the current_options instance method.

For brevity we only include the Python source code defining the component that is using the new features. For
the full demonstration the reader is referred to the GitHub project.

class Paraboloid(StandardBase, om.ExplicitComponent):

Evaluates the equation f(x,y) = (|x]|-3)72 + |x|y + (y+4)"2 - 3.

@classmethod
def _define_options(cls) -> OptionsDictionaryUnit:
"""Abstract method that allows a developer to define information about the
parameters this class uses.

This method is called by a class method that is adding options to the
“class_options® option.

Returns:
NASA/CR-20250007049 7
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OptionsDictionaryUnit -- The required options for this class, their
default values, and, if required, their units.

options = OptionsDictionaryUnit()
options.declare("dimensions", default=40, lower=1, types=int)
return options

def setup(self):
self.add_standard_input('x",
val=np.ones(self.lookup_option_value("dimensions")), options=["dimensions"],
look up=False,)
self.add_input('y', val=0.0)
self.add output('f xy', val=0.0)
def setup_partials(self):
self.declare_partials('*', "*', method="'fd")
def compute(self, inputs, outputs):

f(x,y) = (x-3)"2 + xy + (y+4)~2 - 3

Minimum at: x = 6.6667; y = -7.3333

X = inputs['x']

y = inputs['y"]

print(f"Dimension of x: {len(x)}")

outputs['f xy'] = (np.linalg.norm(x) - 3.0)**2 + np.linalg.norm(x) * y + (y +
4.0)**2 - 3.0

7. Independent assembly definition

A key deliverable of this CLIN was to develop an integration platform independent description of MDAO
assemblies using Pydantic classes and the JSON files generated when storing instances of these classes. The
description can also be loaded into automatically generated instances of the Pydantic classes.

Utilities to take an OpenMDAO problem or system and extract the relevant information in the new format were
created, as were utilities to create an OpenMDAO problem from the new format.

This independent format will allow the ability to move between different integration frameworks for MDAO
assemblies like Ansys ModelCenter, Dassault Systems 3DX, Siemens Simcenter HEEDS, and of course
OpenMDAO. Work under this contract has only developed capabilities to leverage the format with
OpenMDAO, but integrations with the other frameworks can be developed.

Having the ability to move between frameworks will avoid vendor lock-in, allow users to leverage the unique
capabilities of different integration frameworks, and allow teams to leverage the same assemblies in multiple
frameworks.

NASA/CR-20250007049 8



Of course, each framework will have their own unique capabilities, for example, the ability of OpenMDAO to
leverage analytical gradients is a powerful and unique capability.

Il.  Element descriptions via Pydantic classes

The first classes defined enable capturing information about inputs and outputs, or elements, to a component or
evaluator. Currently the following classes were defined, see the source code of the library for more details:

e FloatVariable: storing information about floating point elements
e IntVariable: storing information about integer elements
e ArrayVariable: storing information about multi-dimensional elements
For each element type the definition allows the capturing of the following information:
e name is the name of the element
e default optionally is the default value for this element

o shift optionally is a shift value for this element. This will be mostly used in conjunction with
optimization problem definitions defined later.

e scale optionally is a shift value for this element. This will be mostly used in conjunction with
optimization problem definitions defined later.

e units optionally allow the definition of units in string form

e description optionally allows a textual description of the element. This enables a more expressive
explanation of an element compared to the name of the element

e options is a dictionary that can be used to store additional information about an element. Note that the
content in this should be strings or must be a Python object that is serializable. If it is not a string this
could create issues when trying to leverage the information in a non-Python application.

The Pydantic classes add checks for consistency to make sure elements are valid. The ArrayVariable allows he
definition of multi-dimensional arrays.

The Variable class is a union of the three classes described in this section that allows defining an element of the
more complex classes described below to be any of the three types.

