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NATIONAL COOPERATIVE HIGHWAY RESEARCH
PROGRAM

Systematic, well-designed research provides the most effective
approach to the solution of many problems facing highway
administrators and enginees. Often, highway problems are of
local interest and can best be studied by highway departments
individually or in cooperation with their state universities and
others. However, the accelerating growth of highway transpor-
tation develops increasingly complex problems of wide interest
to highway authorities. These problems are best studied through
a coordinated program of cooperative research.

In recognition of these needs, the highway administrators of the
American Association of State Highway and Transportation
Officials initiated in 1962 an objective national highway research
program employing modern scientific techniques. This program
is supported on a continuing basis by funds from participating
member states of the Association and it receives the full co-
operation and support of the Federal Highway Administration,
United States Department of Transportation.

The Transportation Research Board of the National Research
Council was requested by the Association to administer the
research program because of the Board’s recognized objectivity
and understanding of modern research practices. The Board is
uniquely suited for this purpose as: it maintains an extensive
committee structure from which authorities on any highway
transportation subject may be drawn; it possesses avenues of
communications and cooperation with federal, state, and local
governmental agencies, universities, and industry; its relation-
ship to the National Research Council is an insurance of ob-
jectivity; it maintains a full-time research correlation staff of
specialists in highway transportation matters to bring the find-
ings of research directly to those who are in a position to use
them.

The program is developed on the basis of research needs iden-
tified by chief administrators of the highway and transportation
departments and by committees of AASHTO. Each year, spe-
cific areas of research needs to be included in the program are

proposed to the National Research Council and the Board by

the American Association of State Highway and Transportation
Officials. Research projects to fulfill these needs are defined by
the Board, and qualified research agencies are selected from
those that have submitted proposals. Administration and sur-
veillance of research contracts are the responsibilities of the
National Research Council and the Transportation Research
Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make significant
contributions to the solution of highway transportation problems
of mutual concern to many responsible groups. The program,
however, is intended to complement rather than to substitute
for or duplicate other highway research programs.
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FOREWORD

By Staff
Transportation
Research Board

This manual will be of interest to chief administrative officers concerned with
highway budgets and maintenance managers who must establish a myriad of main-
tenance levels of service within budget constraints. It is organized to be readily
understandable and usable by maintenance managers responsible for maintenance
management systems. The manual will also be of interest to researchers who are
developing maintenance performance relationships inasmuch as such relationships can
be incorporated into the manual.

A given road or system of roads provides varying levels of service to the road
user. Maintenance levels of service have an influence on the magnitude of the main-
tenance effort (e.g., pavement patching, mowing, paint striping) and, therefore, on
work scheduling requirements, work priorities, and resource allocations. The selection
of maintenance levels of service is influenced by a number of considerations that
include safety, rideability, economics, environmental impact, protection of investment,
and aesthetics. To optimize the expenditure of maintenance resources, there was a
need to develop a systematic and objective method to establish maintenance levels of
service for all maintenance elements of the highway (such as pavement surface,
shoulder, vegetation, signs, structures, drainage ditches). Such a method, based on
decision analysis theory, was successfully developed and tested in Phase I of NCHRP
Project 14-5. The method was demonstrated in two states for pavement edge drop-
off and vegetation control and is reported in NCHRP Report 223.

Although the development of the method was completed in Phase I, it was
recognized that a need existed for a tested, self-sufficient user’s manual to instruct
maintenance personnel on the implementation of the method. Such a user’s manual,
one that could be easily understood by users having a limited knowledge of mathe-
matical or analytical procedures, was produced in Phase IL

The manual not only provides step-by-step instructions, but it also presents a
simpler method compared to that reported in NCHRP Report 223 without sacrifice
of accuracy. It is of use to determine optimum maintenance levels of service, given
resource constraints of labor, material, and equipment. It can accommodate mandated
levels of service and will optimize those remaining levels of service. It is of particular
value in answering “what if” type questions concerning increasing or decreasing
budgets. Furthermore, the material provided in the manual enables the user to defend
maintenance budgets under scrutiny of legislators and to involve such persons in the
budget preparation process.

