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Abstract. In this paper; we formulate and analyze a deterministic optimal control
model for the transmission dynamics of hantavirus infection in rodent populations
and identify economically efficient intervention strategies. The model incorporates
three time-dependent controls: rodent harvesting, transmission reduction, and
alien-oriented control. By applying Pontryagin’s Maximum Principle, we derive
the Hamiltonian, the adjoint system, and explicit characterizations of the optimal
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controls, leading to the corresponding optimality system. Numerical solutions are
obtained using a forward-backward sweep algorithm. Simulation results demon-
strate that combined interventions can substantially reduce the infected rodent
population; however, under limited resources, selecting a cost-effective policy is
crucial. A health-economic evaluation based on the average and incremental cost-

20267023135 dOHI037905/bmA7ILIS o it ctiveness ratios (ACER and ICER) shows that the joint implementation of har-

vesting and transmission reduction provides the most effective strategy among the
alternatives considered. We further present a local normalized sensitivity analysis,
highlighting the parameters that most strongly influence the predicted infections
averted. These findings support the adoption of integrated, rodent-focused inter-
ventions for mitigating hantavirus transmission and offer quantitative guidance
for informed public health decision-making.

1. Introduction

Mathematical modeling has become an essential tool for understanding the mechanisms that
drive infectious disease transmission and for supporting evidence-based decisions on intervention and
resource allocation [1, 2]. In zoonotic infections sustained in wildlife reservoirs, models are partic-
ularly valuable because control policies typically target ecological drivers (population density, inter-
species interactions, and environmental conditions) in addition to direct transmission pathways. Con-
sequently, a growing body of research has incorporated control policies into biological and epidemi-
ological systems to design, assess, and optimize effective disease-mitigation strategies [3—13]. Han-
tavirus infection is a prominent example of such systems: it is maintained in rodent populations and
can spill over to humans primarily through contact with infected rodents or their contaminated exc-
reta. Consequently, reducing the infection burden often requires integrated management approaches
that combine population control, transmission-reduction measures, and ecological interventions that
affect the underlying rodent-environment system [14-18].
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A number of deterministic compartmental models have been developed to describe hantavirus
transmission dynamics in rodent hosts and to investigate key qualitative properties such as threshold
behavior and disease persistence [19-21]. However, a systematic cost-effectiveness evaluation of com-
peting integrated control strategies within an optimal-control framework for hantavirus transmission
has not yet been examined in detail.

To address this gap, we formulate and analyze an optimal control model for hantavirus trans-
mission in rodent populations that incorporates interactions with an alien species and three time-
dependent interventions: (i) rodent harvesting, (ii) transmission reduction, and (iii) alien-oriented
control. Using Pontryagin’s Maximum Principle, we derive the Hamiltonian, the adjoint system, and
explicit characterizations of the optimal controls, leading to the associated optimality system. Numer-
ical solutions are obtained via a forward-backward sweep algorithm. Since public health resources
are often limited, we complement the dynamical optimization with a health-economic evaluation by
computing the total infections averted, the total control cost, and standard cost-effectiveness measures
(ACER and ICER), thereby identifying the most efficient strategy among all feasible combinations of
interventions. In addition, we perform a local normalized sensitivity analysis of the effectiveness met-
ric T, for the most effective strategy (S4), highlighting the parameters that most strongly influence the
predicted infections averted.

The remainder of the paper is organized as follows. Section 2 presents the formulation of the
hantavirus model and describes the proposed time-dependent control interventions. Section 3 applies
Pontryagin’s Maximum Principle to derive the Hamiltonian and the characterization of the optimal
controls. Section 4 presents the cost-effectiveness analysis and reports the associated numerical simu-
lation results for the proposed control strategies. Finally, Section 5 concludes the paper.

