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Systems based on level of service (LOS) currently irnplemented
to ¡nanage highrvay ¡naintenance use extensive subjective data.
Collection of these data is tedious and expensive and the inherent
uncertainties in the data render the results irnprecise. A modified
method using the Markov decision pl'ocess (MDP), which over-
cornes most of the drawbacks of the LOS-based systems, is de-
scribed. The adoption of the MDP is consistent rvith progressive
evolution in the field of highway maintenance tnanagemerìt. It
introduces measures of performance benefits that are less sub-
jective than those used in the NCHRP LOS rnodel, which rely
on attributes and utility fu¡rctions. The modified nrodel uses three
types of key input data: transition probabitities, costs, and relative-
importance weights. The transition probabilities are computed
analytically using sample deterioration models and quality stan-
dards. An approach is described for cornputing the cost of each
alternative from historical data. An analytic approach is also de-
scribed for computing relative-importance weights using sirnple
ranking of and comparison scores for the highway elernents. This
method was tested with 58 highway elements in 12 strata and 3

levels of service each. The resulting problem, which had 2,088
variables and 697 constraints, required less than 15 ¡nin on an
IBM PC using an off-the-shelf linear programrning package. The
results of the test were consistent with the input data and dern-
onstrated that the objectives set for the method were being met.
Although the method was tested with mostly roadside elements,
it can generally be used with any LOS-based system.
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Under NCHRP sponsorship, a method was developed to assist

in selecting optimum levels of service (LOS) for those highway
elements that are subject to the constraints of available re-
sources (1). LOS values are discrete condition state thresholds
or maintenance intervals for highway elements. This method
is supposed to be based on theoretically sound principles of
decision analysis and to be implementable in a well-defined,
step-by-step procedure. The method uses both objective data
and subjective expert opinion. The subjective data are re-
quired for the following areas:

o Specification of alternate LOS values;
o Esti¡nation of effects of alternate LOS values on various

user considerations such as safety, preservation of investment,
etc.;

o Assessment of individual value functions of different at-
tributes used to measure the user considerations; and

o Assessments of relative-importance weights among the
individual attributes.

Resource Intcrnational, Inc., 281 Enterprise Drive, Wcstcrville , Ohio
43081.

Further, considelable amount of subjective input is needed
from experienced maintenance engineers in estimating the
resource requirements for each LOS of individual elements.
Availability of significant arnounts of objective mai¡rtenance
cost data is unlikely as records are not kept in such detail.
Although deterioration rnodels for the highway elements are
not explicitly determined in this method, they certainly play
a role in the experts' rninds in the establishrnent of explicit
LOS values and the corresponding resource requirements.

As discussed earlier, the implementation and operation of
this model largely depend on extensive use of subjective ex-
pert opinion and rnanagement input. The potential for large
variability is expected to be high in both these inputs: but the
model is deterministic and does not implicitly or explicitly
handle these variatrilities.

Further, the integration of this model with the existing
pavement management system (PMS) and bridges and struc-
tures managernent systerns (BSMS) fol the pulpose of budget
allocation requires top management (TM) to make adjust-
ments to performance standards for the PMS and BSMS and
budget for the LOS-based nonpavement management system
(NPMS). The models can then be analyzed again; the ex-
pected costs can be summed across pavements, bridges, and
structures and added to the NPMS budget; and the total can

be judged for acceptability on the long-term basis. This ap-
proach to integration has the advantage that TM has direct
control over the performance and budget-setting process. The
disadvantage is that a large number ofpararneters are involved
in setting all standards, and a considerable a¡nount of ad-
justments to parameters may be needed to achieve an af-
fordable solution.

Therefore, this method needs significant changes to over-
come some of its inherent drawbacks:

1. Deterministic models fail to account for the variability
inherent in the process.

2. Extensive dependency of the models on sutrjective expert
opinion is a potential source of significant modeling errols.

3. Incompatibility of the models with those of other state-
of-the-art rnanagement systems for integration with limited
amount of adjustments by the TM in setting the perfortnance
standards.

