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Abstract
Bioterrorism is a global issue that has increasingly become the focus of many countries
and their governments. This paper creates a model that determines a country’s vulnerability to a
bioterrorism attack. Importance is placed on a country’s population density, age distributions,
healthcare facility capacities and staffing, and basic information about the five most plausible
diseases for use in a bioterrorism attack: smallpox, anthrax, Ebola, plague, and botulism. Fuzzy
mathematical techniques and expert opinions are used to rank countries with respect to their
vulnerability to a bioterrorism attack. Specifically, fuzzy set relations, fuzzy set preferences,
Analytic Hierarchy Process, Guiasu method, and Yen method are utilized in this assessment.
This analysis considers the fifty most populated countries. Conclusions are drawn and future
research is proposed.
Introduction
Defined by the Centers for Disease Control and Prevention (CDC) as “the deliberate
release of viruses, bacteria, or other germs (agents) used to cause illness or death in people,
animals, or plants,” bioterrorism has increasingly become the focus of governments around the
globe in years following the end of the Cold War (www.cdc.gov). For example, the threat of a
devastating biological attack became salient to Americans and government officials following
the September 11, 2001 attacks on the World Trade Center and Pentagon and with the anthrax
letters that surfaced a few weeks afterwards. Brett Giroir, former director at the Defense
Advanced Research Projects Agency (DARPA) hints that the threat is real when he says that, “a
person at a graduate-school level has all the tools and technology to implement a sophisticated
program to create a bioweapon” (www.nytimes.com). Not surprisingly, it has been reported that
biodefense has “consistently [been] placed… at or near the top of the national-security agenda”
(www.nytimes.com).
In its efforts to deter bioterrorism, the United States has “invested more than $60 billion
since 2001, developing and distributing air sensors, educating doctors about the symptoms of
bioterror pathogens and distributing medical supplies for biodefense to hospitals around the
country” (www.nytimes.com). Despite the investment, “even within the biodefense community,
there is a widespread sense that the countermeasure program is failing” (www.nytimes.com).
This raises the question: how vulnerable are we, or any country for that matter, to a bioterrorism
attack?
This paper proposes a basic method of assessing how vulnerable a country is to a
bioterrorism attack. It uses information from the CDC, the Central Intelligence Agency (CIA)
World Factbook, and “Bioterrorism Threat Assessment,” a published study commissioned by the
Weapons of Mass Destruction Commission (WMDC). In doing so, this paper will define
characteristics of a country and infectious agents necessary for consideration in determining a
country’s vulnerability to a bioterrorism attack. Additionally, rankings and values for the
vulnerability of the fifty most populated countries as determined by the CIA World Factbook are
calculated.
Model for Assessment of a Country’s Vulnerability
While the model proposed is original, some components have been proposed in prior
bioterrorism literature. In 2004, the WMDC “tasked a number of individual researchers,
academic institutions, and think-tanks to produce papers and studies on issues related to the
Commission’s mandate. These… [provide a] description of the situation and some proposal(s)
on how to reduce the dangers from WMD” (www.blixassociates.com). Number 22 in a series of
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41, titled “Bioterrorism and Threat Assessment” by Gary A. Ackerman and Kevin S. Moran
provides strong support for the method developed in this paper.
Ackerman and Moran proposed a model for assessing a bioterrorist threat using the
following equation:
Bioterrorist threat = (consequences of attack) x (likelihood of attack)
where consequences of attack = (value of asset being defended) x (hazard posed
by agents) x (vulnerability of assets being
defended)
likelihood of attack = (motivation) x (capability of attackers)
The model used in this paper is comparable to Ackerman and Moran’s in that the
equations used for calculating a country’s vulnerability are similar to the consequences of attack
component of the above equation, but the exact combination of values is not the same. This
paper does not consider the likelihood of attack since there are many variables to consider in that
analysis for which data is not readily available. The three components of the equation for
assessment of consequences of attacks are now explained and compared to factors used in this
paper’s model.
The value of the asset being defended “is largely a political decision that can be aided by
economic estimates of the monetary worth of the assets” (Ackerman 6). In the proposed model,
the value of the asset is not taken into consideration because it is assumed that the asset, or
target, is the country’s population. Because a government should concern itself with the welfare
of the people, a country’s policy makers should consider methods by which a bioterrorism attack
could be prevented or mitigated. Therefore, a value for human life and casualties from a
bioterrorism attack cannot be established and will not be considered in this assessment.
When establishing the hazard posed by the agents, a variety of factors have to be
considered. These include level of communicability, average incubation period, and average rate
of mortality, among others (Ackerman 6). In addition, this paper will consider the average
duration of the disease because we are considering information about physicians and hospitals in
our assessment. Because there is a lack of real-world data, mathematical models are often used
to estimate values for the harmfulness of an infectious agent (Ackerman 6). Mathematical
models are not used in this assessment, rather data from the CDC and other sources will be
utilized.
Finally, when determining the vulnerability of the assets being defended, Ackerman and
Moran suggest looking at factors such as concentration of populations in urban center and the
effects of globalization. The effect of globalization again reinforces the importance of
considering the transmission rate of an infectious agent in this assessment. Because urban
centers can be defined in a variety of ways, values provided by the CIA World Factbook for
urbanization and population residing in main cities will be used.
Infectious Agents
The U.S. Department of Homeland Security (DHS) has created a list of biological agents
which are deemed the most important pathogens against which the United States should be
prepared to defend. These pathogens are known as material threats. This list is comprised of
various bacteria, viruses, and toxins of which the most commonly known and most plausible for
use are smallpox (Variola major), anthrax (Bacillus anthracis), Ebola (a viral hemorrhagic
fever), plague (Yersinia pestis), and botulism (Clostridium botulinum) (www.nytimes.com).
These five infectious agents are listed as high priority Category A agents by the CDC. In a 2008
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bioterrorism risk assessment document, the Committee on Methodological Improvements to the
Department of Homeland Security’s Biological Agent Risk Analysis defines Category A agents
as follows:
Category A agents include organisms that pose a risk to national security because
they can be easily disseminated or transmitted from person to person, they result
in high mortality rates and have the potential for major public health impacts, they
might cause social disruptions, and they require special action for public health
preparedness.
Ackerman and Moran also state that the five aforementioned infectious agents are “the primary
biological agents considered suitable for bioterrorism.” Based on information from the DHS,
CDC, and other sources, the infectious agents considered in this assessment are smallpox
(Variola major), anthrax (Bacillus anthracis), Ebola (Ebolavirus), plague (Yersinia pestis), and
botulism (Clostridium botulinum). We now look more closely at the infectious agents deemed
most plausible for use in a bioterrorism attack.
Variola major, or smallpox, is a virus that was “declared eradicated by the World Health
Assembly, [the decision-making body of the World Health Organization (WHO),] in May 1980.
There are only two know repositories of [the] virus remaining, one in the United States and one
in Russia” (Ellison 578). The incubation period is about 7 to 17 days, during which the disease
is highly contagious, in part due to the fact that smallpox can be transmitted as an airborne
particle (Beltz 685, Ellison 579). People are no longer vaccinated against smallpox because of
the vaccine’s “high potential to cause pathological reactions” (Beltz 685). While it is not
extremely deadly, if untreated, smallpox has a lethality rate of about 30% (Koblentz 23). It is a
biosafety level 4 agent (Ellison 578).
Bacillus anthracis, or anthrax, is a bacterium that can affect an individual through three
different exposure methods: cutaneous, gastrointestinal, and inhalation. Inhalational anthrax is
the type that bioterrorists use because the infected individual does not necessarily know that he
or she has been infected by this method. Because anthrax is a bacterium, there are several
antibiotics that are effective against it if treatment is administered early on after symptoms arise.
The mortality rate of those affected by inhalational anthrax, if untreated, is greater than or equal
to 90% (Koblentz 23). It is a biosafety level 2 agent (Ellison 498).
Ebola is a viral hemorrhagic fever that is caused by a filovirus. It has gained a place in
pop culture from publicity in movies like Outbreak and books like The Hot Zone by Richard
Preston. Different strains of Ebolavirus have been found but each causes similar reactions in
humans: massive hemorrhaging from all orifices. It is unknown how the disease is transferred to
humans, but fruit bats are known to be a common reservoir of the virus (Beltz 269). “There is no
specific treatment currently effective against [Ebola] (Beltz 264). Hospitals work to lessen the
