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Fuzzy logic

• Fuzzy decision-making is well-placed as a 
warning system for disease outbreaks

• We always try to include uncertainty when 
thinking about disease outbreaks

• With fuzzy logic, we can include uncertainty 
in the decision process itself

• Vagueness and imprecision associated with 
qualitative data can be represented in a 
logical way
– using linguistic variables and overlapping 

membership functions in the uncertain range.



Resident Evil 3: Nemesis

• This game includes a Live Selection Mode
• At certain points in the game, it prompts the 

player to choose between one of two 
possible actions

• The player needs to choose fast and wisely
– only a limited amount of time to make the 

decision
• If no decision is selected 

before the time ends, the 
player incurs damage or is 
forced to fight the enemy.

!



Flee or electrocute?

• Eg at one point a large number of zombies 
ambush the player

• You must decide between running to the 
emergency exit or increasing the electricity 
output of the power transformer

• Running to the emergency exit causes you 
to open a door facing the 
master zombie, Nemesis

• Conversely, increasing 
power output electrocutes 
the zombies. !



Fuzzy systems

• Fuzzy logic is a practical alternative for 
numerous challenging control applications

• It provides a convenient method for 
constructing online controllers using 
heuristic information

• Fuzzy logic concerns decision-making while 
taking into account the relative importance of 
precision

• First proposed by Lofti Zadeh at the 
University of California at Berkeley in 1965.



Precision vs significance

• Precision is not always your friend.
!



Fuzzy systems
• A fuzzy system is a static nonlinear mapping 

between its inputs and outputs
• It is not a dynamic system
• The term “fuzzy” refers to the method’s 

ability of dealing with imprecise or vague 
information

• Although the input may be imprecise, the 
results of fuzzy analysis are not

• Fuzzy logic has a solid foundation of 
research that allows for meaningful 
application of its principles.



Linguistic definitions

• Fuzzy logic describes a control system in 
linguistic terms

• This defines the relationship between input 
information and the output action

• This linguistic definition is different from 
other fields of analysis that would use 
complex mathematical equations.



Quantifying meanings

• Fuzzy sets and fuzzy logic are used to 
quantify the meaning of
– linguistic variables
– values
– rules

that are specified accordingly within the 
scope of the study

• This is the translation from the rules of 
language to the rules of mathematics.



Membership functions
• Fuzzy sets need membership functions
• These are mathematical equations that can 

take certain shapes
• Reasonable functions are often linear 

functions
– eg triangular or trapezoidal functions

• These are simple and efficient for 
computation

• However, many different membership 
functions could be used
– depending on the application and the user.



Membership grades of x0 in the sets A and B

• µA(x) describes the membership of the 
elements x of the base set X in the fuzzy set A 

• Similarly for µB(x) and the fuzzy set B.
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Belonging to multiple fuzzy sets

• A point x0 may simultaneously belong to 
more than one fuzzy set

• Eg µA(x0)=0.75
• µB(x0)=0.25
• Any value in a membership function is 

always in the unit interval [0,1]
• They don’t have 

to sum to 1, 
however.

!
µJ(x): fuzzy membership 
function for set J



Ad hoc specification

• Membership functions are subjectively 
specified in an ad hoc manner

• Using experience or intuition
• The input or output of a fuzzy system is 

simply the range of values the inputs and 
outputs can have.



Steps to create a rule-based fuzzy system

1. Identify the inputs and their ranges, and 
name them

2. Identify the outputs and their ranges, and 
name them

3. Create the degree of fuzzy membership 
function for each input and output

4. Construct the rule base that the system will 
operate under

5. Decide how the action will be executed by 
assigning strengths to the rules

6. Combine the rules and defuzzify the output.



Representation of a fuzzy system

• The inputs and outputs are “crisp”
• ie they are real numbers, not fuzzy sets.
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Fuzzification

• Fuzzy sets are used to quantify the 
information in the rule base

• The inference mechanism operates on fuzzy 
sets

• Thus, it must be specified how the fuzzy 
system will convert its numeric inputs into 
fuzzy sets

• This process is called fuzzification.



Linguistic descriptions

• To specify rules for the rule-base, a linguistic 
description is used

• eg temperatures are not always given in °C 
or °F, but in linguistic terms like cold, warm 
or hot

• Linguistic terms are not precise 
representations of the underlying quantities 
they describe

• Linguistic rules are not precise either.



