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Abstract

In mechanical engineering, designers have to review a designed artefact iteratively with different domain experts, e.g. from
manufacturing, to avoid later changes and find a robust, optimized design. To support the designer, knowledge-based engineering
offers a set of approaches and techniques that formalize and implement engineering knowledge into generic product models or
decision support systems. An implementation which satisfies especially the concurrent nature of today’s design processes and
allow for multi-objective decision-making is multi-agent systems. Such systems consist of entities that are capable of
autonomous action, interact intelligently with their environment, communicate and collaborate. In this paper, such a multi-agent
system is discussed as extension for a computer-aided design software where the agents take the role of domain experts, like e.g.
manufacturing technologists and make suggestions for the optimization of the design of mechanical engineering parts. A focal
point is set on the collaboration concept of the single agents. Therefore, the paper proposes the use of an action-item-list as
central information and knowledge sharing platform.

© 2020 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the KES International.

Keywords: Multi-Agent System ; Knowledge-Based Engineering ; Computer-Aided Design ; Design Optimization

* Corresponding author. Tel.: +49-511-762-5361; fax: +49-511-762-4506.
E-mail address: gembarski@ipeg.uni-hannover.de

1877-0509 © 2020 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-ne-nd/4.0)
Peer-review under responsibility of the scientific committee of the KES International.
10.1016/j.procs.2020.08.061


http://crossmark.crossref.org/dialog/?doi=10.1016/j.procs.2020.08.061&domain=pdf

Paul Christoph Gembarski / Procedia Computer Science 176 (2020) 592—601 593

1. Introduction

The application of software tools in modern product development is state of the art for many disciplines [1]. Such
computer aided engineering environments comprise, among others, computer aided design (CAD) tools to define
e.g. product shape and production information [2]. Over time, CAD systems for mechanical engineering have
developed from tools for 2D line drawing to powerful parametric 3D design systems where a designer is able to
modify his parts and assemblies simply by changing values of e.g. dimensions for lengths and adding or deleting
features as long as this change can be propagated according to the constraints of the underlying data model [3].
Nowadays, CAD systems are even able to store and process engineering knowledge like dimensioning formulae,
design rules and intelligent templates that can easily be adapted to new use cases [4]. This makes knowledge-based
engineering available outside from specialized software or expert systems [5].

Two design tasks need to be differentiated: Routine design may be entirely automated, like in product
configuration [6]. The basis for this is the definition of a product model, which is enriched by defined degrees of
freedom and options as well as a process model how the designer or a customer specifies his desired product [7]. So,
the CAD model does not only display a single variant but a solution space that comprises all valid variants [8, 9]. In
contrast to routine design, creative design tasks are characterized by an ill-structured nature, uncertainties and a
solution space that is way too large to be modelled, especially considering different physical solution principles in
conceptual design [10]. It follows that creative design involves knowledge-based engineering mainly as decision- or
problem solving support and co-worker of a human designer [11-13].

1.1. Motivation

Despite the abilities and potential benefits of the above mentioned systems, the development of technical products
is still a complex task that usually involves multiple experts from different design domains [10]. According to the
idea of the product life cycle, the concurrent engineering paradigm requires product development departments to
review design artefacts in every phase of the development process with experts from different functional units like
manufacturing (i.e. setup planning, tooling, fixture design), disposal or service engineering [ 14]. The idea behind is
to shorten lead time in development since decision quality is raised and later changes can be avoided [1].
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Fig. 1. Mounting Bracket with annotated Faces and Features

