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ABSTRACT

Simulation is fundamental to many engineering design processes and powers the field of computational
design. Simulation inherently consumes energy resulting in CO2 emissions that impact our environment.
While one can source energy from renewable sources and use energy efficient hardware, efforts need to
also be made in how we can use simulation in a sustainable manner.

This paper presents a sustainable simulation framework that borrows concepts from web services. The
framework makes it easy for engineering firms to adopt and embed sustainable simulation practices
thereby removing the burden from the designer tin thinking about how to design sustainably. An
illustrative example reveals a 25% reduction in computational effort can be achieved by adopting the
framework.
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1 INTRODUCTION

Simulation is a fundamental, and increasingly necessary, element of Engineering Design. Simulations
translate designers from the problem space, in part or full, to the solution space enabling them to
reason about design parameters and make design decisions (Figure 1) (Kautz et al., 2018).
Computational design studies, such as trade-offs, sustainability assessments, narrative-based
simulation, design space reasoning, optimisation, exploration and optioneering provide
methodological frameworks for how we can use simulation in the design process.

Simulation has also founded new design processes, such as Model-Based Systems Engineering
(MBSE), Set-Based Design, Generative Design, Data-Driven Design and Digital Twins (al Handawi et
al., 2020; LaSorda et al., 2018; McCormack et al., 2004; Muller et al., 2007; Parraguez and Maier,
2017; Tyflopoulos et al., 2018). MBSE, for example, has gained significant traction (25%) in the
aerospace, defence, and whole systems design sectors. Those who have adopted the practice have
observed a Return-on-Investment of 3.5:1 on average with a peak of 7:1 (Honour, 2010). The result
has been designs that would have not been imaginable by designers alone. Argyres, (1999) report on
the development of the B2-bomber highlighted that it could not have been achieved without
simulation. In Formula 1, a sport that pushes Engineering Design to the very limited, there have been
teams (Virgin F1) who have designed entire cars through simulation alone. Simulation has also been
critical in the design of the 2022 rule changes that have enabled closer racing (Reynolds, 2019).

Today’s computational design is an extensive digital ecosystem featuring:

1. A broad range of low to high-fidelity computational techniques capable of modelling all manner
of design feature(s)®;

Increasing computational capability to model designs within the permissible timespans?;
Parametric simulation enabling design spaces to be represented;

Numerical methods to explore design spaces; and

Simulation Lifecycle Management (SLM) to manage the historic record of models and model
runtimes.

agrwn

However, the insights generated from simulation come with a cost both financial and environmental.
The price for a single design point simulation in Autodesk Fusion360 is between $9-$18 (Autodesk,
2023). A design exploration study featuring multiple simulations and hundreds, if not thousands, of
design points can quickly ramp into the thousands of dollars and a Digital Twin running simulations on a
continual basis can result in a significant increase in operational expenditure. In terms of the
environmental impact and continuing with the F1 2022 rules example, the computational design element
of the project used 500,000GB and 16.5 million core hours resulting in an estimated CO2e of 13700kg®
(MacAlpine, 2022). The Net Zero agenda and Global Energy Crises have put sustainability into sharp
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Figure 1. Moving between the problem, model, and solution spaces (Kautz et al.,
2018).

! E.g., Finite Element Analysis (FEA), Computational Fluid Dynamics (CFD), Multi-Physics and Kinematics.

2 E.g., GPU-acceleration, High-Performance Computing, Supercomputing, and the Cloud.

3 0.0008303kg CO2e/CPU AWS (us-west-1) CPU (https://www.climatig.io/explorer/emission-factor/8elfdcb8-
0f37-429a-a275-4933d1e9f161)
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focus, and we must be considerate of the carbon footprint of our simulations. Especially when our
simulations are not only used in design but likely throughout the lifecycle as we digitally twin our
products.

Physics-based simulation forms a major component of simulation in design and are notoriously
computationally intensive (Selivanova, 2022). And while there are methods one could employ to
reduce the computational effort, such as computationally performant simulation code, databases to
store results and surrogate models, there is a lack of frameworks and guidance in providing a
sustainable simulation environment. At best, methods are used ad-hoc requiring considerable expert
knowledge, experience, and skills, and there are many cases where firm’s re-compute design options,
be it through repeating and/or overlapping design studies.