1II.  Evaluator or Component description

Three classes were defined to describe the interface for components inside an MDAO assembly. More classes
might be developed in the future, for example a class capturing information about a component that wraps an
executable.

The first class is called Evaluatorinfo and is used for capturing the information of a basic component, or
evaluator. It is the parent of all the other component information classes. The following fields are defined for it:

e name is the name of the evaluator
e class_type is a class identifier used to support inheritance in Pydantic

o inputs list of input elements. Must contain at least one element. All inputs and outputs are one of the
Variable classes defined above.

e outputs list of output elements. Can be empty.

NASA/CR-20250007049 9
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description optionally allows a textual description of the element. This enables a more expressive
explanation of a component compared to its name. To define mathematical symbols, use markdown
syntax.

cite optionally allows the listing of relevant citations that should be referenced when publishing work
that uses this class.

tool optionally stores the name of the tool exposed in the component. When used in conjunction with
OpenMDAO the information about the Python class and module that defines the component is stored in
this field which allows recreation of the component in a Python interpreter.

evaluator_identifier optionally allows to define a unique identifier for the evaluator Uniqueness of that
identifier is responsibility of the owners of components and will be used when building large collections
of components.

version optionally allows the storing of version information of the evaluator

component_type optionally allows to store the type of a component, for example ExplicitComponent,
ImplicitComponent, Group, etc.

options is a dictionary that can be used to store additional information about an element. Note that the
content in this should be strings or must be a Python object that is serializable. If it is not a string this
could create issues when trying to leverage the information in a non-Python application.

The Equationlnfo class expands the Evaluatorinfo class by adding the equations field which allows to store one
or multiple strings containing mathematical equations using a Python language syntax.

The last of the currently defined classes describing components in an MDAO assembly is the Groupinfo class.
As the name suggests instances of this class store information about a group of components. In addition to the
fields from the Evaluatorinfo class the following fields are defined:

component_order stores a list of the names of components in this group in the order they should be
assembled

components stores a dictionary with information about the component in this group. Keys for the
dictionary are the names of the component as used within the group, and used in the component order
list

promotions stores a dictionary of lists that map the name of an input / output in a component to an
input / output of this group. Note that only components inside the group can be referenced in this. The
assumption is that only inputs or outputs for components inside a group that are promoted can be used
when interacting with the group. That means inputs or outputs of a group that are not explicitly
promoted should be considered internal variables to the group. See section vi for an in-debt discussion
of this.

linkage contains a map that allows linkage between inputs and outputs between components inside this
group. Needs to use component_name.element _name format. Note that only components inside the
group can be used.

The JoinedInfo class is a union of the three classes described in this section that allows referencing components
of all classes described in this section abstractly and recursively.

V.

Editing an assembly and independent execution of the assembly

To explain how to use the new assembly information and the utility routines that were developed under this
contract several examples were generated.

NASA/CR-20250007049 10



OpenMDAO environment OpenMDAQ environment

JSON editor or GUI

::> Changing composition of the ::> !

assembly by editing the information
Assembly2_def json Group

I
Group ‘ Assembly_def json

| | | |

Engineer Engineer Engineer
1 2 3
Figure 3 Pictorial description of the process to take an assembly, edit it via the JSON file, and create e new assembly

Figure 3 show the first workflow that was demonstrated in this project. The source code for this example can be
found on GitHub at the following three locations:

1. Capture the assembly definition: https://github.com/Boeing/standard-
evaluator/blob/main/docs/source/demos/group_creation NASA.ipynb

2. Example of editing the created JSON file to remove a component: https://github.com/Boeing/standard-
evaluator/blob/main/docs/source/demos/group_manipulation.ipynb

3. Loading assembly information from the modified JSON description and creating an OpenMDAO
problem from it: https://github.com/Boeing/standard-
evaluator/blob/main/docs/source/demos/group_reading.ipynb

In this scenario we assume that there are three different engineers involved. The first is the developer of the
large, overarching MDAO model. They build a large assembly representing many different aspects and
combining many different analysis capabilities into an overall model. Often this model will have many
components and a large run time for even a single execution, much less running a full optimization. Sometimes
a few components in the assembly dominate execution time. In many cases the assembly is organized as groups
within groups.

