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Abstract

Highway repair cost mainly depends on the toll income, which in turn is associated with the traffic volume. Scientifically making
decision for the application of repair materials is within the reasonable planning of managers regarding road maintenance scale
and funds. For exploring effective strategy specific to the highway maintenance plan, the paper focuses on integrating the utility
factor of traveler into the highway repair decision. Relevant problems are introduced, together with the establishment of the
Stackelberg model. Considering the sensitivity analysis, the heuristic algorithm is employed specific to the traffic volume N. The
paper solves the decision-making model with regard to the two expressways’ maintenance plan, as well as derives corresponding
strategies. At last, the paper concludes, based on analyses, the general process regarding the maintenance decisions of multiple
highways with the traffic volume N, assisting highway operators in making effective decisions.

Keywords: Highway pavement, Application of repair Materials, Repair decision, Game theory, Sensitivity analysis
I. Introduction

The development of maintenance plans plays a pivotal role in the daily work of the maintenance department, which is
closely related to the economic benefits of expressway operators. The highway maintenance plan includes road
maintenance fee income and expenditure plan, project plan, etc. The specific work of the project maintenance plan is
the road large and medium repair plan, road minor repair and maintenance plan, etc.ltl. In toll roads, the total annual
income is based on the traffic volume. The larger the traffic volume, the greater the return. Although the traffic
volume causes a certain damage to the road surface, which increases the cost of maintenance, the total annual income
increases and the maintenance funds with protection, the roads can be arranged in accordance with the requirements
of the regulations. With less traffic and less toll income, it is not enough to maintain the normal maintenance of the
road, but the road is seriously damaged and the number of users on the road is less[?. Therefore, on the basis of stable
maintenance of traffic flow, reasonable arrangement of large and medium-sized repair plans is a measure to improve
the economic efficiency of enterprises, and also a problem that decision makers need to consider.

The maintenance plan decision of the custody department and the path choice of the traveler form a game
relationship. For business operators with multiple roads in an area, the distribution of traffic on different lines will
affect the total revenue and maintenance costs of the management!?. However, whether the maintenance work is in
place and whether the road surface is in good condition directly affects the traveler's driving effectiveness and cost,
as well as the choice of roadsl®l. Therefore, in this game problem, the game subject is the management department
and the traveler. The management department can maximize the payment (the difference between income and cost)
by adjusting the large and medium-sized maintenance plan (size, time, location). The traveler can also choose the
travel route according to the road conditions to obtain the maximum payment (driving utility and the difference in
cost).

The decision of highway maintenance plan is to use the maintenance management funds reasonably, and invest the
limited maintenance funds into the most needed maintenance road sections to maximize the maintenance benefits,
so as to ensure the lowest life cycle cost of the road and ensure the most comprehensive network service level.
Excellent purposell. With the development of the expressway network, highway operating companies usually
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manage the maintenance of multiple expressways at the same time. Under the premise of limited maintenance
funds, how to rationally allocate maintenance funds to improve the economic efficiency of enterprises is a problem
that decision makers need to consider. However, there is a lack of existing research to explore the issue of
maintenance plans for the simultaneous management of multiple highways. Secondly, the common methods of
existing conservation decision-making include: decision tree, decision matrix method, fuzzy mathematics and
analytic hierarchy process, etc., which have shortcomings such as poor portability and large variability, and are
greatly affected by regional characteristics and subjective experience. Simulating the complexity of real-world
decision problems®™7., Third, the existing conservation decision model does not incorporate the utility of the
traveler as a consideration in decision analysis.

In view of this, from the perspective of improving the economic benefits of highway enterprises, this paper
integrates the utility of travellers into the analysis of highway maintenance plan decision-making, and uses
Stackelberg under the assumption that their interests are maximized. Game theory analyzes the interaction process
between the management department and the traveler, and establishes a model. After describing the related
problems, the sensitivity-based heuristic algorithm(®! is used to maintain the two highways with the number N of
travellers. The decision model performs the calculation and obtains the corresponding decision table. Finally, based
on the different decision results in the decision table, the general process of multiple highway maintenance
decision analysis with the number of travellers is given. The process has broad applicability and proposes a new
way for the decision-making of maintenance planning for expressway operators.