To address the issue of operating computational design sustainably, the paper contributes a concept
borne from web service practices to introduce sustainability into computational design that is both
automated and requires little to no changes to the operation of a design process. The paper continues
with an illustrative example of the computational sustainability challenge and a reflection on existing
approaches to computational sustainability (Section 2). The paper then introduces readers to the
practices of OS-level virtualisation and API gateways that have been used extensively in serving
computationally sustainable web services (Section 3). A concept for sustainable simulation is then
presented (Section 4). Section 5 then applies the concept to Section 2’s illustrative example. The
results are presented in Section 6 and a discussion then ensues featuring the next steps and future
research in Section 7. The paper then concludes with key findings (Section 8).

2 COMPUTATIONAL DESIGN SUSTAINABILITY CHALLENGES

To illustrate the computational sustainability challenge, let’s examine a numerical solution to one-
dimensional heat transfer. One-dimensional heat transfer is used in composites design (Fisher et al.,
2023), where the conduction of heat is dominated by a ply’s top and bottom surfaces, and the design of
rods that are being heated at both ends and insulated along their length. The general problem is
described in Figure 2 where the one-dimensional rod starts at a temperature, Ty, and is heated from the
two ends by a temperature, T;,. A common feature of interest is how long it takes for a position along
the length (i.e., the middle) to reach a desired temperature. The problem can be described by the one-

Th | .Ax Th

Figure 2. One-dimensional heat transfer.

dimensional transient heat conduction equation without heat generating sources:
Jar 0 ( 6T)
P ~ ox " ox

(1)

where p is the density, Cp is the heat capacity, k is the thermal conductivity, T is the temperature, x

is the distance along the rod, and t is time.
Setting p, ¢,, and k constant reduces the equation to:

oT 9°T
—_— = K/
ot 0x?
Differential equations are common across many simulations and can be solved numerically by

discretising the continuous derivatives, (dt, dx), using finite difference methods. For our example, we
can approximate Equation 2 as follows:

(2)
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Figure 3. Computational effort in creating the design input/output response surface.

(3)

Where n is the time step and i is a position along the discretised domain. The challenges in
computational sustainability lie in what designers wish to typically do in this space. That is to reason
about the space the model represents as well as perform differing types of exploration that may lead to
traversals over already ‘trodden’ ground.

Tin+1 — Tin + KAt <Ti7+l-1 - ZTin + Tiri1>

Ax?

2.1 Reasoning about the design space

Having defined the model space that takes us from the problem space to the solution space, lets
perform a typical grid search across an arbitrary area of interest — le2m <[ < le-3mand le-7 <
k < 5e—7 with 100 increments along each dimension. As a designer may do to map the topology of the
design space. Incrementing along each dimension in this manner results in the computation of 10,000
design options.

Total compute time (a proxy for effort) for the grid search was 44 mins. Figure 3a offers an insight
into the computational effort across the domain and reveals it is non-uniform with a low kappa and
increased length increasing the computational effort required to solve the problem. This was
purposefully selected to demonstrate to aspects of a design space that contribute to computational
effort. The first is increasing the length of the bar, which results in an increase in the mesh size
resulting in more operations per timestep. The second is in decreasing kappa resulting in less heat
being conducted across the bar per timestep resulting in more timesteps being computed until the bar
to reach the desired temperature.

Figure 3b presents the solution space generated by the computation which suggests a polynomial
relationship between the design inputs (length and kappa) and outputs (time to reach Ts). This type of
result is often the case even for highly technical design cases, such as satellite design (Timperley et al.,
2023). However, one must start with the computational expensive physics-based model to reveal the
topology of the solution space. Challenge 1 therefore lies in minimising the number of physics-based
model evaluations to approximate the solution space with confidence.

2.2 Repeated excursions

While a grid search is a commonly applied design study to examine the topology of the solution space,
other studies including design optimisation and exploration are also applied to identify optimal solutions.
Figure 4 presents the options explored via different computational minimisation optimisation design
studies — a refined grid search, Nelder-Mead and Powell methods (Nelder and Mead, 1965; Powell,
1964). It demonstrates how the different options explore the space with design options being repeatedly
considered (computed). These studies are often performed independently by different design engineers
deploying the simulation on different machines and at different points in the design process. The result is
a high degree of design option re-evaluation. Challenge 2 is in providing an environment that prevents
siloed operation of simulations to preventing design options being re-computed.
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Figure 4. Computational design studies exploring the design space.