Linguistic rules

• Linguistic rules are abstract ideas about how 
to achieve good control

• These could mean different things to 
different people

• However, they are at a level of abstraction 
that humans are often comfortable with, in 
terms of specifying how to control certain 
processes.



IF-THEN
• The problem in applying linguistic rules is 

that the appropriate fuzzy operator may not 
be known

• Thus, fuzzy logic usually uses IF-THEN 
rules:

IF variable is property, THEN action
• The decision-making logic determines how 

the fuzzy-logic operations are performed
• Together with the knowledge base, they 

determine the outputs of each fuzzy IF-
THEN rule.



Fuzzy propositions
• The propositional variables are replaced by 

fuzzy propositions
• The implication can be replaced by fuzzy 

union, fuzzy intersection and/or fuzzy 
complement

• Many fuzzy implication methods can be 
chosen:

outputs of each fuzzy IF-THEN rule. As in Figure 7, the propositional vari-
ables are replaced by fuzzy propositions, and the implication can be replaced
by fuzzy union, fuzzy intersection and/or fuzzy complement.

Name Truth Value
Mamdani min{µA(x), µB(x)}

Kleene-Dienes max{1� µA(x), µB(x)}
Lukasiewicz min{1� µA(x) + µB(x), 1}
Reichenbach 1� µA(x) + µA(x) · µB(x)
Wilmott max {1� µA(x),min {µA(x), µB(x)}}

Table 1: Various operators for fuzzy logic implication.

There are many fuzzy implication methods that can be chosen, as in
Table 1. Mamdani minimum inference method is one of the most often used
to represent the AND connective. With this method, in order to perform
fuzzification, the minimum value is selected among the available variables.
For instance, for Figure 7, at x0, the value 0.25 would be chosen (since
µA(x0) = 0.75 and µB(x0) = 0.25).

After fuzzy reasoning, there is a linguistic output variable which needs to
be translated into a crisp value. This process is called defuzzification. This
is equivalent to translating the output from the fuzzy domain back into the
crisp domain.

Some defuzzification methods tend to produce an integral output by con-
sidering all the elements of the resulting fuzzy set with the corresponding
weights (e.g., Center-of-Gravity). Other methods take into account just the
elements corresponding to the maximum points of the resulting membership
functions (e.g., Center-of-Maximum). The following defuzzification methods
are of practical importance and the most commonly used (Shaw, 1998).

• The Center-of-Area (CoA) method is often referred to as the Center-of-
Gravity (CoG) method, because it computes the centroid of the com-
posite area representing the output.

• In the Center-of-Maximum (CoM) method, only the peaks of the mem-
bership functions are used. The defuzzified crisp compromise value is
determined by finding the place where the weights are balanced. Thus,
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Mamdani minimum inference

• Truth value=min{µA(x), µB(x)}
• This is used most often to represent the 

AND connective
• It simply selects the minimum value among 

the available variables
• Eg for our previous example, µA(x0)=0.75 

and µB(x0)=0.25, 
so we choose 
0.25.

!
µJ(x): fuzzy membership 
function for set J



Defuzzification

• After fuzzy reasoning, there is a linguistic 
output variable which needs to be translated 
into a crisp value

• Thus process is called defuzzification
• There are three commonly used methods 

that are of practical importance:
– Centre-of-Area
– Centre-of-Maximum
– Mean-of-Maximum.



• Centre-of-Area (CoA)
– often referred to as the Centre-of-Gravity (CoG) 

method
– computes the centroid of the composite area 

representing the output
– produces an integral output by considering all 

the elements of the resulting fuzzy set with the 
corresponding weights.

CoA



CoM

• Centre-of-Maximum (CoM)
– only the peaks of the membership functions are 

used
– the defuzzified crisp compromise value is 

determined by finding the place where the 
weights are balanced

– takes into account just the elements 
corresponding to the maximum points of the 
resulting membership functions.



MoM

• Mean-of-Maximum (MoM)
– this is used only in some cases where the 

Centre-of-Maximum approach does not work
– this occurs whenever the maxima of the 

membership functions are not unique
– in this case, the question is which one of equal 

choices we should take.



Recall the Munz models

• Latent infection
• Quarantine
• Impulsive eradication.
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Figure 10: Zombie eradication using impulsive atttacks.

of infectious disease is that the dead can come back to life. Clearly, this is an
unlikely scenario if taken literally, but possible real-life applications may include
alllegiance to political parties, or diseases with a dormant infection.

