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A SYSTEMATIC PROCEDURE FOR THE DEVELOPMENT OF MAINTENANCE LEVELS OF SERVICE 

Ram B. Kulkarni, Kamal Golabi, Fred N. Finn and 
Rubin Johnson, Woodward-Clyde Consultants 

Orh:: of th~ Oci:;;lc. r.~quiremen'Cs for the proper 
management of highway maintenance activities 
is the establishment of maintenance levels-of
service, i.e., at what levels or conditions 
should a maintenance activity be initiated. A 
systematic methodology was developed for deter
mining the maintenance levels-of-service that 
would maximize the user benefits subject to the 
constraints of available resources. This paper 
describes a demonstration of the methodology for 
two maintenance problems in a state. 

The necessary inputs for the methodology were 
obtained from the data base of information 
currently available to the state transportation 
department. The data base included inform.ation 
available in the literature, studies conducted 
within the department, information available from 
maintenance management systems, and experience 
and judgment of knowledgeable individuals within 
the department, Results of the analysis pro
duced levels-of-service that were intuitively 
satisfactory. Sensitivity analyses were con
ducted to determine the impact of conditions 
such as budget cuts and changes in the relative 
weights of different considerations on the deter
mination of optimum levels-of-service. 

While the demonstration phase of 4he project was 
limited to two problems, the results indicate 
that the methodology can work and should be 
implementable by state agencies. 

Maintenance levels-of-service are defined as 
threshold conditions at which maintenance is con
sidered to be needed. As such, these levels-of
service will influence work scheduling requirements, 
resource allocations and work priorities, Selection 
of the maintenance levels-of-service is influenced by 
a number of considerations such as safety, comfort, 
protection of investment, environmental impact, and 
aesthetics. 

At the present time there is no systematic, 
structured procedure for establishing maintenance 
levels-of-service or to adjust such levels when 
resources are constrained or increased. Woodward
Clyde Consultants has completed a study for the 

National Cooperative Highway Research Program (NCHRP) 
to develop a methodology for establishing levels-of
service based on well documented principles of 
decision analysis. 

The purpose of this report is to describe the 
methodology by means of a demonstration of the proce
dures for two maintenance problems in the state of 
Louisiana. 

In order to facilitate the description of the 
procedures the following terminology has been estab
lished. 

1. Maintenance Element - a part of the highway 
system that requires maintenance (e.g., traveled-way, 
roadside, drainage, traffic services). 

2. Maintenance Condition - a deficient condition 
of a maintenance element that needs to be repaired 
or corrected (e.g., cracking and rutting--for 
traveled-way; grass growth and litter and debris-
for roadside). 

3. Maintenance Activity - work required to 
repair or correct a maintenance condition (e.g., 
filling--for cracking; mowing--for grass growth). 

4. Level-of-Service (quality standard) - thresh
old deficiency level of a maintenance condition that 
should trigger an appropriate maintenance activity 
{e.g., grass should be mowed when it is 12 inches 
high; a drainage ditch should be cleaned when 50 per
cent of its area is blocked). 

5. Considerations - the factors used in evalu
ating the pe.rfoanance of maintenance elements (e .g., 
safety, riding comfort, econom cs, aesthetics). 

6. Attribute - a numerical scale for measuring 
the effect on a given consideration (e . g., frequency 
of accidents--for safety; roughness--for riding 
comfort). 

l\pproach 

The methodology to select maintenance levels-of
service involves the following steps: 

1. Structuring the problem. 
2. Estimation of the effects of alternative 

maintenance levels-of-service on various considera
tions (e.g., safety, aesthetics). 

3. Evaluation of the effects of alternative 
maintenance levels-of-service. 
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4. Determination of the optimum combination of 
maintenance levels-of-service. 

5. Sensitivity analysis. 
6. Recommendations. 

A computer program ASOP (acronym for Algorithm 
for the Selection of Optimum Policy) has been written 
for implementation of-all calculations required by 
the methodology. 

Structuring the Problem 

The following tasks are involved in structuring 
the problem: 

1. Select maintenance elements (e.g., shoulders, 
pavement). 

2. Select maintenance conditions (e.g., edge of 
traveled-way drop-off) for each maintenance element 
(e.g., shoulders). 

3. Specify alternative levels-of-service for 
each maintenance condition. 

4. Select considerations (e.g., safety) for each 
maintenance element (e.g., shoulders). 

S. Select attributes (e.g., percentage of drivers 
who cannot recover) for various considerations (e.g., 
safety). 

6. Identify the maintenance conditions (e.g., 
edge of traveled-way drop-off) which affect each 
attribute (e.g., percentage of drivers who cannot 
recover). 

