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A decision-making process is a series of steps to determine the best option from several
alternatives—including inaction—to achieve a desired result. Models provide a way to visualize
the sequence of outcomes following alternative actions within a logical framework. Numerical
models—even those that utilize probability or game theory—often become computationally
inefficient when data is uncertain, complex, or contains unpredictable dynamics, synergistic
interactions, and other unknown phenomena.

Abstract mathematics provides new tools and insights to interpret nonlinear or imprecise data.
Developed in 1965, fuzzy logic is an alternative tool for emergence-focused planning that has
opened new pathways for optimizing performance. Unlike Boolean logic, fuzzy sets emulate
human reasoning and consider all intermediate possibilities (i.e., degrees of truth) between 0 and
1 values. Classical sets divide elements into finite, mutually exclusive memberships, whereas
fuzzy logic generates arrays or clusters where partial memberships exist and are gradual rather
than absolute.

Fuzzy logic sets can process and analyze vast amounts of data and use algorithms that bypass
traditional business planning and manufacturing modeling paradigms. Researchers and
manufacturers are now employing fuzzy logic analytics for 3D printing technology. The
architecture represents a new ethos to solve 3D printing problems like warping and cracking, and
reduces the time required to construct predictive designs.

Brief History of Fuzzy Logic

Since the time of Aristotle, mathematicians have used decision-making models to postulate
predicate values. As one of Greece’s most important patrons of mathematics, Plato laid the
foundation for what would become fuzzy logic. According to his theory of multi-valued logic,

results were not limited to the “extrema’s,” i.e., true (1) and false(0). Rather, a proposition could
have varying degrees of truth, thereby generating multiple values between 0 and 1.

German mathematician Julius Dedekind built upon the works of Isaac Newton and Johannes
Kepler in the 19™ century to pioneer the development of modern set theory and the philosophy of
mathematics known as Logicism. He also defined the real number system as a continuum of
rational and irrational numbers with a one-to-one relationship with points on a line. This concept
of infinite values was a key contributor to fuzzy set theory.

By the 20th century, a large body of literature was dedicated to studying infinite-valued logic and
developing modern set theory. In the 1960s, U.C. Berkeley Professor Lotfi Zadeh observed that
conventional computer logic could not manipulate vague or subjective data, so he created fuzzy
logic—a set theory enabling computers to make distinctions among data using a process similar to
human reasoning. In 1965, Professor Lotfi Zadeh published his work on fuzzy set theory in his
book entitled Fuzzy Sets.



He proposed a systematic methodology of modeling imprecise or non-linear data using fuzzy sets.
While American and European researchers equated fuzzy logic concepts with probability theories,
Japan, China, and other Asian countries began implementing fuzzy studies for consumer products.
For example, the University of Hong Kong published the first survey report using fuzzy logic for
consumer products, including washing machines, camcorders, microwave ovens, and dozens of
other electronic products. Today, China alone has over 10,000 fuzzy marketing researchers.

Architecture of Fuzzy Sets

A key distinction between fuzzy logic and Boolean logic is that fuzzy logic is based on possibility
theory, while Boolean logic is based on probability theory. Fuzzy logic simulates the process of
human reasoning and mimics how a person would make decisions by allowing a computer to
behave less precisely and logically than a conventional computer. Fuzzification, fuzzy inference,
and de-fuzzification are the three consecutive steps used in fuzzy logic processes. The terms and
concepts defining this architecture are shown below.

Fuzzification. The process of mapping crisp numerical values to the membership functions of the
fuzzy variables. Clustering the outputs minimizes distances between elements of the same cluster,
whereas distances between separate clusters are maximized.

Inference engine. Assists in mapping rules to the input dataset, thereby deciding which rules are
appropriate for a given input. The process then calculates the percentage match for a given input.

De-fuzzification. This is the inverse of fuzzification. De-fuzzification interprets the fuzzy set
membership degrees into crisp, real number numerical values.

Rule base. Constructing rules requires the creation of antecedents (IF statements) and consequents
(THEN statements). Methodologies include loop tables, gradient descent, and least square to
calibrate the parameters.

Knowledge base. This comprises the knowledge of the application domain and the attendant
control goals. The base represents the rules and linguistic variable systems that allow approximate
reasoning.