2.3 Existing methods to reduce computational effort

Researchers have sought to reduce the computational effort of exploring designs, with surrogate
models being a main line of enquiry. Surrogate models, once trained, offer a lower computational
overhead in evaluating a design space. See, for example, (Hanna et al., 2020; Jeon et al., 2019). While
they offer long-term computational sustainability, they all require extensive evaluation of the design
space to train the model. One could liken it to trading capital expenditure for operational expenditure.
Thus, there is a trade-off to consider as well as expert knowledge to understand that extent of the
design space that needs to be evaluated. There is also a concern to the surrogate models validity if the
underlying physics-based model receives an update during the design process.

From this brief illustration of computational design and the methods currently being used to
increase its sustainability, there remains opportunities to explore different concept to how we can
make computational design more sustainable.

3 WEB SERVICES - AN AREA OF SUSTAINABLE COMPUTING
TECHNIQUES

Web services power our ability to access information across the internet. Critical to their operation is
the ability scale on-demand, provide information to the end-user in a timely manner, and operate as
efficiently as possible due to their 24hr operation. Of particular interest in the generation of this
paper’s concept are OS-Level Virtualisation and APl Gateways.

OS-Level Virtualisation is a $6.3bn market with a compound annual growth rate of 16% (Grand
View Research, 2022). It is fundamental to the operation of Information & Technology (IT) services
powering the internet, web services, Internet-of-Things (10T), high-performance computing and cloud
computing. Applications are built through a layering process that installs the required dependencies
(OS, software) resulting in an image (Figure 5a-b). The image is then stored in a repository, which
provides lifecycle management — versioning, access, and issue tracking4 (Figure 5c). Images are then

Build
y >
Instructions Image Repository Container Q Cloud
Simulation Model -
[c=s ]

Dependency Layer i -
Build Push U Pull ‘
i —®  Image " U > -
Dependency Layer U
i

(a) (b) (c) (d) (e)

Figure 5. OS-level virtualisation process.

40One of the largest is DockerHub, which holds over one million images.
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Figure 6. Docker Multi-Objective Optimisation (DoMOO) using OS-level virtualisation for
MOO across simulations requiring different compute requirements.

pulled from their respective repository and instantiated in containers that assign the required compute
resources to run the application (Figure 5d). The container can exist on a local machine, private server
and/or cloud service (Figure 5e).

Orchestration tools, such as Docker Compose and Kubernetes, enable administrators to manage
fleets of containers, establish virtual networks for communication, and connect to persistent storage.
Containers are designed to be ephemeral enabling them to be destroyed and re-built without loss of
information. This facilitates horizontal scaling through container duplication. Loads are then balanced
across the duplicated services.

An example is the orchestration of a container featuring a database image, a container featuring a
web application and a container featuring an APl gateway. The API gateway routes traffic to users to
access the webapp as well as access to backend services, such as the database. The capabilities of API
gateways to route traffic to different backend services, handle authentication and authorization, cache
responses, and ability to scale could be useful in enabling sustainable design computation.

While mainly used in web services, the application of OS-level virtualisation to support
computational design has seen some proof-of-concept experimentation. Docker Multi-Objective
Optimisation (DoMOQ) is one such application (Figure 6) (Gopsill and Hicks, 2022). The application
features several MOO algorithms and a Controller process. The Controller process orchestrates the
spawning of simulations via Docker in accordance with the MOO algorithm and the design options it
wishes to evaluate. It then waits for the simulations to complete and collates the results so they can be
fed back into the MOO algorithm. DoMOO can readily scale with the resources made available to the
docker instance that is deployed upon, offers the opportunity to parallelise operations, and can exit
simulations early if another simulation returns and informs the process that the option is invalid
(saving computational resource). This enables effective and efficient exploration of design spaces
represented by multiple simulation models.

4 A CONCEPT FOR SUSTAINABLE SIMULATION USING OS-LEVEL
VIRTUALISATION AND APl GATEWAYS

The sustainable simulation concept for computational design utilising OS-level virtualisation and API
gateway methods is shown in Figure 7. To start, we need a means to accept design options and the
ability to return the solution metrics (e.g., the time taken to reach a temperature, C;, C,, Or stress
value). The framework achieves this by introducing an API gateway that provides information on the
available simulations, authenticates, and authorises transactions, and routes design options to one or
more simulations and one or more ‘caching” mechanisms (e.g., database store, interpolator and/or
Machine Learning algorithm).