The implementation of the above tasks in Louisiana 
is described below. 

Select Maintenance Elements 

For the demonstration example, two maintenance 
elements--shoulders and roadside vegetation--were 
analyzed. 

Select Maintenance Conditions for Each Maintenance 
Element 

For shoulders, the edge of traveled-way drop
off is the maintenance condition of concern. 

For roadside vegetation, the maintenance condi
tions of concern may include grass growth, weed 
growth, and brush and tree growth. The discussions 
with the Louisiana landscape specialist indicated 
that a combined mowing and herbicide spraying pro
gram is used for the maintenance of roadside vegeta
tion. 

Select Alternative Levels-of-Service for Each Main
tenance Condition 

The following procedure can be used to gener
ate alternative levels-of-service. The department 
specialists for a given maintenance condition are 
asked to assume that there are no constraints of 
resources (dollars, manpower, etc.) for the parti
cular maintenance condition under consideration. 
How would the specialists improve the level-of
service for that condition? Discussion of this 
question would provide a level-of-service which is 
generally higher than the current level-of-service 
used by the agency. Next, the specialists are told 
that there are moderate and severe budget cuts, 
successively for the maintenance condition. In 
order to accommodate the budget cuts, a reduced 
level-of-service would have to be adopted. How 
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would the agency reduce the level-of-service in 
each case? Responses to this question would generate 
two levels-of-service which are generally lower than 
the current level-of-service. If it is meaningful 
in practice, some intermediate levels-of-service may 
also be considered. 

At the conclusion of this step, a spectrum of 
alternative levels-of-service ranging from the 
highest (ideal) to the lowest (barely tolerable) are 
generated. Table 1 shows the alternative levefs-of
service selected for edge of traveled-way drop-~tf 
and vegetation growth. 

Table 1. Alternative levels-of-service for mainten
ance conditions of given maintenance ele
ments. 

Maintenance Maintenance 
element conditions 

Shoulders Edge of 
traveled-way 
drop-off 

Roadside Vegetation 
Vegetation growth 

Alternative levels-of-service 

(1) Repair when drop-off is 1-inch. 
(2) Repair when drop-off is 2 inches. 
(3) Repair when drop-off is 3 inches. 
(4) Repair when drop-off is 4 inches. 
(5) Repair when drop-off is 5 inches. 

(1) Mow 500, 000 acres and spray 
120,000 acres annually. 
(Mow full right-of-way before 
grass reaches 8 inches.) 

(2) Mow 300, 000 acres and spray 
120, 000 acres annually. 

(Urban area: mow full width 
before grass 
reaches 8 inches . 

Rural area: mow 30 feet from 
edge of traveled 
surface after grass 
exceeds 12 inches.) 

(3) Mow 200,000 acres and spray 
60,000 acres annually. 

(Urban area: mow full width 
after grass exceeds 
18 inches. 

Rural area: mow one machine 
pass after the 
grass exceeds 18 
inches.) 

(4) Mow 150,000 acres and spray 
60,000 acres annually. 
(Mow for safety only.) 

For edge of traveled-way drop-off, the alterna
tive levels-of-service were specified in terms of the 
threshold amount of drop-off at which a shoulder 
should be repaired. 

For roadside vegetation growth, the current main
tenance practice in Louisiana consists of a combined 
mowing and herbicide spraying program. It was, 
therefore, appropriate to consider alternative 
levels-of-service in terms of increased or decreased 
amounts of mowing and spraying. Appropriate combina
tions of numbers of acres mowed and numbers of acres 
sprayed were selected in consultation with the 
department specialists to represent four alternative 
levels-of-service for controlling roadside vegetation. 
For a proper understanding and implementation of the 
levels-of-service in the field, it was also necessary 
to specify for each level-of-service the threshold 
height at which grass would be mowed and the width 
of mowing. Since urban and rural areas present 
different roadside environments, ·-different provisions 
for these areas were made under each level-of-service. 
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Table 1 shows the alternative levels-of-service for 
roadside vegetation both in terms of (1) number of 
acres mowed and sprayed and (2) threshold height of 
grass and width of mowing for urban and rural areas. 

Select Considerations for Each Maintenance Element 

Considerations are the factors which affect 
highway users through the choice of maintenance 
levels-of-service for a given maintenance element. 
With regard to maintenance of shoulders, safety and 
preservation of investment appear to be the pertinent 
considerations. Aesthetics and environmental pollu
tion are the appropriate considerations with regard 
to roadside vegetation maintenance. It should be 
noted that even though economics (maintenance cost) 
is an important consideration, it is viewed as a 
constraint on the system rather than as a user-related 
consideration. 

