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Abstract

Reward criterion is an important decision factor in a Markov-based road mainte-
nance optimization model. At present, average reward criterion or discounted reward
criterion is widely used to optimize life cycle costs of road maintenance. However, the
former one cannot reflect the time value of life cycle costs whereas the latter one tends
to neglect the costs accumulated in the later periods over the decision horizon. In this
regard, a weighted reward criterion is developed for the Markov-based road mainte-
nance optimization model. It measures the trade-off of the average reward and the
discounted reward by setting the weights of two rewards. In addition, the existence
of the optimal plan under the weighted reward criterion is proven by two numerical
examples under two scenarios with and without considering the inflation on main-
tenance costs. Finally, comparison is conducted between the proposed criterion and
the average reward criterion/the discounted reward criterion to check the impacts of
discount rates and inflation rates on the optimal plan.

Keywords: Maintenance, Decision analysis, Markov-based optimization,
Weighted reward criterion, Life cycle costs

Background

To provide and distribute desired services of a road project, it is important to maintain
road pavements in a good or at least serviceable performance over its service life. Unfor-
tunately, due to road usage and environmental effects, the pavement performance of a
road will gradually deteriorate with time. In this situation, different maintenance actions
have come into effect to improve the pavement performance. A substantial amount of
cost will unavoidably incur to take these measures. However, maintenance budgets of
government agencies are always limited towards these maintenance actions. A road
maintenance decision is thus a trade-off that balances the improvement of pavement
performance and the expenditures of maintenance actions over the service life of a road
project. As a result, this decision will be carried out on the basis of an accurate knowl-
edge of modeling the change of pavement performance over the service life of a road
project and an effective method of evaluating the rewards of maintenance actions on
both the performance improvement and the costs (Hong and Hastak 2007; Yoon et al.
2014).
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The pavement deterioration of a road segment can usually be modeled by a stochastic
process, which holds the Markovian property. The Markovian property indicates that (1)
the state of a road segment at a future time points only depends on its current state and
the maintenance action to be taken; and (2) the future state of a road segment is inde-
pendent of all its previous states and maintenance actions. In particular, the transition
probability matrix describes the probabilities that a road segment will stay in the cur-
rent state or transit to another state at the next time point when it holds a certain state
and receives a maintenance action at the current time points. Based on the pavement
deterioration modelling, the decision of road maintenance can be figured out in terms of
the Markov decision process (MDP). The MDP is a stochastic control process that con-
sists of the key aspects of decision epochs, states, actions, transition probabilities and
rewards (Puterman 2005). Currently, some mathematical models have been proposed to
manage roads and other infrastructure assets from the perspective of the MDP (Smi-
lowita and Madanat 2000; Jiang et al. 2000; Ferreria et al. 2002; Guillaumot et al. 2003;
Madanat et al. 2006; Zhang and Gao 2010, 2012a; Gao and Zhang 2013; Zhang et al.
2013; Adey et al. 2014).

In existing MDP models for road maintenance, the average reward criterion (Smilow-
ita and Madanat 2000; Madanat et al. 2006) or the discounted reward criterion (Jiang
et al. 2000; Guillaumot et al. 2003) is the commonly used reward criterion to find the
optimal life cycle costs. On the one hand, average reward criterion tends to minimize the
average costs over the service life and cannot capture the time value and the influence
of the inflation on the maintenance decisions. On the other hand, discounted reward
criterion considers the time value so that it emphasizes on the costs in the early peri-
ods and may neglect the costs accumulated in the later periods over the service life. In
other words, average reward criterion is suitable for a long-term decision (e.g. more
than 50 years) whereas discounted reward criterion is appropriate for a short-term deci-
sion (e.g. 3—5 years). However, the service life of a road project in general will be about
20-30 years, which is a time span between a short-term period and a long-term period.
It is therefore necessary to tradeoff between the long-term average reward and the short-
term discounted reward in the decision of road maintenance (Zhang and Gao 2012b).