Both the simulations and caching mechanisms exist in their own containers. The containers offer the
resources they require to run and expose API endpoint’s that the gateway can route information to.
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Figure 7. The sustainable simulation framework.

Associating an APl endpoint to a simulation is achieved via a layer during the image build process.
Instantiating these images results in a set of networked containers holding our API gateway,
simulation model(s) and caching mechanism(s).

A client service (engineer, script, or process) sends requests to the APl gateway. The requests
require an auth token, simulation id, design option and any constraints on whether they wish the
results to come from the physics-based simulation model or caching mechanism, and whether there is
an unacceptable threshold by which they will accept the caching mechanism result. The API gateway
will first authenticate and authorize the request before checking whether there is a caching mechanism
assigned to the simulation model.

If a caching mechanism exists and its use is permitted, the gateway will route the traffic to the
caching mechanism. The caching mechanism will then return a response along with a confidence
value. If the confidence is above the desired threshold, the API gateway will send the response to the
client mitigating the need to run a computationally expensive physics-based model.

If the confidence value is not above the threshold, the cache is the incorrect type or the request did not
permit the use of a cache mechanism, the API gateway will pass the request to the simulation model to
compute our ‘ground-truth’ result. The response is then passed back to the API gateway, which returns it
to the client as well as passing it to the caching mechanism to update its internal model.

The concept meets the two challenges by utilising a caching mechanism to learn and override the
use of the physics-based model in offering solutions to designers. The designers do not need to change
their behaviour and/or design activity they wish to perform. They simply query the service as if it was
a physics-based simulation (Challenge 1). Providing a single APl for all engineers within a
firm/project to access and utilise simulations mitigates re-computation by taking advantage of the
caching mechanism to report previously computed results (Challenge 2).

5 ILLUSTRATIVE EXAMPLE

To illustrate the potential, the concept was used to investigate the design space of the design problem
described in Section 2. Our solution to the one-dimensional heat transfer problem was placed in an
image with an API access point for sending requests based on bar length, I, and thermal diffusivity, «.
Another image was created for the caching mechanism that featured an API endpoint that connected to
an online learning Bayesian linear regression model with a polynomial extender feature extraction
pipeline. Online learning models are a subset of Machine Learning (ML) models that can be updated
as new values are generated making them a suitable candidate for a caching mechanism. The
regression model returns a prediction as well as a confidence score.

The two models were connected through an APl gateway. Requests from computational design
studies would be sent to the API gateway and then passed to the caching mechanism followed by the
physics-based model if the desired confidence was not met. The combined service was orchestrated
(“spun-up”) using Docker Compose.
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Figure 8. Comparison of responses from the sustainable simulation framework and
physics-based model only operation.

Table 1. Comparing simulation operations.

Item Physics Only Framework

# Physics 92 36

# Caching Mechanism n/a 56

Total Time (ns) 2.434e+10 1.815e+10 (75%)

The service then received three computational design studies: (1) 50 random evaluation of design
options; (2) A 5x5 grid search; and, (3) Nelder-Mead minimisation optimisation.

These were performed in sequence and mimic some of the operations that a design team might
perform over the course of a design project. The threshold for accepting the caching mechanisms result
was set to 99.9%. The computational time, a proxy of computational effort, and number of physic-based
vs. caching mechanism responses were recorded. A physics-based only simulation of the design studies
was performed to form the baseline computational effort for comparison. The questions posed were:

1. How and whether the caching mechanism could ‘take-over’ the physics-based simulation in
providing results for the computational design studies?

2. How, if at all, did it effect the results of the computational design studies? and,

3. What, if any, reduction in computation effort was achieved?

6 RESULTS

Figure 8 and Table 1 present the results from the study. Figure 8a shows how the caching mechanism
starts to supersede the physics-based model during the request sequence. In this case, we see that only 5
options were required before the caching mechanism felt confident enough in providing its own
predictions (8ai). Thus, we can start to gain a computational benefit surprisingly early in a simulation’s
lifecycle. We then see the service flipping between the two showing the cache is ‘learning’ and is
confident in some areas of the design space but not others (8aii). Figure 8a also shows that the results do
not match the physics model entirely (8aiii). Figure 8b shows the gains in response time between the
Table 1 shows the computational effort of the existing and new approach and reveals a 25% reduction in
computational effort/time was achieved. The impact is two-fold in reducing the carbon-footprint of
computational design studies as well as speeding up the design process. Table 1 also shows that the
caching mechanism responded to 56 out of the 92 requests for evaluation.