11. Methodology
2.1 Decision making of Expressway maintenance Plan under different Road conditions for travelers

If the traveler (driver, vehicle, traffic volume) arrives from Area A and there are multiple highways to choose from;
the traveler will choose the route with the maximum utility, and the road with poor quality will affect the traveler's
Driving effectiveness and cost; the management department will maximize the difference between toll revenue and
maintenance cost when making maintenance plans for the line, and the distribution of traffic flow on different lines
will affect the total toll revenue and maintenance cost of the manager.

There is a dynamic decision-making process between the traveler and the management department:(1) the manager
selects the road section for the big and medium repair; (2)the traveler decides which road to drive according to the
road condition; (3)the manager adjusts according to the usage of each line (the distribution of the traffic flow)
Maintenance plan; (4) travellers adjust the driving route according to the maintenance and maintenance situation.
The rational and stable strategy is gradually formed after repeated and repeated games.

This problem constitutes a typical Stackelberg game problem. The main players are management departments and
travellers. The management department is the leader and the traveler is the follower. The management maximizes
its own payment (the difference between income and cost) through the adjustment of the maintenance plan, and the
traveler maximizes his payment (the difference between driving utility and cost) through the choice of road.

2.2 Establishment of Expressway maintenance Plan Decision-making Model related to Travelers

The main factors that influence the strategy choice of traveler and management include the benefits (utility or
income) and cost in the course of road selection. For ease of analysis, the following assumptions are made:

Hypothesis 1: The traveler has M highways to choose from A to B. If there are other roads, the other roads can be
regarded as a whole M +1 roads, and from A to B. The total traffic volume is N. Travelers and managers are
rational, that is, they are seeking to maximize the difference between revenue and cost. For travellers, the
probability of choosing the i (i=1, 2,..., M) road is x;; the utility obtained by driving on the road with the current
value of the road is wi; The additional net utility obtained by driving on the road after the service level is improved
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is pi; the toll of the i-th road is c;.

Hypothesis 2: The utility w; is the service reward that the traveler receives after paying the travel cost c¢;. When the
road condition drops, the w;decreases, and the highway department maintains the funds through the investment, so
that the road surface condition is excellent, and the travel is compensated. Loss of utility. Therefore, after the road
is repaired, the technical condition is improved so that the traveler obtains additional net utility p;, and the utility
(wi + pi) is the maximum return of the service enjoyed by the traveler after paying the road fee.

Hypothesis 3: Let y; denote the management decision variable of the i-th road of the management department, and
take the value of 0, 1 variable, that is, if the i-th road large-scale maintenance plan is arranged, yi = 1, otherwise vy;
= 0; The toll income of the i-th road is Nxi ci; the normal operating cost of the road is Oi; if the maintenance of the
i-th road is maintained, the maintenance cost is Oj, and the maintenance cost is limited by the total income
percentage T.

According to the above assumptions, the maintenance plan decision model of M highways with traffic volume N is
as follows:

Management: (U ): maxil[yi (Nx;c; =0, —Qi)+(1— Y, )(NXiCi -0, )]

M
stiy,=00rL, Y yQ <T, vy =F(x. %.K,x,). )
i=1

M

Traveler: (L) : maXin [yi (W +p, _Ci)+(1_ yi) (W —c, )]

i=1

M
st: 0<% <L > x=Lp=0(Q), X =G(Y, Yo Yt )- @
i=1

In formulas (1) and (2), F, G:is a function of interaction between travelers and managers in decision-making, and g
is the additional effect function of maintenance congestion on travelers.

In this paper, we first analyze the decision of two highways (M=2) in special cases, and then extend the
conclusions to the general situation of multiple highways (M>3) , and give the corresponding analysis ideas.