E.g. in a design review for the draft of a mechanical engineering part, the geometry can be checked against design
guidelines like DfX (Design for eXcellence), where the X is a placeholder for e.g. manufacturability [15]. As an
example for the discussions and decisions that occur during the optimization of a subtractively manufactured part
stand passages of the design review for the bracket shown in Fig. 1. Regarding the slope of faces I and 2, the review
started with the question whether it has to be milled or is already included in the semi-finished material. The latter is
confirmed so that the slope itself is not to be considered as a problem. But with respect to the countersinks of the
four drillings, the production planning engineer identified a challenge: Since the surface of the face will be hard and
potentially rough, the tool for countersinking might be deflected and is, from his experience, a source for production
faults. In order to avoid a tool change, he suggests to use the same tool as for the slot A to mill pockets instead of the
countersinks since the respecting end mill has a shank that is long enough.
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Referring back to CAD and knowledge-based engineering, a system to be used for analysis and optimization of
mechanical engineering parts for concurrent engineering needs an implementation that is able to mimic a discussion
like above, to capture the expertise of the domain experts and to apply this to any part geometry. Especially the last
requirement is challenging since, unlike to product configuration, there is no generic product model where e.g. a
known addressable dimension parameter may be restricted by limiting its value range according to a travelling
distance of a production machine [16]. More than that, such a system needs the ability to perceive features of the
geometry model, their parameters and put them into the context of other knowledge sources like tool lists and
manufacturing sequences.

An implementation that satisfies such multi-objective decision-making is possible based on a multi-agent system
[17]. These consist of entities that are capable of autonomous action, interact intelligently with their environment,
communicate and collaborate [18]. Yet not widespread, their application potential in engineering disciplines is
manifold and ranges from control of production systems over modelling and simulation of complex systems like
smart grids to workflow management [19]. Moreover, single prototypes aiming at deriving manufacturing sequences
based on a CAD model [20] as well as optimizing designs regarding simple design guidelines have been
implemented [21].

1.2. Scope and Structure of the Paper

This paper continues this path and presents a concept for such a multi-agent system as extension for a standard
CAD software. The agents take the role of domain experts to analyze and make suggestions for the optimization of
the design of mechanical engineering parts. The emphasis is put on the organization of the single agents and their
collaboration concept. Therefore, the paper proposes the use of an action-item-list as central information and
knowledge sharing platform for the single agents.

The paper is organized as follows: Section 2 presents the theoretical background and related work regarding
knowledge-based engineering and multi-agent systems related to product development. Afterwards in section 3, the
concept for an agent-based analysis and optimization tool is discussed before section 4 presents the organization of
the agents working together on an action-item-list. In section 5, a brief introduction in the initial implementation is
given showing a feasibility study. The final section 6 presents discussion and conclusion and points out future
research potential.

2. Theoretical Background and related Work
2.1. Knowledge-Based Engineering Systems

Knowledge-based engineering (KBE) systems are a subgroup of knowledge-based systems, which have to be
understood as a collective term for computer-aided problem-solving tools [22]. In detail, KBE is a set of techniques
for (partial) automation of design tasks and to establish product models that are easy to adapt to new requirements
[6]. KBE can be seen as evolutionary step in computer aided engineering which is created by the combination of
object-oriented programming, artificial intelligence and CAD [23].

From a task-perspective, KBE systems perform different knowledge tasks that deliver artefact descriptions
(Fig. 2). Synthetic design is designing a system that meets specified requirements. These are first formulated by the
user and then operationalized by the KBE system. Hereby hard requirements enable the KBE system to filter
possible system designs that have been generated on the basis of knowledge about system creation. Soft
requirements enable the system to evaluate and rank multiple valid system designs [24]. Configuration means
assembling a system out from fully predefined building blocks that are matched via standardized interfaces. From an
information science point of view, configuration tasks can be written and solved as constraint satisfaction problem
[7]. Parametrization aims to eliminate degrees-of-freedom in a variable product model by setting parameter values.
Here also apply constraint satisfaction techniques [11].
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Fig. 2. Knowledge-Based Engineering Tasks that deliver Artefact Descriptions (acc. to [11])

To automatically perform these tasks or combinations of them, a KBE system must have the ability of reasoning
[25]. Therefore, a prerequisite is the implementation of two very basic kinds of knowledge [24]: (1) Domain
knowledge constitutes a solution space in which a particular solution for a defined set of requirements can be found.
It is modelled e.g. by parameter constraints, formulae and design rules for product models [11]. (2) Control
knowledge, which is the actual reasoning, states how this solution space is explored and integrates rule-based,
model-based or case-based reasoning techniques [26].