A modified method overcomes most of these drawbacks. This
rnethod will be described with its input and output require-
ments. This description will then be followed by procedures

to generate the input data required.
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METHODOLOGY

The development of this modified model is in keeping with
the progressive evolution that has occul'red in the field of
highway maintenance management as LOS models have given
way to a Markov decision process (MDP) model, in particular,
for pavements and bridges. Although retaining some of the
basic features of the LOS models, this model assumes the
deterioration of the highway elements to be a Markov process,

This model introduces measures of performance benefits
that are less subjective than those used in the NCHRP LOS
model and that rely on attributes and utility functions. The
assumption of a Markov process replaces deterministic de-
terioration of elements by probabilistic deterioration. Con-
sidering the overall need fol an integrated highway mainte-
nance management system, this model is conrpatible with other
MDP-based pavement and bridges and structures manage-
rnent systems, making such integration feasible.

The measures of performance require definition of QS val-
ues, which are discrete ranges of condition states correspond-
ing to the alternate LOS values. These QS values should take
into account the regional, climatic, geographical, ancl road
classification differences in the network of highways. This
accounting is accomplished by stratifying the highways using
some ol all of these factors and defining the alternate LOS
(and QS) value for each stratum. Figure I shows the concepts
of LOS and QS fol a single stratum or a group of similar
strata; r?r, nrand nrare the corresponding maintenance intervals.

Model Description

In order to describe the new model, some definitions and
notation are neecled. Let

f,¡(llt) = probability that an element j in Stlatum s would
reach LOS /, in ¡ time periods after the last action.
These time periods may be in days, weeks, or
months;

I,¡ : number of time periods between actions for the
element j in Stratum s at LOS /;

n¡ lt2 ll3
TIME PERIODS

FIGURE I Deterioration curve for a highway element.
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w,,(d) = relative-importance weight for being within a de-
sirable QS for Element j in Stratum s;

w"¡(u) = relative-importance weight for not being within an
undesirable QS for Element 7 in Stratum s;

D"n = probability that Element j in Stratum s will be
within a desirable QS when the cycle time cor-
responding to LOS / is selected;

U", = probability that an Element 7 in Stratum s will be
within an undesirable QS when the cycle time cor-
responding to LOS / is selected;

N,, = normalized number of units of Element I in Stra-
tum s (i.e., the fraction);

X"r = logical variable representing the choice of cycle
time (1 if selected, 0 otherwise); and

C,¡7 = ânnuâl cost of applying an action at LOS / to all
the units of Element 7 in Stratum s.

In this notation, it is assumed that an element requiring dif-
ferent actions for different conditions will be considered a

separate element for each condition. For example, a retaining
wall with poor appearance is different from a retaining wall
with damaged structure.

Given this notation, the following relations may be defined:

nit
D,,, = (1.1T,,¡)) ) ¿ t¡lO

ie.l .=l
(1)

(2)

" [r" @) 4 D,, x", + w",{r) } tr - u,,,)x",,) (3)

(4)

(s)

nil
u,t:(IT"¡))x¿r¡to

ie.u.=l

c
o
N
D
I
T
I
o
N

With these equations, the probabilities of finding an element
in a desirable or undesirable QS, given a particular cycle time
7",,, can be computed. The model to select the cycle times
that maximize the performance is an assignrnent model with
a budget constraint as follows:

Max ) ) F"¡

subject to

I for all s and j

X"¡r : 0 or 1 for all s, i, and / (6)

B, is the budget tbr periodic maintenance of the nonpavement
elements.

The objective function of Expression 3 is the weighted sum
of transition probabilities. Equation 4 ensures that one and
only one cycle time is selected for each element in each stra-
tum, Inequality 5 is the budget constraint, and Equation 6
defines the decision variables to be (0 or 1) integer variables.

As can be seen from the objective function, the functional
performance of the nonpavement elements are represented

4*"r:
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by stochastic variables D,, and U"r,. In the NCHRP LOS-based

model, the deterioration functions are implicitly deterministic
and the benefit functions are utility functions based on sub-
jective expert opinion. The stochastic variables can incor-
porate the variability of performance among different units
of the same element.