I11. Calculation and Discussion on the Solution of Maintenance Plan Decision-Making Model
3.1Model solving operation

In order to simplify the analysis of the problem, there are two expressways to choose from from the A to the B. The
traffic volume is N. The extra net utility that the traveler gets in the case of road maintenance (the more the cost
into the maintenance) The more utility you get) is a linear function of maintenance costs (costs invested in road

maintenance): p; = g(Qi)=kiQi (0<k<1). The maintenance plan decision models for the two highways are as

follows:

Management:  maxU = [ N (ch1 +X,C, ) - (01 +0, ) - ( ¥.Q +Y,Q, )]

Yi,¥2

2
st:y, =0, ZyiQi <T. (©))
i1
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Traveler: max L = I:X1 (W +YikiQ =€) + %, (W, +Y,K,Q, — )]

X1, %p

2
st: 0<x <1, > x=L1 @)
i=1
This bi-level programming problem is an NP-hard problem, and there is no polynomial solving algorithm [9],
usually using a heuristic algorithm [10]. In this paper, the sensitivity analysis is used to find the derivative
relationship between variables, and then the Taylor expansion is used to approximate the response function, that is,
the heuristic algorithm based on sensitivity analysis (SAB) [10-12], and finally the reaction function is substituted
into the objective function. According to the Stackelberg game solving process, the optimal decision of the
pedestrian and the manager is obtained.

Assuming that Y© is the initial value of the management maintenance choice, it is possible to solve the path
. L . . .. *(y©)
selection result of the traveller under the maximization of his own interests under this initial value X (Y ) ,and
through sensitivity analysis, the derivative relationship between the probability of different road choices and the

: : : _OX : .
maintenance choice of management department is obtained. —, then the Taylor expansion which reflects the

. OX
function is approximately x(y) ~ X (YO)+= y—Y(o) , this function is a concrete form of the response
oy

function.
By planning (2):

(1): ifw, —¢, 2 W, —C, then(y,, ¥,;X;,X,) = (0,0;1,0) for the initial solution of the program, according to the

Taylor expansion:

0%, 0%, OX, OX,
¥oale =ty X sl Ry, X Rty X a2y
o, o, ey T T oy,
ap; + by
|t 1 faney VisT
p Vi Vi) =y, 2(api +bg;) Z(bPi aPi)_{vi b, v 2 +by

2
Substitute in L:

L =k Nc, X7 +k,Nc, x5 + (k,c, +Kk,¢, ) Nx, X, +(w, —c, —k;Nc¢, ) x, +(w, —c, —k,Nc, ) x,

% = 2k;Nc,x, + (Kk,C, + k,C, ) Nx, +(w, —c, —k;Nc,; ) =0

oL

Fonn 2k, Nc,x, +(kc, +Kk,¢ ) Nx, +(w, —c, —k,Nc, ) =0
2

Also for the factor 2% =Lwe get:
i=1
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c, —w, + Kk Nc, —k,Nc, —k,Nc,  2k,Nc, +w, —c, —Kk,Nc,
N (2k,c, —k,c, —k,c,) N (2k,c, —k,c, —Kk,C,)
k,Nc, +w, —¢;

=N (2k,c, —k,c, —k,C,)

X1:

2 2
Y, =0.1 D yQ <T, 0<x <1 D> %<1 w—-C >=W,—c,
i=1

i=1

Cc,—¢ =0,kNc,+w, —¢c, =0
(c,—¢) . KiNc +w —c _1 (c,-c) L KNG +w, —c,
Q 2k,c, —k,c, —k,c, Q, 2k,c, —k,c, —k,c,
(klNc1+w1—cl)(c2—cl)SI 0<_ KNc+w—-c .
2k,c, —k,c, — K, 27 N(2ke, —kc, —k,c,)
¢, —w, +kNc, —k,Nc, —k Nc, 2k,Nc, +w, —c, —k,Nc,
N (2k.c, —k,c, —k,C,) N (2k,c, —k,c, —k,c,)
W, -C, = W, -C,

():if W, —C, <W, —C,, then (Y, ¥,; %, X,) = (0,0;0,1) can be the initial solution of the program, and then
according to the Taylor expansion:

axl axi axz axz
XE=Y X R =Y Rl =y X, =1+ —=y
oy, o, T ey ,

oU OX OX N
ay:N(aylcl—I—ayzcz]_leo ylza(xlcl-l—XzCz—Cz)
1 1 1

1

oU 0%, OX _N

MNPy %% |0 =0 |Vo=— (X6 +XC,-C,)
2 ( ch-i- ZCZJ Q, 2 Q, 1T X, =6

Substitute in L:
L =k,Nc,x? +k,Nc,x2 +(k,c, +Kk,¢, )NX,X, +(w, —c, —k,Nc, )x, +(w, —c, —k,Nc, )x,