7 DISCUSSION

The paper has demonstrated that the concept built on OS-level virtualisation and API gateway
technologies can have a significant positive impact on the environmental sustainability of
computational design. The concept also removes the burden for a design engineer to consider
computational sustainability, allowing them to focus on the design process. By way of indicative
example, the study showed in a 25% reduction in computational effort.
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Expert knowledge was required in deciding the caching mechanism model and development of best
practice and guidelines for cache mechanism selection that would support adoption of the concept.
The concept also permits multiple caching mechanisms to be implemented alongside a simulation
model thereby providing a means to trial cache mechanisms in parallel. Periodic evaluation could then
nominate the mechanisms that should continue to operate and others that should be retired.

Erroneous results did pass through to the end-user where the cache ‘felt’ confident in its results,
which may be of concern for mission-critical applications. However, the degree of error exhibited in
the study may be acceptable in early conceptual design where a broader and less accurate
understanding of the design space is often required.

The reported computational saving is illustrative of the concept’s potential. It has yet to be
optimised and it is likely that further gains could be made. For the example problem, further efforts
could be made to optimise the physic-based model using a lower-level language and/or highly tuned
scientific software packages. Different caching mechanisms and experimenting with different
computational design sequences may reveal sequences that yield ‘quicker’ learning.

The illustrative example also provides a pragmatic view of where one might start in modelling a
particular element of physics for a design problem. An affordance of the concept is that simulations
can be updated and ‘pushed’ to the service through image repositories. Methods can be implemented
that monitor for new images and ‘hot reload’ containers with updated images. This is performed
automatically with little to no impact on end-users using the service.

There is also the environmental impact of having a service that is always ‘on’ to consider. OS-level

virtualised services can scale up and down based on demand and there will always be an environmental
footprint of operating the service. In a simulation intensive design process, it is likely that this “standby”
energy use will be less than a few physics-based simulations but requires confirmation.
Research into adoption also needs to be performed. The concept affords for the end-user to specify
whether they wish the physics or cache-based response and the threshold they are willing to accept the
cache-based response. It would be interesting for the community to run a series of design studies
offering simulations through the concept and investigating the choices designers make in deciding the
form of response. One hypothesis is that designers in early-stage design may be more accepting of
cache mechanisms, but as one continues to detailed design, designers may wish the certainty that
comes from the physics-based simulation.

The last discussion point considers the fact that the caching mechanism is, in effect, providing
simulation with a memory. This is a fundamental capability if one wishes to pursue and apply
innovations and research from cognitive computing. It would be interesting to see how the concept can
further support the application of cognitive computing in simulation, making simulations self-aware,
learn, reason, communicate, and co-operate. Could we get to a position where simulations could
explore the design space together and potentially eliminate the need for engineering designers to
design computational design studies?

8 CONCLUSION

Simulation is fundamental to modern Engineering Design and is increasingly being used across the
design process. The extended use of simulation has a knock-on environmental impact due to the
energy simulations consume, with physics-based models being notoriously computationally intensive.
They can also take considerable time to run reducing the number of iterations a design team can
perform within a given period. To overcome these challenges, this paper has proposed a world first
concept that exploits web service approaches to introduce caching mechanisms to simulation models.
An illustrative example shows that a 25% reduction in computational effort can be achieved for a
typical combination of computational design study featuring 100 design options evaluation. It is likely
this value would increase as more computational design studies are run.

Expert knowledge is still required in determining a suitable caching mechanism for a simulation and
best practice guidelines and decision-trees need to be generated. The framework also opens a promising
opportunity to add further intelligence to simulation. The caching mechanism is, in effect, the beginnings
of simulations with memory. This is one of the fundamental steppingstones towards cognitive
computing. The framework could be extended to feature other cognitive features, such as self-awareness,
self-learning, reasoning, communication, and co-operation across simulations, providing an exciting
transformative means by which we manage, orchestrate, and perform computational design.
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