The MDP-LOS-based model will still need subjective data

for relative-importance weights w,r(d) and w"r(ø), as discussed

later. However, these parameters are signficantly fewer than
those needed to define the user consideration attributes and

the various utility functions. Further, these relative-impor-
tance weights are thought to be easily obtainable because the
experts have a better feel for these weights than for the con-
sideration attributes by LOS values.

This model is formulated as a (0 or 1) linear integer problem
with a special structure. The number of generalized upper
bound (GUB) type constraints, as in Equation 4, greatly ex-

ceeds the number of linear variables plus the general con-

straints, Inequality 5. Consequently, when the integer con-
straints are replaced by nonnegativity constraints, the resulting

linear program has an optimal solution with mostly integer
values (2). This approximation can provide a satisfactory so-

lution of the original problem.

Model Implementation

The solution of this model requires several input data, as-

suming that the network of highway elements are identified
and stratified, and that alternative LOS and QS values are

defined:

L. Number (&) of units of Element 7 in Stratum s as a
fraction of the units in the network,

2. Probability D,r? that an element in Stratum s will be within
a desirable QS when maintained at LOS /,

3. Probability U,jr fhat an Element i in Stratum s will be

within an undesirable QS when maintained at LOS /,
4. The maintenance cost C,¡ for Element i in Stratum s at

LOS /,
5. Relative-importance weights w",(d) of an Element I in

Stratum .r to be within a desirable QS, and
6. Relative-importance weights w,,(u) of. an Element 7 in

Stratum s to be outside an undesirable QS.

The output of the system is an optimum set of LOS values

to be implemented.
Item 1 is obtained from the inventory. Estimation of D"r,

and U",, is based on Equations 1. and2, where the unknown
function isf,r(/ll), the probability that an Elementi in Stratum
s would reach LOS / in I time periods after the last action.
Methods for determining function fr, for estimating proba-
bilities D"r, and U",,, and for estimating costs C"rr, and the
subjective expert input for assessing the relative-importance
weights w,,(d) and w,,(u) are described in later sections.

DETERMINATION OF TRANSITION
PROBABILITIES

The approach to determining the transition probabilities re-
quires knowledge of how the highway element deteriorates
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with time and the definition of the QS values. Defining the
deterioration functions and the quality standards for the high-
way elements has some similarity to Step 1 of the NCHRP
method (1). In this step, elements are selected, mai¡'ttenance

conditions are identified, and alternate LOS values are spec-

ified. These concepts are shown in Figure 1, in which the

vertical axis indicates the condition and the horizontal lines

represent the various LOS values for a given element. The
only difference is that the deterioration of this element is
indicated by the curve, which explicitly defines the condition
as a function of time.

Specification of LOS values implies quality standards as

ranges of condition between these LOS values. In the NCHRP
method, the LOS values were defined in relation to budget

levels. Alternatively, quality standards can be defined using

engineering judgment with management input. For example,
the full range of conditions can be divicled into excellent,
acceptable, barely acceptable, and unacceptable standards.

Then the boundaries of these standards will be the alternate
LOS values, and the intersections of these boundaries with
the deterioration curve will define alternate maintenance in-
tervals, such as flt, nz, and n, on the time axis shown in
Figure 1.

Ideally, deterioration functions can be defined from his-

torical rnaintenance data, but in reality such data ale not
available for all elements. Then, engineering judgment would
be relied on. Assume that a group of experienced maintenance

engineers could provide a series of deterioration times for a
given set of conditions. These conditions may be thresholds

of quality standards or some other condition values that would
make it easier for the engineers to estimate the corresponding
times.