2
For factor zl X =1 , We get:
i=

« ¢, —w, +k Nc, —k,Nc, —k,Nc,  k,Nc,+w, —c,
=

N (Zklcl - k1C2 - kzcl) - N (2k2C2 - k1C2 - kzcl)
k,Nc, +w, —c;
X, =
N (2k1C1 - leZ - kzcl)

(Cl _Cz)* kchz W, -G

Ql 2k2C2 - kch - k2(:1
(Cl _Cz)* kchz W, —G

Qz 2k202 - klcz - k2C1

Y. =

Y, =

2 2
Y, =0.1 > yQ <T, 0<x,<1, > x <1 W,—C =W, —C,
i=1 i=1
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c,—¢, =0;k,Nc,+w,-c, =0
(Cl_CZ)* kchz W, -G -1 (Cl_CZ)* kchz W, -G
Ql 2k2C2 - leZ - kZCl Qz 2k2C2 - leZ - k2cl
(k,Nc, +w, —c,)(c,—¢,)
2k,c, —k.c, —k,c,
< k,Nc, +w, —¢, <1
N (2k,c, —k,c, —k,C,)
c,—w, +k Nc, —k,Nc, —kNc,  k,Nc,+w, —c,
N (2k,c, —k,c, —k,C,) N (2k,c, —k,c, —k,cC,)

W, —C, <W, —C,

T
<
2

(my:

@ If the decision of the management department is (y1,y2) =(0,0), Wi-C1>W,-C,, the optimal decision of the
traveler is  (x1,x2) =(1,0), at this time U11=Nc1-O1-O2; wi-C1<wo-Cy, the optimal decision of the traveler is (x1,x2)
=(0,1), at which time U1,=Nc,-01-O>.

@ If the management decision is  (y1,y2) =(1,1),W1-C1+kiQ1>W2-Co+k2Q2, the traveler's optimal decision is  (X1,%2)
=(1,0), this When U21=Nc1-01-02-Q2; when wi-C1<w2-C2+k2Q2, the optimal decision of the traveler is (x1,X2)
:(0,1), and U22:NC2-01-02-Q2.

@ If the management decision is  (y1,y2) =(1,0), wi-c1+kiQ1>W,-C,, the traveler's optimal decision is (x1,x2) =(1,0),
this When Us1=Nc1-01-02-Q1 ; when wi-C1<ws-Co+k2Q-, the optimal decision of the traveler is  (x1,x2) =(0,1), at
this time U32=Nc-01-02-Qx.

@ If the management decision is  (y1,y2) =(1,1),wi-C1+kiQ:1>Wo-Co+k2Qo, the traveler's optimal decision is (X1,X2)
=(1,0) At this time, Us1=Nc1-01-02-Q1-Q2 ; Wi-C1+k1Q1<w,-Co+k2Q2, the optimal decision of the traveler is (x1,X2)

=(0,1) , U42=NC2-01'02'Q1'Q2.

Through calculation, the comprehensive 1, I, and 11l are selected to obtain the travel group selection route and the
decision of the two highway maintenance plans, as shown in Table 1.

Table 1 Decision-making tables of route selection and two highway maintenance plans for travel groups

Decision result Decision condition
Road A is maintained, road | . Do, -0, - (c; —c )kyNe, +w, —c,) (c1<c5) and meet (g) :
B is maintained 1 2 2k.c. —k.c. —K.c
1v1 1¥2 2¥1

@q, -0, = (€1 =C2)(KoNC, +W, —C,) | (¢;>¢5) and meet (§)
o 2k,c, —k,c, —k,c,

Road A is maintained, road | (3) if: wi-C1<W-Co<wi-C1+kiQ1 and Nci-Nco-Q1>0
B is not maintained
Road A is not maintained, | (4) if: Wo-Co<Wi-C1<W2-Co+k2Q, and Nco-Nci-Q2>0
road B is maintained

Or @ W2-C2>W1-Cl+|(1Q1;

Or (6) W1-C1>Wo-Co+koQ2;

A, B Two roads not to be | Or (7) ci=cz,and meet () or (§) ;
repaired for the time being | Or (8) meet (1) and kiNci+w;-¢1=0;
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| Or (9) meet (§) andkaNco+w,-c,=0

