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Abstract. This paper addresses the environmental protection and sustainable development issues
of Juneau and the Great Barrier Reef in Australia. Static and dynamic programming models are
established, and the Analytic Hierarchy Process to obtain quantifiable results for evaluating tourism
and sustainable development indicators, and proposes expenditure allocation strategies. This
research has developed a comprehensive framework for sustainable tourism management in
Juneau, Alaska, using static optimization, dynamic programming, and the Analytic Hierarchy Process.
The models balance economic growth with environmental and social sustainability, providing key
insights and practical recommendations. The static model suggests an optimal tourist number of
2,000,000, while the dynamic model recommends allocating 15 million $ for nature conservation and
raising the tax rate to 15%. The AHP evaluates Juneau’s tourism planning, concluding a medium
sustainability level with an SDI of 0.5681 for 2024. Future work will extend these models to include
carbon footprint reduction and apply them to other destinations. This study underscores the
importance of balanced tourism management for long-term sustainability.

Keywords: Static optimization, Dynamic programming, Analytic Hierarchy Process, Sustainable
development.

1. Introduction

Juneau, Alaska, faced overtourism [1] due to cruise tourism in 2023, with 1.6 million passengers
and up to 20,000 daily visitors. This brought $375 million in revenue but strained local infrastructure
and the environment, accelerating the retreat of the Mendenhall Glacier. Juneau has raised hotel taxes
and capped visitor numbers, sparking debate. Balancing sustainable tourism with resource protection
remains a key challenge.

The research foundation for sustainable tourism management is built upon a series of studies that
explore the complex interplay between tourism, environment, and socio-economic factors. G&sling
and Hall (2023) [2] highlighted the bi-directional relationship between tourism and climate change,
emphasizing the need to balance economic benefits with environmental impacts. Dellaert and
Hoonakker (2024) [3] introduced dynamic programming to optimize tourism management strategies,
considering seasonal demand fluctuations and resource constraints. Scott et al. (2022) [4] examined
the impact of tourism on water resources and resident satisfaction, demonstrating that aligning
tourism activities with local infrastructure capacities and community well-being is crucial for
sustainable development. Saaty (2020) [5] and Vargas (2019) [6] developed the Analytic Hierarchy
Process (AHP), which Buckley (2023) [7] applied to evaluate tourism sustainability by integrating
environmental, economic, and social factors. Hall et al. (2024) [8] proposed adaptation and mitigation
strategies for tourism-related climate impacts. Epler Wood et al. (2023) [9] explored the balance
between tourism economics and environmental protection through policy instruments like taxation.
These studies provide a robust theoretical framework for this research, enabling the development of
an integrated model that optimizes tourism management while ensuring long-term sustainability.

This study explores sustainable tourism in overtourism-affected areas like Juneau, Alaska, and the
Great Barrier Reef. It integrates static optimization, dynamic programming, and AHP to create a
framework. The static model sets Juneau's optimal visitor number at 2 million. The dynamic model
allocates $15 million for conservation and raises the tax rate to 15%. AHP analysis yields an SDI of
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0.5681 for Juneau and 0.61 for the Great Barrier Reef, indicating medium sustainability. Future work
will include carbon footprint reduction and apply the model to other destinations.

2. Model Construction

2.1. Model Assumptions

During the research period, the number of visitors is assumed to remain stable without abnormal
fluctuations or extreme events like natural disasters. Tourist numbers are considered a stable Poisson
variable in the absence of extreme factors.

Government taxation will not impact the number of tourists or resident resources. Increased taxes
are expected to fund additional services to offset any negative effects.

Environmental indices, tourism prices, and profits are influenced only by tourist numbers and
taxation. Resident impacts on environmental indices are reflected in baseline emissions, while their
influence on ticket prices and profits is captured through taxation. Total revenue is determined solely
by tourism prices and visitor numbers.