In this paper, we first identify the pavement performance states and maintenance
actions. Then, a weighted reward criterion, which considers both the average reward and
the discounted reward, is developed for the Markov-based road maintenance optimiza-
tion models over a finite decision horizon and an infinite decision horizon. The decisions
are made at the network level to achieve a better result in terms of optimal utilization of
resources and improved economies of scale than those made separately for individuals
(Chi et al. 2013). In addition, two scenarios with and without considering the inflation
over the decision horizon are taken into account in the illustrative example. The models
using the two commonly used reward criteria and the proposed weighted reward crite-
rion are further compared under two scenarios. The observations show that the effec-
tiveness of the developed weighted reward criterion in the decision of road maintenance.
Finally, the conclusions are given.
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Performance modeling of road pavement

Performance indicator and performance states of road pavement

Roughness is a measure of pavement surface distortion that reflects the ability of the
pavement to provide a comfortable ride to the users. Therefore, it is viewed as a pri-
mary consideration with respect to serviceability. Its structural deficiencies and acceler-
ated pavement deterioration are largely due to vehicle operating costs, safety, comfort,
and speed of travel. Roughness is traditionally measured by the International rough-
ness index (IRI). However, IRI has unbounded value scopes such that there is no basis
to classify the IRI into a certain number of performance states. In this paper, the IRI
is converted into the Ride Quality Index (RQI) to measure the pavement performance
for bituminous pavement (Gao and Zhang 2013). Based on the RQ], the performance
of a road segment is indicated by five classified performance states. The set of possible
states is expressed as S = {s, S, S3, 54, S5}, where s; = excellent (4 < RQI < 5), s, = good
(3 <RQI < 4), s; = fair (2 < RQI < 3), s, = poor (1 < RQI < 2), and s; = unacceptable
(0 < RQI < 1). Table 1 presents the representative value of RQI and the corresponding
IRI of each performance state for flexible pavement (Gao and Zhang 2013).

Effects of maintenance actions

According to the maintenance administrative handbook (Highways Department 2001),
the major road maintenance actions usually are reconstruction, resurfacing, and routine
maintenance (e.g., crack sealing and road cleansing). In this paper, without the loss of
generality, all road maintenance actions are standardized as the aforementioned three
types. That is to say, it is assumed that there are three alternative maintenance actions
for any road segment in any state: @, = reconstruction, a, = resurfacing, a; = do noth-
ing. The action set A is expressed asA = {a,, a,, as}. Different actions have different
effects: “Reconstruction” can improve a road segment to the excellent state; “do nothing”
is considered to have no effect on the road performance; and the effect of a resurfacing
work can be estimated by the reduction of IRI in Gao and Zhang (2013).

Markov-based road maintenance decision model using weighted reward
criterion

Decision epochs and decision periods

Decision epochs are the time points at which the decisions are made. In the MDD, the
decision horizon is divided into M periods by decision epochs. If M is infinite, the deci-

sion is made on an infinite horizon. Otherwise, the decision is made on a finite horizon if

Table 1 Representative RQI and IRI values of each performance state (Gao and Zhang

2013)

Performance state Range of RQl Representative Representative
RQl value IRI value (m/km)

s 4<RQl<5 4.5 0.683

S, 3<RQI<4 35 1.784

S3 2<RQI<3 25 3405

S, 1<RQI<?2 1.5 5.544

S5 0<RQI<1 0.5 8.202




Gao et al. SpringerPlus (2016) 5:731 Page 4 of 14

M is finite. It is generally assumed that decisions are made annually. That is, the decision
period is 1 year and the decision epoch is the beginning of each year. Also, we assume
that all maintenance actions are conducted at the beginning of each year.

Weighted reward criterion

A weighted reward criterion consists of a weighted combination of the average reward
criterion and the discounted reward criterion. The decision maker can pay more or less
emphasis on the long-term reward versus short-term reward by changing their associ-
ated weights. Krass et al. (1992) presented a general formula as shown in Eq. (1) to cal-
culate the weighted reward in terms of the average reward and the discounted reward.
This “weighted reward” is a convex combination of the average reward and discounted
reward by varying their weights (Krass et al. 1992).

Cw =aCg+ B(1 - A)Cp (1)

where Cy, = weighted reward; C = average reward; Cj, = discounted reward; @ = weight
of average reward; 8 = weight of discounted reward, « + 8= 1;and A= (1 +7r) ", 1<1,
r = discount rate.