With the new capability developed in this contract the first engineer can extract the assembly information from
the instantiated OpenMDAO problem and save the information in a JSON file. One benefit of this is that the
JSON file is a text file and can be managed by a version control system.

The second step of the demonstration assumes that a decision was made to do a study that only involves outputs
from a subset of the analyses that are in the full assembly. The second engineer is asked to create a new
description of the specific subset of the assembly that only contains the components needed for this new study.
The engineer loads the full assembly into an editor and removes all the components and the references to the
inputs and outputs of those components and stores the new description in another JSON file. This new JSON
file can again be managed by a version control system.

In the current demonstration the editing of the assembly is done in another Python script / Jupyter Notebook, but
it could be done for example in a JAVA based Graphical User Interface. The Python code used for this
demonstration is very specific to the example, but a more general Python script could be developed to
automatically remove specific components and all their references.

In the final step of the example a third engineer is executing the actual study and instantiates a new
OpenMDAOQ problem using the new JSON description and the utilities in the standard-evaluator library.
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The library also provides functionality to extract the state of an OpenMDAO problem, that is, the values of all
inputs and outputs, and stores it in the HDF5 binary format. The decision to use HDF5 was made since in some
MDAO models the state can be very large, especially if grids are used as ways of connecting one component to
another. State is saved and loaded from an HDFS5 file (binary). Additional functionality to set the state is also
provided in the library.

V.  Assembling an MDAQO problem from a catalog of components

The functionality shown in the prior example is a pre-cursor to the ability of creating the MDAO assembly
directly from a catalog of components as shown in Figure 4. JSON files containing the interface information for
each of the components in the catalog can be generated, and optionally version controlled. A system to assemble
them into an MDA could be developed, either by building utilities that use an input file, or by building a
Graphical User Interface (GUI).

This has not been developed as part of the contract but is an opportunity for follow-on work.

JSON editor or GUI Component Catalog

Comp 1

Creating an assembly by combining C:
Engineer cemponents and groups coming Comp 2

from the component catalog

Comp 4

Comp 5

Comp 3

Comp 4

Comp 5

Comp 4
Assembly2_def json

&

OpenMDAD environment

Comp 5

HEEHEE
[Ié‘ [Ié‘

Comp 6

. Comp 1

L) K

| |

Engineer
3

h 4

Group

Figure 4 Creating an MDAO Assembly from a catalog

VI.  Explicit definition of inputs and outputs of a group
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MDAQ environment

Group 2

Figure 5 Example of an MDA with nested groups

Figure 5 shows an example of a commonly seen situation when creating a Multidisciplinary Analysis (MDA)
assembly. An inner group (Group 2) is nested inside an outer group (Group 1) which itself is part of the MDA.

In many MDAO frameworks, including OpenMDAO, all inputs and outputs of all components are visible to the
full system. For example, component Comp 2 in the assembly can access any input or output of components
Comp 6 and Comp 7 even if they are not promoted as inputs or outputs of Group 2.

The philosophy the standard-evaluator supports is a more restrictive view that each component in an MDA,
including groups, define an explicit definition of inputs and outputs, and only those can be used by other
components. This follows the concept of encapsulation from object-oriented programming where an object has
external and internal variables, and a user of the object can only access the external variables.

MDAO environment MDAO environment

4

By
Group 2

Figure 6 Folding of the nested group in an MDA

Figure 6 shows that with the assembly definition Comp 5 only sees the defined external interface of Group 2
and cannot see any of the internal variables. Similarly, Comp 2 and Comp I only see and can access the external
interface of Group 1 and doesn’t even know that there is an internal Group 2 inside Group 1.