2.2. Dynamic Programming Model

Since the variables such as the number of visitors, ticket prices, and glacier melting rates
mentioned above are dynamic, and static optimization models can only depict the objective function
at a given moment, which has certain limitations for studying dynamic sustainable development, we
consider establishing a dynamic programming model[10] on this basis. For the number of visitors N,
assume:

et x AX

P(X =k)= "2

k=0,12,..,n (1)

This means: the number of visitors is a Poisson variable. This aligns with the objective fact that
the average time for an increase in the number of visitors is certain, but the exact timing of the increase
is random, and the arrival of new visitors is independent of previous visitors. The value of A can be
approximated by the average number of visitors over the past five years. Introduce the variable
environmental index Et, which measures the level of environmental quality, with the assumption that
a higher value indicates a better environmental condition. Er satisfies:

B =E —axE +Bx(Ep —E)+7xu" xR, )

Where Et and Et+1 represent the environmental indices for year t and year t+1, respectively, and
Emax represents the maximum value of the environmental coefficient under ideal conditions. « and S
represent the decay coefficient and recovery coefficient of the environmental index, respectively,
reflecting the changes in the environmental coefficient itself; Rt represents the funds invested in
improving the environment in year t, v is the marginal utility coefficient, reflecting the effect of the
funds invested in improving the environment, and u is the utility of Rt on the environmental index
in year t, with M being the acceleration effect. For ticket profit R, assume:

Rt+1 = R x (1+ utp) Nt+l - C(Nt+1) (3)

Where Ri+1 represents the ticket revenue in year t+1, Pt represents the ticket price in year t, u is
the utility of Pt on ticket profit in year t, i.e., the dynamic adjustment factor, with P being the
acceleration effect; C (Nw+1) represents the operating costs in year t+1, which is a function related to
the number of visitors. For ticket price P, assume:

Ra=Rx(+u) (4)
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Where Pt+1 and Pt represent the ticket prices in year t+1 and year t, respectively, u is the utility
of Pton ticket price in year t, i.e., the dynamic adjustment factor, with P being the acceleration effect.
Combining these three parts together, we obtain the system of state transition equations:

Et+1 = Et —ax Et +ﬂX(EmaX - Et)+7/xutM x Rt
Rt+1 = Pt x (1+utP)Nt+1 _C(Nt+1) (5)
I:)t+1 = Pt X(1+utp)
For glacier melting rate G, assume:
G=kxT?+r (6)

Where G is the glacier melting rate, k is the proportionality coefficient, reflecting the sensitivity of
the glacier melting rate to temperature, £ is the acceleration effect, and r is the glacier’s own melting
rate. Greenhouse gases generated by human activities can cause temperature rise, as follows:

AT =axlog(c/c,) (7

Where AT represents the change in temperature T, a is the proportionality coefficient, representing
the sensitivity of the temperature change to the emitted greenhouse gases. C/c0 is used to measure
the degree of greenhouse gas emissions, where co is the baseline emission, indicating that if the current
emission is co, T does not change; c is the current emission. Considering:

T=T,+AT (8)

Where AT is the change in temperature T and To is the current temperature. This equation clearly
shows that the current temperature is the sum of the base temperature To and AT. Define:

clc,=E+1 ©)
Where E is the emission index E. This equation explains the relationship between the emission
indexes E, greenhouse gas emissions ¢, and the baseline emission co. Thus:
T =T,+alog(E+1) (10)
Combining the above equations related to G and T, we get:

G =kx (T, +axlog(E+1))” +r (11)

The relationship between the glacier ablation rate G and the glacier ablation area S is given by:
G=| gds (12)

This is a surface integral, where the glacier ablation rate is integrated over the spatial distribution
to calculate the glacier ablation area S. Here, dS is the area element, representing an infinitesimal
division of the ablation area S. If the ablation rate per unit area g is uniform over the ablation region
(g is a constant), then the above equation simplifies to:

G=gxS (13)

Where g is the ablation rate per unit area (units: m/s or kg/ (m? -s)), representing the speed of
glacier ablation per unit area. Substituting and solving, we have:

G _kx(T,+axlog(E+1))” +r
g g

This represents the situation of glacier melting and is also a reflection of sustainable development
in the natural environment.