Optimization models based on the weighted reward criterion

In this section, an optimization model using the developed weighted reward criterion
is first formulated to minimize the expected life cycle maintenance costs over a finite
decision horizon. The decision variables are the distribution of road segments associated
with each state-action pair [a state-action pair (i, ) means that a maintenance action a is
taken when the segment is in state i] at the beginning of each year over a finite decision
horizon. Then, an infinite-time model will be developed to extend the optimization to an
infinite decision horizon. The results show that the model using the developed weighted
reward criterion will converge to the model using the average reward criterion if the
decision horizon tends to be infinite.

Finite-time optimization model

The finite-time model seeks an optimal distribution of road segments for each state-
action pair that minimizes the expected life cycle road maintenance costs over a finite
decision horizon. The objective functions of finite-time MDP models using the criteria
of average reward and discounted reward are formulated as follows:

T
1
Min Ce(Dfinite = = > ) > Ner(,a)dy (i a) )
t=1 ieS acA
T
Min Cp(mgnite = Y Y Y Nes(ya)2 ™ dy (i ) 3)
t=1 ieS acA

where Cg(rr) = the expected average life cycle costs of maintenance plan 7z; Cp(7r) = the
expected discounted life cycle costs of maintenance plan 7; c,(i, @) = maintenance cost
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associated with state-action pair (i, ) on road segments in year £; d,(i, a) = distribution
of road segments in state-action pair (i, 4) at the beginning of year ¢; T = decision hori-
zon; N = number of road segments; S = state space; and A = action set.

According to Eq. (1), the objective function of a finite-time road maintenance optimi-
zation model using the weighted reward criterion is formulated as:

Min Cy (7)) finite = ¢ CE () finite + B(1 — 2)Cp () finite

T
=> 33N {a;ct(l’, a)dy(i,a) + B(L — Wiy a) i1 d, (i, a)

t=1 ieS acA
4)

where C,(m) = the expected life cycle costs of maintenance plan 7 using the weighted
reward criterion.

The decision variables of a finite-time model are the road segment distributions in
each state-action pair at the beginning of each year, which is dependent of the initial
state distribution. The model constraints on the road segment distribution, state transi-
tion, available budget and performance requirement are described as follows:

1. The distribution of road segments in each state-action pair should be non-negative:
di(i,a) >0 VieS,acA, t=12,...,T (5)
2. The initial road segment distribution of state i is specified as:
> dia)=di() VieS$ ©)
acA
where d,(i) = initial road segment distribution of state
3. The summation of road segment distributions in all state-action pairs at the begin-
ning of year ¢ should be equal to 1:
N> dbay=1 Vt=1,2,...,T o

i€S acA

4. The state transition should satisfy the following equation:
Y di,a)=> > diaGapila) VieS t=2,...,T ®
acA jeS acA

where pj(a) = the transition probability of a road segment from state j to state i when
maintenance action a is taken;

5. Budget constraints (the average annual maintenance budget for the road):
> > Netiyaydili,a) <B, Ve=1,2,..., T ©
ieS acA

where B, = available budget of year ¢
6. Performance requirements (the minimum RQI to be maintained for the road):

S rydia) =R Ye=1,2,...,T+1 (10)
i€eS acA

where R, = the minimum RQI to be maintained in year ¢ and r(i) = the representa-
tive RQI of state i.
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Infinite-time optimization model

In an infinite-time maintenance optimization model, the annual maintenance cost is
constant over the service life of a road project. Given that the number of road segments
is N and the decision horizon tends to be infinite, according to Egs. (2) and (3), the
objective functions of the infinite-time models using the average reward criterion and
the discounted reward criterion can be written as follows:

T
, .1 , ,
Min Cg (7 )infinite = Tlféo T E E 5 Nc(i,a)d (i, a)
t=1 ieS acA (11)

= Z Z Nc(i,a)d (i, a)

ieS acA

T

Min Cp(m)infinite = lim > > > Ne(, @)X~ 'd(, a)
t=1 i€S acA

(12)

%_/1 Z ZNc(i, a)d(i,a)

i€S acA

where ¢(i, a) = annual maintenance cost associated with state-action pair (i, a) on seg-
ments; and d(i, a) = annual distribution of road segments that are in state-action pair (i,
a).