Select Attributes for Various Considerations 

Au ~LL1iUu~e l~ a numerical scale for measuring 
the effect of alternative maintenance levels-of-service 
on a g;iven consideration. Table 2 lists the attribute" 
of various considerations for each maintenance element. 

Table 2. Considerations, attributes, and maintenance 
conditions affecting each attribute. 

Maintenance 
element Considerations Attributes 

Shoulders Safety Percentage of 
drivers who 
cannot recover 

Protection of Percent change in 
investment pavement rehabili-

tion cost 

Roadside Aesthetics Index of pleasing 
vegetation appearance 

(4-point scale) 

Ecology Index of environ-
mental pollution 
(4-point scale) 

Maintenance con
ditions affecting 
an attribute 

Edge of traveled
wa y drop-off 

Edge of traveled-
way drop-off 

Vegetation growth 

Vegetation growth 

Identify the Maintenance Conditions Which Affect Each 
Attribute 

The maintenance conditions affecting each attri
bute are shown in Table 2. 

Estimation of Effects of Alternative Maintenance 
Levels-of-Service on Various Considerations 

The effect of alternative maintenance levels-of
service on a given consideration (e.g., safety) is 
estimated in terms of the attribute of the considera
tjon (e.g., percentage of drivers who cannot recover). 
The effects were estimated in Louisiana by interview
ing the department specialists for given attributes. 
To assist the specialists in the estimation, pertinent 
information and data available in the literature were 
reviewed with the specialists. 

Because of limitations and applicability asso
ciated with information in the literature it was con
cluded that this source could not be used directly 
to establish the effects or impact of levels-of-service 
on pertinent considerations. Based on these conclu-
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sions, the specialists were asked to extrapolate the 
available information to the real-world situation, 
based on their experience and judgment. 

Percentage of Drivers Who Cannot Recover 

Assessment of the percentage of drivers who can
not recover for given amounts of edge of traveled-way 
drop-off was done in two steps: 

1. What percentage of drivers will encounter the 
drop-off problem (i.e., accidentally drive over the 
edge of the traveled-way)? 

2. Of the drivers who encounter the problem, 
what percentage would not be able to make a normal 
recovery? 

Table 3 shows the results of the assessments. It 
is acknowledged that some of the estimates may be 
high. More time and background information would be 
necessary to improve on these estimates of the impact 
of various levels-of-service. The methodology, per 
se, would not be affected by any changes in these 
esi:imai:es. 

Table 3. Effect of alternative levels-of-service of 
edge of traveled-way drop-off on percentage 
of drivers who cannot recover. 

Percentage 
Threshold Percentage of drivers Percentage 
amount of drivers who cannot recover of drivers 
of edge of who drive over if they drive who 
traveled-way the edge of over the edge of cannot 
drop-off traveled-way traveled-way recover 

(a) (b) (c - ab/100) 

l" 15 0.01 0.0015 

2" 14 0.5 0.07 

3" 13 15 l. 95 

4'' 12 55 6.60 

5" 10 90 9.0 

Percent Change in Pavement Rehabilitation Cost 

High levels of allowable drop-off at the edge of 
the traveled-way may require extra preparation work 
on the edge of the pavement at the time an overlay is 
applied. No quantitative information was found in 
the literature to indicate the influence of edge of 
traveled-way drop-off on the change in pavement re
habilitation costs. Therefore, the specialists had 
to rely on their experience and judgment to estimate 
the amount of additional pavement work required prior 
to an overlay as a function of the amount of edge of 
traveled-way drop-off. 

Table 4 shows the assessment of percent change in 
pavement rehabilitation cost for various amounts of 
edge of traveled~way drop-off. 

Index of Pleasing Appearance 

The alternative levels-of-service for roadside 
vegetation define a 4-point scale for the index of 
pleasing appearance. It is reasonable to assume 
that the levels-of-service incorporating higher 
amounts of mowing and spraying would enable the 
maintenance engineer to provide a more pleasing 
appearance to the roadside. 
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Table 4. Effect of alternative levels-of-service of 
edge of traveled-way drop-off on percent 
change in pavement rehabilitation cost. 

Thr eshol d amount of edge 
of t rave l ed -way drop- off 

J " 

2" 

3" 

4" 

5" 

Perc ent change in pave
ment rehabil i t a t i on cost 

12 

15 

Index of Environmental Pollution 

The potential for environmental pollution is 
a function of the amount of herbicide spraying. 
The alternative levels-of-service for roadside 
vegetation, which specify the number of acres 
sprayed with herbicides, define a 4-point scale 
for the index of environmental pollution. 