symptoms and regulate the body during the massive internal hemorrhagic that occurs (Beltz
264). Ebola has a lethality rate of about 90% if untreated (Koblentz 23). It is a biosafety level 4
agent (Ellison 543).
Yersinia pestis, or plague, is a bacterium that can cause three types of plague in humans:
bubonic, septicemic, and pneumonic (Beltz 671). Pneumonic plague is the most plausible for
use in a bioterrorism attack. Plague has been used as a biological agent since as early as World
War II (Beltz 673). “A 1970 WHO study concluded that… 50 kilograms of Y. pestis released as
an aerosol over a city of 5 million could produce up to 150,000 cases of pneumonic plague and
36,000 deaths” (Beltz 673). If untreated, plague has a lethality rate greater than 90% (Koblentz
23). It is a biosafety level 2 agent (Ellison 520).
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Clostridium botulinum, or botulism, is a “bacterium that produces neurotoxins” such as
botulinum neurotoxin A (Ellison 503). Botulinum toxin A “inhibits muscle action, resulting in
flaccid muscle paralysis, and may lead to respiratory failure and death if untreated” (Beltz 696).
It is more potent when ingested or injected rather than inhaled (Ellison 470). This implies that a
release of botulism would most likely be through contaminating food sources. Botulism is not
contagious but, if untreated, can cause more than 90% mortality rate in an infected population
(Koblentz 23). It is a biosafety level 2 agent (Ellison 503).
For specific values on lethality if untreated, incubation period, duration, degree of
person-to-person transmission, and treatment availability for the five infectious agents see
Appendix C. For definitions of biosafety levels, see Appendix A. Since the diseases used in this
assessment have been determined, specific information about each disease must be considered as
well as factors about a country, both of which are used in calculating a country’s vulnerability to
a bioterrorism attack.
Factors in Determining a Country’s Vulnerability to a Bioterrorism Attack
The following factors will be considered when assessing how vulnerable a country is to a
biological attack: 1) urbanization; 2) percentage of population under 14 years old and percentage
of population over 65 years old; 3) percentage of population residing in the largest cities; 4)
physician density; 5) hospital bed density; 6) incubation period of the agent; 7) lethality of the
agent; 8) duration of the disease; and 9) degree of person-to-person transmission of the infectious
agent. See Appendix A for definitions of the factors as well as how the values are determined.
See Appendix B for a diagram illustrating the relationship between factors and sub-factors.
These aforementioned factors are important in determining a country’s vulnerability to a
bioterrorism attack because they often play an active role in the outbreak of any traditional
disease. If more of the population is urbanized and lives in the largest cities, then more of the
population lives in close proximity of each other and most likely has increased contact with
people. When an infectious agent is released in such an environment, the rate at which the agent
travels through the population is much higher than in an area with a smaller population.
Additionally, the youth and elderly are usually more susceptible to infection because of
underdeveloped or weakened immune systems. If more of the population falls into either the
“under 14 years old” or “over 65 years old” categories, then there is a greater likelihood that
more of the population will be afflicted by the biological agent. This would result in more of the
population being incapacitated and thus increases the vulnerability of a country.
Similarly, the lethality and degree of person-to-person interactions play an obvious role
in increasing vulnerability. The more lethal a biological agent is, the more devastating it will be,
and the more contagious an agent is, the faster it will spread through a population, resulting in a
greater probability of a disastrous outcome. The ratio of hospital beds to physicians per 1,000
people is also important for consideration. If there are fewer beds per physician, then the
physicians will be able to better take care of their patients. If the bed-physician ratio is higher,
than the physician will be more spread out among his or her patients. The duration of the disease
is also important because it illustrates for how long the affected population will be incapacitated
or spending time in a hospital setting. Finally, the incubation period is important because the
longer an incubation period, the more time an infected individual can interact with others and
spread the disease. Most diseases do not show symptoms during the incubation period, so the
infected population would not know they are carriers and serving as vectors for disease
transmission.
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Based on these factors, many assumptions have to be made in order to “create” a
controlled environment for the assessment of a country’s vulnerability to a bioterrorism attack.
The most important assumptions are discussed in the next section.
Assumptions
The effect each material threat would have in a bioterrorism attack is dependent on a
variety of factors which includes but is not limited to the biological agent used, extent of
weaponization, amount released, method of delivery, genetic vulnerability of target population,
number of personal interactions by each infected individual, and meteorological conditions
(nytimes.com). These factors only illustrate a portion of the picture when describing a
bioterrorism attack. The details of the country, such as population densities, number of
physicians and hospital beds per 1,000 people, etc., and specifics of each infectious agent, such
as treatment options, degree of person-to-person transmission, etc., must also be considered.
Because of the number of variables involved in determining the impact of a biological attack,
several assumptions will be made for the purpose of the project.
The primary assumption is that the biological agents used in this analysis will be natural
biological agents and not genetically engineered agents. Genetically engineered agents are often
more difficult to obtain or develop. Because of this difficulty, the probability of a genetically
engineered biological attack is less than the probability of using a natural biological agent in an
attack. Also, because natural biological agents are often available in stock cultures and easier to
obtain than genetically engineered agents, natural biological agents have more of an appeal to
potential bioterrorists (Koblentz 214-215). Based on the greater likelihood of a natural infectious
agent being used, the biological agents considered in this analysis will be only naturally
occurring bacteria, viruses, and toxins. More specifically, instead of looking at a wide variety of
infectious agents, the five most plausible agents for a biological attack will be used as the
scenarios for which the analysis is conducted.
An equally important assumption is that the extent of weaponization and method of
delivery will be quantitatively and qualitatively enough to have an impact on the target.
Different amounts of each agent are necessary for infection, but to create a uniform situation for
the hypothetical release of each agent, it will be assumed that a sufficient amount of each agent is
released and that the agent is potent enough to infect a sizeable population and be transmitted to
others. Similarly, it will be assumed that the target population is genetically vulnerable to the
infectious agent and that the infected population interacts with uninfected targets at a consistent,
standardized rate. The targets in a bioterrorism attack are usually in highly populated areas
where maximum damage can be inflicted. Because the necessary data for individual cities is not
readily available, the data representative of the entire country will be utilized in the assessment.
The some statistics for the entire country are not entirely effective in analysis because they serve
as averages over the entire population and not specific to metropolitan or high density areas
where a biological agent would most likely be released. This condition must be kept in mind
when analyzing a country’s vulnerability to a bioterrorism attack.
Finally, in assessing a country’s vulnerability to a bioterrorism attack, a country’s
preventive measures are not taken into account. Ackerman and Moran state that:
Preparedness can make all the difference to the outcome of a bioterrorist attack.
Unlike weapons with more immediate effects, such as explosives, there is the
possibility to mitigate the effects of a biological attack through measures,
including rapid detection, treatment with antibiotics, vaccination, and quarantine.
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One simulation of an anthrax attack conducted by the Center for Nonproliferation
Studies, for example, showed that the difference in the ultimate mortality figures
between a poorly coordinated and ill-prepared response and a polished and
efficient response was 120,000 as opposed to 35,000 deaths [respectively].
The preventative measures, response capabilities, and preparedness of a country are difficult to
assess since different scenarios exist in every country and common data is not published on these
topics. Preparedness does, however, make a large difference in a country’s vulnerability as is
seen in the study conducted by the Center for Nonproliferation Studies. Therefore, the
vulnerability score determined by this paper will reflect a country’s vulnerability if no
precautionary action has been taken and all countries have uniform preparedness.
These factors are controlled in order to standardize the assessment. Next, the equation
used in determining a value, or score, for a country’s vulnerability is explained.
Equation behind Determining a Country’s Vulnerability to a Bioterrorism Attack
Using statistics from the CIA World Factbook, a score was determined for the top fifty
most populated countries. This score is comprised of values of the nine factors mentioned
previously. The score for each country was determined using the following equation:

where
and lethality = percent lethality if disease is untreated
trans = the level of person-to-person transmission
treat = availability of treatment
bed dens = number of hospital beds per 1,000 people
phys dens = number of physicians per 1,000 people
dur = duration of disease
inc = incubation period of disease
%urb = percent of population that is urbanized
%<14 = percent of population under 14 years old
%>65 = percent of population over 65
Σ%maj cities = percentage of population living in the major cities
The following values are used in the equation for trans: 1=no person-to-person
transmission; 2= low person-to-person transmission; 3=moderate person-to-person transmission;
and 4=high person-to-person transmission. The following values are used in the equation for
treat: ½=treatment available; and 1=no treatment available. For inc, the average incubation time
for the disease is calculated as a percentage of the number of days in a month. For example, if
the average incubation time for the disease were 15 days, then the value used for inc would be
0.50. Finally, dur is calculated in a similar way as inc. The average duration time for the disease
is calculated as a percentage of the number of days in a month.
The lethality, rate of person-to-person transmission, and availability of a treatment all
contribute to the severity of a disease. The greater the rate of person-to-person transmission, the
more severe the disease which is why high transmission is assigned as 4 and no transmission is
assigned as 1. Similarly, the availability of a treatment would decrease the severity of the
disease which is why treatment availability is assigned as ½ and no treatment availability is
assigned as 1.
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The percentage of the population that is urbanized is important because those are the
people most likely to be in a location of a bioterrorism attack. Of this group, the people under
the age of 14 and over the age of 65 are most at risk because they either have underdeveloped
immune systems or are immunosuppressed. Therefore, the total percentage of these population
groups is multiplied by the urbanization percentage. To account for the other residents of major
cities and the corresponding suburban areas, the percentage of people living in the major cities is
added to the already calculated percentage value. The product of the bed-to-physician ratio per
1,000 people and disease duration is added to the previous value. Finally, the incubation period
value is added.
See Appendix B for a diagram illustrating the relationship between factors and subfactors. See Appendix C for more detailed definitions of factors as determined by the CIA
World Factbook.
Mathematical Calculations Involving Expert Opinions
The above equation is applied to each of the five diseases, resulting in five new scores for
each country. Through an electronic survey, a group of experts was asked to rank the severity of
each of the five diseases based on how devastating the infectious agent could be on a population
under the above assumptions. See Appendix E for a copy of the survey.
The following matrix presents the results. The experts (see Appendix D for names and
titles) ranked the severity of each disease as “extremely dangerous,” “moderately dangerous,”
“dangerous,” “slightly dangerous,” and “not dangerous.” These rankings were converted into
numerical values based on the following key: 1=not dangerous; 2=slightly dangerous;
3=dangerous; 4=moderately dangerous; 5=extremely dangerous. We let be Expert i, where i
= 1, 2, 3, 4, 5, 6, 7 and F1=smallpox, F2=anthrax, F3=Ebola, F4=plague, and F5=botulism.