S:

(14)
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2.3. Analytic Hierarchy Process

To comprehensively evaluate the level of sustainable development, relying on a single indicator
would be somewhat biased. Therefore, the Analytic Hierarchy Process (AHP) is considered for
evaluation. When applying AHP, the first step is to establish a hierarchical structure model. The
decision-making goals, factors to be considered, and decision objects are divided into the highest
level, intermediate levels, and the lowest level according to their interrelationships, and a hierarchical
structure diagram is drawn. The hierarchical structure model established for this problem is shown in
Figure 1:

Sustainable Development Index

Fig 1. Hierarchical Structure Model.

In this model, the Sustainable Development Index (SDI) serves as the goal level, reflecting overall
sustainable development. The criterion level includes four dimensions: Environmental Index
(reflecting environmental quality and positively contributing to the SDI), Profit (indicating local
profitability and positively contributing to the SDI), Resident Tolerance Level (inversely related to
resident satisfaction and negatively contributing to the SDI), and Glacier Area (indicating natural
sustainability and positively contributing to the SDI). The alternative level categorizes sustainable
development into three levels: low (SDI < 0.5), medium (0.5 < SDI <0.7), and high (SDI > 0.7).

Construct the Judgment Matrix Next, a judgment matrix should be constructed to determine the
weights between factors at each level. For a given criterion, pairwise comparisons are made among
the various alternatives, and their importance is rated accordingly. aij represents the result of the
importance comparison between factor i and factor j, with the scale following the principles shown
in Table 1:

Table 1. Scale for Pairwise Comparisons.

Factor | compared to factor j Quantitative Value
Equally important 1
Slightly more important 3
Strongly more important 5
Very strongly more important 7
Extremely more important 9
Intermediate values between two adjacent judgments 2,4,6,8

From the common knowledge of the Analytic Hierarchy Process (AHP), we know that aji = 1/ aij ,
meaning the importance comparison result of factor j to factor i is the reciprocal of the importance
comparison result of factor i to factor j. For the pairwise importance coefficents between
Environmental Index (EI), Profit (P), Resident Tolerance Level (RTL), and Glacier Area (GA), we
stipulate the following: The importance ratio of El to P is 3, meaning El is slightly more important
than Profit. This is because the concept of sustainable development emphasizes controlling population
growth, protecting resource bases, and developing renewable energy to achieve sustainability. That
is, attention should be paid to environmental quality, making EI the most important factor. Glaciers
are a vital component of environmental health, especially in the context of climate change, where
glacier melting has far reaching impacts on ecosystems, water resources, and the global climate.
Therefore, the importance of GA is equal to that of EI. Economic profit is one of the driving forces
of sustainable development but is less important than environmental health and glacier area.
Ultimately, we obtain the following judgment matrix:
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After obtaining the initial judgment matrix, a consistency check should be performed. For a
consistent matrix of order n, the unique non-zero eigenvalue is n; for a positive reciprocal matrix A
of order n, the maximum eigenvalue 2 > n, and A is a consistent matrix if and only if 2 = n. Since 1
continuously depends on aij, the greater 4 is compared to n, the more severe the inconsistency of A.
The consistency index (Cl) is calculated as follows:

N

-n
n_

Cl =

(16)

[EEN

Where CI =0 indicates complete consistency, CI close to 0 indicates satisfactory consistency, and
a larger CI indicates more severe inconsistency. To measure the size of Cl, the Random Consistency
Index (RI) is introduced:
_ ClI,+Cl, +...+ClI,
n

RI

(17)

Where the Random Consistency Index (RI) is related to the order of the judgment matrix.
Generally, the higher the order of the matrix, the greater the likelihood of random deviation from
consistency. The corresponding relationship is shown in Table 2:

Table 2. Random Consistency Index (RI) for Different Matrix Orders.