Evaluation of the Effects of Alternative Maintenance 
Level s -of-Service on Various Considerations (E. g ., 
Safety, Aesthe tics ) 

The objective of this step is to establish a 
preference (value) structure for evaluating the 
effects of alternative levels-of-service on various 
considerations, such as safety, aesthetics, etc. The 
effects on the considerations are measured in terms 
of the selected attributes. For example, for edge 
of traveled-way drop-off the effect of level-of
service on safety is measured in terms of the percent
age of drivers who cannot recover. 

The assessment of preferences involves two steps: 

1. Assessing individual value functions of 
different attributes. The objective of this step 
is to determine how much better (or worse) one level 
of an attribute (e.g., percentage of drivers who 
cannot recover= 5) is relative to another (e.g., 
percentage of drivers who cannot recover= 10). This 
assessment is best done by those individuals in a 
state agency who are most knowledgeable with regard 
to a given attribute. 

2. Assessing value tradeoffs between different 
attributes. If a decision problem involves multiple 
attributes and limited resources, it may not be 
possible to achieve the best levels of all the 
attributes. The decision maker, therefore, is 
required to think about how much he/she may be 
willing to sacrifice on one attribute (e.g., aesthe
tics) in order to improve another (e.g., change in 
rehabilitation cost). These value tradeoffs deter
mine the relative weights of the attributes. The 
assessment of value tradeoffs should involve indivi
duals who are responsible for setting and implementing 
maintenance levels-of-service. 

The first step was completed during meetings with 
the department specialists with regard to edge of 
traveled-way drop-off and roadside vegetation control . 
The second step was completed during a group session 
which involved maintenance engineers from both head
quarters and the district offices. The details of 
t ·he specialists 1 meetings as well as the group 
session are provided below. 

Assessing Different Drop-Off Attributes With 
Specialists 

The objective of these meetings was to assess 
relative values of different levels of the attri
butes relevant to edge of traveled-way drop-off. 
The attributes were: percentage of drivers who 
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cannot recover and percent change in pavement rehabili
tation costs. 

A general procedure used in assessing relative 
values of an attribute involves the following steps: 

1. A range for an attribute is selected such that 
it would contain the highest and the lowest assessed 
levels of the attribute. For example, the attribute 
"percentage of drivers who cannot recover" had highest 
and lowest assessed levels of 9 and 0.0015, respect
ively (see Table 4). A range of 0 to 10 was, there
fore, chosen for this attribute. Similarly, an appro
priate range for "percent change in pavement rehabili
tation cost" was 0 to 35. 

2. The end-points of the range of an attribute 
are assigned arbitrary values, a common choice being 0 
and 1. Then, a midvalue point on the range of the 
attribute is assessed. To illustrate this procedure, 
consider the attribute "percentage of drivers who 
cannot recover." We denote this attribute by 9

1 
and 

its value function by v
1 
(.). Values of O and 1 are 

assigned to the end-points of 9
1

. Noting that lower 
levels of 9

1 
are more desirable, we get 

0 and vl (0) 1. 

* Now, we want to asses~ a point, say 9
1

, which has a 
value of 0.5; i.e., 9

1 
is the midvalue point on the 

range of 9 . 
To do this, different levels of 9 are succes

sively proposed to the specialist. T~e specialist is 
asked to exami ne a given level of 9

1 
and judge whether 

that level divides the total range of 9
1 

into two 
parts, each having the same value. The analyst 
attempts to bracket the midvalue point by approaching 
it from both ends. For example, one can start with 
9 1 = 1. The specialist is asked: "Which is better-
decreasing the percentage of drivers who cannot 
recover from 10 to 1 or decreasing it from 1 to 0? 11 

Let us say the specialist indicates that decreasing 
the attribute from 10 to 1 is better. Next, s

1 
= 9 

is proposed. The question is asked: "Which is 
better--decreasing the percentage of drivers who 
cannot recover from 10 to 9 or decreasing it from 
9 to O?" The specialist may say that decreasing the 
attribute from 9 to 0 is better. By systematically 
varying the proposed levels of the a~tribute, one 
can zero in on the midvalue ~oint, 9

1
. 