Membership function. This function defines how inputs are mapped to values between 0 and 1.
The triangular membership function is the most commonly used membership function. Other
functions utilized include Trapezoidal, Gaussian, and Singleton.
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After defining the rule base and membership functions, sets are constructed to create an array of
possible solutions. Once completed, the flowchart above shows how imprecise or non-linear data
is processed using fuzzy sets. A spectrum of possibilities is generated through each input variable,
thereby obtaining several possible solutions for a given challenge.

After creating the outputs, the results can also be clustered into different groups that may overlap
with each other. A membership grade defines the containment of each cluster, and distances
between elements of the same cluster are minimized, whereas distances between clusters are
maximized. Clustering aims to find overlapping characteristics of multi-dimensional data and then
move them into separate groups. This contrasts with hard clustering, where every point is assigned
a crisp or exact label in de-fuzzification.

Figures 1-3 below reflect a three-step process to optimize data clusters using Python software and
a fuzzy partition coefficient (FPC) for a range from 0 to 1. In this example, three clusters are
computed with multiple iterations ranging between 2 and 9. Once the clusters are mapped using
the FPC, the second step is to find the optimum number of centers. The third step is to build a
cluster model using Prediction, a process which requires both an existing model and new data.
The program then generates new data using the best model (i.e., 3 centers) and predicts the location
of each data point within a given cluster.
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Cluster analysis allows researchers to view data objects in unique ways. Analyzing their
relationships reveals how objects are similar to others in the same cluster and dissimilar to objects
in other clusters. As a stand-alone tool, clusters provide insights into data distribution and a
preprocessing step into different algorithms. For example, a marketing department can discover
distinct groups within its customer bases and use this knowledge to develop targeted populations
for products or services.

Classical vs. Fuzzy sets

A classical set is a collection of elements in each range with sharp (crisp) boundaries where each
element must satisfy precise membership properties. Therefore, for any crisp set A, it is possible
to define a characteristic or membership function as pA = {0, 1} where the characteristic function
takes either of the values 0 or 1lin the classical set. An element can either belong or not belong to
a specific set. For example, to create a faculty set /' with ten members in a college, we express it
as follows:

F={xi, X2, X3, X4, X5, X6, X7, X8, X9, X10 }

If elements x1 ~ x4 belong to the computer science department, they are defined as subset A. The
elements x| ~ x3 under age 40 are defined as subset B. Therefore, the following relationships exist:

X€EF
A= {x1, X2, X3, X4} EF



B = {x1,x2,x3} C A
In contrast, fuzzy sets contain elements that satisfy imprecise membership properties. The
membership function of a fuzzy set A is represented below:

wA: X —[0,1]

Every element in X has a membership degree: pA (x) € [0,1]. A is then determined by the set of
tuples (finite sequence of elements): A = {(x, LA (x)) X€ X}

The variables used in system analyses are often qualitative, whereas software development
requires a mathematical framework with precise computations. Fuzzy logic is a methodology that
simulates human thinking by incorporating the imprecision inherent in most physical systems like
temperature control. Figure 1 below shows the contrast between a Boolean decision matrix vs. a
fuzzy matrix for assessing variations in a temperature control system.

Figure 2 compares a Boolean control system with a proportional-integral-derivative (PID) fuzzy
logic temperature controller. The fuzzy logic controller (FLC) is designed to eliminate the cycling
associated with conventional on-off controls and decrease the average power supplied to the heater
as the temperature approaches the setpoint. This slows down the heater so that it will not exceed
but will approach the desired setpoint and maintain a stable temperature.
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FLCs are a promising alternative for controlling processes, especially those that are
too complex for analysis by conventional techniques. The rationale behind FLCs is that a human
operator can control a process without understanding the details of its underlying
dynamics. The effective and real control strategies that the operator learns through
experience can be expressed as a set of condition-action rules that describe the process
state and recommend actions using linguistic, fuzzy terms instead of classical, crisp-based
rules.