2. Model formulation

We consider the rodent-alien system for hantavirus transmission introduced in [19, 22], in which
the total rodent population r(r) = ry(¢) + r;(¢) is divided into susceptible rodents r,(¢) and infected ro-
dents r;(¢), while z,(z) denotes the population of the alien species. In the original model, the dynamics
are governed by

d

dr; Ti

— = —eri— 7 (r+az) tarri—Er, w
dz, <

@~ BV e,

where b is the rodent birth rate, ¢ the natural mortality, a the hantavirus transmission rate, E a constant
harvesting effort on rodents, ¢ measures the influence of the alien population, & is an environmental
parameter, and f3,7, € describe the growth and interaction of the alien species.
To design time-dependent intervention strategies, we introduce three measurable control func-
tions
up(r), ua(t), us(t), 0<uj(r)<1, j=1,2,3,

with the following biological meanings:

* u;(r): time-dependent harvesting (or culling) effort applied to the rodent population. This con-
trol generalizes the constant rate E in system (1) and represents trapping, poisoning or any
removal campaign targeting both susceptible and infected rodents.

* u(t): transmission-reduction effort, modeling environmental sanitation, reduction of contact be-
tween susceptible and infected rodents, or other measures that decrease the effective hantavirus
transmission rate. Mathematically, it reduces the hantavirus transmission from a to (1 —ux(7))a.
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* u3(t): alien-oriented control, such as harvesting of the alien population, habitat modification, or
biological control that increases the effective mortality of z,(¢).
Incorporating these controls into system (1), we obtain the controlled system

dr T

?; = br—cry— i (r+qzq) —a(l —up)reri —uyry,

dr; T

7;: —cr,-—;’(r—qua)-l—a(l—btz)rsri—ulri, 2)
dz Z

7:: (ﬁ—’}/—du3)Za—?a(Za+€r)a

where d > 0 is a scaling parameter that converts the control u3 into an additional mortality rate for
the alien population. The initial conditions are taken as

rs(0) =r0 >0, 71i(0)=rio >0, z4(0) =240 >0.
We restrict our attention to bounded, Lebesgue measurable controls:
U = {(u1,u2,u3) : uj:[0,T] — [0, 1] measurable for j = 1,2,3}, 3

where T > 0 denotes the fixed final time of the control horizon. For each triplet (u;,us,us) € %,
the controlled system (2) admits a unique positive solution (r,(¢),r;(t),z4(¢)) on [0,7] under the usual
Lipschitz and linear-growth conditions.

2.1. Objective functional

The goal of the control program is to reduce the infected rodent population and, where appro-
priate, to suppress the alien population, while keeping the implementation costs of the controls at a
reasonable level. To this end, we consider the quadratic cost functional

r B B B
J(ur,u2,u3) :/O [Alri(t)+A2za(t)—i—zlul(t)2+22u2(t)2+23u3(t)2 dt, 4
where A;,A; > 0 weight the epidemiological and ecological burdens associated with infected rodents
and alien abundance, respectively, and By, B,,B3 > 0 denote the relative unit costs of the three control
measures.
The optimal control problem consists in finding a triplet (u],u},u3) € % such that the corre-

sponding solution (r},r},z};) of system (2) minimizes the objective eq. (4), that is,

J(wi,ub,u3) = min  J(uy,up,u3). (5)
(uy,up,u3)EU
3. The Hamiltonian and optimality system
This section applies Pontryagin’s Maximum Principle to derive the Hamiltonian, the adjoint

.. .. . T
system, and the explicit characterization of the optimal controls. Let A = (ll,kz,)@) denote the
associated costate variables. The Hamiltonian is

Bl(ul)2+32(u2)2+33(u3)2
2 2 2

H=Airi+Arz,+ + M7+ At + A3z,

with #y, 74,2, given by system (2). Pontryagin’s Maximum Principle yields A; = —% and

M(T) =M(T) =23(T) = 0.
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Thus, we obtain

: 1 €

M= A |:b—C—k(2X1 +X2+q.X3) —a(l —MZ)XQ—M]:| — A [—% +a(1 —MZ)X2:| Aﬁ, [—7])53} ,

. 1 €
M= —A -4 [b— % —a(l —uz)xl} A {—c— ;(xl +2x2+gx3) +a(l —uz)x; —ul} - [——;3} ,

Jo= —dy— 2y [~ B - [ £2] -2 [(/3 - %(2)53 +e(n+x)) dugl .
3.1.  Characterization of the optimal controls

By Pontryagin’s Maximum Principle, the optimal controls uj(¢), u;(t) and u3(¢) minimize the
Hamiltonian H pointwise on [0,7]. Since H is strictly convex in each control, the optimal controls
are obtained by setting dH/du; = 0 and projecting the result onto the admissible interval [0,1]. The
control u; appears in H through the quadratic cost £ ”1 and the removal terms —u;r, and —u;r;. The

lnterlor mlnlmlzer IS
2,1 (t)rs(t) + lz(l‘)ri(l)
B, '

(1) =

After projection onto [0, 1] we obtain

ui(t) = mln{l max {0, %}}

The control u, modifies the infection term a(1 — uy)ryr;. Differentiating the Hamiltonian with respect
to u, yields
ars(t)ri(r)

C
1) =
up(t) = B,

(Aa(r) = A (1)).