The manual has been successfully tested in three state highway maintenance
departments having operational maintenance management systems. Implementation
of the methodology is estimated by those departments to require 4 to 18 man-months,



depending on staff familiarization with the methodology and the sophistication of the
state’s maintenance management system. The manual is not recommended to be used
by states without a maintenance management system inasmuch as data from such a
system will be required.

The three states that have tested the manual were able to implement the method
with little or no assistance from the research agency. Two states commented on its
usefulness as follows. Arizona commented, “The Manual is a logical next step in
technology in development and enhancement of highway maintenance management
systems.” Furthermore, Arizona said, “I found the Manual quite clear and easily
understandable. Most users with a well-organized maintenance management system
should have very little difficulty in following the Manual.” New Jersey commented,
“I'feel that New Jersey should benefit from using ASOP [the method]. This is especially
true when attempting to show the effect of budget cuts on level of service.” These
states and Virginia have successfully implemented the manual for a portion of their
maintenance budget using existing personnel. It is believed that the simplified method
presented in this report is ready for application.
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SUMMARY

MANUAL FOR THE SELECTION OF
OPTIMAL MAINTENANCE LEVELS OF
SERVICE

The selection of levels of service for maintenance of the various elements of a
highway (e.g., traveled way, drainage, or roadside) is influenced by such multiple,
often conflicting, considerations as safety, riding comfort, and aesthetics. Decisions
regarding maintenance levels of service are now usually made by maintenance per-
sonnel in a generally informal, intuitive manner, based on their experience. In the
research conducted under NCHRP Project 14-5, a more formal methodology was
developed to assist in decisions regarding optimal maintenance levels of service for
those highway elements that are subject to the constraints of available money, man-
power, and equipment. This report contains a user manual that was developed to
provide detailed instructions for highway agency personnel in the application of the
methodology to their specific highway system.

The manual is organized to be self-sufficient; i.e., no outside assistance from persons
experienced in the formal methodology will be necessary. It is also intended that the
manual be comprehensive; i.e., the instructions cover all of the steps necessary to
implement the methodology within a highway agency. A series of 12 well-defined
steps is presented in the manual. Each step consists of a description of how the step
is to be completed, a statement of what is intended to be accomplished as a result of
completion of the step, and completion of the step in the form of an illustrative
example. Appropriate forms have been designed for recording the information obtained
in each step. A complete set of blank forms is provided in an appendix. Forms
completed for the illustrative example are included in each step.

A draft of the user manual was initially tested in Arizona and Virginia. The manual
was revised to reflect the review comments received from the personnel from these
States. The revised manual was then tested in New Jersey. The methodology was
successfully implemented and the computer program was executed by the New Jersey
Department of Transportation personnel without any outside assistance. Only minor
editorial revisions were suggested by the agency personnel. The revised final user
manual, contained in this report, appears to satisfy the criteria of being comprehensive
and self-sufficient.

All three State agencies involved in the testing program (Arizona, Virginia, and
New Jersey) have indicated that the agency should benefit by using the methodology,
especially when attempting to show the effects of budget cuts on levels of service, and
to provide an objective and defensible basis for making decisions of maintenance levels
of service for different components of a highway system.

A major achievement of this study was the simplified and yet theoretically sound
procedure for value assessments. The previous procedure required assessments of
tradeoffs between different pairs of attributes. Experience showed that such assessments
would be extremely complicated and could not be made by an agency without outside
assistance. The simplified procedure has greatly facilitated the assessment of necessary
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value judgments. The agencies involved in the testing program were able to implement
this procedure without difficulty.