Within KBE system implementations, knowledge-based CAD integrates design rules, dimensioning formulae,
spreadsheets, macros and interactive applications into the standard modelling tool in engineering design, the CAD
system itself [4]. Although available, only single reports about applications exist. Exemplarily stand works from
design synthesis in aerospace and automotive engineering [27], conceptual or configuration design in plant
engineering [28] or niche design activities like automating fixture design [29]. All of these approaches have in
common that knowledge artefacts as well as models have to be implemented explicitly. Regarding the design review
mentioned in the motivation above, these traditional approaches are not suitable. A solution space that covers all
possible designs e.g. for milled parts is way too large to be integrated into a single KBE system this way.

2.2. Multi-Agent Systems in Product Development

Agent-based modelling and simulation as well as multi-agent systems have been proposed for various
applications since the 1980ies [18-20]. The definition of the term agent is still subject to standardization but
literature widely agrees that an agent is a software entity that operates autonomously without intervention of a
human user to complete a task [21]. In order to do so, an agent needs to perceive his environment relevant to the
task, to react on changes to the environment and know about consequences [29]. Since a multi-agent system
implementation commonly integrates more than one agent, the single agents need the ability to communicate and
collaborate with other agents or the user [31].

Such collaboration is essential in multi-agent systems and is expressed in at least two interaction types, i.e.
information exchange and negotiation [18]. Regarding the first, different protocols and behaviors were suggested,
e.g. from simple message exchange mechanisms with declaration of sender, recipient, intent and action request [32]
to more complex interaction control, i.e. defining communicational rights that manage communications in
hierarchical agent systems [33]. Examples for negotiation are rule-based and algorithmic auction and bidding models
[34, 35], approaches based on classical control and network theory incorporating actuator — sampler — controller —
disturbance [36] as well as the implementation of learning strategies and evolutionary approaches like survival-of-
the-fittest [37].

Related to product development and engineering design, four core application areas for agent-based systems may
be identified from literature:

Workflow management in collaborative engineering, e.g. [38, 39]

Simulation of system behavior and control circuits, e.g. [19]

Synthesis or reengineering of design artefacts, e.g. [30, 31, 40]

Analysis of product characteristics according to design guidelines, e.g. [20, 21].

b s
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Referring to the design review, the last application area shows similarities since the documented systems are also
able to optimize a design. But the majority of approaches focusses just on a narrow set of design guidelines, like e.g.
in design for recycling “reduce number of joints”, “reduce number of parts” or “reduce number of different materials
in a sub-assembly”. Although this largely corresponds to the expertise of an e.g. eco-design expert, the complexity of
these guidelines is low since they can be checked from a bill-of-materials and the CAD-model of the assembly
nearly without additional contextual information. For implementation of a multi-agent system with the expertise of
production planning and manufacturing specialists, additional knowledge sources need to be addressed and
furthermore, the designer himself needs to be simulated in order to judge change requests or defend the original

design.
3. Conceptualizing an Agent-based Analysis and Optimization Tool for Mechanical Engineering Parts

Taking the observations from multiple design reviews into account as well as the evaluations from domain
experts and related work from literature, a multi-agent system capable of a design review and aiming at the
optimization of mechanical engineering parts needs to fulfill following basic requirements:

e The tool must be fully integrated into the designer’s workflow and thus work directly on the CAD files and
within the CAD environment. The tool may be integrated in or coupled to, i.e. remote control the CAD system.

e Additionally to geometry, information about tolerances, surface quality and are loads needed to argue machining
operations. Some of these may be defined directly on faces of the geometry model in the CAD system, e.g. load
paths must be declared by the user.

e For machining operations, a mapping between discrete machines and tool sets must be included in order to reason
about setup planning and achievable tolerances since they result from machine-tool-pairs.

e The system must work iteratively, if an adaption is proposed, the new situation has to be analyzed accordingly.

e All conclusions drawn from the system must be explainable and consequences on the dimensions function
fulfillment, part mass, number of machining operations and number of tool changes must be shown qualitatively.

e The user is active part of the system and can be asked about additional relevant information.
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Fig. 3. Use Case Diagram as Specification of Actions in a Design Review (excerpt)

The use case diagram shown in figure 3 displays part of the activities that the system has to perform mimicking a
design review. The CAD model is the boundary object for all of these activities. Its components like feature tree,
parameter tables and the mathematical representation of the model’s shape itself (list of single faces, enriched with
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ID, type, parent feature, bounding box dimensions and technical information like surface quality or tolerances) may
be used as a basis for feature recognition and agent perception. Regarding the focus if the paper, such a part
repository as well as other knowledge sources like tool databases etc. will not be further discussed here.