According to Eq. (1), the objective function of the infinite-time model using the
weighted reward criterion is established as follows:

Min Cw (7)infinite = @ CE(77)infinite + B(1 — A)Cp (70 )infinite

. . . d(,a)
= N [ac(z, a)d(i,a) + (1 — V)c(i,a)
; “EZA 1—=2 (13)
=> > Neli,a)d(i,a)
i€eS acA

It is found that Eq. (13) is equal to the objective function of the infinite-time model
using the average reward criterion as shown in Eq. (11). That is to say, the model using
the weighted reward is equal to the model using the average reward when the decision
horizon tends to be infinite. This result proves the developed weighted reward criterion
for the finite-time model is feasible because the average reward criterion is the most
appropriate for the infinite decision horizon.

Optimal maintenance plan
The optimal maintenance plan over the decision horizon can be denoted as a sum of 7,(i,
a) at the beginning of each year. It is calculated as follows:

dt (l) 61)
Z dt (l, ﬂ)

acA

(i,a) = Vi,a,t

(14)

where 77,(i, a) = the distribution of road segments in state i for which maintenance
action a is taken at the beginning of year ¢.
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lllustrative example
In this paper, the maintenance of Lung Cheung Road, which is a part of Route 7 Express-

way in Hong Kong, will be used as an example to illustrate the proposed decision model.

Model inputs

Initial state distributions of road segments

The total length of the selected road section is 10 km. The road has dual three-lane with
4 m wide for each lane. Each road segment occupies three lanes and the length of each
segment is 50 m. The area of each segment is 600 m?. The number of road segments is
400. Road pavement is asphalt concrete. All road segments are assumed to have simi-
lar deterioration processes. The representative RQI and IRI values as shown in Table 1
are used to calculate the average performance of road segments. The initial state distri-
butions of road segments are listed in Table 2. The initial RQI of the road section is 4.
The annual minimum performance requirement of the road section on RQI value is 3.5,
which is assumed to be constant over the decision horizon. The transition probabilities
are referred to Gao and Zhang (2013) and shown in Table 3.

Costs of alternative maintenance actions

A “reconstruction” action involves the reconstruction of a subgrade layer, a sub-base
layer, a 200 mm base course of crushed rock, and a 60 mm asphalt layer. A “resurfac-
ing” action involves the placement of a 40 mm asphalt overlay. The estimated costs for
“reconstruction” and “resurfacing” are HK $390/m? and HK $150/m?, respectively. The
“do nothing” is assumed to be no expense. Table 4 shows the maintenance costs of alter-

native maintenance actions for individual road segment.
Analysis scenarios

In this paper, we analyze two scenarios with and without considering the inflation over
the decision horizon, which is set on 30 years.

Table 2 Initial road segment distributions in each state

State 54 S, S3 Sa S5 Total
Distribution of road segments 60 % 30% 10 % 0 0 100 %
Number of road segments 240 120 40 0 0 400

Table 3 Transition probabilities of alternative maintenance actions

a, a, as

s sy S3 S; S5 5 Sy S3 S4 Ss s Sy S3 S4 Ss

s, 074 026
s, 074 026
s, 074 026
s, 074 026
s 074 026

074 026 O 0
074 026 0 0
028 061 011 0

0 019 07 0.1
0 0 0.09 08

074 026 O 0 0
0 082 018 0 0
0 0 086 014 0
0 0 0 087 013
0 0 0 0 1

o o o o o
o o o o o
o o o o o
o o o o o
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Table 4 Maintenance costs of alternative maintenance actions for individual road seg-

ment
Maintenance action a, a, as
Maintenance cost (HK'$) 234,000 90,000 0

o Scenario 1 The costs and budgets are assumed to be constant over the decision hori-
zon. The costs of maintenance actions “a,’, “a,” and “a;” are shown in Table 4.

o Scenario 2 The costs and budgets are assumed to be annually increased with an infla-
tion rate. Similarly, the annual budget available for the selected road section will be
annually increased with the same inflation rate. The base costs and budget of first
year are equal to the constant values in Scenario 1.

