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Abstract. Surveillance of invasive alien species critically safeguards national bi-
osecurity. Using Bursaphelenchus xylophilus as our case study, this paper ad-
dress cross-regional transmission and infection uncertainty through a bi-level
programming model for surveillance resource allocation. This enables efficient
multi-level governmental deployment. The upper-level model aims to maximize
the number of infested counties detected, enabling the superior government to
delineate pest dispersal boundaries. The lower-level model seeks to maximize the
number of infested sites detected within jurisdictions, assisting local govern-
ments in implementing refined surveillance of outbreaks. Multiple invasion prob-
ability scenarios are introduced to characterize the stochastic risk of the pest
spread. An approximate linearization method is employed to transform the model
into a mixed-integer programming formulation, so that it can be solved by using
backward induction. Test results demonstrate that the bi-level programming
model effectively expands the number of monitoring sites. It achieves risk-re-
source balance by dynamically adapting inter-tier allocation ratios in complex
environments. Furthermore, the detection capacity of local governments directly
shapes resource allocation between the two levels.

Keywords: Invasive alien species, Resource allocation, Bi-level programming,
Bursaphelenchus xylophilus, Uncertainty.

1 Introduction

The rapid growth of international trade has significantly exacerbated the risk of
invasive alien species(IAS). China is one of the countries most seriously affected by
IAS. Bursaphelenchus xylophilus is the most damaging invasive species. Despite Chi-
na's IAS surveillance mechanism is relatively well-established, operational challenges
persist. First, a contradictory exists between limited funding and growing demand for
surveillance. Second, analogous to epidemic, pest exhibits stochastic dispersal across
regions. Third, conflicting policy objectives create an asymmetric game relationship
between two-tier governments in surveillance decisions.

Research on alien species covers many issues. Regarding resource allocation mod-
els, Cobourn et al. developed dynamic cooperative Nash bargaining model to contain
species spread[1]. Yemshanov et al. created a spatial optimization model to minimize
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losses[2]. Haight et al. designed a bi-level programming model[3]. Chen et al. devised
two cost-compensation mechanisms[4]. Kinsley et al. showed that while county col-
laborations improve efficiency, statewide coordination achieves superior outcomes[5].
Optimization models serve as powerful tools given limited resources and invasion un-
certainties[6]. Biiyiiktahtakin first applied integer programming to control pest inva-
sions[7], later using multi-stage stochastic programming model for emerald ash borer
management[8]. Subsequently, this scholar developed a risk-averse stochastic mixed-
integer programming model[9].

Review of literature findings the existing models often assume single decision-mak-
ing body or the same objective, neglecting differentiated objectives and game relation-
ships at different administrative levels in the cross-regional spread of invasive species.
Additionally, multi-level budget constraints have not been incorporated into decision.
Based on this, we accounts for the cross-regional dispersal dynamics of Bursaphelen-
chus xylophilus and divergent objectives across government tiers, constructs a collab-
orative surveillance model based on bi-level programming,which provides a general-
izable framework for multi-level resource allocation. The model can be extended to
other invasive species for cross-regional surveillance.

2 Optimisation Model

2.1  Problem Description

In the actual pest regulation, upper governments delineate pest invasion boundaries by
detecting infested districts through site detection while local governments focus on as-
sessing specific infection levels via secondary detection after initial pest discovery. We
construct a spatial network comprising J host tree sites susceptible to pest infec-

tion.This network governed by a single upper government, includes M municipalities
that collectively administer NV districts. Each local government m administers NV, dis-
tricts and J,, host tree sites, while each district 72 contains J, host tree sites.The related

relationships are N = SY N,andJ =Y J,=>"J, The probability that site
J is invaded is P/ . When an invasion has occurred at this site,the probability that in-
spection of site J finds signs of invasion is . Then, the probability of detecting inva-

sion signs in site Jis Pt . We formulate the problem as a bi-level stochastic program-
ming model. Under budget constraints, the upper government allocates resources and
conducts partial site inspections. Each local governments then autonomously decide
which sites to be detected after being allocated the resources.

2.2 Model Assumptions

To facilitate modeling, we adopt these realistic assumptions:
(1) The pest detection rate of each local government is the same;
(2) Total surveillance budget from the upper government is fixed and non-addable.
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2.3 Mathematical Model

This issue allows local governments to make their own decisions on the selection of
inspection sites after allocating resources and differ from upper government in their
surveillance goals.The upper government allocates total budgets, prioritizing district-
level invasion presence to delineate pest dispersal boundaries. It conducts only one in-
spection per site. Local governments concerned granular site-level surveillance. Upon
detecting infestation during primary inspections, they immediately trigger secondary
inspections to assess population density.