(klNcl+wl—cl)(c2—cl)<T k,Nc, +w, —c,

<—, 0= <1
2k,c, —k,c, —k,C, 2 N (2k.c, —k,c, —k,c,)
(=) ¢, —w, +k,Nc, —k,Nc, —k,Nc, ~ 2k,Nc, +w, —c, —k,Nc,
N (2kc, —kc, —k,C,) N (2k,c, —k,c, —k,c,)
W, —C, > W, —C,
(kch2+w2—cz)(c1—c2)SI, 0< kN +w-¢ .
2k,c, —k.c, —k,C, 2 N (2kc, —k.c, —k,C,)

©) ¢, —w, +kNc, —k,Nc, —kNc,  k,Nc,+w,~c,

N (2k,c, —kc, —k,c,) N (2k,c, -k, —k,¢,)
W, —C, <W, —C,

3.2 Discussion on maintenance Plan decision of two Expressway

Two highway maintenance plan decision tables with traffic N above may be discussed as follows:

Discussion 1: the condition of arranging the maintenance of two roads at the same time is that the investment and
scale of the maintenance of the two roads are equal, otherwise the two roads will lose their original balance.

Discuss the conditions in (1) to maintain both roads at the same time:
(CZ_Cl)* k;Nc, +w, —¢; -1 :((:Z_Cl)>l< k1N01+W1_C1

Ql 2k101 - klcz - kZCl o Qz 2k1C1 - klcz - k2C1 -

Then there isQ,=Q,, In the same way, under the condition that 11 is satisfied, there are Q, =Q,, then discuss a

Y=

proof.

Discussion 2: A necessary condition for the simultaneous maintenance of two roads is that the cost of maintenance
invested is less than the difference in road fee income|NCl— NC2|. Because of the conditions (=) (8) so:
- (kiNc; +w, —c;)

N (2kic, — k¢ —ki;)

<1 , in i, j=1,2and i# ] . Decision conditions()(2), so

(c,—c,)(kNc, +w —c,
2k;c; —k;c; —kic;

Q=Q,= )§S|N01—NC2|.

The income of the two roads is related to the volume of traffic | Nc, — NCZ| difference between traffic volume and

traffic volume| N, — N2| has equivalent recitation, the maintenance of two roads at the same time is bound to affect

the respective traffic volume. Therefore, it is concluded that the cost input of the two roads is based on the
difference of their respective income or traffic volume, and it is not suitable for the maintenance to affect the
relative equilibrium of the road network.
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Discussion 3: If the net utility of one road to the traveler is less than that of the other road, and the net utility of this
road after maintenance is greater than that of the other road, and satisfied Nci- Nc- Q1 >0, then this road can be
repaired.

Decision conditions from Table 1 (3), wi-C1<W,-Co<wi-C1+kiQ1, we can know:

a) When the two roads are not scheduled for maintenance, the travelers are unwilling to take the first road and all
choose the second one. The effectiveness of the management is as follows U;=Nc,-01-O;.

b) If all travelers choose to travel on the first road for maintenance and repair, the management's utility is
U2=Nc1-01-02-Q1.

c) If all travelers choose to travel on the second road where maintenance and repair are carried out, the effect of the
management is as follows U3=Nc;-01-02-Q..

d) If both roads are maintained and maintained, the traveler will either take the second road, at this time
U4s=Nc2-01-02-Q1-Q2 The traveler either took the first path, at this time Us=Nc1-O1-02-Q1-Qo.

Besides Nci- Nco- Q1 >0, we can know U, >U; >Us U, >Uy, that is, in this case, the management's best decision is
to maintain only the first road. In the same way, Wp-Co<Wi-C1<W-C2+k2Q2 and Nca- Nci- Q2 >0, it is best for
management to overhaul only the second road.