Model outputs

Optimal annual maintenance budget

In this example, we first test the maintenance budget with a gradient HK $ 10,000 to find
the optimal annual budget with the assumption that the costs and budgets are constant
over the decision horizon. According to the test results, the minimum required annual
budget is HK $ 4,990,000. If the budget is lower than this value, the model cannot obtain
a feasible solution. When the budget is increased from the minimum required budget,
the expected life cycle cost will be steeply decreased to touch the bottom. Then, it will
be mildly increased if the budget keeps increasing. The results are shown in Fig. 1. The
optimal annual maintenance budget is HK $5,120,000.

Outputs of scenario 1
In scenario 1, decision models using three reward criteria are solved and compared
when the maintenance budget is HK $5,120,000. Following results are observed:

+ When the average reward criterion is used, the annual state distributions tend to
be steady state distributions around the beginning of the 20th year, which is almost
same to the optimal state distributions obtained from the infinite-time model as

S
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(=}

S 1413

(=3

<

-

¥ 1408

)

Z

7

(=3

&)

o 1403

f=1

<

5
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S 1398

Q

&

& 1393

= 49 5 51 52 53 54 55 56 57 58 59 6

Annual Maintenance Budget (HK $ 1,000,000)
Fig. 1 Expected life cycle cost with the change of annual maintenance budget
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Table 5 Steady state distributions obtained from the infinite-time model

s S5 S5 Sa Ss
a, 0 0 0

a, 0 0139 0

a; 0.149 0.709 0 0.003

shown in Table 5. That is to say, in this example, the model with a decision horizon
over 20 years tends to be an infinite-time model. In this case, the decision using the
weighted reward is equal to the decision using the average reward which is explained
by Eq. (13).

When the discounted reward criterion is used and the discount rate is set on 5 %,
the minimized life cycle costs are same to those obtained from the model using the
average reward criterion. That is to say, the optimal state distributions of road pave-
ments at the beginning of each year obtained from two models are same. When the
discount rate is a larger one, e.g. 20 %. The difference of minimized life cycle costs
in two models are HK $25 (HK $139,460,364 and HK $139,460,389 for the average
reward and the discounted reward), which is very tiny. The optimal state distribu-
tions are almost same. The impact of the discount rate on the optimal state distribu-
tions can be neglected if the model tends to be an infinite-time model.

From the above observations, it can be concluded that the optimal state distributions
obtained from decision models using three reward criteria are same if a finite-time
model tends to be an infinite-time model. That is to say, the average reward is pre-
ferred in the maintenance decision. Table 6 shows the optimal state distributions of
road segments at the beginning of each year (only the year 5, 10, 15, 20, 25 and 30
are shown to save the space) obtained from the model using the weighted reward
criterion.

Outputs of scenario 2

In Scenario 2, the inflation is involved and tested from 1 to 10 %. Decision models using

three reward criteria are solved and compared when the base maintenance budget at the

beginning of first year is HK $5,120,000. Following results are further observed:

+ The minimized life cycle costs of the model using the average reward criterion and

the model using the discounted reward criterion (two discount rates, i.e., 5 and 10 %
are used) are same if the inflation rate is lower than or equal to 3 %. When the infla-
tion rate is larger than 3 %, the outputs are different. The results are shown in Table 7.
It means that, in this case, the optimal state distributions obtained from decision
models using three different reward criteria will not be same when the inflation rate
on the costs and budget is larger than 3 %.

+ When the inflation rate is lower than or equal to 7 %, the minimized life cycle costs

obtained from two models using two different discount rates are same. When the
inflation rate is larger than 7 %, the outputs are different. The results are also shown
in Table 7. It shows that the discount rate has a larger impact on the optimal state
distributions due to the existence of the inflation on the costs and budget.