Deterioration functions are obtained either by fitting these

data to simple mathematical functions or by simply joining
adjacent points with straight lines. Then, the maintenance
times corresponding to the LOS values can be determined by
inverting the functions for the conditions implied by these

levels.
To compute the transition probability matrix elements (tp)

from the deterioration functions and the quality standards,

the deterioration of an element is assumed to be a Markov
process in which the transition probability from the current
LOS value to any of the LOS values in time period t depends

only on the current condition and is independent of how it
got there. If the time period is chosen small enough, then it
can be assumed that the element can transition only into the
next level down, if at all. That is, if the probability of this

element's staying in the sarne level is p, the probability of its
transitioning into the next level is (1 - p). Assuming four
quality standards, the transition probability matrix for Ele-
ment j in Stratum s for one period can be written as

r-P' o

tp= l-p,
Pt
0

where Subscripts L,2, and 3 refer to the first three quality
standards. Elements in the last quality standard will stay in
that level with probability 1. After n periods, this matrix will

(7)Pz
0
0

li
lo

0
0

L-Pt
1,
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be

t-p, 0 0 l"
Pz L-p, 0 

|o p, t-prl
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At time t = 0, the element is assumed to be in the best QS.
After f = n periods, the probabilities P.,, of this element's
being in QS 1, 2, 3, or 4 are given by

(Pru, Prn, Pr,, Pon) : (1, 0, 0, 0)(tp"),, (9)

If the maintenance interval corresponding to LOS I is T,r,
then

(10)

( 11)

The only information needed to define the probability func-
tions is the transition probability matrix elements tp,r, in which
the specific unknowns are the individual probabilities p', pr,
and pr.

Determining these individual probabilities depends on the
availability of field data. As could be expected, no historical
maintenance data are available. Consequently, establishing
the matrix element tp,, for Element i in Stratum s is proposed
to be accomplished in two steps: (a) determining initial mat-
rices, and (b) updating these matrices from the field data.
The details of these steps are discussed in the next section.

Transition Probability Calculation

The calculation of transition probabilities is based on some
form of deterioration models developed either from expert
opinion or from historical maintenance data. How these prob-
abilities are computed from the deterioration models is dis-
cussed in this section.

The structure of the tp matrix for n periods (Equation 8)
is as follows:

lp'¡ Qn zü *

''= l- i ry i
(12)

where pi, p'), and pi are the nth powers of pt, pr, and pr,
respectively; q,, and 2,, are unknown terms; terms denoted
with an asterisk are also unknown, but their exact values are
not important to this discussion. By induction,

q,, = (l - p)@T-, * pi-rp, + pT-rpl

and

2,, : (r - P)(q,-, * Q^-rP,

+"'qrp'à-3+QrPi-2) (14)

With these expressions, the deterioration model for an Ele-
ment i in Stratum s shown in Figure 1 can be examined,

The deterioration curve is an expression of condition as a
function of time defined from data solicited from expert main-
tenance engineers or from historical data. Therefore, it is
conjectured that these engineers considered an average or a
median unit of an element in providing this opinion. The latter
means that the deterioration curves for 50 percent of the units
are below the median curve and the other 50 percent are
above it. With this assumption, the following equations can
be written:

Pi' = 0'5

p'i' + q,,r: 0.5

( 1s)

(16)

pT' * Q^, I 2,,, = 0.5 (17)

Equation 15 means that after n, periods the probability of
a unit of element being in QS 1 is 0.5; after n, periods, the
probability of this unit being in QS 1 or 2 is also 0.5; similarly,
after n. periods, the probability of this unit being in QS 1, 2,
or 3 is 0.5.

Equation l5 provides a value of. pr; a combination of Equa-
tions 13 and 16 can be solved for pr; and Equations 13, 14,
and 17 can be solved for pr. Consequently, (tp"),, can be
evaluated for any ¿. Then a combination of Equations 9-11
can be used to compute the necessary probabilities to be used
in the objective function in Equation 13.

Update Considerations for the tp Matrices

Initially, the tp matrices are based on a deterioration model
developed using subjective expert opinion. When historical
data become available, these data will be used to generate
more realistic deterioration models from which new tp mat-
rices will be computed.