There are many benefits for ensuring explicit definition of interfaces to a group.
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First, it enables the owner of the group to change things internal to the group if the interface to the group does
not change without impacting any user of the group. If the owner or developer of the group decides that all
inputs and outputs should be accessible to a user of the group, they can always expose all of them via the
interface definition of the group. In OpenMDAO this is easily done by promoting all using the “*” shortcut.

Second, if a group is being replaced by for example a surrogate model the surrogate model needs to know all
inputs and outputs that are being consumed to allow this to happen. As we show in section VII, often the inputs
and outputs of components inside a group that are internal can be large and not modeling them with a surrogate
model can significantly reduce the complexity of the surrogate model.

A third reason is that while many times MDA are executed within a single computing environment there is an
increased desire to be able to execute MDA where some of the components are executed remotely. When trying
to execute a group remotely data needs to be sent to and from the remote computer, so an explicit external
interface is required since only that data is being send and retrieved to and from the remote environment.

If the remote execution of a group or component is done across company boundaries this is even more
important. Assuming an MDA is assembled by company A and they want to add a group that is owned and
managed by company B. Company B wants to control what information is being accessible by company A, so
an explicit interface that does not expose any of the interna of the group is critical.

Finally, if an MDA is used in conjunction with the ideas of a digital thread having the explicit definition of
internal and external inputs and outputs is also very important. This allows tracing of relationships between
components and being able to decide which components in an assembly need to be rerun when an input
changes. While MDAO frameworks like OpenMDAO build graph networks that allow that tracing, especially
when analytical derivatives are provided, it is simplified by defining explicit interfaces distinguishing between
external and internal elements.

VII.  Replacing a group with a new component

A key deliverable of this work is enabling the ability to replace a component in an OpenMDAO assembly with
another component, which is what is shown in the demonstration in https://github.com/Boeing/standard-
evaluator/blob/main/docs/source/demos/replace_group.ipynb.

OpenMDAQO environment OpenMDAO environment
Comp 1 Comp 1
F Y 1 A 1
Comp 2 Comp 2
Comp 3 :> Comp 3
Y
Group HEDI.E_'.CB group with
simplified component v
Comp 4 -
Simplified
Comp 5

Figure 7 Replacing a group with a simplified component using the standard-evaluator library

Figure 7 shows the idea in graphical form. The group will be replaced with a simplified component. In the
specific example this simplified component performs the same calculations as the group, although it collapses
some calculations. This functionality will often be used to replace a computational expensive group with a
significantly cheaper surrogate model. The work done under this contract did not include using a surrogate
model.
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Below is the source code of the Aero class used in this example. The group contains two components, a
geometry and a cfd component. The geometry component has three floating-point inputs (g, z, and /), and two
outputs that are one or two-dimensional arrays (grid and bla). Grid is an input to the c¢fd component and builds
the connection between the two components. Cfd has two more floating point inputs (» and k) and a single
floating-point output (drag). This represents a very common workflow where a parameterized geometry
component creates a grid for a computational fluid dynamics (CFD) code which uses some additional
parameters to perform calculations and then extract a single or a small number of characteristics or measures of
the design. Note that it would be possible to split this step up and create a CFD component and a post-
processing step.

To tell the standard-evaluator that the grid and bla outputs or inputs are internal to the group we use the
‘internal’ tag, which allows the library to distinguish these elements from the external variables for the group,
which are g, z, [, r, k, and drag.

class Aero(om.Group):
def setup(self):
self.add subsystem('geometry', om.ExecComp([f"grid = (q + z
*1)*ones({grid_size})", f"bla = outer(ones({grid_size}), ones({grid _size}))"],
grid={"'tags': ‘'internal', 'shape': (grid_size)},
bla ={'tags': 'internal', ‘'shape': (grid_size, grid_size)}
))
promotes inputs=['q', 'z', '1l'])
self.add_subsystem('cfd', om.ExecComp(f"drag = (inner(grid,
ones({grid size})) + r * k)/1000",
grid={'tags': 'internal', 'shape by conn': True},
drag={'units': 'N'}),
promotes inputs=['r', 'k'],
promotes outputs=[‘'drag'])
self.connect('geometry.grid', 'cfd.grid')