Page 9 of 14
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+ In terms of those two observations, the paper solves the model using the weighted
reward criterion with assuming that the weights of the average reward and the dis-
counted reward in the optimization model are 0.7 and 0.3. The discount rate is 10 %.
The inflation rate is 5 %. Table 8 shows the optimal state distributions of road seg-
ments at the beginning of each year (only the year 5, 10, 15, 20, 25 and 30 are shown
to save the space).

+ The minimized life cycle costs of models using the average reward criterion and the
discounted reward criterion are HK $ 322,045,264 and 322,182,333, respectively.
The minimized life cycle cost of models using the weighted reward criterion is HK
$ 321,952,277. It shows that the weighted reward criterion is more suitable than the
other two criteria.

Optimal maintenance plan

Based on the state distribution as shown in Table 8 and Eq. (14), the optimal policy for
the road segments in each year of the 30-year planning horizon can be obtained, which
is shown in Table 9. It is noted that m,(i, ) in Eq. (14) specify a distribution of road
segments in state i on which maintenance action a will be taken. That is to say, a road
segment that are in state i may have one or more selection of the maintenance actions.
However, this randomness is limited. In the most cases, the selection of maintenance
action for a road segments in a state is limited to one. In Table 9, the value “1” for state-
action pair (s;, a;) means that the probability to take the action a, is 1 when a segment
stays in the state s;. It is observed that the randomness of selecting “resurfacing” and

Table 8 Optimal state distributions under the weighted reward criterion in scenario 2

s S, S3 S4 Ss 5 S, S5 S4 Ss s s, S3 S4 Ss
5th year 10th year 15th year

a O 0 0 0 0.004 0 0 0 0 0.001 0 0 0 0 0.001
a O 0 0133 0 0 0 0 0139 0 0 0 0 0139 0 0
a; 0237 0582 0.007 0037 0 0.148 069 0003 0019 0 0.139 0.709 0.004 0.008 0

20th year 25th year 30th year
a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
a, O 0 0141 0 00 0 0142 0 00 0 0143 0 0

as 0.136 0715 0003 0005 0 0133 072 0001 0004 0 0132 0722 0001 0002 O

Table 9 Optimal road maintenance plan

s S, S3 Sq4 S5 5 s, S3 Sq4 S5 5 S, S3 Sy S
5th year 10th year 15th year
a 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1
a, 0 0 0.95 0 0 0 0 0.979 0 0 0 0 0972
a, 1 1 0.05 1 0 1 1 0.021 1 0 1 1 0.028 1
20th year 25th year 30th year
a 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1
a, 0 0 0.979 0 0 0 0 0.993 0 0 0 0 0.993 0

as 1 1 0.021 1 0 1 1 0.007 1 0 1 1 0.007 1

Page 12 of 14
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“do nothing” is only existed in state s;, in which the “resurfacing” is the major choice. In
other states, there is only one choice in selecting maintenance actions. Thus, the optimal

maintenance plan is feasible in the actual maintenance decision.

Conclusions

Markov-based optimization models using the average reward criterion or the discounted
reward criterion are widely utilized in current road maintenance. However, both of the
two reward criteria have deficiencies in modeling a road project whose service life com-
monly is 20-30 years. In this regard, a weighted reward criterion is developed to balance
both the average reward and the discounted reward. The illustrative example analyzes
two scenarios with and without considering the inflation over the decision horizon.
When the inflation is not considered and in case of a finite-time model tends to be an
infinite-time model, the average reward is preferred and the optimal state distribu-
tions obtained from decision models using three reward criteria are same. However, if
the inflation is considered, a finite-time model cannot tend to be an infinite-time model
due to the inflation rate. The optimal state distributions obtained from decision models
using three reward criteria are different from each other. In particular, the model using
the weighted reward criterion could get the smallest life cycle cost. It means that the
weighted reward criterion is more suitable than the other two commonly used reward
criteria. In addition, the example also proves the existence of optimal road maintenance
plan under the weighted reward criterion.

Authors’ contributions

Dr. HG designed the study, performed the comparison and drafted the manuscript. Dr. XZ participated in the design of
the study. Dr. YL participated in the design of the study, the calculation of illustrative examples and drafting the manu-
script. All authors read and approved the final manuscript.