The value assessment procedure provides a formal mechanism for inviting the
participation of different impacted groups (highway managers, engineers, legislators,
and lay persons) in establishing the relative importance of various factors that affect
the selection of maintenance levels of service. This process can be beneficial in im-
proving the public acceptability of an agency’s decisions on what levels of service
should be maintained for different parts of a highway system.

Two major constraints on the use of the methodology are: (1) a working maintenance
management system should be available, and (2) the total number of alternative levels
of service for all maintenance conditions combined should not exceed 100. Neither
of these constraints should pose any particular problem to most transportation agen-
cies. Some form of a maintenance management system has been implemented by many
state departments of transportation in the United States. Access to a maintenance
management system is particularly important for estimating resource requirements
for alternative levels of service. The constraint on the maximum number of levels of*
service should not be very restrictive. For most agencies, 25 to 30 different maintenance
conditions should be adequate for representing 80 to 90 percent of the complete
maintenance program. Assuming an average of three alternative levels of service for
each maintenance condition, the total number of levels of service should fall well

below the limit of 100.

CHAPTER ONE

INTRODUCTION

The selection of levels of service (maintenance level of service
is defined for purposes of this manual as a “threshold deficiency
level of maintenance condition that should trigger an appropriate
maintenance activity, as for example, grass should be mowed
when it is 12 in. high; or a drainage ditch should be cleaned
when 50 percent of its area is blocked) for maintenance of the
various elements of a highway (traveled way, drainage, or road-
side) is influenced by such multiple, often conflicting, consid-
erations as safety, riding comfort, and aesthetics. Decisions
regarding maintenance levels of service are now usually made
by maintenance personnel in a generally informal, intuitive man-
ner, based on their experience. In the research conducted under
NCHRP Report 223, a more formal methodology was developed
to assist in decisions regarding optimum maintenance levels of
service for those highway elements that are subject to the con-
straints of available money and manpower. To facilitate the use
of this methodology, it was coded in the form of a computer
program ASOP (Algorithm for the Selection of Optimum
Policy).

The result of the analysis performed by the program is pre-
sented as the “selected policy” for the given resource restraints.
The selected policy is in the form of a list of a specific level of

service for each maintenance CONDITION. An option is avail-
able to enter two or more resource levels, in order to evaluate
the sensitivity of levels of service to changes in level of available
resources.

The objective of this manual is to provide detailed instructions
for highway agency personnel in the application of the meth-
odology to their specific highway system. The instructions are
directed to experienced maintenance engineers. No previous
experience in this methodology is needed; however, assistance
from computer data processing personnel familiar with FOR-
TRAN will be required. '

It is intended that this manual be self-sufficient, i.e., that no
outside assistance from persons experienced in the methodology
will be necessary. It is also intended that this manual be com-
prehensive, i.e., that the instructions cover all of the steps nec-
essary to implement the methodology within a highway agency.

ORGANIZATION OF THE MANUAL

This manual consists of a series of 12 well-defined steps (Ch.
Two through Ch. Thirteen) with each step consisting of a de-



scription of how the step is to be completed, a statement of
what is intended to be accomplished as a result of completion
of the step, and completion of the step in the form of an illus-
trative example. Appropriate forms have been designed for re-
cording the information obtained in each step. A complete set
of blank forms is contained in Appendix C. Forms completed
for the illustrative example are included in each step, where
applicable.

For Steps 1 through 5, the example develops tabular infor-
mation representative of the maintenance operations of an entire
highway system. For subsequent steps, the example focuses on
one maintenance ELEMENT only. This was done both for
clarity in explanation and because of the great volume of fic-
titious data which would have to be developed if an entire
highway system were used throughout.

Following the 12 steps are three appendixes that are intended
for reference use by computer personnel. Appendix A is a de-
scription of program control options, Appendix B contains the
detailed output for the example problem, and Appendix C con-
tains blank forms for recording information obtained in each
step. For ready reference, a pull-out page of definitions of key
terms is provided as the last page of this manual.