4. Organizing for Agent Collaboration

A central point of interest for the system is the sequence of manufacturing operations that are necessary to
produce a part since the manufacturing operations are the basis for the analysis of design guidelines. Such a list can
be abstracted to an action-item-list, following [33]. Furthermore, the knowledge bases of the agents may be
abstracted as production rules since conditions have to be checked and result in further actions. Production rules are
clearly readable and single agent rule bases may be split up and organized by a meta-model if it grows too large.
Additionally, rules are well-understood in the domain of knowledge-based engineering [41] and Robotic Process
Automation [42, 43]. For better understanding, the following description of the control flow and agent interaction
will be supported by a running example (figure 4), a summarizing sequence diagram can be found at the end of the
section (figure 6).

T
3rd Cut
b I::> \Qt Gk /2'nd Cut \ /'Chamfer

i

Fig. 4. Running Example

1. When the multi-agent system is initialized on a CAD part model, agents with corresponding feature
recognition and perception abilities analyze the model for a first time and create an initial action-item-list
(AIL) from the identified manufacturing operations as a table. Referring to the example, a milling setup
agent identifies three cuts, one of them with inner radius, and a chamfer which have to be manufactured.
Each manufacturing operation is characterized by ID, name and machining direction (e.g. from top, from
left, 4" axis). The initial machining direction is defined based on the minimum depth. In case of the first cut,
machining from the left side results in a smaller depth than from the top.

2. In a second step the milling setup agent checks the geometry with respect to the relevant design guidelines.
In the example, the third cut is erroneous since it has no tool run-out. The agent rule-base has an entry for
such cases which is “IF milled cut without tool run-out AND milled cut uncontinuous THEN add radii at the
end of the cutter trajectory”. This command is stored as design change in the AIL in the corresponding line
but not executed in the CAD model. Similar applies for the chamfer which is potentially cosmetic.

3. In the third step, the milling setup agent adds alternative machining operations to the AIL as sub-array from
a generic reaction pool. This may be manufacturing from different directions or alternate milling operations
(e.g. change from end mill to disk milling cutter which leads to another part setup). Each alternative is stored
together with a priority which is calculated from the rule-base. Some operations have no alternatives, such as
e.g. milling a key slot, these are left blank.

4.  As fourth, the milling tool management agent establishes a tool database for each entry in the AIL. If there is
no corresponding tool available for an operation and the alternative operations sub-array contains no entries,
the operation is marked as faulty and an alert is created. If the alternative operations sub-array has entries
that contain a related tool set, the first one overwrites the original operation, all other alternatives move up in
their priority. All available tools are stored as another sub-array to the manufacturing operations (as well as
their alternatives for later access) and prioritized according to the agent rule-base. Figure 5 shows an excerpt
from the AIL.
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Fig. 5. Action Item List (AIL, excerpt)

The setup planning agent has the goal to minimize the setup effort. Therefore, he (1) unifies the machining
directions by exchanging original and alternative machining operations where possible (in the running
example, all machining operations are changed to from fop) and (2) minimizes the tools used.

The setup planning agents starts negotiating with the design agent about changes to the model that could
result in further minimizing setup effort. Related to the running example a question would be if the inner
radius of the first cut could be omitted because then the same tool as for the third cut could be applied. If the
design agent negates this, the setup planning agent will ask if the same inner radius can be added to the third
cut. If the design agent agrees then, a corresponding design change is stored.

In the seventh step, the milling setup agent relaxes further geometric constraints and checks sensitivities. E.g.
what would happen if the width of the second cut would be extended or the cut is extended to the full length
of the part. If improvements to the setup plan can be found, the according changes are negotiated with the
design agent and either accepted with a design change stored or rejected.

As last steps all design changes are executed and assessed regarding function fulfillment as well as effect on
weight, the setup plan is documented and the session protocol is saved.
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Fig. 6. Sequence Diagram for Agent Interaction on Action Item List
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It is worth noting that the call commands between the single agents may be substituted by event triggers. E.g. the
milling tool management agent may react on the OnChange event of the AIL so that whenever a line is added or
changed the tool check is performed.