Author details

! Department of Engineering Economics and Management, Institute of Construction Management, Hohai University,
Nanjing 210098, China. 2 Department of Civil and Environmental Engineering, The Hong Kong University of Science

and Technology, Hong Kong, China. ® School of Economics and Management, Beihang University, Beijing 100191, China.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding

This study is sponsored by the Fundamental Research Funds (2013/B04314, YWF-15-JGXY-007 and YWF-14-RSC-111) for
the Central Universities of China and National Natural Science Foundation of China under Grant Number 71502008 and
91224007.

Received: 20 January 2016 Accepted: 29 May 2016
Published online: 16 June 2016

References

Adey BT, Lethanh N, Kielhauser C (2014) Comparison of three preventive maintenance models to determine optimal
intervention strategies for transportation infrastructures in alpine regions. Int J Arch Eng Constr 3(2):132-147

Chi 'S, Hwang J, Arellano M, Zhang Z, Murphy M (2013) Development of network-level project screening methods sup-
porting the 4-year pavement management plan in Texas. J Manag Eng 29(4):482-494

Ferreria A, Antunes A, Picado-Santos L (2002) Probabilistic segment-linked pavement management optimization model.
JTransp Eng ASCE 128(6):568-577

Gao H, Zhang X (2013) A Markov-based road maintenance optimization model considering user costs. Comput Aided
Civ Inf 28(6):451-464



Gao et al. SpringerPlus (2016) 5:731 Page 14 of 14

Guillaumot VM, Durango-Cohen PL, Madanat SM (2003) Adaptive optimization of infrastructure maintenance and
inspection decisions under performance model uncertainty. J Infrastruct Syst 9(4):133-139

Highways Department (2001) Maintenance administration handbook. Highways Department, Hong Kong Special
Administrative Region

Hong T, Hastak M (2007) Evaluation and determination of optimal MR&R strategies in concrete bridge decks. Automat
Constr 16(2):165-175

Jiang M, Corotis RB, Ellis JH (2000) Optimal life-cycle costing with partial observability. J Infrastruct Syst 6(2):56-66

Krass D, Filar JA, Sinha SS (1992) A weighted Markov decision process. Oper Res 40(6):1180-1187

Madanat S, Park S, Kuhn K (2006) Adaptive optimization and systematic probing of infrastructure system maintenance
policies under model uncertainty. J Infrastruct Syst 12(3):192-198

Puterman ML (2005) Markov decision processes: discrete stochastic dynamic programming. Wiley, New York

Smilowita K, Madanat S (2000) Optimal inspection and maintenance policies for infrastructure networks. Comput Aided
CivInf15(1):5-13

Yoon'Y, Shah H, Hastak M, Lee J (2014) Leveling process of annual budgetary requirements for pavement preservation. J
Infrastruct Syst 20(1):04013004

Zhang X, Gao H (2010) Optimal performance-based building facility management. Comput Aided Civ Inf 25(4):269-284

Zhang X, Gao H (2012a) Road maintenance optimization through a discrete-time semi-Markov decision process. Reliab
Eng Syst Safe 103:110-119

Zhang X, Gao H (2012b) Determining an optimal maintenance period for infrastructure systems. Comput Aided Civ Inf
27(7).543-554

Zhang H, Keoleian G, Lepech M (2013) Network-level pavement asset management system integrated with life-cycle
analysis and life-cycle optimization. J Infrastruct Syst 19(1):99-107

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Developing a weighted reward criterion for the Markov-based decision of road maintenance
	Abstract 
	Background
	Performance modeling of road pavement
	Performance indicator and performance states of road pavement
	Effects of maintenance actions

	Markov-based road maintenance decision model using weighted reward criterion
	Decision epochs and decision periods
	Weighted reward criterion
	Optimization models based on the weighted reward criterion
	Finite-time optimization model
	Infinite-time optimization model

	Optimal maintenance plan

	Illustrative example
	Model inputs
	Initial state distributions of road segments
	Costs of alternative maintenance actions

	Analysis scenarios
	Model outputs
	Optimal annual maintenance budget
	Outputs of scenario 1
	Outputs of scenario 2

	Optimal maintenance plan

	Conclusions
	Authors’ contributions
	References