RESOURCE REQUIREMENTS

Maintenance cost is a necessary input to the budget constraint
in Equation 5 for each element in each stratum by LOS value.
This cost depends on unit cost and other quantities depending
on the stratum and element. This is true for the LOS value
for which the unit cost and quantities are applicable. In order
to generalize it for other LOS values, an intensity factor needs

to be considered. This factor reflects the change in the level
of effort required to accomplish the maintenance each time.
In order to estimate the annual cost, this cost must be mul-
tiplied by the frequency of maintenance per year. This process

can be expressed as follows:

+..'+ptpi-2+p')-') (13) C,¡¡ : U"¡Q,y',yF,y (18)
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where

U,, = unit cost of action otr Element i in Stratum s,

Q" : quantities involved,
1"¡ = intensity factor for LOS / (= I for base case), and

4¡ : frequency of maintenance for the year.

Usi¡ Qsi¡ and {r, are expected to be estimated from historical
data. The intensity factor could come from engineering judg-
ment. Alternatively, if the level effort is assumed proportional
to the range of conditions over which the action restores the
element, I,rmay be defined as

, LOS(-) - LOS(/)rr=ffi (re)

where LOS(*) is the base LOS, for which 1,7 = 1.0.

RELATIVE-IMPORTANCE 1VEIGHTS

The objective function of Expression 3 uses relative-
importance weights w,¡(d) and w"r(r.r), where

w"¡(d) = relative-importance weight fol having an Element

,¡ in Stratum s within desirable quality standards,
and

w,¡(u) = relative-importance weight for having an Element

I in Stratum s not within undesirable quality stan-
dards.

In defining the quality standards, the differences caused by
road stratification criteria such as traffic volume and terrain
have been accounted for by specifying varying QS values for
different strata. The objective function in the optimization
model accounts for the quantities of elements by the fraction
N"r, which is the normalized number of units of Element I in
Stratum s. Consequently, these factors are not used in esti-
mating the relative-importance weights w,,(d) and 4r(a) (be-
cause they are already included in the QS values), the sub-
script s can be dropped. In the rest of the discussion, these
weights are designated as w,(d) and w,(u).

The approach chosen in estimating the relative-importance
weights is a general expert opinion elicitation procedure called
the "analytic hierarchy procedure" (3). This approach consists
of two sequential steps. In the first step, the nonpavement
elements are divided into a hierarchy of groups of 4 to 8

elements each and a set of ranking and comparison criteria
are identified. Eight is considered a reasonable maximum
number of items that an engineer can be expected to rank
and score among as a group. Then the experts are expected
to rank each item of these groups at all levels. In the second
step, a relative ratio comparison score is given to each item
of these groups. These scores are then reduced to obtain the
relative-importance weights.

Concepts of Ranking and Comparison Scores

Suppose there are n items Ir, It, .. ., 1,, that need to be

evaluated with respect to some Criterion C. An expert is asked
to make judgments about these items with respect to Criterion
C. The first step is for the expert to rank-order the items from
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best to worst, with respect to Criterion C. Next, suppose that
the items have been reindexed in this order so that the index
order and the rank order are the same. The third step is for
the expert to compare each pair (f , 1r) where j ) i to deterrnine
how much better { is than /, with respect to Criterion C. Then
the expert is asked to respond with ratio-scale comparisons
rather than interval-scale comparisons. For example, in com-
paring I with 1r, a response of 3 would mean that { is three
times as good as 1, with respect to Criterion C (rather than
three additional units better). After some empirical testing
and much expelience, Saaty (3) suggests that these ratio com-
parisons be based on a standard scale such as the following:

Ratio Cotn¡tarisott Significance

I
3

5

7
9

I, ancl I, are about the samc with rcspect to C.

{ is slightly bctter than 4 with respect to C.
1, is much bctter than 1, rvith rcspect to C.
/, is considerably bcttcr than 1, rvith rcspcct to C.

{ is so rnuch better than 1, with rcspect to C that there
is almost no comparison betwccn thc two.

Values of ratios of 2, 4, 6, and 8 may be used to strike a

compromise between adjacent categories.
This process may be organized in the upper part of a matrix

such as the example shown in Figure 2. Such matrices are
referred to as "pairwise-compalison" ¡natrices.