FLCs offer several benefits over conventional control systems. First, developing an FLC is more
cost-effective than developing a model-based or alternative controller with equivalent performance
metrics. Second, FLCs can cover a wider range of operating conditions. Finally, FLCs are
customizable, making refining their rules easier, mimicking human operator strategies, and
expressing linguistic terms used in natural language. With technological and digital
advancements, FLCs provide a new taxonomy to improve industrial automation and modern
system design.

Fuzzy Logic Applications for 3D Printing

While PID controllers are applicable for many control systems, their fundamental weakness is a
feedback control program using constant parameters, thereby yielding a suboptimal result when
target values change or are non-linear. An FLC is an alternative predicated on the principle that
output relies on the probability of the input’s state. As 3D printing often involves complex, non-
linear shapes, researchers are finding ways to utilize FLCs to solve problems like warping and
cracking and to reduce trial-and-error methods to optimize outputs.

Warping occurs due to material shrinkage while printing objects which then causes the corners of
the print to lift and detach from the build plate. Lack of adhesion and thermal contraction of the
upper layers are often the cause, and warping occurs more often when printing larger models or
high-temperature materials like ABS. Most heat bed platforms control temperatures using a
proportional integral derivate (PID) method to maintain a stable temperature. Tests concluded that



using multiple temperature input variables combined with a fuzzy logic controller reduced warping
by 22% (see Figure 1 below).

PID (D1) | FLC(D2)
Test 1 9.2mm 5.3mm
Test 2 8.4mm 6.2mm
Test3 7.7mm 5.7mm
Test 4 8.1mm 6.4mm
Test 5 7.2mm 7.1mm
Test 6 9.1mm 7.6mm
Test 7 8.5mm 5.6mm
Test 8 7.9mm 6.2mm
Test9 8.0mm 7.3mm
Test 10 7.6mm 5.9mm
Average 8.1mm 6.3mm
Figure 1

Metal 3D printing has made impressive strides in producing highly sophisticated, lightweight
metal components for industrial applications. However, challenges exist in using metals to print
3D objects because maintaining fixed process parameters rarely achieve positive results when
fabricating objects with complex geometries and other variables. For example, heat accumulation
may cause irregular melting pool morphology, resulting in high porosity, thermal distortion, poor
fusion, or cracking.

Fuzzy logic offers an alternative to controllers based on simplification and reductions,
compensating for perturbations during printing. A study using an adaptive FLC for selective laser
melting provided better handling and allowed adjustable parameters based on the input and output
information. The performing indices comparing a PID controller with an FLC are shown below
in Figure 2.



Controller type

Performance index PID Fuzzy
Overshoot 9% 0%
Settling time 0.003 0.0055

Error 0 1%
Disturbance Caused Barely
rejection an overshoot | affected the system

Figure 2

A goal for any decision-making model is to avoid copious trial-and-error testing that often results
in expensive and lengthy redesign processes. While these studies yielded positive results, selecting
linguistic variables, membership functions, and rule definitions requires more research and
experimentation. As 3D printing applications rapidly expand in multiple sectors, an objective is
to predict mechanical properties and the tensile and compression strength of 3D-printed objects.
While no one-size-fits-all modeling software exists to solve all contingencies, the FLC presents an
opportunity to overcome many of the limitations of 3D printing.

Opportunities for the TyRex Technology Group

Once considered obscure mathematical curiosity, fuzzy logic is an active research field for a broad
spectrum of engineering and scientific research studies. Because traditional quantitative models
often have difficulty defining the behavior of nonlinear structures, fuzzy logic proposes a linguistic
approach mimicking human thinking and can approximate behaviors when multiple inputs and
outputs cannot be captured analytically. 3D printing projects inevitably involve risks of different
typologies, which result in a negative impact on project objectives. Second, in the 3D printing
process, fuzzy software can reduce material and design uncertainties to reduce protracted and
expensive test phases for product development.

Today, fuzzy logic applications include consumer products, artificial intelligence, medicine,
robotics, and industrial control systems. As TyRex expands its operations into 3D printing design
and virtual systems, the variety and volume of alternative decisions may require the
implementation of alternative decision-making models. The growing confluence of technologies
cannot rely solely on quantitative analytics for new product conception. Fuzzy logic offers a
qualitative approach for complex, geometry-dependent designs, benefiting the TyRex group.
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