A second point is the handling of alerts generated during the fourth step of tool assignment. Here also a rule-base
is available for the milling setup agent who starts negotiating with the design agent. The reaction pool contains the
change of the size of features, their exchange or creating new features according to given requirements. Referring to
the running example, the first cut includes an inner radius. The alert would state that no tool in that size is available.
Since omitting the fillet is no option which was already stated in step 6, the milling setup agent suggests to reduce
the size of the fillet from 5 to 4 mm since such an end mill is existing. The design agent might state that 5 mm were
meant as minimum due to the stress distribution in that area. Remaining options are then to increase the radius of the
fillet, to change the fillet into a chamfer or to change the manufacturing direction to from front.

5. Prototype Implementation and Feasibility Study

The prototype system was implemented in the CAD system Autodesk Inventor Professional 2020, using also MS
Excel as spreadsheet application and VB.Net as programming interface. For a proof of concept, agents for milling
and drilling should be implemented since both operations rely on design guidelines which can be implemented with
acceptable effort but which go beyond a simple assessment of the feature tree or the bill of materials. In order to
reduce programming effort, the execution of design changes was excluded from the prototype implementation.
Instead, the system adds comments on geometry elements which the system would like to be changed. The
comments then show the negotiation of the agents in plain text.

As test case, a clevis was chosen which had some similar features compared to the bracket mentioned in the
introductory part of this paper (figure 1). After the part file had been loaded to the CAD system, the analysis and
optimization tool was started.

‘00l ot aVv lable. Red cefromZ. mmtoZOmrr?
5
| size not @ ailal

- Yes.
fer?

Change to gham i Lo
- No, fillet is superior desngl‘

i fer?
omit potentially cosmetic cham

- Yes. L

Fig. 6. Inventor Part Document with annotated Agent Dialogs

The system successfully identified the four cuts and three drillings (the clevis bore is considered as one) in the
model. Regarding the outer cuts, the machining direction was defined from top in order to minimize setups and
taking into account that an indexable insert holder with long shank is available. The agents identified the chamfer as
cosmetic and suggested to omit this. Since no tool with inner radius of 2.5 mm was included in the tool database, the
agents reduced the size of the radius. Afterwards, according to steps six and seven, the agents negotiated about
replacing the fillet with a chamfer since this could be manufactured with the same tool as the top chamfers of the
clevis. Since the fillet is the superior design due to stress reasons, no design change was prompted.
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6. Discussion and Conclusion

The implemented prototype showed the action and functional principles of the designed agent-based analysis and
optimization tool. It has been verified that the action-item-list provides a basic mechanism for the agents’
organization and the information exchange. In further implementations this will be extended towards automatically
changing the CAD model where the next challenge is to safely identify the model elements, e.g. faces or edges of
the geometry, where such a change has to be referred to.

It has to be noted that each manufacturing technology implies particular expertise and involves own design
guidelines that partly conflict with other ones. In principle, a mechanism for conflict management could be provided
by rules, like exemplarily presented in the negotiation between setup and design agent. Nonetheless, the decision
which is the superior design then forces the integration of knowledge about the functions of the modelled part, their
needs for features and accuracy as well as the requirements from neighbor parts in the assembly. In this context, it
should be taken into account that the involvement of a human designer for judging alternative designs which were
proposed by the multi-agent system, is also a considerable interaction format.

A limitation of the implemented prototype system, which may also be starting point for further research, is its
focus on prismatic geometries which makes the manufacturability check comparatively easy. Geometries that allow
free-form surfaces like in casting or in additive manufacturing require a different level of perception. In particular
cases, e.g. the casting design guideline avoid material accumulations, the use of an artificial intelligence for image
or voxel processing could be a valuable approach.

Another limitation is the explicit knowledge modelling. All agent rule-bases are prescribed, at this stage the
agents do not modify them by themselves. Here, it would be beneficial to integrate the ability of learning in order to
follow the principles of intelligent agents. Starting points in this matter might be the integration of a case-based
reasoning system where the action-item-list serves in correspondence with the setup list and part geometry as case
representation.
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