This is, perhaps unsurprisingly, the first mathematical analysis of an out-
break of zombie infection. While the scenarios considered are obviously not
realistic, it is nevertheless instructive to develop mathematical models for an
unusual outbreak. This demonstrates the flexibility of mathematical modelling
and shows how modelling can respond to a wide variety of challenges in ‘biology’.

In summary, a zombie outbreak is likely to lead to the collapse of civilisation,
unless it is dealt with quickly. While aggressive quarantine may contain the
epidemic, or a cure may lead to coexistence of humans and zombies, the most
e�ective way to contain the rise of the undead is to hit hard and hit often. As
seen in the movies, it is imperative that zombies are dealt with quickly, or else
we are all in a great deal of trouble.
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Zombie infection warning system

• Using the Munz models, a system is 
designed to produce alarms if certain 
conditions occur

• ie a simple warning system to quantify the 
zombie infection

• The use of decision-making systems to 
produce alarm information about the spread 
of infectious diseases has been used in the 
past to prevent possible outbreaks.



Inputs/outputs
• The warning system uses x1(t) and x2(t) as 

inputs
– these are the number of infected and non-

infected individuals, respectively
– the total number of infected may come from 

several classes 
– eg latently infected

• The output of the warning system is an 
indication of what type of warning condition 
occurred

• As well as the certainty that this warning 
condition has in fact occurred.



Classes of individuals

• Non-infected individuals always correspond 
to the S class

• However, infected individuals are in several 
different classes
– eg infected, latently infected, quarantine

• To specify the warning type, we start by 
using conventional (non-fuzzy) logic and 
“decision regions”.



The warning system

• α1 specifies a “decision region” where the 
warning should be given

• Even if higher levels are reached, there is still a 
minimum “Alert” level warning.

Warning Description

Alert
The number of infected individuals is greater than

a specified amount ↵1, the “unsafe” level

Caution

The level of infected individuals is unsafe
and the number of infected individuals is greater
than the number of non-infected individuals by
a specified amount ↵2, but does not outnumber
non-infected individuals by a specified amount ↵3

Critical
The level of infected individuals is unsafe

and the number of infected individuals outnumbers
non-infected individuals by a specified amount ↵3

Table 2: The Zombie Infection Warning System.

regions related with the three di↵erent alarms.
A system can be implemented just by using the above inequalities, taking

x1(t) and x2(t) as input variables and outputting an indication of which kind
of warning has occurred. Then, as the zombie mathematical model evolves,
the values of x1(t) and x2(t) change and di↵erent warning conditions will hold
(when none hold, there is no warning). This methodology could be applied
to systems with a high number of warnings, if it was deemed necessary. In
the next section, we will implement a fuzzy decision-making system by using
fuzzy logic to improve this decision-making system.

3.2 Decision-Making System using Fuzzy Logic

In the previous section, a non-fuzzy decision-making system was used with
rigid criteria used for decision-making. We implement a fuzzy decision-
making system by using fuzzy logic to “soften” the decision boundaries. This
system also allows for a graduated warning system that gives outbreak noti-
fications in a more timely fashion. Here, we focus on the design of a fuzzy
decision-making system to provide warnings about the spread of a zombie
infection.

A fuzzy decision-making system is a fuzzy controller built to make de-
cisions about a plant (model). It is a form of artificial (i.e., non-biological)
decision-making. The fuzzy decision-making systems can be used in robotics
(e.g., path and mission planning or navigation), medicine (e.g., diagnostic
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The decision regions



An evolvable warning system

• A system can be implemented using these 
inequalities

• As the zombie mathematical model evolves, 
the values of x1(t) and x2(t) change

• Different warning conditions will be outputs 
(including no warning)

• This could easily be applied to systems with 
a high number of warnings.

x1: total infected 
x2: susceptibles



Softening the boundaries

• We now employ fuzzy logic to “soften” the 
decision boundaries

• This allows for a graduated warning system 
that gives outbreak notifications in a more 
timely fashion

• A fuzzy decision-making system is a fuzzy 
controller built to make decisions about a 
model.



Fuzzy Rules

• We need fuzzy logic to quantify these rules
• The meaning of each term needs to be 

quantified
• We can use fuzzy logic to quantify the 

meaning of the AND in the three alarms.

Figure 9: Decision regions for the zombie infection.

systems or health monitoring), business (e.g., credit evaluation or stock mar-
ket analysis) and many other computer decision-making systems.