This matrix was then adjusted to an equivalent matrix by dividing all values by 5, which resulted
in the matrix below.

The experts’ rankings determine the weight for the five calculated scores for every
country. There are three methods by which the weights can be calculated: Analytic Hierarchy
Process (AHP) method, Guiasu method, and Yen method. See Appendix F for specific
calculations of equations.
For the AHP method, the weight of each factor is determined by taking the row average
of matrix A for each row Fi and then dividing the obtained values by the sum of all row averages.
This value is now the weight for the Fi in the overall equation G+ for determining an AHP score.
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The Guiasu method calculates weights for each factor by first normalizing the data. The
values of matrix A are normalized with respect to the column in which the data value resides.
Normalization is calculated by dividing each element of matrix A by the sum of all elements in
the given column. Using this normalized data, the row average for each row Fi is calculated.
This value now provides the weight for Fi in the overall equation G+ for determining a Guiasu
score.
The Yen method is somewhat of a combination of the AHP and Guiasu methods. First,
the values of matrix A are normalized with respect to the column in which the data value resides.
Contrary to the Guiasu method, normalization is calculated by dividing each element of matrix A
by the largest value in the given column. Using these values, the row averages of A for each row
Fi and row average sum are calculated. The row average of matrix A for each row Fi divided by
the row average sum provides the weight for Fi in the overall equation G+ for determining a Yen
score.
Through these methods, the following equations were developed:
AHP: G+ = (0.23134328)F1 + (0.18656716)F2 + (0.23880597)F3 + (0.20149254)F4
+ (0.1479104)F5
Guiasu: G+ = (0.23414868)F1 + (0.18495915)F2 + (0.23992611)F3 + (0.19866224)F4
+ (0.14230381)F5
Yen: G+ = (0.23239437)F1 + (0.18544601)F2 + (0.23943662)F3 + (0.19953052)F4
+ (0.14319249)F5
The calculated values for , where i = 1, 2, 3, 4, 5 for each country were then substituted
into each equation to give scores that determine how vulnerable a country is to a bioterrorism
attack. The higher the overall score, the more susceptible a country is. Using these scores, the
countries were then ranked. The rankings of the countries (1 being most susceptible and 50
being least susceptible for the given sample) were uniform across the three methods of analysis.
See Appendix G for the scores and rankings.
Additionally, using fuzzy preference relations, one can determine the degree to which one
disease is more dangerous (and therefore more likely to be utilized in a bioterrorism attack) than
other diseases considered; whether a disease is worse than, indifferent to, preferred to,
incomparable with, or cannot be discriminated between another disease; and the degree to which
the experts agree on the deadliness of the diseases. These calculations are seen below.
Using the matrix of expert opinions adjusted to values between 0 and 1, fuzzy preference
relation operations were performed.
Let

where for all i, j = 1, 2, 3, 4, 5, 6, 7 and k = 1, 2, 3, 4, 5, 6, 7.
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where for all i, j = 1, 2, 3, 4, 5, 6, 7 and k = 1, 2, 3, 4, 5, 6, 7.
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where for all i, j = 1, 2, 3, 4, 5, 6, 7

Then,

where for all i, j = 1, 2, 3, 4, 5, 6, 7

Let

and

expresses whether Fi defeats Fj.

Then,

Now,

is the mean degree to which Fi is preferred to all other Fj.

Then,
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Let
be the fuzzy consensus winner, or the extent to which Fi is preferred to Q other Fj,
where i, j = 1, 2, 3, 4, 5, 6, 7 and Q denotes “most.”

Then,

From these calculated values, it is observed that F2 is not preferred to any other Fi, where
i = 1, 3, 4, 5. Similarly, F4 is not preferred to any other Fi, where i = 1, 2, 3, 5 and F5 is not
preferred to any other Fi, where i = 1, 2, 3, 4. Also, F1 is preferred greatly to all other Fi, where i
= 2, 3, 4, 5 and F3 is preferred greatly to all other Fi, where i = 1, 2, 4, 5. From this information,
it can be concluded that the experts polled believe using either smallpox or Ebola in a
bioterrorism attack would be most beneficial to the attacking party because either of these
diseases would cause more damage than anthrax, plague, or botulism. This conclusion correlates
with information about the diseases. Both smallpox and Ebola are biosafety level 4 agents
whereas anthrax, plague, and botulism are all biosafety level 2 agents.
Fuzzy preference relations were used further to determine relationships between each of
the diseases.
Let S, I, >, R, ~ be relations on X having the following meanings:
S: outranking relation
x S y means x is not worse than y
I: indifference relation
x I y means x and y are indifferent
R: incompatibility relation
x R y means x and y are incomparable
>: preference relation
x > y means x is preferred to y
~: non-preference relation
x ~ y means that x and y cannot be discriminated between
More specifically,
S determines the degree to which one disease is not worse than another.
The larger the value of x S y, the more similar two diseases are in terms of impact
on a population. Conversely, the smaller the value of x S y, the more dissimilar
two diseases are in terms of impact on a population.
I determines the degree to which two diseases are indifferent to each other.
The values determined from this matrix are somewhat irrelevant in analysis of a
country’s vulnerability to a bioterrorism attack. The indifference relation is used
in analysis of factors that are interrelated. In the case of bioterrorism
vulnerability, the release of one biological agent is not related to the release of
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another biological agent. If the decision to release a given infectious agent,
however, was dependent on the release of another agent, this preference relation
would indicate to what degree the release of a given infectious agent was
independent from the release of another infectious agent.
R determines the degree to which two diseases are incomparable.
Similar to the indifference relation I, the values determined from this matrix are
somewhat irrelevant in analysis of a country’s vulnerability to a bioterrorism
attack. The incompatibility relation is used in analysis of related factors and when
two factors can be compared. Since the release of one biological agent is not
related or dependent on the release of another biological agent, this comparison is
not helpful to our analysis. If, however, the release was one disease was related to
the release of another disease, the incompatibility preference relation would
indicate the degree to which two infectious agents cannot be compared.
> determines the degree to which one disease is preferred over another.
The larger the value of x > y, the more disease x is preferred over disease y for use
in a bioterrorism attack. Conversely, the smaller the value of x > y, the less
disease x is preferred over disease y for use in a bioterrorism attack.
~ determines the degree to which discrimination between two diseases is possible.
The larger the value of x ~ y, the more one can tell the difference in the effects of
a bioterrorism attack utilizing a given infectious agent. Conversely, the smaller
the value of x ~ y, the less one can tell the difference in the effects of a
bioterrorism attack utilizing a given infectious agent.
Now, define the following indices from
Indifference index
Incompatibility index
Preference index
Non-preference index

Let S = R, where

Paper 3

Quest: A Journal of Undergraduate Research

Then,

Page 75

Paper 3

Quest: A Journal of Undergraduate Research

Page 76

For a written interpretation of the fuzzy preference relation matrices above, see Appendix H.
We now consider the degree of agreement between the experts m, n = 1, 2, 3, 4, 5, 6, 7
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The degree of agreement between the experts m, n as to their preference is determined by:

Then,

The degree of agreement of all pairs of experts m, n is given by the formula:

Then,

From this, it is concluded that, on average, all of the experts agree on the severity of the
diseases about 23% of the time. This measure, however, only determines to what degree the
experts agree exactly on the severity of a disease based on the previously calculated preference
relations. Similarly, we can consider the degree of agreement between the experts under
different constraints so that the range of difference in opinions is greater. When adjusting the
expert opinions to be between 0 and 1 rather than 1 and 5, the smallest possible difference
between the expert rankings is 0.2. This translated to the Ri matrices, where i = 1, 2, 3, 4, 5, 6, 7,
which are used when calculating the v(i, j) matrices. This means that the smallest possible range
for “agreement” between the experts is 0.2. We now consider the degree of agreement between
the experts m, n = 1, 2, 3, 4, 5, 6, 7, where
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The degree of agreement between the experts m, n as to their preference is determined by:

Then,

The degree of agreement of all pairs of experts m, n is given by the formula:
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Then,

From this, it is concluded that the experts agree within 1 ranking point about 77% of the
time. This means that the experts ranked each disease with similar severity, indicating that the
analysis using the expert opinions is somewhat valid because there are no extreme outliers in
ranking values.
Conclusions
Through the AHP, Guiasu, and Yen methods, rankings were determined for each of the
fifty countries considered. These rankings listed in Appendix G. From these calculated scores,
several notable observations were made. For the ten most populous countries, it was determined
that nine rank in the bottom half for vulnerability; six out of those nine ranking in the bottom
fifteen. Based on this method, the most populated countries are least at-risk for a bioterrorism
attack. The one country that does not follow this trend is Japan, whose ranking is sixth. Japan
has a large amount of its population living in the cities and the bed-physician ratio is very high.
With these values substituted into equations, Japan’s score for each of the five diseases is much
larger than that of the other nine most populous countries. Therefore, when calculating the AHP,
Guiasu, and Yen scores, the large values substituted only compound to result in a large score.
When looking at only these ten countries, it can be presumed that the percentage of the
population living in the major cities and the bed-physician ratio have a large bearing on the score
for a country’s vulnerability to a given infectious agent. Specifically, the larger the percentage
of the population living in major cities and the larger the bed-physician ratio, the more at risk a
country is to a bioterrorism attack. See Appendix I, Figure 1.
For the top ten most at-risk countries, there is a large decrease in score from the most atrisk country, Tanzania, to the second most at-risk country, Mozambique. This score decrease is
nearly eighty percent, going from 1.0 to approximately 0.2135. This large decrease is due to the
large difference in the bed-physician ratio, with Tanzania having a bed-physician ratio of 137.5
and Mozambique having a bed-physician ratio of 29.63. Similarly, the top ten most at-risk
countries for a bioterrorism attack all have very high bed-physician ratios. As seen with Japan,
high bed-physician ratios contribute greatly to the vulnerability score of country to a given
infectious agent. See Appendix I, Figure 2.
Additionally, the expert opinions utilized in the determination of the AHP, Guiasu, and
Yen equations were used in the fuzzy set analysis. From these calculations, relationships
between the diseases and consensus among the experts were determined.
First, gi, or the mean degree to which one infectious agent is preferred to all other agents,
indicates that smallpox and Ebola are equally preferred over all other infectious agents by a
considerable margin. The mean degree to with anthrax and plague are preferred to all other
diseases is one-third of that for smallpox and Ebola, but this indicates that anthrax and plague
still are favored in use for a bioterrorism attack. While the mean degree to which botulism was

Paper 3

Quest: A Journal of Undergraduate Research

Page 82

preferred to all other diseases is 0, this does not indicate that botulism is not a biological agent
that poses a considerable threat. It merely indicates that of the five diseases considered in this
analysis, botulism is the least favorable.
Second, when calculating the relation Q, or the degree to which one disease is preferred
to all other diseases, it was found that smallpox is favored over the other four diseases with an
intensity of 0.9. This was also the case for Ebola. Based on characteristics of smallpox and
Ebola, this outcome makes sense. Smallpox does not have a high lethality rate, but it does have
a high degree of person-to-person transmission whereas the other agents have moderate or no
person-to-person transmission. There is no treatment for smallpox since it is a virus. Moreover,
since it has been eradicated and vaccinations are no longer administered, many people would be
susceptible to smallpox. Reinforcing the idea that smallpox is a deadly infectious agent for use
in a bioterrorism attack , smallpox is also one of the few diseases against which the United States
has taken precautionary efforts (i.e. treatment and vaccine stockpiling) (www.nytimes.com).
Ebola has a reputation for striking fast and causing devastating results. It has a high
lethality rate and is a virus, so there is no cure for an Ebola infection. Healthcare workers can
only administer treatment that lessens the severity of the symptoms and wait out the course of the
disease. While Ebola only has a moderate level of person-to-person transmission, it is easily
passed through exposure to bodily fluids. The quick onset and duration of the disease also make
Ebola a favorable infectious agent for use in a bioterrorism attack because it can cause much
damage in a short time. The downside, however, is that symptoms of a viral hemorrhagic fever
are easily diagnosable and precautionary measures will be taken very quickly, halting possible
spread of the disease.
Third, from the preference relation >, it was determined which diseases are preferable for
use in a bioterrorism attack over other diseases. This preference is based on how devastating an
unchecked release and spread of the given disease would be. Specifically, smallpox is preferred
over anthrax and botulism and slightly preferred over plague. Plague is preferred over botulism,
and anthrax is preferred only slightly over botulism. Finally, Ebola is preferred over smallpox,
anthrax, and botulism, and preferred slightly over plague. Based on these relations, it can be
concluded that Ebola would be the disease of preference for use in bioterrorism attack since it is
preferred to all other diseases, with smallpox being a close second since it is preferred over three
out of the four remaining diseases for consideration. The results of the preference relations
correspond with the findings from the gi and the relation Q calculations, which showed that
Ebola and smallpox are preferred to all other infectious agents.
Finally, the degree of consensus between the experts when they agree the severity of an
infectious agent exactly is 23%. The degree of consensus between the experts when they agree
on the severity of an infectious agent within one ranking point is 77%. While the latter
evaluation considers agreement of the experts within a 40% range and is not statistically
significant, it is the degree of consensus that is of more interest regarding this paper. Because
the experts agree within one ranking point on the severity of a disease about 77% of the time, it
can subsequently be concluded that all the experts agree that an untreated epidemic of the given
infectious agent in conditions conducive to the proliferation of the agent would be of
approximately similar severity. Consequently, the experts would all regard an outbreak of each
of the five infectious agents in a similar fashion and would most likely take similar courses of
action to combat an outbreak. The degree of consensus of 77% also indicates that the expert
opinions are valid for use in this bioterrorism vulnerability assessment because there are no
extreme outliers in the experts’ opinions when comparing them with each other.
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Future Plans
Future plans for this research paper include expanding analysis to all countries and also
taking into consideration the likelihood of a bioterrorism attack as suggested by Ackerman and
Moran. This includes motivation for an attack and capability of attackers to succeed. Factors
will have to be determined and expert opinions from political science and international relations
departments will be utilized. This plan reworks the relation of factors as seen in the diagram
below.
Country's
Bioterrorism Attack
Vulnerability