Matrix Order I I 111 v A\ VI
RI 0 0 0.58 0.9 1.12 1.24

Considering that deviations from consistency may be due to random reasons, it is also necessary
to compare ClI with the Random Consistency Index (RI) when checking whether the judgment matrix
has satisfactory consistency. The consistency ratio (CR) is calculated as follows:

o
RI

Generally, if CR < 0.1, the judgment matrix is considered to have passed the consistency check;
otherwise, it does not have satisfactory consistency. For the judgment matrix constructed earlier, CI
= 0.0145, which passed the consistency check. Subsequently, the weights of El, P, RTL, and GA can
be determined using the arithmetic mean method based on this judgment matrix. The specific process
is as follows: normalize the judgment matrix, sum the normalized columns, and finally divide each
element of the resulting vector by 4 to obtain the weight coefficients. Using the data, the weights of
El, P, RTL, and GA are found to be 0.3891, 0.1535, 0.0683, and 0.3891, respectively. Since RTL
makes a negative contribution to SDI, its weight should be taken as a negative value. That is:

SDI=0.3891x EI+0.1535x P - 0.0683x RTL+0.3891x GA (19)

CR (18)

3. Results
3.1. Model Solution

First, the number of visitors also holds significant weight in the dynamic model. It follows a
Poisson distribution, with the parameter determined by calculating the average number of tourists
over the past five years, which is 1,200,000.The environmental index E: is a matter of great concern
to us, as it plays a crucial role in evaluating the sustainable development index. We need to clarify
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the boundary values of the environmental index [11], which are set to be between 0 and 1. The initial
value of the environmental index can be determined by the government or environmental departments,

0.5
and it is stipulated that Emax = 1. The utility function is designed as u™ :(ﬁj , where K is the
+
half-saturation constant, which is considered an effective input value.
Low input (Rt < K): The utility is approximately

/R
?t ‘R o R (20)
With increasing marginal benefits.

High input (Rt > K): The utility is approximately

R1 05
1/— R=R (21)
R,
With decreasing marginal benefits.

It is generally believed that when the investment Rt is 100 million dollars, E: = 1. Considering K =
50 million dollars, we can proceed with the parameter estimation. Suppose that without any resource
input, the environmental index can spontaneously stabilize at 0.6. It is generally believed that the
environmental degradation coefficient « = 0.1. Based on this, we can determine § = 0.15.

When the investment reaches its maximum value R = Rmax, the environmental index should

approach 1:
R 0.5
+y| —mx__ | R
p 7(Rmax+|<j max R 22)
:1:>7/ &.Rmax =
a+pf R T K

This ensures that the environmental index converges to its maximum value under full investment.
Thus, we can determine y = 0.00125. The final expression is:

0.5
E.,=E —0.1xE +0.15x(1- Et)+o.001225><[Rt Tsoj xR, (23)

Revenue and travel prices reflect the level of sustainable development in the local economy. Thus,
discussing their state transition equations is necessary. Consider the following equation:

R[+1 = P[ X (1+ utP) Nt+1 - C(Nt+1) (24)

First, we assume that the per capita travel price is between 190 and 300. It is required that the
annual fluctuation of travel prices should not be too large, otherwise it would bring great
inconvenience to the managers. The price adjustment factor ut” is a dynamic feedback mechanism
based on the price itself and the target range. When the price is close to the lower limit in a given
year, the adjustment factor will cause the price to rise the following year; when the price is close to
the upper limit, the adjustment factor will cause the price to fall the following year. To reflect this

trend, we stipulate:
300-P P -190
UP= . t — . t
‘ “( 110 j ﬂ( 110 J (25)