3. The end points and 9
1 

provide three points 
on the value function v

1 
(.). Additional points may 

be ass~ssed bX dividing each of the two ranges, 
0 to s1 and 91 to 10, into two equal value parts. A 
smooth curve can be drawn through the end points and 
the assessed intermediate points. A mathematical 
equation can be derived to best fit this curve. This 
equation represents the individual value function 
V1 (.) for 9

1
• The computer program ASOP automatically 

fits a quadratic value function, given the end points 
and the midvalue point for an attribute. The form of 
the function is 

Using the above procedure in Louisiana, the indivi
dual value functions for the following attributes 
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were assessed: 

9
1 

percentage of drivers who cannot recover. 
9

2 
percent change in pavement rehabilitation 
cost. 

Both the value functions were linear. This implies 
that a change in the same magnitude in the attribute 
anywhere in its range has the same value. 

Assessing Different Roadside Vegetation Attributes 
With Specialists 

The objective of these meetings was to assess 
the individual value functions for the following 
attributes: 

93 index of pleasing appearance. 
94 index of environmental pollution. 

Both roadside vegetation attributes are repre
sented on a 4-point discrete scale. Each point is 
associated with an alternative maintenance level-of
service (see Table 1). The procedure for assessing 
midvalue points discussed previously is not practical 
in the case of an attribute represented on a discrete 
scale with a limited number of points. The reason 
is that none of the points on the scale may provide 
a midvalue point. An alternative procedure, based 
on the concept of willingness to pay, was used. 

To illustrate this procedure, consider the index 
of pleasing appearance. The participants were asked 
how much more they would be willing to pay in order 
to improve the index of pleasing appearance from its 
lowest level (number of acres mowed = 150,000; number 
of acres sprayed = 60,000) to each of the other 
levels. Following some discussion, the response of 
the participants was that they would be willing to 
pay 50 percent more to go to Level 3 and 200 percent 
more to go to Level 2. With regard to Level 1, the 
specialists did not see much benefit in moving from 
Level 2 to Level 1, and hence were willing to pay 
very little to go from Level 2 to Level 1. However, 
it was indicated that other individuals in the de
partment, particularly those at the district level, 
might respond differently about going from Level 2 
to Level 1. For this reason, it was decided to ob
tain group consensus on this question of how much one 
would be willing to pay to increase the maintenance 
level-of-service from Level 2 to Level 1. The group 
session, which is discussed in the next section, 
indicated that the group would be willing to pay 
about 8 percent more to go from Level 2 to Level 1. 

The above assessments provided relative values 
of the four levels of the index of pleasing appear
a~e (9

3
). Letting v

3
(i) denote the value of the 

i level, we get 

If v1 (4) is set to 1, the other relative values 
woula be: V (3) = 1.5, v

3
(2) = 3 and v

3
(1) = 3.08. 

Since the end points of a value function were assumed 
to be 0 and 1, a linear transformation of the rela
tive values was made by subtracting the minimum value 
(i.e., 1) and dividing by the range (i.e., 2.08). 

Thus, the relative values are: 
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and 

l; v3(4) = 0 

3 - 1 
-3""".-=o-=-8--___,.1- = 0 • 96 

1.5 - 1 
V3(3) = -3~.~08---1- a 0.24 

With regard to the index of environmental pollu
tion (9 ) , the specialists were asked: "How much 
would i~ be worth to reduce the number of acres 
sprayed from the highest level (defined as 150,000) 
to each of the other two levels (120,000 and 60,000)?" 
Assuming the cost of the highest level to be 100 
units, the response of the specialists was that, from 
the viewpoint of reducing pollution, it would be 
worth 15 and 30 units, respectively, to reduce the 
amount of spraying from the highest level to Levels 2 
and 3. This yielded the following relative values 
of the levels of 9

4
: 

v
4

(2) 
v

4
(3) 

Since the fourth level (see Table 2) involves 
the same number of acres sprayed as the third level, 
it follows that v

4
(4) • v

4
(3). By assigning the 

values of 0 and 1 to the end points of the scale, we 
get 

O; v
4

(2) 

1.3 - 1 
1.3 - l 

1. 15 - 1 
1.30 - 1 

1 • v
4

(4). 

o.s 

The results of assessment of individual value 
functions are summarized in Table 5. 

Table 5. Assessment of individual value functions of 
various attributes. 