Thus the optimal control is

w3 (r) = min {1, max {0, =0 (1) — 24 (1) } }.
The control u; appears in the alien mortality term —du3z,. The unconstrained minimizer satisfies

dA3(t)z4(t) .

C
1) =
us(r) Bs

Therefore,

uz(t) :min{l, max {0, %ZZN)}}_

These expressions characterize the unique optimal controls associated with the solution of the forward
state system and backward adjoint system.

4. Cost-effectiveness and numerical simulations

Before conducting the cost-effectiveness analysis, we summarize the seven control strategies
considered in this study in Table 1. Each strategy corresponds to a specific combination of the controls
(u1,u,u3), where u; represents rodent harvesting, u, reduces the transmission rate, and u3 targets the
alien population.

To compare the seven candidate control strategies defined in Table 1, we performed a cost-
effectiveness analysis using the total infections averted, the total control cost, and the associated
average and incremental cost-effectiveness ratios. For each strategy, the effectiveness was quantified

by the total infections averted
T
T, = / £ di — / r(1)d, 6)
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Table 1. Definition of the seven control strategies.

Strategy Active controls
S1 Rodent harvesting only: u; (¢)
S2 Transmission reduction only: u;(t)
S3 Alien-oriented control only: u3(t)
S4 Combined harvesting and transmission reduction: (uy,u,)
S5 Harvesting and alien control: (uq,u3)
S6 Transmission reduction and alien control: (uy,u3)
S7 Full combination: (uy,up,u3).

where r"°(¢) denotes the infected rodent population in the absence of control and rf(z) is the corre-
sponding infected population under the given strategy. Thus, 7, > 0 indicates that the strategy reduces
the cumulative infected-rodent burden relative to the uncontrolled baseline, whereas T, < 0 implies
that the strategy increases the cumulative number of infected rodents.

The total implementation cost was computed by integrating only the quadratic control terms in
the objective functional,

T /B B B
o= [ S0+ a0+ S ) dr )
0 2 2 2
For strategies with T, > 0, the average cost-effectiveness ratio (ACER) was calculated as
T
ACER = 7 8

a

Moreover, following the standard incremental procedure, we ordered strategies by increasing effec-
tiveness (increasing 7,) and computed the incremental cost-effectiveness ratio (ICER) sequentially

*® () -1
) 1"
. -1,

a

where () denotes the jth strategy in the ordered list. A strategy is said to be dominated if there exists
another strategy that is at least as effective and no more costly, with strict improvement in at least one
of the two criteria [23, 24].

Table 2. Cost-effectiveness results for the seven optimal control strategies, ordered by effectiveness

1.
Strategy T, T; ACER ICER Dominated  Jigea
S3 —205.11 5.3359 - 0.050144 Yes 512.33
S7 107.28 21 0.19575 —0.11066 Yes 215.5
S1 287.14 1.0966 0.0038189  13.883 No 602.04
S5 287.72  9.1834  0.031918 1.0732 Yes 23.451
S6 288.78 10.322  0.035742 —68.391 Yes 23.219
S2 288.87 4.2533  0.014724 —5.2258 Yes 572.65
S4 289.3  2.0248  0.006999 - No 597.79

The computed cost-effectiveness outcomes are reported in Table 2. Strategy S3 (alien-oriented
control only) yields negative effectiveness (7, = —205.11), indicating that targeting the alien popula-
tion alone increases the cumulative infected-rodent burden relative to no control; hence, S3 is strongly
dominated and is not a viable option from a health-economic perspective. Although the full combi-
nation strategy S7 achieves a relatively small value of the overall objective functional Jiyy, it does
so at the highest implementation cost (7, = 21) and delivers only modest effectiveness (7, = 107.28),
resulting in the largest ACER; consequently, S7 is also dominated. Among the remaining candidates,
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strategies that include the alien-oriented control tend to incur higher costs with limited additional
epidemiological gains and are eliminated by dominance in the (7,,7;) plane.