USING THE MANUAL
The following general approach is suggested for use of this
manual in implementing the methodology by a highway agency

maintenance department:

1. Organize the effort as a special project and assign complete

responsibility for implementation to a principal investigator who
has had broad experience in the agency’s maintenance activities,
willingness to accept new and innovative concepts, and an in-
terest in completing implementation of the system within the
highway agency. Either a knowledge of computer data proc-
essing and familiarity with FORTRAN, or assistance from a
person with such knowledge and familiarity, will be necessary.

2. After a thorough study of this manual, the principal in-
vestigator should prepare a work plan, including particularly
the selection and assignment of appropriate personnel to par-
ticipate in the necessary group assessments and in assembling
of available data from files and records.

3. Once the assignments have been made and the personnel
notified, it is suggested that a group meeting of assigned per-
sonnel be held to explain the overall system and its purpose,
the role of the various assigned personnel, and a tentative time
schedule. Consideration should be given to holding additional
group meetings during the course of the work to discuss progress
and problems.

4. The principal investigator then proceeds with the imple-
mentation in a step-by-step manner as presented in this manual.
It is suggested that Steps 2 through 6 be completed one ELE-
MENT at a time. This will allow for iterating on these steps
and finalizing the necessary information for each ELEMENT
before moving to the next one. Steps 7 through 12 will require
considering all ELEMENTS at the same time.

5. After the initial testing is completed, it is expected that
the computer program will be run once every year for the
resources available for the following year. Only Steps 10 through
12 will have to be repeated. However, it is suggested that the
entire methodology be repeated periodically, for example, every
5 years or so in order to account for any changes in user
preferences. :

CHAPTER TWO

STEP ONE—PREPARE A LIST OF MAINTENANCE ELEMENTS

DESCRIPTION

In this first step, the entire highway system is divided into a
limited number of physical categories referred to as maintenance
ELEMENTS. As an example, the following eight might be
selected to represent an entire typical highway system:

Traveled Way, Flexible.
Traveled Way, Rigid.
Shoulders and Approaches.
Roadside.

Drainage.

Structures.

N s~

7. Traffic Control and Service Facilities.
8. Snow and Ice Control.

It is recommended that these eight ELEMENTS be used
without modifications in all but a few exceptional cases. Al-
though each of these ELEMENTS could readily be subdivided
into two or more ELEMENTS (e.g. number 3 could be two
separate ELEMENTS, “shoulders” and “approaches”), this is
not recommended. The system does not require such additional
detail, and introducing a greater number of ELEMENTS com-
plicates the system by requiring more evaluation. Exceptional
cases in which an ELEMENT might be deleted from this list
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might be, for example, delete number 2 if an agency had no
portland cement concrete pavement in its system, or delete
number 8 if climate were such that snow and ice control were
unnecessary. An example of an exceptional case in which an
ELEMENT would be added is if a ferry system were operated
and maintained by the highway agency.

RESULT

The result of completion of Step 1 is a list of ELEMENTS
selected to represent the entire highway system under study,
such as the example presented earlier in this chapter.

CHAPTER THREE

STEP TWO—PREPARE A LIST OF
CONSIDERATIONS TO ELEMENTS

DESCRIPTION

In this step, a list of CONSIDERATIONS that can be used
to evaluate the performance of the maintenance ELEMENTS
previously listed is first prepared. Appropriate CONSIDERA-
TIONS from this list are then assigned to each ELEMENT.
Following are examples of CONSIDERATIONS that might be
applicable:

. Safety.

. Riding Comfort.

. Preservation of Investment.
. Aesthetics.

. User cost.

. User Convenience.