Country's
vulnerability to a
given infectious agent

Likelihood of an
attack

Vulnerability during
smallpox outbreak

Motivation for attack

Vulnerability during
anthrax outbreak

Capability for attack

Vulnerability during
Ebola outbreak

Vulnerability during
plague outbreak

Vulnerability during
botulism outbreak

In addition to the physical harm of an infectious agent, Ackerman and Moran also state
that the psychological health of a population should be considered. The psychological effects of
a bioterrorism attack on a population cannot be ignored, but there also is no concrete data on this
topic. Since there have not been many well documented cases of bioterrorism from which this
information could be compiled and analyzed statistically, use of hypothetical values would not
be beneficial in this paper’s analysis. This aspect of a bioterrorism paper, however, will be
considered in future expansions of this paper.
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The calculations for a country’s vulnerability to a given infectious agent may be
modified, depending on if additional factors will be considered or if data values change.
Similarly, there is also the possibility of incorporating other mathematical analysis methods to
develop a more comprehensive interpretation of the data.
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Appendix A
Hospital Bed Density*

Provides the number of hospital beds per 1,000 people; it serves
as a general measure of inpatient service availability. Hospital
beds include inpatient beds available in public, private, general,
and specialized hospitals and rehabilitation centers. In most cases,
beds for both acute and chronic care are included

Physicians density*

The number of medical doctors (physicians), including generalists
and specialist medical practitioners, per 1,000 of the population.
Medical doctors are defined as doctors that study, diagnose, treat,
and prevent illness, disease, injury, and other physical and mental
impairments in humans through the application of modern
medicine. They also plan, supervise, and evaluate care and
treatment plans by other health care providers.

Population*

An estimate from the U.S. Bureau of the Census based on
statistics from population censuses, vital statistics registration
systems, or sample surveys pertaining to the recent past and on
assumptions about future trends.

Population – Major Cities*

Include the capital and up to four major cities defined as urban
agglomerations with populations of at least 750,000 people. An
urban agglomeration is defined as comprising the city or town
proper and also the suburban fringe or thickly settled territory
lying outside of, but adjacent to, the boundaries of the city.

Urbanization*

Describes the percentage of the total population living in urban
areas as defined by the country.

Biosafety Level 2+

Biosafety Level 2… is suitable for work involving agents that
pose moderate hazards to personnel and the environment.

Biosafety Level 4+

Biosafety Level 4 is required for work with dangerous and exotic
agents that pose a high individual risk of aerosol-transmitted
laboratory infections and life-threatening disease that is frequently
fatal, for which there are no vaccines or treatments, or a related
agent with unknown risk of transmission.

* Definitions as provided by the CIA World Factbook (www.cia.gov)
+
Definitions as provided by Biosafety in Microbiological and Biomedical Laboratories
(www.cdc.gov)
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Appendix B

Country Vulnerability

Vulnerability during
smallpox outbreak

Vulnerability during
anthrax outbreak

Vulnerability during
ebola outbreak

Vulnerability during
plague outbreak

Vulnerability during
botulism outbreak

(F1)

(F2)

(F3)

(F4)

(F5)

Each statistic for vulnerability during a given disease outbreak is comprised of the factors
combined using the equation described in the paper. The factors that are considered in score
determination are illustrated below.
Vulnerability during given
infectious agent outbreak
(Fi)

Country Data

urbanization

% population <14 y/o
% population >65 y/o

Disease Data

average incubation period

average duration

% population in major
cities

degree of person-toperson transmission

physician density

lethality if untreated

hospital bed density

30%

>90%

Lethality
0.30

virus
bacteria
virus
bacteria
toxin

Agent
Type
virus
bacteria
virus
bacteria
toxin

Anthrax
(Bacillus anthracis)

Ebola
(viral hemorrhagic fever)

Plague
(Yersinia pestis)

Botulism
(Clostridium botulinum)

Agent Name (scientific)
Smallpox
(Variola major)

Anthrax
(Bacillus anthracis)

Ebola
(viral hemorrhagic fever)

Plague
(Yersinia pestis)

Botulism
(Clostridium botulinum)

0.0917

0.0833

0.4167

0.1167

0.4

Incubation

12 hours-5 days (2.75)

2-3 days (2.5)

4-21 days (12.5)

1-6 days (3.5)

7-17 days (12)

Incubation

0.0667

0.1167

0.3833

0.1333

1

Duration

24-72 hours
(2 days)

1-6 days
(3.5 days)

7-16 days
(11.5 days)

3-5 days
(4 days)

4 weeks

Duration
(average)

1

3

3

1

4

Person-to-person
Transmission

none

moderate

moderate

none

high

Person-to-person
Transmission

Data from Living Weapons: Biological Warfare and International Security by Gregory D. Koblentz

0.90

0.90

0.90

0.90

>90%

90%

>90%

Lethality

Agent
Type
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Agent Name (scientific)
Smallpox
(Variola major)
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0.5
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Treatment
Available
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Country
China
India
United States
Indonesia
Brazil
Pakistan
Nigeria
Bangladesh
Russia
Japan
Mexico
Philippines
Ethiopia
Vietnam
Egypt
Germany
Turkey
Iran
Congo
Thailand
France
United Kingdom
Italy
Burma
South Korea
South Africa
Spain
Colombia
Ukraine
Tanzania
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Urb
47%
30%
82%
44%
87%
36%
50%
28%
73%
67%
78%
49%
17%
30%
43.40%
74%
70%
71%
35%
34%
85%
80%
68%
34%
83%
62%
77%
75%
69%
26%

Pop <14 y/o
17.60%
29.70%
20.10%
27.30%
26.20%
35.40%
40.90%
34.30%
15.20%
13.10%
28.20%
34.60%
46.30%
25.20%
32.70%
13.30%
26.60%
24.10%
44.40%
19.90%
18.50%
17.30%
13.80%
27.50%
15.70%
28.50%
15.10%
26.70%
13.70%
42%