Among strategies with positive effectiveness, S1 (harvesting only) provides substantial benefit
(T, = 287.14) at very low cost (T, = 1.097), leading to a small ACER. However, the integrated rodent-
focused strategy S4 (combined harvesting and transmission reduction) attains the largest effectiveness
(T, = 289.30) with a relatively low cost (7. = 2.025) and consequently a low ACER (= 0.007). Impor-
tantly, S4 remains non-dominated in the incremental comparison, whereas strategies that include
alien-oriented control (S5-S7) incur considerably larger costs with limited additional gains in effec-
tiveness and are therefore eliminated by dominance. Overall, the cost-effectiveness results identify the
combined harvesting and transmission-reduction strategy S4 as the most effective option, achieving
the largest reduction in the cumulative infected-rodent burden (7}) at a relatively low implementation
cost, while S1 remains the most economical strategy with the smallest ACER.

Next, we present numerical simulations illustrating the impact of the optimal control strategies
on hantavirus dynamics. The model is integrated using the classical fourth-order Runge-Kutta method
coupled with the forward-backward sweep algorithm to assess the impact of various control combina-
tions. In each iteration of the forward-backward sweep, the state equations are solved forward in time
from the given initial conditions; the adjoint equations are then solved backward in time using the
transversality conditions; finally, the controls are updated via the characterization, and the procedure
is repeated until convergence [25]. The biological parameter values are adopted from [19].

Susceptible rodents r, (1
=
Infected rodents r,(t)

Alien species (1)

Figure 1. Dynamics of (a) susceptible rodents, (b) infected rodents and (c) alien species when only
alien-oriented control is employed; (d) optimal control trajectory.

Figure 1 presents the numerical impact of the alien-only optimal control strategy S3 on the han-
tavirus dynamics. In this scenario, the control acts exclusively on the alien population, leading to a
rapid suppression of z,(¢) relative to the uncontrolled case (Figure 1c), with the corresponding control
profile remaining at a relatively high level over an initial time interval before gradually decreasing
(Figure 1d). However, despite the substantial reduction in the alien species, the infected rodent pop-
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ulation r;(¢) is not mitigated; instead, r;(¢) increases and settles at a markedly higher level compared
to the no-control baseline (Figure 1b), while the susceptible rodents exhibit only minor changes (Fig-
ure 1a). This behavior is consistent with the cost-effectiveness outcomes, where strategy S3 yields
negative effectiveness (7, < 0), indicating an increase in the cumulative infected-rodent burden rel-
ative to no control. Consequently, S3 is strongly dominated from a health-economic perspective and
should not be regarded as a viable intervention for reducing hantavirus infection.

Susceptible rodents r, (1
Infected rodents (1

25 1

20

Alien species z,(t)
S Uy,
°
&

(o (d)

Figure 2. Dynamics of (a) susceptible rodents, (b) infected rodents and (c) alien species when har-
vesting, transmission reduction and alien-oriented controls are employed; (d) optimal con-
trol trajectory.

Figure 2 presents numerical simulations for the full optimal control strategy S7, in which rodent
harvesting, transmission reduction, and alien-oriented interventions are implemented simultaneously.
As shown in Figure 2c, the inclusion of the alien-oriented control drives the alien population z,(z)
toward near-elimination compared with the uncontrolled case, while the susceptible rodent trajectory
exhibits a transient rebound before settling to a level close to the baseline (Figure 2a). In terms
of infection dynamics, S7 produces an initial decline in the infected rodents, followed by a gradual
increase toward a long-term level comparable to the no-control equilibrium (Figure 2b), indicating
that the epidemiological benefit of activating all controls is limited for the infected class under the
chosen parameter set. The optimal control profiles (Figure 2d) display the typical pattern of high
early effort followed by relaxation, with u3(¢) remaining comparatively larger over time to suppress
z4(t), while u; (r) and u,(¢) stabilize at intermediate levels.