AU A NN

CONSIDERATIONS are the factors that are used to evaluate
the performance of a maintenance ELEMENT in terms of its
ability to serve the highway user. For example, “safety” is an
important CONSIDERATION by means of which the per-
formance of most of the listed ELEMENTS may be evaluated,
including “traveled way” (both flexible and rigid), “shoulders
and approaches,” “drainage,” “traffic control and service fa-
cilities,” and “snow and ice control.” However, “safety” would
not likely be chosen as an important CONSIDERATION for
the ELEMENT “roadside.” The six CONSIDERATIONS
listed should be adequate for use by most highway agencies,
and adding to or deleting from this list should be done only in
exceptional cases.

It should be noted that although “maintenance cost” is an
important consideration in the usual sense, it is not included in
this list. In this system, maintenance costs are viewed as con-
straints on the system rather than as user-related CONSID-
ERATIONS, and are accounted for in a subsequent optimization
part of the model.

To complete this step, one or more of the CONSIDERA-
TIONS are assigned to each maintenance ELEMENT which
are to be used in evaluating it. For example, if the CONSID-

CONSIDERATIONS AND ASSIGN

ERATIONS listed above were to be used in the evaluation of
the maintenance ELEMENTS listed in Step 1, they might be
assigned as presented in Columns 1 and 2 in Table 1a.

If the list of ELEMENTS in Step 1 and the CONSIDER-
ATIONS listed above adequately represent, without change, the
highway agency’s system, the assignment shown in this table
might also be adequate. Note that only those few CONSID-
ERATIONS which play a major part in its evaluation are as-
signed to an ELEMENT. For example, although “aesthetics”
might have some part in evaluating other ELEMENTS, it is
assigned only to the ELEMENT “roadside,” where it plays a
dominant role. Similarly, the CONSIDERATION “safety”” has
not been assigned to the ELEMENT “roadside” because its role
is not considered to be a dominant one for this ELEMENT.
Further, in exceptional cases a CONSIDERATION listed here
may not be appropriate for a particular highway agency. For
example, note that the CONSIDERATION “user convenience”
is appropriate for the ELEMENT “roadside” only if rest areas
are provided and maintained by the highway agency.

Following assignment of all CONSIDERATIONS to the ap-
propriate. ELEMENTS, they should be tabulated in a form
similar to Columns 1 and 2 in Table la.

RESULT
The result of completion of Step 2 is the assignment of CON-

SIDERATIONS to ELEMENTS and completion of the first
two columns of a table similar to the example in Table la.



Table 1a. Suggested format for recording maintenance system data, columns 1 and 2: stignment of CONSIDERATIONS to ELEMENTS.

Column 2 Column 3 Column 4 Column § Column 6
Column 1 Maintenance ATTRIBUTES Maintenance PARAMETERS Alternate Maintenance
Maintenance Element of the CONDITION for Defining Levels of Service, in
ELEMENTS CONSIDERATIONS Considerations X Affecting Attributes Maintenance Conditions Terms of Parameters
Safety
Riding
Comfort
Traveled
Way,
Flexible
User Cost
Preservation
of
Investment
Safety
Riding
Comfort
Traveled
Way,
Rigid User Cost
Preservation
of
Investment
Shoulders Safety
and
Approaches
Preservation of
Investment
Aesthetics
Roadside
User
Convenience
Safety
Drainage -
Preservation of
Investment
Preservation
Structures of
Investment
Safety
Traffic Control
and Service
Facilities User
Convenience
Safety
Snow and Ice
Control User
Convenience




CHAPTER FOUR

STEP THREE—SELECT AN ATTRIBUTE FOR EACH CONSIDERATION

DESCRIPTION

In this step, one and only one ATTRIBUTE is selected to
express the level of each CONSIDERATION on a numerical
scale. For example, for the CONSIDERATION “safety” which
has been assigned to the maintenance ELEMENT “traveled
way, flexible,” the ATTRIBUTE selected might be “percent
change in frequency of accidents.” This example, and examples
of ATTRIBUTES that might be selected for other CONSID-
ERATIONS are presented in Column 3 of Table 1b, opposite
the examples of CONSIDERATIONS presented in Column 2
of this table.