Below we show the source code of the simplified component that we use to replace the aero group. Note that
we call the subsystem which is the simplified component aero so that the it has the same name as the group in
the full assembly.

class Surrogate(om.Group):
def setup(self):
self.add subsystem('aero",
om.ExecComp("drag = ((q + z *1)*20 + r * k)/1000",
drag={'units': 'N'}),
promotes inputs=[‘q‘', 'z', 'l', 'r', 'k'],
promotes_outputs=[ "drag'])

prob_replace = om.Problem(model=Surrogate())
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Figure 8 Details of how the standard-evaluator enables replacing a group with a simplified component

Figure 8 shows the steps that are required to replace the aero group with the simplified model. First, both an
instance of the original assembly as well as an instance of an OpenMDAQO problem that only contains the
simplified component are created. The assembly information for both is extracted using the get interface utility
from the standard-evaluator library, and then we create a new assembly description where we replace the group
with the information for the simplified component. This is done in a single line of Python code:

info.components|[ ‘aero’] = surrogate_info

where info contains the description about the full assembly, and surrogate_info is the information about the
simplified component.

The final step is to instantiate the new OpenMDAO problem using the edited assembly information to be able to
use the assembly with the simplified model in place of the aero group. The state, that is values of all inputs and
outputs that are in both problems, can be transferred from the full model to the simplified model using utility
routines from the library.

8. Independent Optimization Definition

Another aspect of design space exploration and MDAO that is being addressed by the standard-evaluator library
is a way to define an optimization problem independent of a specific framework. As with other parts of the
library this was done by defining a Pydantic class and associated JSON schema. The OptProblem class has the
following fields:
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e name stores the name of the optimization problem. This field is used when serializing and printing
information. Defaults to 'opt_problem'. Note that when running multiple different optimization
problems having the ability to name each is beneficial.

e variables are a list of Variables instances that are the design or input variables for this optimization
problem. At least one variable must be defined. Note that a user can set the upper and lower bounds of a
variable to the same value and thereby fixing this variable.

e responses are a list of Variables instances that are the responses or output variables for this
optimization problem. At least one response needs to be defined. All objectives and constraint used in
the optimization problem must be defined as a variable or response.

e objectives contain a list of strings with the names of the objective(s) for the optimization problem. Must
be either variables or - responses defined in the problem.

e constraints contain a list of strings with the names of the constraints of the optimization problem. Must
be responses defined in the problem. To define bounds on variables, use the variable bounds. The upper
and lower bounds of a constraint is defined when defining the associated response.

o description optionally allows a textual description of the optimization problem. This enables a more
expressive explanation of the optimization problem. To define mathematical symbols, use markdown
syntax.

e cite optionally allows the listing of relevant citations that should be referenced when publishing work
that uses this optimization problem.

e options is a dictionary that can be used to store additional information about an optimization problem.
Note that the content in this should be strings or must be a Python object that is serializable. If it is not a
string this could create issues when trying to leverage the information in a non-Python application.
Options to drive the behavior of an optimizer that is being used to solve this problem could be stored
here, but of course that becomes something that is not optimizer independent.

Note that when defining objectives or constraints that involve array variables the user can define a specific
element of the variable to be an objective or constraint via normal Python array syntax, that is if the variable
‘reach’ is a two-dimensional array and the user wants to use the third element of the second row as the objective
they would use ‘reach[1,2]" as the objective.