Figure 3 illustrates the numerical dynamics under the single-intervention strategy S1, where
only rodent harvesting is implemented as an optimal control active. Relative to the no-control base-
line, harvesting produces a substantial reduction in the infected rodent population r;(z), driving it
toward extinction within a short time window (Figure 3b). As expected, the susceptible class r(t)
also decreases due to direct removal (Figure 3a). The alien population z,(¢) increases slightly under
harvesting (Figure 3c), which can be interpreted as a release of competitive pressure following the
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Figure 3. Dynamics of (a) susceptible rodents, (b) infected rodents and (c) alien species when only
rodent harvesting control is employed; (d) optimal control trajectory.
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Figure 4. Dynamics of (a) susceptible rodents, (b) infected rodents and (c) alien species when har-
vesting and alien-oriented controls are employed; (d) optimal control trajectory.
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decline in the total rodent population. The optimal harvesting profile in Figure 3d shows that u;(¢)
taking relatively high values initially to quickly suppress infection, then relaxing to a lower, nearly
steady level as the system approaches the controlled regime.

Figure 4 presents numerical simulations for strategy S5, in which harvesting and alien-oriented
control are applied simultaneously. Relative to the uncontrolled dynamics, the combined interven-
tion drives both the susceptible and infected rodent populations toward very low levels (Figures 4a
and 4b), reflecting the direct removal effect of harvesting and the resulting reduction in the total ro-
dent population. In addition, activating the alien oriented control yields a pronounced decline of the
alien species z,(t), bringing it close to extinction within a short time interval (Figure 4c). The optimal
control profiles in Figure 4d show that u(¢) starts at a high intensity to quickly suppress the rodent
populations and then relaxes to a lower level, whereas u3(r) remains relatively strong over an initial
period to eliminate the alien population before gradually decreasing.

= = without control
with control

— — without control

v with control

Susceptible rodents r (1)
Infected rodents r,(t)

o - d w & o o N ® ©
By

25 1

20

Alien species (1)

Figure 5. Dynamics of (a) susceptible rodents, (b) infected rodents and (c) alien species when trans-
mission reduction and alien-oriented controls are employed; (d) optimal control trajectory.

Figure 5 shows the numerical dynamics under strategy S6, where transmission reduction and
alien-oriented control are implemented simultaneously. Compared with the no-control baseline, the
infected rodent population r;(¢) is sharply reduced and approaches extinction (Figure 5b), indicating
that reducing the force of infection through u, is effective in suppressing hantavirus transmission.
In contrast, the susceptible rodent population r,(¢) increases and stabilizes at a higher level than in
the uncontrolled case (Figure 5a), which is consistent with the diminished infection pressure and the
absence of harvesting. Meanwhile, the alien population z,(¢) is driven down to low levels due to the
direct action of u3 (Figure 5c). The optimal control profiles in Figure 5d show that both u,(r) and u3(7)
start at relatively high intensities to quickly curtail transmission and suppress the alien species, and
then relax to lower levels as the system approaches the controlled regime.

Figure 6 illustrates the numerical dynamics under strategy S2, where only transmission reduc-
tion is implemented as an optimal control. Compared with the no-control baseline, the infected rodent
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Figure 6. Dynamics of (a) susceptible rodents, (b) infected rodents and (c) alien species when only

transmission reduction control is employed; (d) optimal control trajectory.
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Figure 7. Dynamics of (a) susceptible rodents, (b) infected rodents and (c) alien species when rodent
harvesting and transmission reduction controls are employed; (d) optimal control trajectory.
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population r;(¢) is reduced and approaches extinction within a short period (Figure 6b), highlighting
the effectiveness of reducing the force of infection through u,. As a consequence of the diminished in-
fection pressure, the susceptible rodent population r(¢) increases and stabilizes at a higher level than
in the uncontrolled case (Figure 6a), reflecting reduced transitions from susceptibility to infection.
The alien population z,(r) remains essentially unchanged relative to the baseline (Figure 6c¢), since
no alien-oriented intervention is applied in this strategy. The corresponding optimal control profile
(Figure 6d) shows that u;(¢) taking high values initially to quickly reduce transmission, followed by a
gradual decline toward a lower level as the infection burden decreases.