At tribute 

l. Percentage of 
drivers who 
cannot recover 

2. Percent in-
crease in pave-
ment rehab iii-
tat ion cost 

3. Index of 
pleasing 
appearance 

4. Index of 
environmental 
pollution 

Best 
level 

0 

0 

Midvalue 
point for a 

Worst continuous 
level attribute 

10 

35 17. 5 

Values of inter
mediate levels for 
a discrete attribute 

Value of level 2 . 
0.96 

Value of leve l 3 . 
0.24 

Value of level 
0.5 

Value of level 3 . 
1. 0 

Group Session for the Assessment of Value Trade-offs 

The specifications of a value function over 
multiple attributes requires the assessment of trade
offs between competing attributes based on the value 
judgments of decision makers. In public policy deci-



TRANSPORTATION RESEARCH RECORD 781 

sions, a number of individuals may share the respon
sibility of deciding acceptable tradeoffs. It would, 
therefore, seem desirable that value judgments of 
deci s ion makers be somehow "pooled" to obtain a 
"group consensus" that would be used in lieu of the 
opinion of any one individual. It is generally 
assumed that group consensus would have greater 
validity than individual value judgments in the 
assessment of tradeoffs. The technique used for 
trying to obtain group consensus values was the 
Delphi procedure. 

The Delphi group sessions included eight. indivi
duals within the Louisiana Department of Transporta
tion and Development who were involved in establish
ing current levels-of-service. 

The sessions included a period of orientation 
during which pertinent background information was 
discussed. The procedures were explained and 
illustrative examples were acted out for the group. 

Assessment Forms. Three assessment forms were 
used in the group sessions. 

Form A: assessment of tradeof f between percent
age of drivers who cannot recover and index of pleas
ing appearance. 

Form B: assessment of tradeoff between percent 
change in pavement rehabilitation cost and index of 
pleasing appearance. 

Form C: as sessment of tradeoff between percent
age of drivers who cannot recover and index of envi
ronmental pollution. 

A blank copy of assessment Form A is shown in 
Figure 1. 

Figure 1. Form A. 

TRADEOFF ASSESSMENT USING DELPHI PROCEDURE 
Fonn A 

Date: 
Iteration Number:-----------

You have the choice between the following options: 

Percent of Drivers Who 
Will Encounter Drop-off 
and Not Recover 

Option A 10 

Option B X 

Acres 
Mowed 

300,000 

150,000 

Index of Pleasing 
AI!I!earance 

Acres 
Sprayed ~ Rural 

120,000 8 11- Full 12"-30' 
width width 

60,000 Mow only for safety 

At what level of x. would you be indifferent between 
the two options? 

X•--------

The results from the group sessions are summar
ized in Table 6. 

Determination of the Optimum Combination of Ma i nten
ance Levels-of-Service 

The objective of this step is to find the optimum 
combination of maintenance levels-of-service for all 
of the maintenance conditions included in the system. 
The criterion used for optimiza tion is to maximize the 
overall value of highway user benefits subject to the 
constraints of available resources (dollars, person-

Table 6. 

Option A 

Option B 

Option A 

Option B 

Option A 

Option B 

11 

Consensus value tradeoffs between different 
pairs of attributes. 

Percentage of drivers 
who cannot recover 

10 J 
5 . 9 

Balanc ing 
Reward 

Index of pleasing 
appearancex 

1 J Penalty 
(, 

Percent increase in pave- Index of pleasing 
men t rehabilita t ion cost appearance 

35 

15 .Ii 

Percentage of drivers 
who cannot recover 

10 

8.6 

Index of environmental 
pollution 

days, etc.). The user benefits are specified in 
terms of the effects of levels-of-service on various 
considerations, such as safety, aesthetics, and pro
tection of investment. The effects on these consid
erations are measured by the appropriate attributes, 
such as percentage of driver who cannot recover, 
index of pleasing appearance, and percent change in 
pavement rehabilitation cost. 

Optimization Program 

Mathematically the optimization problem is 
formulated as follows: 

Let Xi j denote a binary variable such that 

th 
1 if the j alternative level-of-service 
(e.g., repair when edge of traveled-way 
dfgp-off is 2 inches) is selected for the 
i maintenance condition (e.g., edge of 
traveled-way drop-off). 

0 if the jth alternative level-of-service 
is not selected. 

The objective of the analysis is to determine Xi
1 

for 
all i and j to maximize V(B1,B2, .•. ,Qn) subject to 
the following constraints: 

L: L: 
i j 

L: L: 
i j 

L: 
j 

in which cij 

Cijxij $available budget, B 

Mijxij $available person-days, M 

1 (Only one of the alternative levels
of-se rvice for each maintenance 
condition is to be selected.) 

cost of implementtRg the jth level-of
service for the i maintenance condi
tion, and 

perso~hdays required for implementtRg 
the j level-of-service for the i 
maintenance condition. 
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A nonlinear integer programming algorithm has 
been developed to solve the above optimization prob
lem. The algorithm has been coded in the computer 
program ASOP. 