(1)Lower-level modelling (local government decision-making)

We define a binary decision variable z, ,where z, =1 indicates site J is inspected by

local government. Z,,..is pest detection rate. g;;is primary inspection cost for site j by

local government and gy is secondary cost. Inspection cost at site ; is
&+ &P ilica = (gf, +gy )p/tluml + gy (l _p/‘tlmul) ,Where the first right—hand term is the

cost when signs of pests invasion are detected, and the second term represents cost
when no invasion signs are found during primary inspection. This formulation as-
sumes decision-makers know site-specific infestation probabilities. However, in reality,
stochastic dispersal influenced by climatic conditions makes precise determination of

P;infeasible. To characterize dispersal uncertainty, we construct S discrete invasion
scenarios. Each scenario assigns site-specific invasion probabilities P . Under sce-
nario s(s € §) with dispersal uncertainty, this cost becomes gy + &2 Pjstica . The
lower-level model is formulated as:

1, <
max—z(zjzpjstlom/) (1)
S Jj=1 s=1
I
Z [Zj (glj + ngpjstlocal )] < Cmvvs € S (2)

=

Objective function (1) is maximize sites number exhibiting signs of pest invasion
within the local government jurisdiction. Constraint (2) indicates that the local govern-
ment is constrained by its budget C,.(0< C,, <C).

(2)Upper level modelling (upper government decision making):

We define binary decision variable x; and y; ,where x; =1 indicates site j is in-

spected by the upper government and y; =1 indicates site j is inspected by the local

government. 7,, is pest non-detection probability in district # under scenario s .The core
characteristic of the bi-level programming model lies in its two-stage decision-making
process. The upper government aims to maximize objective function (Eq. 3), while
simultaneously needing to anticipate how the local government, upon receiving budget
C... will optimize its strategy based on objective function (Eq. 1).We addresses this
problem using backward induction.First, each local government identifies an optimal
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set of inspection programmes under different budget constraints. Specifically, the po-
tential budget levels that upper government may allocate to each local government are
discretized in 7 candidate values. Based on candidate budgets {C,,,C..,...,C..}(veV),

each local government generates J~ distinct inspection plans. Subsequently, the upper
government selects one inspection plan from V plans and inspects potential invasion
sites not covered by the local government.A binary decision f,, variable is de-

fined,where f,, =lindicates that the upper government selects the v-th budget plan for

local government((i.e.,sites where e;,, =1).The upper-level model can be formulated as
follows:

max — 22(1 r) (3)

s=1 n=1

Jll
= H[(l - ijt)xj (1 - pjstlocal)}/ ’VS €S (4)
j=1
x;+y, <LVjeJ (5)
:zzfmvejmv’vje‘] (6)
m=1 v=1
vV
> fon=LVmeM (7
v=1

Z L+ Z Z (f,,Co) < (8)

m=1 v=1

/m\ eargmaX( Z(Z ZPJY lDCﬂ/) s.t. Z[Z (glj +g2]p]s Iocal)] < Cm’vs € S (9)

Jj=1

Function (3) maximizes the average probability of pest detection across all districts
under scenario s . Constraint (4) defines the probability that no pest invasion signs are
detected in district 7 under scenario s , this nonlinear function can be approximated via
linearization techniques. Constraint (5) ensures that each site is inspected by either up-
per government or local government.Constraint (6) restricts the upper government's
choice of sites inspected by local governments, mandating selection only from pre-
computed optimal inspection plans generated by the lower-level model. Constraint (7)
specifies that the upper government selects exactly one budget level v from the set of
candidate levels for each local government. Then, constraints (6) and (7) propagate op-
timal inspection plan (pre-solved by the lower-level model for budget level v ) to the
upper-level model.Constraint (8) represents the total cost(comprising the upper govern-
ment's cost 2,¢,X; and the total local government inspection budget 3,3V (£..C..))
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does not exceed budget C . Constraint (9) defines the calculation of the binary pa-
rameter e,,, , pre-computed by the lower-level model, which indicates whether site
J is selected for inspection in the optimal plan determined by local government m
under budget level v .

2.4  Approximate Linearisation of Nonlinear Constraints

To facilitate model solution, We employs piecewise linear approximation approach
proposed by Camm et al. to transform nonlinear Constraint (4)[10]. Constraint(4) can
be replaced by the following equation 10-13:

In(r,, ) = Zx In(l-p,)+y,In(l—p,t )],VneN,seS (10)

j=1

J,
2[9 In(4)] =z [x;In(l-p, )+ y,In(l-p 1, ). VneN,seS (1)
Jj=1

K
Zﬁnkgzl,VneN,seS (12)
k=1
K
ZHM =1,VneN,seS (13)
k=1

3 Case study

We constructs comparative models:(1)Deterministic Scenario: Two-tier government
can precisely obtain invasion probabiliy p; .(2)Uncertainty Scenario: p; is randomly
sampled to generate 200 invasion scenarios, simulating stochasticity in pest dispersal.