Pop >65 y/o % maj cities Phys Density Bed Density
8.90%
4.17%
1.415
4.06
5.50%
5.91%
0.599
0.9
13.10%
16.33%
2.672
3.1
6.10%
7.03%
0.288
0.6
6.70%
22.04%
1.72
2.4
4.20%
13.65%
0.813
0.6
3.10%
11.55%
0.395
0.53
4.70%
13.38%
0.295
0.4
13%
13.83%
4.3089
9.66
22.90%
44.42%
2.063
13.75
6.60%
27.31%
2.893
1.6
4.30%
14.07%
1.153
0.5
2.70%
3.05%
0.022
0.18
5.50%
12.45%
1.224
2.87
4.50%
18.27%
2.83
1.7
20.60%
9.32%
3.531
8.17
6.30%
24.83%
1.451
2.41
5%
18.35%
0.89
1.38
2.60%
17.83%
0.11
0.8
9.20%
10.29%
0.298
2.2
16.80%
23.35%
3.497
7.11
16.50%
25.16%
2.739
3.38
20.30%
18.16%
4.242
3.7
5%
11.47%
0.457
0.6
11.40%
40.41%
1.967
12.28
5.70%
29.39%
0.77
2.84
17.10%
24.66%
3.705
3.22
6.10%
37.60%
1.35
1
15.50%
16.11%
3.1254
8.73
2.90%
7.36%
0.008
1.1
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Urb
22%
92%
61%
13%
66%
81%
40%
58%
66%
23%
19%
77%
72%
36%
93%
82%
51%
32%
60%
38%

Pop >65 y/o % maj cities Phys Density Bed Density
2.70%
10.09%
0.14
1.4
11%
43.38%
3.155
4
13.70%
6.42%
2.144
6.62
2.10%
4.28%
0.117
0.39
5.20%
9.91%
1.207
1.7
15.90%
39.81%
1.9132
3.4
2.70%
14.68%
0.28
0.7
6.10%
23.97%
0.62
1.1
3.10%
32.01%
0.69
1.3
2.40%
11.75%
0.21
0.4
4.40%
3.31%
0.21
5
6.40%
32.31%
0.92
1.5
5%
12.07%
0.941
1.82
4.70%
7.75%
2.617
4.83
5.40%
32.59%
1.94
1.3
3%
43.15%
0.939
2.2
3.60%
16.01%
0.085
0.93
2.60%
9.00%
0.3
0.7
9.10%
11.15%
3.29
13.2
3%
9.99%
0.027
0.8
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Pop <14 y/o
42.20%
25.40%
14.70%
49.90%
24.20%
15.70%
42.10%
27.80%
38%
42.30%
34.60%
28.50%
29.60%
26.50%
29.50%
29.40%
36.50%
43%
22.40%
45.90%

Data from the CIA World Factbook

Country
Kenya
Argentina
Poland
Uganda
Algeria
Canada
Sudan
Morocco
Iraq
Afghanistan
Nepal
Peru
Malaysia
Uzbekistan
Venezuela
Saudi Arabia
Ghana
Yemen
North Korea
Mozambique
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Appendix D
E1

Denise Kossuth, R.N.

Registered Nurse
Instructor, Medical Careers, DCTS

E2

Mary Flanagan, M.S., R.N.

Registered Nurse
Instructor, Health Occupations, DCTS

E3

Sheila Kingston, R.N.

Registered Nurse
Instructor, Health Occupations, DCTS

E4

Steven Hinrichs, M.D.

Pathology and Microbiology Department Chair, UNMC
Professor, UNMC
Director of Microbiology and Virology, UNMC
Director, Nebraska Public Health Laboratory

E5

Diann Hopely, R.N.

Registered Nurse
Instructor, Health Occupations, DCTS

E6

Chris Sekul, R.N.

Registered Nurse
Instructor, Medical Careers, DCTS

E7

Tammy L. Kielian, Ph.D.

Professor, Pathology and Microbiology Department, UNMC

University of Nebraska Medical Center (UNMC) located in Omaha, Nebraska is Nebraska’s only
public academic health sciences center. The university’s primary care, rural health medicine,
physician assistant, physical therapy, pharmacy, and nursing master’s programs were recently
ranked among the top in the country by U.S. News & World Report. (courtesy of
www.unmc.edu)
The Medical Careers and Health Occupations programs are offered at Delaware County
Technical Schools (DCTS) located in Delaware County, Pennsylvania (southeastern
Pennsylvania). The programs introduce high school students to the health sciences and related
professions. (courtesy of www.delcotech.org)
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Appendix E
Name: ____________________

Title: _____________________

Below are five diseases (smallpox, anthrax, ebola, plague, and botulism). Please rank each
disease as “Extremely Dangerous,” “Moderately Dangerous,” “Dangerous,” “Slightly
Dangerous,” or “Not Dangerous” based on how devastating you believe an untreated epidemic of
the given disease would be in conditions conducive to the proliferation of the given infectious
agent.
Smallpox (Variola)
 Extremely Dangerous
 Moderately Dangerous
 Dangerous
 Slightly Dangerous
 Not Dangerous
Anthrax (Bacillus anthracis)
 Extremely Dangerous
 Moderately Dangerous
 Dangerous
 Slightly Dangerous
 Not Dangerous
Ebola (Viral hemorrhagic fever)
 Extremely Dangerous
 Moderately Dangerous
 Dangerous
 Slightly Dangerous
 Not Dangerous
Plague (Yersinia pestis)
 Extremely Dangerous
 Moderately Dangerous
 Dangerous
 Slightly Dangerous
 Not Dangerous
Botulism (Clostridium botulinum)
 Extremely Dangerous
 Moderately Dangerous
 Dangerous
 Slightly Dangerous
 Not Dangerous
Thank you for your help with this research paper. Your assistance is greatly appreciated.
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Appendix F
The AHP method calculations are as follows:
For all i = 1, 2, 3, 4, 5, let
where bi is the average of all the elements of the ith row

Then,

and

For all i = 1, 2, 3, 4, 5, let
where wi is the weight of factor Fi

Then,

Thus, G+ = (0.23134328)F1 + (0.18656716)F2 + (0.23880597)F3 + (0.20149254)F4
+ (0.1479104)F5
The Guiasu method calculations are as follows:
For all j = 1, 2, 3, 4, 5, 6, 7, let
where xj is the sum of the elements of the jth column

Then,

For all i = 1, 2, 3, 4, 5; j = 1, 2, 3, 4, 5, 6, 7, let
This results in the matrix C such that

For all i = 1, 2, 3, 4, 5, let
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where di is the average of all the elements of the ith row and di is the weight of
each factor

Then,

Thus, G+ = (0.23414868)F1 + (0.18495915)F2 + (0.23992611)F3 + (0.19866224)F4
+ (0.14230381)F5
The Yen method calculations are as follows:
For all j = 1, 2, 3, 4, 5, 6, 7, let yj be the largest element in the jth column.