\ﬁ/—/ %/—/
Lower Bound Compensation Term  Upper Bound Suppression Term

Where the parameters are set to ensure small fluctuations in Rt . We can take o = 0.03 and 5 = 0.02
to control the adjustment amplitude and ensure a smooth transition.
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The cost function adopts a piecewise nonlinear cost function to reflect economies of scale and
congestion effects. It can take the following form:

80N,,, +5x10°N2,, N,, <1.5x10°
C(NH;L) — t+1 » t;rl t+1 . (26)
80N, +2x10*N2,, N,,>1.5x10

When the passenger flow is low (N7+1 < 1.5 x 108), the cost is mainly linear; when the passenger
flow is high (Nt+1 > 1.5 % 10°), the quadratic term coefficient increases, reflecting additional
management cOsts.

Finally, we obtain the complete state transition equation:

110
(80N, +5x10°N2,, N, <1.5x10°
|80W,, +2x107* N2, V., >1.5x10°

1+ f+1> +

(27)

The area of glaciers is also quite significant, and its positive contribution to the evaluation of the
sustainable development index is comparable to that of the natural index. In fact, the authorities can
directly obtain the local temperature and use the data for calculations. Therefore, it is only necessary
to discuss the unit area ablation rate g, which is divided into two cases.

When the unit area ablation rate is not uniform on the glacier area, we have:

G| gas (28)

From this, we can derive S =f (G), which is the conventional method of solution and also conforms
to the actual situation. However, existing mathematical tools cannot derive a specific expression, so
it is necessary to simplify the model and assume that the unit area ablation rate is uniform in each
area, with:

B
g G _(kxT)+r (29
g g

Where the value of T can be directly obtained. It should be noted that the unit of temperature T is
set to Kelvin temperature. According to the literature, g = 0.5 and r = 1. The parameters k and £ can
only be calculated using the iterative method. Referring to the relevant literature on the ablation of
Juneau glacier area, when T=275K, S =10 m? when T =280 K, S =20 m? when T =385 K, S = 34
m2. Considering that the melting point of ice is 375 K, we can obtain g = 42 and k = 0.00377. The
expression for the glacier ablation area is obtained:

S= 2x((0.00377 T)™° +1) (30)

3.2. Case Analysis of Model 1

The Great Barrier Reef is chosen for tourism analysis due to the impacts of overtourism. Rising
visitor numbers and global warming degrade coral health and affect local quality of life. To address
these issues, Juneau’s tourism planning model is applied. Using the existing data, the indicators of
the Great Barrier Reef in Australia in 2023 were calculated and the fiscal allocation is obtained
through model calculations, as shown in Table 3 and Table 4:

Table 3.The indicators of the Great Barrier Reef.

Indicator Value

El (Environmental Index) 0.599
P(Profit Index) 0.51

RTL (Resident Tolerance Index) 0.391
ClI (Coral Index) 0.833

SDI (Sustainable Development Index) 0.61
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Table 4. Fund Allocation Ratios by Usage Category.

Fund Usage Allocation Ratio
Nature Conservation 25%
Infrastructure and Community Projects 55%
Self-Development 20%

4. Conclusions

Juneau is grappling with challenges of overtourism and environmental sustainability due to the
rapid growth of its cruise tourism industry. To address these issues, a comprehensive framework
based on dynamic programming and the Analytic Hierarchy Process (AHP) has been developed. The
dynamic programming model addresses key dynamic variables, including the number of visitors,
ticket prices, and glacier melting rates, while incorporating an environmental index to measure
environmental quality. Meanwhile, the AHP integrates multiple factors such as the environmental
index, profit, resident tolerance, and glacier area to evaluate the level of sustainable development.
This integrated approach effectively balances economic and environmental goals. The model's broad
applicability is further demonstrated through a case study of the Great Barrier Reef in Australia.
Looking ahead, future research will expand the model to include strategies for reducing carbon
footprints and apply it to more tourist destinations.
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