The fuzzy system used to provide warnings for the spread of zombie in-
fection consists of the three rules listed in Table 3.

Rule 1: IF x1(t) > ↵1 THEN warning is “Alert”

Rule 2:
IF x1(t) > ↵1 AND x1(t) � x2(t) + ↵2

AND x1(t) < x2(t) + ↵3 THEN warning is “Caution”

Rule 3:
IF x1(t) > ↵1 AND x1(t) � x2(t) + ↵2

AND x1(t) � x2(t) + ↵3 THEN warning is “Critical”

Table 3: Fuzzy Rules.

Fuzzy logic will now be used to quantify the rules of Table 3. The meaning
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α3: critical level



Quantifying the three alarms

• Suppose the discourse for warnings is [0,10]
• The Mamdani-Minimum quantifies the 

premise and implication 
• Defuzzification is via the CoG method.
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Figure 11: Membership functions to quantify the consequences.

 

 
 

Figure 12: An outbreak of zombie with latent infection with the logic warning system. 
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Figure 12: An outbreak of zombie with latent infection with the logic warning
system.

that the “Alert” membership function is always active whenever either “Cau-
tion” or “Critical” are active.

Having a numeric quantification y(t) of the warning system is a significant
advantage for containing the outbreak. We will use the warning system
based on fuzzy decision-making to control the zombie epidemic. Depending
on the warning signal y(t), we will try to contain the outbreak using the
mathematical models of the zombie epidemic presented earlier. We will then
follow the next flowchart (Figure 14).

“Impulsive Eradication” (Munz et al., 2009) is the last resource to control
the zombie population by strategically destroying them at such times that the
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Experimental results
• Consider a population of 500,000 people
• We define 

– α1=100,000
– α2=50,000
– α3=100,000

• Thus, an alert is triggered when there are 
100,000 zombies

• Caution is triggered when there are 50,000 
more zombies than humans

• Critical is triggered when there are 100,000 
more. α1: alert level α2: caution level

α3: critical level



A zombie outbreak with warnings

• The Munz model with latent infection was 
used.
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that the “Alert” membership function is always active whenever either “Cau-
tion” or “Critical” are active.

Having a numeric quantification y(t) of the warning system is a significant
advantage for containing the outbreak. We will use the warning system
based on fuzzy decision-making to control the zombie epidemic. Depending
on the warning signal y(t), we will try to contain the outbreak using the
mathematical models of the zombie epidemic presented earlier. We will then
follow the next flowchart (Figure 14).

“Impulsive Eradication” (Munz et al., 2009) is the last resource to control
the zombie population by strategically destroying them at such times that the
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Warning signals after defuzzification

 
 

Figure 13: Warning signal obtained (after CoG defuzzification) of an outbreak of zombie with latent infection. 
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Figure 13: Warning signal obtained (after CoG defuzzification) of an out-
break of zombie with latent infection.

resources permit (as suggested in Brooks, 2006). We will repeatedly attack
and try to destroy more zombies resulting in an impulsive e↵ect (Bainov et
al., 1989). If this worst-case scenario happens, then we will repeatedly apply
impulsive eradication every two days. Figure 15 shows the system response
under the control of warning system following the previous flowchart (Figure
14).

This methodology reduces the number of infected individuals and allows
stabilizing and maintaining a certain number of non-infected (in the partic-
ular case, around 75,000 individuals, which is nearly a sixth of the initial
population). In Figure 16, it can be confirmed that all the alarms were
triggered, allowing the outbreak to be contained.

Figure 16 shows the relevant acting zone of the warning system under
the supervision of the fuzzy decision-making system. As shown, due to the
epidemic control process, the warning signal passes from no warning at all
to “Alert” in the beginning of the outbreak, quickly rising to “Caution” and
then “Critical”. As the zombie outbreak is becoming contained, the warning
signal changes from “Critical” to “Caution”, and only then to “Alert”.
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The warning signal

• The warning signal (after CoG 
defuzzification) assumes values from 0 (no 
warning) to 5 (which represents the worst-
case scenario where both “Alert” and 
“Critical” membership
functions are active

• Note that the “Alert”
function is always 
active whenever either
“Caution” or “Critical” 
are active.
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resources permit (as suggested in Brooks, 2006). We will repeatedly attack
and try to destroy more zombies resulting in an impulsive e↵ect (Bainov et
al., 1989). If this worst-case scenario happens, then we will repeatedly apply
impulsive eradication every two days. Figure 15 shows the system response
under the control of warning system following the previous flowchart (Figure
14).