Then,

For all i = 1, 2, 3, 4, 5; j = 1, 2, 3, 4, 5, 6, 7, let
This results in the matrix E such that

For all i = 1, 2, 3, 4, 5, let
where di is the average of all the elements of the ith row

Then,

and

For all i = 1, 2, 3, 4, 5, let
where wi is the weight of factor Fi

Then,

Thus, G+ = (0.23239437)F1 + (0.18544601)F2 + (0.23943662)F3 + (0.19953052)F4
+ (0.14319249)F5
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Computer programs utilized in calculation of AHP, Guiasu, and Yen equations, values, and
rankings provided by Dr. Davender Malik, Professor, Mathematics Department, Creighton
University.

Paper 3

Quest: A Journal of Undergraduate Research

Appendix H
For the outranking relation S, the matrix can be interpreted as follows:
F1 is not worse than F2 with an intensity of 0.7143
F3 with an intensity of 0.1429
F4 with an intensity of 0.5714
F5 with an intensity of 0.8571
F2 is not worse than F1 with an intensity of 0.1429
F3 with an intensity of 0
F4 with an intensity of 0.1429
F5 with an intensity of 0.5714
F3 is not worse than F1 with an intensity of 0.2857
F2 with an intensity of 0.7143
F4 with an intensity of 0.5714
F5 with an intensity of 1
F4 is not worse than F1 with an intensity of 0.1429
F2 with an intensity of 0.4286
F3 with an intensity of 0
F5 with an intensity of 0.7143
F5 is not worse than F1 with an intensity of 0
F2 with an intensity of 0
F3 with an intensity of 0
F4 with an intensity of 0
For the indifference relation I, the matrix can be interpreted as follows:
F1 and F2 are indifferent with an intensity of 0.1429
F3 are indifferent with an intensity of 0.1429
F4 are indifferent with an intensity of 0.1429
F5 are indifferent with an intensity of 0
F2 and F1 are indifferent with an intensity of 0.1429
F3 are indifferent with an intensity of 0
F4 are indifferent with an intensity of 0.1429
F5 are indifferent with an intensity of 0
F3 and F1 are indifferent with an intensity of 0.1429
F2 are indifferent with an intensity of 0
F4 are indifferent with an intensity of 0
F5 are indifferent with an intensity of 0
F4 and F1 are indifferent with an intensity of 0.1429
F2 are indifferent with an intensity of 0.1429
F3 are indifferent with an intensity of 0
F5 are indifferent with an intensity of 0
F5 and F1 are indifferent with an intensity of 0
F2 are indifferent with an intensity of 0
F3 are indifferent with an intensity of 0
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F4 are indifferent with an intensity of 0
For the incompatibility relation R, the matrix can be interpreted as follows:
F1 and F2 are incomparable with an intensity of 0.2857
F3 are incomparable with an intensity of 0.7143
F4 are incomparable with an intensity of 0.4286
F5 are incomparable with an intensity of 0.1429
F2 and F1 are incomparable with an intensity of 0.2857
F3 are incomparable with an intensity of 0.2857
F4 are incomparable with an intensity of 0.5714
F5 are incomparable with an intensity of 0.4286
F3 and F1 are incomparable with an intensity of 0.7143
F2 are incomparable with an intensity of 0.2857
F4 are incomparable with an intensity of 0.4286
F5 are incomparable with an intensity of 0
F4 and F1 are incomparable with an intensity of 0.4286
F2 are incomparable with an intensity of 0.5714
F3 are incomparable with an intensity of 0.4286
F5 are incomparable with an intensity of 0.2857
F5 and F1 are incomparable with an intensity of 0.1429
F2 are incomparable with an intensity of 0.4286
F3 are incomparable with an intensity of 0
F4 are incomparable with an intensity of 0.2857
For the preference relation >, the matrix can be interpreted as follows:
F1 is preferred to F2 with an intensity of 0.7143
F3 with an intensity of 0.1429
F4 with an intensity of 0.5714
F5 with an intensity of 0.8571
F2 is preferred to F1 with an intensity of 0.1429
F3 with an intensity of 0
F4 with an intensity of 0.1429
F5 with an intensity of 0.5714
F3 is preferred to F1 with an intensity of 0.2857
F2 with an intensity of 0.7143
F4 with an intensity of 0.5714
F5 with an intensity of 1
F4 is preferred to F1 with an intensity of 0.1429
F2 with an intensity of 0.4286
F3 with an intensity of 0
F5 with an intensity of 0.7143
F5 is preferred to F1 with an intensity of 0
F2 with an intensity of 0
F3 with an intensity of 0
F4 with an intensity of 0
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For the non-preference relation ~, the matrix can be interpreted as follows:
F1 and F2 cannot be discriminated between with an intensity of 0.2857
F3 cannot be discriminated between with an intensity of 0.7143
F4 cannot be discriminated between with an intensity of 0.4286
F5 cannot be discriminated between with an intensity of 0.1429
F2 and F1 cannot be discriminated between with an intensity of 0.2857
F3 cannot be discriminated between with an intensity of 0.2857
F4 cannot be discriminated between with an intensity of 0.5714
F5 cannot be discriminated between with an intensity of 0.4286
F3 and F1 cannot be discriminated between with an intensity of 0.7143
F2 cannot be discriminated between with an intensity of 0.2857
F4 cannot be discriminated between with an intensity of 0.4286
F5 cannot be discriminated between with an intensity of 0
F4 and F1 cannot be discriminated between with an intensity of 0.4286
F2 cannot be discriminated between with an intensity of 0.5714
F3 cannot be discriminated between with an intensity of 0.4286
F5 cannot be discriminated between with an intensity of 0.2857
F5 and F1 cannot be discriminated between with an intensity of 0.1429
F2 cannot be discriminated between with an intensity of 0.4286
F3 cannot be discriminated between with an intensity of 0
F4 cannot be discriminated between with an intensity of 0.2857
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Appendix I
Figure 1: Bioterrorism vulnerabilities scores determined by AHP, Guiasu, and Yen methods for
the ten most populous countries (decreasing population size from left to right)
0.07
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0.04
0.03
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Guiasu

0.02

Yen

0.01
0

Figure 2: Bioterrorism vulnerability scores determined by AHP, Guiasu, and Yen methods for
the ten most at-risk countries (decreasing vulnerability from left to right)
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Figure 3: Bioterrorism vulnerability scores determined by AHP, Guiasu, and Yen methods for
the five permanent member countries of the United Nations Security Council
(decreasing vulnerability from left to right)
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Appendix J
Figure 1: Map indicating locations of the fifty countries considered in this analysis

Figure 2: Map indicating the locations of the ten most populous countries
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Figure 3: Map indicating the locations of the ten most at-risk countries to a bioterrorism attack
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