Discussion 4: If the net utility of one road to the traveler is greater than that of the other road after maintenance, the
optimal decision is that the maintenance of both roads should not be arranged for the time being. From
Wo-C2>W1-C1+K1Q1, we can know:

a) In the case of temporary maintenance and repair, the traveller will take the second path, where the management's
utility is U1=Nc2-0:-0;

b) If the first road is repaired, the traveller will still take the second one, and the management's utility will be
U2=Nc2-01-02-Q1

c) If the second road is repaired, the traveller will still take the second one, and the management's utility will be
U3=NC2-01-02'Q2

d) If both roads are repaired at the same time, the traveller will still take the second path, and the management's
utility will be Us=Nc2-0:-0,-Q1-Q2. At this moment Uy > U,, U1 > Us, U1 > U, the optimal maintenance decision
in this case is that maintenance plans are not scheduled for either road for the time being. Similarly, when
W1-C1>Wo-C2+K2Q2, the optimal maintenance decision is also a temporary suspension of maintenance.

Discussion 5:  If the tolls of two roads are equal, the optimal decision is not to repair the two roads at the same
time. Because when c,=c; there are conditions following:

a) In the absence of maintenance, the traveler will choose either path, where the management's utility is
U1:Ncl-01-02.

b) If the first road is maintained, the traveller will choose the first one, and the management's utility will be
U2:N01-01-02'Q1-

c) If the second road is maintained, the traveler will take the second one, and the management will have the effect
of U3=Nc1-01-0,-Q.
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d) If both roads are maintained, regardless of which route the traveler takes, the management's utility is
U4=Nc1-01-02-Q1-Q2. At this moment U; > U,, U; > Uzand U; > Us, the optimal maintenance decision in this
case is that neither road is need to be maintained.

3.3 Discussion on maintenance Plan decision of multiple Expressways Management at the same time

The maintenance plan decision of several highways is the extension of the maintenance plan decision of two
highways. The analysis process is similar. Because of the limited space, the analysis process of the maintenance
decision of M (multiple) expressway with traffic volume N is only given as follows:

The first step, according to the actual background of the decision-making problem, the maintenance decision model
of M (multiple) highways with N traffic volume is established, which is similar to model one. The parameters in
the model are given by the practical meaning of the problem.

The second step, the model is usually a bilevel programming problem. If it is a NP-hard problem, the heuristic
algorithm is used to solve the optimal equilibrium solution. First of all, assume that Y© is for management to
maintain the initial value of the choice, then under this initial value can be solved by the traveler in their own

interests under the maximum of the road selection results X*(Y(O’), and through sensitivity analysis, the

derivative relationship between the probability of different road choices and the maintenance choice of

OX
management department is obtained. — then the Taylor expansion which reflects the function is

1

. OX
approximately X(y) ~ X (Y(°’)+5(y - Y(O)) then the reaction function is substituted into the objective

function and the equilibrium solution of the traveler and manager is obtained according to the Stackelberg game.

In the third step, if the equilibrium solution obtained in the second step can satisfy the above conditions, the
analysis step ends, and the equilibrium solution is the final maintenance decision sought. If the equilibrium
solution obtained in the second step does not meet the conditions, list all possible maintenance plan decisions of
the management department, and find out the benefits that the management has obtained under the choice of the
maximum benefit of the traveler. The management department has the greatest interest. The maintenance decision
is the optimal planning decision that the management should choose.

1V. Conclusion

This paper explores the decision-making problem of highway managers choosing roads for maintenance, taking the
utility of travellers as a factor and adding them to decision analysis, using the Stackelberg game process to analyze
the interaction process between management and travellers, managing services and travelers, and build a model to
describe the problem. Using the sensitivity-based heuristic algorithm, this paper solves the maintenance decision
model of two expressways, and finally draws the relevant decision table. The conclusions are as follows: O The
conditions for managers to arrange intermediate or major repairs for both roads are as follows: The investment and
scale of the maintenance of the two roads are comparable; Or its maintenance cost is based on the difference of
income or traffic volume between the two routes, and it is not suitable to affect the relative equilibrium of the road
network because of simultaneous maintenance; @ If the net utility of one road to the traveler is less than that of
the other road, and the net utility of this road after maintenance is greater than that of the other road, then the
manager may arrange for the maintenance of the road; 3 If the net utility of one road to the traveler is greater
than that of the other road after maintenance, then the optimal decision of the manager is not to arrange
maintenance for both roads for the time being; @ If the tolls of the two roads are equal, the optimal decision of
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the manager is not to arrange for the maintenance of the same section of the two roads at the same time; & Using
the same method, the maintenance decision model of multiple highways can be solved.
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