3.1 Impact of Total Budget C

We selects three budget levels(1,2,3 million CNY) while holding other parameters con-
stant. A comparative analysis is conducted between deterministic and uncertainty sce-
narios(Table 1).We find that the resource allocation ratio between bi-level government
is constrained by budget scale and exhibits differential patterns shaped by distinct risk
profiles across scenarios. Furthermore, the bi-level programming strategy shows sig-
nificant advantages in pests surveillanc: it enables efficient coverage and scale-up of
detection sites in both scenarios. This is due to the substantial cost difference between
governments for inspecting different sites: the local government can complete the same
detection task with lower cost.
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Table 1. Number of sites, districts and percentage of budget allocation

Sites Number Districts Number Upper
Budget  Uncertainty Upper Local Total Upper Total Budget
Share
100 No 13 7 20 10 15 65%
Yes 20 - 20 10 14 100%
200 No 19 16 35 12 19 54%
Yes 19 18 37 13 21 51%
300 No 23 25 48 14 21 45%
Yes 21 28 49 16 21 43%

First, as the budget scale increases, the total number of inspection sites and districts
exhibit a gradual upward trend. Within the uncertainty scenario, the total number of
covered districts is universally higher due to pest dispersal stochasticity. Second, the
upper government's budget share demonstrates a declining trend as budget grows.This
indicates that local governments progressively assume a greater portion of inspection
tasks as the available budget increases. In addition, the bi-level surveillance structure
has significant advantage of environmental adaptability and can dynamically adjust
proportion of resource allocation according to budget scale. This variation confirms
that bi-level surveillance system can mitigate the impact of divergent objectives be-
tween bi-level government by optimizing resource allocation.

3.2 Sensitivity Analysis of Bursaphelenchus Xylophilus Detection Rate fi,ca

The resource allocation ratio between bi-level government is closely linked to pest de-
tection rates. Fig.1 illustrates the change of resources allocation under 2 million CNY .
The orange solid line marks critical threshold where detection rates between both gov-
ernments are equal. In the deterministic scenario, when local detection rates exceed
upper government's ( Z,..> 0.57), the upper government's budget share exhibits signif-
icant declining trend. And, the larger the gap between detection rates, the faster the
budget share decreases. This occurs because as f,., improves, the upper government
reduces its own budgetary involvement and increases allocations to local governments.
However, the pattern differs under the uncertainty scenario. Due to the inherent diffi-
culty in predicting pest dispersal risks, even when #,.., rise, the decline in the upper gov-
ernment's budget share remains relatively gradual. This indicates that in volatile risk
environments, resource allocation cannot be adjusted based solely on detection rates;
risk buffering requirements must also be accommodated.
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Fig. 1. Detection rate of Bursaphelenchus xylophilus

3.3 Management Insights

(1) Budget scale influences resource allocation. Under limited budgets, the upper gov-
ernment should prioritize concentrating resources on its own direct inspections, dele-
gating only a small portion to local governments possessing cost advantages. Under
ample budgets, differentiated division of labor between governments:Local govern-
ments focus on high-risk and low-cost sites , while upper government focus on low-
risk, long-distance critical sites.

Enhancing detection accuracy is essential for local governments to gain greater ini-
tiative in resource allocation within bi-level supervision system. When the capability is
insufficient, the upper government reduces resource delegation based on risk consider-
ations. Only if the capability is enhanced, the upper government will increase resource
allocation weight towards them.

4 Conclusion

This study addresses pests cross-level resource allocation by integrating upper/local
government objectives into a bi-level programming model maximizing the detection of
pest infection signs, and introduces random invasion probability to describe the uncer-
tainty of pest transmission. The model provides an extensible methodological frame-
work for similar pests regulation and multi-level government collaboration.Key find-
ings show the bi-level supervisory model expands inspection sites and flexibly adjusts
resource ratios in complex risk environments, achieving risk-efficiency equilibrium.
Secondly, local governments' pest detection rates constitute a critical parameter in
tiered governance decision-making processes. While focused on single-species govern-
ance, future research should extend to multi-species optimization. Integrating host dis-
tribution, dispersal patterns, and control priorities for species would enable multi-ob-
jective models addressing multi-hazard resource allocation.
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