Figure 7 illustrates the dynamical outcomes under the combined rodent harvesting and trans-
mission - reduction strategy. Compared with the no-control baseline, applying the optimal controls
substantially suppresses the infected rodent population r;(z), driving it toward extinction (Figure 7b).
This reduction is accompanied by a marked decline in the susceptible rodent population r,(r) (Fig-
ure 7a), reflecting the direct removal effect of harvesting as well as the reduced force of infection
induced by transmission mitigation. In contrast, the alien population z,(¢) increases slightly under this
strategy (Figure 7¢), which can be attributed to the reduced competitive pressure from the rodent pop-
ulation in the coupled system. The optimal control profiles show that u (#) and u, () begin at relatively
high levels and then decrease smoothly to lower values as the infection burden diminishes, while u3(z)
remains inactive in accordance with the definition of strategy S4. This result is consistent with the
cost-effectiveness outcomes, which identify strategy S4 as the most effective intervention among the
seven strategies considered.

Local sensitivity of T;, for Strategy S4
T T T T T T

Normalized sensitivity index

-6 . . . . . . . .

Figure 8. Local normalized sensitivity indices of the effectiveness measure 7, (total infections averted)
for strategy S4. Positive (negative) indices indicate that increasing the parameter increases
(decreases) T,.

Figure 8 illustrates the local normalized sensitivity indices of the effectiveness measure T, (total
infections averted) for strategy S4. The figure shows that 7, is most sensitive to the rodent demo-
graphic parameters b and c: the rodent birth rate b exerts the largest positive influence (index ~ 6.2),
whereas the natural mortality rate ¢ has a strong negative influence (index ~ —4.7). This indicates
that the predicted effectiveness of strategy S4 depends strongly on rodent recruitment and natural
mortality. In addition, the environmental parameter k exhibits a notable positive sensitivity (index
~ 2.5), and the transmission rate a has a moderate positive effect (index = 1.7). The parameters asso-
ciated with alien-species dynamics have smaller impacts: 8 and the alien-influence parameter ¢ show
negative sensitivities, while y has only a minor positive effect and ¢ is negligible.
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5. Conclusion

In this paper, we formulated and analyzed a deterministic model for hantavirus transmission in
rodent populations, incorporating an interacting alien species to account for ecological coupling that
can influence rodent demography and infection dynamics. The rodent population was partitioned into
susceptible rodents r,(z) and infected rodents r;(¢), while the alien population z,(¢) was included to
reflect interspecies interactions within the shared environment.

We then extended the model to an optimal control framework with three time-dependent in-
terventions: rodent harvesting u,(¢), transmission reduction u,(¢), and alien-oriented control u3(t).
By applying Pontryagin’s Maximum Principle, we derived the Hamiltonian, the adjoint system, and
explicit characterizations of the optimal controls, yielding the complete optimality system. The result-
ing system was solved numerically via a forward-backward sweep algorithm, enabling a systematic
comparison of the epidemiological outcomes across all admissible control combinations.

Numerical simulations show that several integrated strategies can substantially reduce the in-
fected rodent population over the considered time horizon. However, because multi-intervention
policies may impose considerable operational costs, we complemented the optimal control analysis
with a health-economic evaluation. Specifically, we computed the total infections averted T, the total
control cost T., and the associated cost-effectiveness indicators (ACER and ICER) for each strategy.
The results identify strategy S4 as the most effective option, achieving the largest reduction in the
cumulative infected-rodent burden (7;) at a relatively low implementation cost, while S1 remains the
most economical strategy with the smallest ACER. In contrast, strategies incorporating alien-oriented
control yield only marginal additional epidemiological benefits while substantially increasing costs
and are therefore dominated in the cost-effectiveness comparison. Finally, we assessed the robustness
of strategy S4 via a local normalized sensitivity analysis of 7,, which indicates that 7, is most sensi-
tive to the rodent demographic parameters » and ¢, with additional influence from the environmental
capacity k and a moderate contribution from the transmission rate a.

Overall, these findings support integrated, rodent-focused interventions as an effective and eco-
nomically efficient approach for mitigating hantavirus transmission in rodent reservoirs, and they
provide quantitative guidance for designing sustainable disease-management policies under limited
resources.
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