~stimation of Attribute Levels. The following 
estimation model is used in the program: 

L 
i 

in which Q an attribute 

B .. 
l.J 

1 if the jth level-of-service for the ith 
maintenance condition is selected. 

0 if the jth level-of-service is not 
selected. 

coefficient which estimates the in~rP.mP.nt~l 

effect of Xij on Q. 

The first summation in the above equation is over all 
the maintenance conditions which affect Q, and the 
second summation is over all alternative levels-of
service for each of these maintenance conditions. 

For the demonstration example in Louisiana, each 
attribute is affected by only one maintenance condi
tion. Percentage of drivers who cannot recover (9

1
) 

and percent change in pavement rehabilitation cost 
(Q2) are affected only by edge of traveled-way drop
off. Similarly, index of pleasing appearance (Q ) 
and index of environmental pollution (9

4
) are af~ected 

only by roadside vegetation growth. 

Program Output 

The program output consists of the following 
parts: 

Print Input Data. All input data are printed so 
that the accuracy of the data can be checked and 
information useful in evaluating the results is 
readily available. 

Print Parameters of Value Function. The program 
computes the constants of the value function for 
each attribute in a quadratic form. These constants 
are printed. 

The tradeoff information is used to calculate 
the scaling constants (relative weights) of different 
attributes. The scaling constants are also printed. 

Print Estimation Coefficients. The estimation 
coefficients, Bij are printed for each attribute. 

Print Results of Base Case Analysis. The output 
describes the optimum solution, i.e., the level-of
service which should be adopted for each maintenance 
condition so as to maximize overall value (to highway 
users) while satisfying the resource constraints. 
The actual resources required to implement the opti
mum solution are displayed. The overall value of the 
optimum solution (on a scale of 0 to 1) is printed 
along with the contributions of the various attri
butes to the overall value. 
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Results of Base Case Analysis 

Figure 2 shows the results of the base case 
analysis included in the program output. The optimum 
levels-of-service are: 

1. Repair when edge of traveled-way drop-off is 
1-inch. 

2. Mow 300,000 acres and spray 120,000 acres. 
(This vegetation control program would allow mowing 
grass full width before it reaches 8 inches in urban 
areas and mowing grass 30 feet from the edge of the 
traveled surface after it exceeds 12 inches in rural 
areas.) 

Figure 2. Results of the base case analysis. 

Complete Enumeration 

The selected policy is: 

Edge of traveled-way drop-off 
Vegetation growth 

Repair when drop-off is 1-inch. 
Mow 300. 000 acres nnrl !'lflTRY 

120 1 000 acres. 

Costs of the Selected Policy 

Materials (thousands of dollars) 
Thousands of Labor-Hours 
Equipment (thousands of dollars) 

Available - 5130, used - 5130 
Available - 644, used - 644 
Available - 3380, used - 3377 

Evaluation of the Attributes 

Safety--percent of drivers who cannot recover 
Individual value - 1.000 Weighted value - .438 

Percent change in rehabilitation costs 
Individual value - 1.000 Weighted value - .321 

Pleasing appearance 
Individual value - 0. 962 

Environmental pollution 
Individual value - . 500 

Weighted value - 0.173 

Weighted value - .031 

THE VALUE OF THIS POLICY IS 0. 96 

The levels-of-service currently used in Louisiana 
for the two maintenance conditions are also the 
optimum levels-of-service selected by the program. 
This was to be expected because only a few variables 
had to be considered for the example, the analysis 
assumed the resources currently used for the two 
maintenance conditions, and the value judgments of 
those involved in setting the current levels-of
service were used. The strength of the methodology 
is that it will consistently select optimum levels
of-service when a large number of maintenance condi
tions were analyzed and when changes in the current 
maintenance budget become necessary. The overall 
value of the optimum solution is 0.96. The optimum 
levels-of-service provide the highest user benefits 
possible for the two maintenance conditions. No 
improvement in these levels-of-service would be 
possible even if higher amounts of resources were 
available. An examination of the contributions of 
the four attributes to the overall value reveals 
that the two attributes related to edge of traveled
way drop-off (percentage of drivers who cannot 
recover and percent change in rehabilitation cost) 
contribute 79 percent of the total value, while the 
remaining 21 percent of the total is contributed by 
the roadside vegetation attributes. 

-
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Sensitivity Analysis 

The objective of this step is to assess the 
influence of changes in some of the major inputs and 
assumptions on the selection of the optimum combina
tion of levels-of-service. The output of this 
analysis would identify the parameters to which the 
selection of optimum levels-of-service is very sensi
tive. The assessment of such parameters would ob
viously warrant more careful consideration. 