An ATTRIBUTE is a numerical scale for measuring the
effects of alternate levels of service on a given CONSIDERA-
TION. There are two general types of ATTRIBUTES to con-
sider—natural and constructed. A natural ATTRIBUTE is one
whose levels are physically measurable. For example, for the
CONSIDERATION “safety,” a natural ATTRIBUTE may be
“percent change in frequency of accidents” relative to the ELE-
MENTS “traveled way, flexible,” and “traveled way, rigid”’; or

may be “percent of drivers who cannot recover after driving -

over edge of traveled way” relative to the ELEMENT “shoul-
ders and approaches.” These are considered to be natural AT-
TRIBUTES because they can be physically measured, even
though, as likely in these examples, very little hard data may
be available and estimates may have to be used. A constructed
ATTRIBUTE is one for which a physical measurement is not
possible. In such cases, a subjective scale or index must be
constructed to define the various degrees of the effect of this
ATTRIBUTE. For example, the CONSIDERATION ‘‘aes-
thetics” cannot be measured objectively, so a constructed AT-
TRIBUTE “degree of pleasing appearance” with a subjective

scale of 1 to 4 might be used to define it. Each number on the .

subjective scale should be described in sufficient detail so that
the associated level of impact of each is communicated clearly
and unambiguously. Pictures may be used to provide additional
communication of a visual nature. Examples of establishment
of scales are presented in Step 7 (Ch. Eight).

Note that the selection of ATTRIBUTES should usually in-
volve an iterative procedure. A preliminary list of ATTRI-
BUTES may be prepared from the examples presented in Table
1b, followed by meetings with appropriate specialists. For ex-
ample, when selecting ATTRIBUTES related to the ELEMENT
“roadside,” agronomists or landscape specialists might be con-
sulted. The objective of the meetings with specialists would be
to assess:

o Whether the preliminary list of ATTRIBUTES includes
all areas of concern.

o Whether the ATTRIBUTES on the preliminary list are
practical, i.e., if the effects of alternate levels of service could
be measured in terms of these ATTRIBUTES.

o Whether there are appropriate additions, deletions, or mod-
ifications to the preliminary list of ATTRIBUTES.

After all information resulting from the meetings of specialists
has been received, the principal investigator should make the
final assignment of ATTRIBUTES. Of course, after a sufficient
period of trial use, the list may be modified if it appears that
the operation of the program would be improved. The completed
list should be tabulated in a form similar to Column 3 in Table
1b. Each ATTRIBUTE should be numbered sequentially, as
shown.

Unlike the examples of ELEMENTS and CONSIDERA-
TIONS presented in Columns 1 and 2, which should require
little change, the ATTRIBUTES presented in Column 3 are
presented as preliminary suggestions only.

RESULT

The result of completion of Step 3 is the selection of an
ATTRIBUTE for each of the CONSIDERATIONS previously
assigned to the ELEMENTS and tabulation of these ATTRI-
BUTES in the third column of a table similar to the example
in Table 1b.



Table 1b. Suggested format for recording maintenance system data, column 3: selection of an ATTRIBUTE for each CONSIDERATION.