VIII.  Defining optimization studies in a textual format

One of the things that the independent optimization problem definition developed in this contract enables is a
workflow where multiple optimization problems are solved for a given assembly of simulations. That is, instead
of solving a single MDAO problem the engineer is running a study to understand how the solution of the
optimization problem changes when for example bounds are changed. Or in many industrial uses of MDAO the
engineer is asked to create a series of solutions or even a Pareto front of a multiple objective optimization
problem to show to decision makers. Often there are considerations that are not easily expressed in a simulation
or mathematical formula that decision makers want to consider, and presenting solution from multiple
optimization problems provides the data the decision makers need.

In such a situation it is also beneficial to version control the optimization problems as well as the definition of
the assembly used.
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Figure 9 Exploring the design space via file-driven MDAO

Figure 9 shows this idea, where multiple optimization definitions for a specific assembly definition are created,
and can then be executed in the chosen framework. In the example in https://github.com/Boeing/standard-
evaluator/blob/main/docs/source/demos/design_space_exploration.ipynb we of course use OpenMDAO as the
MDAO framework, and show how to create, store, manipulate, and load a series of optimization problems.

9. Availability of the implementation

The standard-evaluator library that was developed is easy to install via pip as it is deployed to PyPi:
https://pypi.org/project/standard-evaluator/.

Source code of the library is available and maintained at https://github.com/Boeing/standard-evaluator/tree/main
and documentation is available at https://boeing.github.io/standard-evaluator/.

The library is released under the Apache License, Version 2.0.

10. Suggestions for OpenMDAO

During the development of the library the authors gained deeper understanding of the OpenMDAO library, and
have the following suggestions for the OpenMDAO team:

e Add methods to define and access programmatically defined options to OpenMDAO library, see section
6.

e Add ability to define inputs and outputs as internal to a group (make the ‘internal’ tag a suggested tag
for OpenMDAO users?) and create routines that check that no internal elements are accessed within an
OpenMDAO problem

e Add ability to detect that inputs and outputs of a group are internal based on the current OpenMDAO
problem and suggesting to the developer of the group to mark them as internal.

e Add ability to report to a user which component in an assembly are required to calculate specific
outputs of an OpenMDAO problem? What components are impacted by changes to an input to the
OpenMDAO problem? Those utilities will assist users with pruning components from an assembly that
are not required for a specific study.
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11. Next steps and future vision

The standard-evaluator library developed under this contract enables several new capabilities.

It proposes a solution to allow the programmatical definition of options, and it is hoped that this can be directly
incorporated into OpenMDAO.

The capability to take any OpenMDAO assembly and generate a description of its state in an OpenMDAO
independent format, and recreate it, enables many new use cases, several of which have been demonstrated in
the examples provided via GitHub. Replacing a component or group with another component is expected to one
of the core use cases of the standard-evaluator library.

Releasing the library as open-source and making the source code available on GitHub is key to help adoption of
this functionality and ensure continued development.

Additional work that needs to be done is to add the ability to handle assemblies with unique features that are not
yet supported by the standard-evaluator. Examples are how to deal with custom groups, how to deal with
options that are complex and not serializable, and mapping of elements of vector variables or responses.

Integrating these capabilities with the Aircraft Data Hierarchy developed under CLINOO1 and the integration
with the MBSE models that was developed in CLINOO3 are additional work that should be done.

A larger effort would be required to create a GUI to edit an assembly, and to generate new assemblies from a
catalog of components. This would open the potential user base of OpenMDAO to engineers that are not versed
in programming.

Building converter that for example take an MDA developed in Ansys ModelCenter and convert it into the
assembly definition and then from there into an OpenMDAO assembly and back would allow engineers to
leverage the best of multiple frameworks, reduce time when transitioning, and avoid vendor lock-in.

One of the key extensions to the Assembly definition would be to define a class describing the information
about how to use an external executable as a component.

Coordination with the OpenMDAO team has started to see what functionality of the standard-evaluator can be
directly integrated into OpenMDAO.
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