This methodology reduces the number of infected individuals and allows
stabilizing and maintaining a certain number of non-infected (in the partic-
ular case, around 75,000 individuals, which is nearly a sixth of the initial
population). In Figure 16, it can be confirmed that all the alarms were
triggered, allowing the outbreak to be contained.

Figure 16 shows the relevant acting zone of the warning system under
the supervision of the fuzzy decision-making system. As shown, due to the
epidemic control process, the warning signal passes from no warning at all
to “Alert” in the beginning of the outbreak, quickly rising to “Caution” and
then “Critical”. As the zombie outbreak is becoming contained, the warning
signal changes from “Critical” to “Caution”, and only then to “Alert”.
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Quantifying the epidemic

• We can use the numeric quantification of the 
warning system to control the epidemic

• As the warning signal changes, the choice of 
model can also change

• Low outbreaks may call for quarantine, 
whereas high outbreaks call for impulsive 
attacks

• In this way, the system becomes a dynamic 
control process, rather than a single choice 
of model.



The control process 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14: Schematic representation of the control process in order to contain the zombie outbreak. 
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Figure 14: Schematic representation of the control process in order to contain
the zombie outbreak.

5 Conclusions

The computational intelligent approach used in this work focuses on a warn-
ing system based on fuzzy decision-making. The decision-support system
was designed in order to prevent and control a zombie epidemic. However,
by running a simulation over the model of the controlled zombie outbreak, it
was possible to confirm the decrease of the population from 500,000 to nearly
75,000 individuals which, although preventing the eradication of humans in
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Fuzzy decision-making saves us

• This methodology reduces the number of 
infected individuals

• It allows stabilising and maintaining a certain 
number of non-infected.
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time (days since initial outbreak) 

ₓ 103 individuals 

Infected 
Non-infected 

Figure 15: A zombie outbreak controlled by a warning system based on fuzzy
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Figure 16: Warning signal obtained (after CoG defuzzification) of a controlled zombie outbreak. 
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Figure 16: Warning signal obtained (after CoG defuzzification) of a controlled
zombie outbreak.

that area, obviously isn’t the best-case scenario. The number of victims could
be minimized by changing the membership functions as well as the specified
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Relevant zones of the warning system

 

 
 

Figure 15: An outbreak of zombie controlled by a warning system based on fuzzy decision-making. 
 

time (days since initial outbreak) 

ₓ 103 individuals 

Infected 
Non-infected 

Figure 15: A zombie outbreak controlled by a warning system based on fuzzy
decision-making.

 

 
Figure 16: Warning signal obtained (after CoG defuzzification) of a controlled zombie outbreak. 

 

time (days since initial outbreak) 

w
ar

ni
ng

 s
ig

na
l y

(t)
 

Alert 

C 
a 
u 
t 
i 
o 
n 

Critical Caution Alert 

Figure 16: Warning signal obtained (after CoG defuzzification) of a controlled
zombie outbreak.

that area, obviously isn’t the best-case scenario. The number of victims could
be minimized by changing the membership functions as well as the specified

19



The controlled method

• Through careful 
monitoring, we can 
expend our resources 
wisely

• Eventually, all the 
zombies are 
eradicated.
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Summary

• The computational intelligent approach used 
here focuses on a warning system based on 
fuzzy decision-making

• The decision-support system was designed 
to prevent and control a zombie epidemic

• By running a simulation over the model of 
the controlled zombie outbreak, we 
confirmed the decrease of the population 
from 500,000 to nearly 75,000 individuals

• This isn’t eradication, but it isn’t perfect 
either.



Minimising the number of victims

• The number of victims could be minimised 
by changing the membership functions

• Or the specified alert levels
• Or changing the approach and using 

impulsive eradication earlier
– eg in the “Caution” zone

• The implementation of such a system is 
potentially difficult because it’s hard to 
quantify the number of infected and non-
infected individuals in a given area as the 
outbreak occurs.



Robots
• As the outbreak evolves, efficient control 

methods would be needed
• These shouldn’t rely only on humans, as 

they are in the process of being eradicated
• Thus, the use of robots to quantify the 

number of zombies could be viable
• They could also help humans in the 

impulsive eradication of the zombies
• Of course, then we have to watch out for 

robots turning on us...
...but that’s a problem for another day.
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