Column 2 Column 3 Column 4 Column 5 Columf: 6
Column 1 Maintenance ATTRIBUTES Maintenance PARAMETERS Alternate Mamt»enalnce
Maintenance Element of the CONDITION for Detining Levets of Service, in
ELEMENTS CONSIDERATIONS Considerations Affecting Attributes Maintenance Conditions Terms of Parameters
1. Percent change
Safety in frequency
of accidents .
Riding 2. Present Serviceability
Comfort Index (PSI)
Traveled
Way,
Flexible 3. Percent increase
User Cost in excess user
costs
Preservation 4. Frequency of
of rehabilitation
Investment of pavement
5. Percent change
Safety in frequency
of accidents
Riding 6. Present Serviceability
Comfort Index {PSI)
Traveled
W'a)./, 7. Percent increase
Rigid User Cost in excess user
costs
Preservation 8. Frequency of
of rehabilitation
Investment of pavement
9. Percent of drivers
Safety who cannot recover
Shoulders after driving over
and edge of traveled way
Approaches
Preservation of 10. Percent increase in pave-
Investment ment rehabilitation cost
11. Degree of
Aesthetics Pleasing
Roadside Appearance
User 12. Degree of cleanliness
Convenience at rest areas
13. Percent of time water
Safety accumulates on pavernent
Drainage
Preservation of 14. Percent of time water
Investment accumulates on pavement
Preservation 15. Percent change in
Structures of useful life of
Investment structures
16. Maximum percent of traffic
Safety signals which would be inef-
Traftic Control fective at a given time
and Service 17. Maximum percent of
i User signs, markings, and
Facilities Convenience lights which would
be ineffective at a
given time
18. Number of hours road
Safety is open under adverse
Snow and Ice driving conditions
Contro/
User 19. Percent of road mileage
" Convenience closed following storm
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CHAPTER FIVE

STEP FOUR—SELECT CONDITIONS

DESCRIPTION

In this step, at least one and no more than three maintenance
CONDITIONS applicable to each of the ATTRIBUTES pre-
viously listed are selected. The CONDITIONS should be such
that, at some level of deficiency of the CONDITION, repair or
correction will be required; and that a change in the level of
the CONDITION would be expected to have an influence on
the associated ATTRIBUTE. For example, for the ATTRI-
BUTE “percent change in frequency of accidents” previously
selected as an example applicable to the CONSIDERATION
“safety” for the maintenance ELEMENT “traveled way, flex-
ible,” the three CONDITIONS “rutting,” “slippery surface,”
and “roughness” might be selected. As a second example, for
“percent of drivers who cannot recover” (which is an example
ATTRIBUTE for the CONSIDERATION “safety” for the
ELEMENT “shoulders and approaches”), two CONDITIONS
might be “edge of traveled way drop off” and “surface deteri-
oration of shoulders.” These examples, as well as examples of
maintenance CONDITIONS that might be selected as appli-
cable to all other examples of ATTRIBUTES presented in Step
3, are presented in Column 4 of Table lc. Note that the same
CONDITION may be appropriately used for more than one
ATTRIBUTE. .

Each selected maintenance CONDITION should be such that
alternative levels of service could be considered for it. If only
one level of service is applicable for a particular CONDITION,
it should not be included in this methodology. Thus, for example,
nonfunctioning major signals may not be included as a main-
tenance CONDITION, if the policy is to repair these as they
are reported.

The examples of CONDITIONS in Column 4, like the ex-
amples of ATTRIBUTES in Column 3, are presented as pre-
liminary suggestions only. Since all of them have not as yet been
tested in trial applications with highway agencies, this list should
be used by a highway agency as a guide for preparing its own
preliminary list only. Meetings should be held with appropriate
specialists to generate lists of CONDITIONS that are appro-
priate for the specific highway agency. To keep the analysis
tractable, it is desirable to include in the set of maintenance
CONDITIONS only those that are of major concern. Usually,
it should be possible to define a total of 20 to 25 maintenance
CONDITIONS for which 70 to 80 percent of the annual main-
tenance budget is expended. For example, the maintenance
budget of the Ohio DOT for the fiscal year 1977 shows that-
the top 20 maintenance activities cover 86 percent of the total
budget.

It is also important to note here that the number of main-
tenance CONDITIONS that are assigned to each ATTRIBUTE
should be limited to three. Although the computer program can
theoretically handle any number, estimating the effects of al-
ternate levels of service (a later step) becomes extremely com-
plicated and impractical if more than three CONDITIONS are
assigned to an ATTRIBUTE.