The computer program ASOP has been designed to 
perform the following types of sensitivity analyses 
when requested by the user: 

1. Effect of Changes in Available Resources. 
Available amounts of one or more resources may be 
changed and the effect on optimum levels-of-service 
may be examined. 

2. Changes in Tradeoffs. The tradeoffs used in 
the base case analysis represent group consensus 
values obtained in the Delphi procedure. These 
tradeoffs yield the relative weights of various 
attributes. If significant differences of opinions 
were observed during the group session, different 
tradeoffs between attributes may be used in finding 
optimum levels-of-service. If the effect on optimum 
levels-of-service is significant, the differences in 
opinions are clearly critical and need to be resolved 
before levels-of-service can be selected. 

3. Mandatory Inclusion of Specified Levels-of
Service. For certain important maintenance condi
tions, relatively high levels-of-service may be re
quired; for example, the edge of traveled-way drop
off may be required to be less than 1-inch. The pro
gram can fix such levels-of-service and optimize on 
the remaining maintenance conditions. 

4. Mandatory Exclusion of Specified Levels-of
Service. Certain levels-of-service may be considered 
to be impractical or infeasible. For example, with 
respect to edge of traveled-way drop-off, the lowest 
level-of-service (repair when drop-off is 5 inches) 
may be excluded from the analysis. The program will 
eliminate such a level-of-service from the search for 
the optimum solution. 

5. Exclusion of Best Solution. This option 
would find the second best solution. If the value 
of this solution is nearly as good as that of the 
best solution, but the resources required for the 
second best solution are significantly lower than 
those required for the best solution, then the 
second best solution may be preferred. 

In conducting the sensitivity analyses for the 
demonstration example in Louisiana, advantage can be 
taken of the fact that none of the attributes is 
simultaneously affected by both the maintenance 
conditions. Consequently, it is possible to deter
mine the complete contribution of a given level-of
service of each maintenance condition to the overall 
value. The results are shown in Figure 2. 

Recommendations 

Recommendations are formulated after evaluating 
the results of the base case and the sensitivity 
analyses. The recommendations should include the 
following: 

1. The optimum level-of-service for each main
tenance condition in the system. 

2. Resources which would be used in implementing 
the optimum levels-of-service. 

3. Scenarios (e.g., budget cuts) which would 
require significant changes in the optimum levels-of
service. 
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Conclusions 

The effort in Louisiana shows that it is feasible 
to use the methodology developed in this project to 
select levels-of-service for highway maintenance which 
would maximize user benefits subject to the con
straints of available resources. The types of inputs 
required for the analysis can be obtained from the 
data base of information currently available to a 
state transportation department. The data base in
cludes information available in the literature, 
studies conducted within the department, information 
available from maintenance management systems, and 
experience and judgment of knowledgeable individuals 
within the department. 

The methodology requires the assessment of value 
judgments regarding tradeoffs between different con
siderations, such as safety, protection of investment, 
aesthetics, and environmental pollution. A Delphi 
procedure was used i n Louisiana to obtain group con
sensus regarding tradeoffs from a number of indivi
duals responsible for selecting levels-of-service 
both in the field and at headquarters. Certain im
provements in the implementation of the Delphi proce
dure would seem desirable based on the experience in 
Louisiana. However, the types of assessment questions 
which need to be asked in the Delphi procedure are 
certainly practical and relevant to individuals 
involved in highway maintenance. 

It would be desirable to provide certain types 
of objective data to the participants in the Delphi 
exercise in order to obtain more consistent and 
reliable value judgments. Examples of such data 
include statistics on accidents resulting from driving 
over the edge of traveled-way with various amounts of 
drop-off and surveys of user opinions regarding 
aesthetics of roadside vegetation under varying 
levels-of-service. These kinds of data are currently 
not available. The initial implementation of the 
methodology will identify the critical parameters on 
which objective data would be most useful. Limited 
studies to collect these data can be undertaken. The 
reliability of the results of the methodology would 
be expected to increase with the availability of addi
tional data. 

The computer program prepared for the use of the 
methodology facilitates the analysis significantly. 
The program is designed such that the assessed data 
can be directly input and all parameters (such as 
value coefficients, relative weights, and regression 
coefficients) are computed internally in the program. 
This relieves the user of the burden of making exter
nal calculations, which would require some theoretical 
background in decision analysis techniques. 

·The demonstration example in Louisiana involved 
only two maintenance conditions--namely, edge of 
traveled-way drop-off and roadside vegetation growth. 
The complete system of highway maintenance could in
volve 20 to 25 maintenance conditions of practical 
significance. 
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