In Figure 2, a value at the intersection of, say, Row .lr and
Column 1o would represent how much better /r is over 1,' with
respect to Criterion C. Because the items were first rank-
ordered with respect to Criterion C, the numbers plovided
by the expert should all be greater than or equal to I and
tend to increase from left to right.

For a given set of highway elements, a number of matrices
like Figure 2 must be elicited from experts. These matrices
may differ from each other in t\ryo ways. First, each deals with
different types of items to be compared; second, the com-
parisons may be made with respect to different criteria. These
items and criteria form a hierarchy the structure of which can

be used to synthesize the elicited values into the relative im-
portance weights needed to establish the optimal NPMS pol-
icy.

First Level of the Hierarchy

At the first level, Criterion C is thought of as the importance
of the considerations to the overall goal or objective of the
NPMS. This overall objective may not be articulated, but the
expert engineers should have an adequate sense for making
these comparisons. Among othels, the items that must be

rr

T2

r3

FIGURE 2 Example of pairwise-comparison matrix that an
expert participant might provide for five items.

r2rr

9

7

I

3

L

5

3

5

1

5

2

t

r1

r5



Gopal and Majidzodeh

compared may include the following four consideratio¡rs:

o Safery,
o Aesthetics,
o User convenience, and
o Preservation of investment in highway elements.

In order to accomplish the first step, the task asked of the
expert would be to rank-order these items with respect to how
important they are for the overall nonpavement system. A
matrix is then set up with these items listed as row labels in
the order of most important to least important, and with
columns labeled in the same order. The expert then compares
the items that label the rows and columns that intersect in
the upper half of the table. The comparisons are scored on
the scale of I to 9, with the score indicating how much more
important for the NPMS the row item consideration is than
the column item considelation. This effort results in a single
pairwise-comparison matrix.

Second Level of the Hierarchy

At the second level, the ploblem expands because the elici-
tation process needs to be applied for each of four consicl-
erations. The items to be compared are the groups of non-
pavement elements that have already been identified. If the
groups contain about 14 or 15 elements, they need to be split
into two groups of 7 or 8 elernents each. The groups are then
rank-ordered with respect to one of the considerations, and
then the pairwise-comparison matrix is established.

This level results in one pairwise-cornparison matrix for
each consideration.

Third Level of the Hierarchy

The bulk of the effort is in establishing a pairwise-comparison
mattix for the elements in each group with respect to each of
the considerations.

Compalisons are not necessary between elements in dif-
ferent groups. The number of pairwise-comparison matrices
in this level is the number of considerations, N., times the
number of groups, N*.

Fourth Level of the Hierarchy

For this level, it is determined for each element and con-
sideration whether being in a desirable QS is more or less
important than not being in an undesirable QS and by how
much.

As an example, one may pose the question for a given
element, say, cateyes; and for consideration, suppose safety,
as follows: for purposes o1. safety, is it more irnportant for a

segment of cateyes to be in a desirable QS than for it to not
be in an undesirable QS, and by how much? The how much?
answer should be expressed in the 1 to 9 scale defined earlier.
The italicized words salely and cateyes are then leplaced by
another consideration and element, respectively, and the
question is posed again. The process continues until all com-

t7

binations of considerations and elements have been exam-
ined.

Relative-Importance tfleight Calculations

Each pairwise-comparison matrix is lnade into a square ma-
trix. The diagonal is filled with ls and the upper triangular
part of the matrix is filled in with the evaluated elernents. The
area below the diagonal is filled in with the reciprocals of the
numbers above the diagonal, each in the reflected position
across the diagonal. For example, suppose d," is an element
in Row r and Colum¡r c and suppose that it is below the
diagonal, then its value should be set to 1/a,", which is the
reciprocal of an element above the diagonal. For a numerical
example, the matrix of Figure 2 is converted into the following
appropriate matrix:

This matrix contains some redundant information, so that the
consistency of the participant expet't can be checked. If the
participant expert was entirely consistent, then the largest
eigenvalue of this matrix would be 5 (because the matrix is
5 x 5). Therefore, the check is to see that the largest eigen-
value is close to 5.

Assuming that the consistency is satisfactory, the eigen-
vector corresponding to the largest eigenvalue is norrnalized
so that the sum of its components equals 1. The components
of this normalized eigenvector are interpreted by Saaty (3) to
be priority weights for the elements involved.

In the case of the given matrix, the eigenvalue was 5.36,
indicating a reasonable degree of consistency, The normalized
eigenvector is (0.50, 0.22,0.1.8,0.07, 0.03), the components
of which are the priority weights for the items 1,, Iz, L, 14,

and 1..

Even Level 4 of the hierarchy produces a series of2 x 2
matrices that have an eigenvalue of2 and an eigenvector with
two components representing priority weights one for the
desirable condition and one for the not undesirable condition.
Thus, each level of the hierarchy results in a set of priority
weights that sum to 1 for each set of items that is directly
compared at that level. The weights at each level are distrib-
uted and combined at the next level down in the hierarchy.
This accomplishment results from an averaging process de-
scribed in the following section.

Weight Distribution for Analytical
Hierarchy Procedure

At each level of the hierarchy, weights are developed frorn
each matrix by calculating the eigenvector corresponding to
the largest eigenvalue for the matrix. The weights are then
combined as follows:

At Level 1, weights are found for the criteria. Let a" be
those weights for c = 1.,2, . . ., N".

At Level 2, weights are found for groups of elements for
each criterion. Let B"" be those weights for c = 1,2, , , .,

13559
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N"; and I = 1,2,' ', Nr. In this case, for each c, the sum
over g of the weights is 1.

At Level 3, weights are found for elements within groups

foreach criterion. Letl"ru be those weights forc : 1,2,. . .,
N"i g = 'J.,2,3,. , ., N"; and e = t,2,. .., n' where n" is
the number of elements in Group g. These weights sum to 1

when summed over the elements of the specific group and
criterion.

At Level 4, weights are found for each of two states of
elements within groups for each criterion. The two states are
(a) a desirable QS and (b) a not undesirable QS. Let ôrr.o be

those weights for which the indices c, g, and e range as before,
while q : 7,2. As before, for fixed c, g, and e, the sum of
these weights over q is equal to 1.

In the mathematical models proposed earlier, the elements
were not grouped but simply indexed sequentially. Thus, let
j be the element index so that j assumes a value for each

feasible pair (9, e). The state also had index 4 = d or u instead
of 1 and 2. The weights to be used in the optimization model
were therefore wo and w,.. They were calculated as follows:
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neering judgments. Several maintenance engineers were used

to collect the data. Significant variations were observed among
the deterioration time estimates provided by these engineers.
Improvement in the solicitation process and the use of formal
analysis techniques such as Delphi to get consensus-based
opinions would reduce such variabilities. Also, if a mainte-
nance management system already exists, the development
of deterioration models can use input from historical main-
tenance data.

The results of this test indicated that the maintenance policy
generated was consistent with the input data. Detailed dis-
cussion of these results would be the subject of another paper.
However, the results indicated that the objectives set for this
method at the outset of this paper were being met. This method
uses stochastic deterioration models and relies on relatively
fewer and easier-to-get subjective data. Further, the optimiza-
tion model formulated here is consistent with the other sys-

tems based on the MDP so that these models can be integrated
for budget allocation exercises.

Even though this method is tested with mostly nonpave-
ment elements, it can generally be used with any LOS-based
system.
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TEST RESULTS AND CONCLUSIONS

The method described was tested with a system of 58 highway
elements in L2 strata with 3 LOS values each. The resulting
linear integer programming problem had 2,088 variables and
697 constraints. An off-the-shelf linear programming package
(LP83) solved this problem on an IBM PC (286) in less than
15 min. Only one element in one stratum had a noninteger
solution.

Both the deterioration models as well as the relative-
importance weights were developed with subjective engi-