FOR EACH ATTRIBUTE

There is a good deal of flexibility available in the selection
of CONDITIONS, and those developed by one highway agency
may differ considerably from those developed by another. These
differences may result from many factors, such as: differences
in the available maintenance data base; differences in perception
by maintenance personnel of the applicability or relative im-
portance of certain CONDITIONS; or effects of climate or
environment on the relative importance of some CONDI-
TIONS.

In selecting CONDITIONS, it is realized that there is con-
siderable room for difference of opinion as to what items should
be included. For example, “potholes” might be perceived as a
CONDITION for the ATTRIBUTE “percent change in fre-
quency of accidents” for the CONSIDERATION “safety” for
the maintenance ELEMENT *“traveled way, flexible.” Since the
number of CONDITIONS for an ATTRIBUTE is limited to
three, selection of potholes would require that one of the three
listed as examples in Column 4 would be deleted as having less
importance than potholes. An approach that may be used to
solve such a problem of priority is to establish a base item in
the budget which would cover filling potholes as they appear
regardless of the level of service established for the limited
number of CONDITIONS selected. “Potholes” would then not
appear as a CONDITION. This base budget item could also
include contingency funds to provide for emergency items that
must be taken care of as they occur—for example, to repair or
replace a major sign or signal knocked down in an accident.
Another approach that might be considered is that “potholes”
are more closely related to the CONSIDERATION “riding
comfort” than to “safety,” in which case “potholes” might be
a third CONDITION (together with the present examples of
“rutting” and roughness™) relative to the CONSIDERATION
“riding comfort” for the ELEMENT “traveled way, flexible.”

Upon completion of the selection, the CONDITIONS should
be tabulated opposite the ATTRIBUTES to which they are
assigned in a form similar to Column 4 in Table lc. CONDI-
TIONS must be numbered sequentially, as shown, with a CON-
DITION for a given ELEMENT assigned the same number,
regardless of the number of ATTRIBUTES to which it is as-
signed. However, if the same CONDITION appears for more
than one ELEMENT, it is assigned a different number within
each ELEMENT. For example, “cracking” in Table lc is as-
signed number 5 for “traveled way, flexible,” and number 9 for
“traveled way, rigid.” After thorough testing in use, assignment
of a CONDITION may be changed if it is judged that a sig-
nificant improvement in operation of the program would result.

RESULT

The result of completion of Step 4 is the selection of one to
three maintenance CONDITIONS applicable to each of the
ATTRIBUTES previously selected; tabulation of these CON-
DITIONS in the appropriate position in the fourth column of
a table similar to Table 1c; and numbering the CONDITIONS
as shown for the examples in this table.



Table 1c, Suggested format for recording maintenance system data, column 4: selection of CONDITIONS for each ATTRIBUTE.

Col Column 2 Column 3 Column 4 Column 5 Column 6
olumn 1 Maintenance ATTRIBUTES Maintenance PARAMETERS Alternate Maintenance
M“'“‘eé‘:"{.{:‘ Element of the CONDITION for Defining Levels of Service, in
ELEM s CONSIDERATIONS Considerations Affecting Attributes Maintenance Conditions Terms of Parameters
1. Rutting
1. Percent change -
Safety in frequency 2. Slippery
of accidents Surface
3. Roughness
L. . P 1. Rutting
Riding 2. Present Serviceability
Comfort Index (PS1)
Traveled 3. Roughness
Way, .
Flexible 3. Percent increase 1. Rutting
User Cost in excess user
costs 3. unghness
4. Ravelling
Preservation 4. Frequency of
of rehabilitation 5. Cracking
Investment of pavement
3. Roughness
6. Slippery
5. Percent change Surface
Safety in frequency
of accidents 7 if";ﬁg i:’l.:"nh””'
L. ‘ 8. Faulting
Riding 6. Present Serviceability
Comfort Index (PSI) 7. Settlement, heave,
or distortion ’
Traveled 9. Cracking
Way, .
Ri y o 7. Percent increase
9t User Cost in excess user 8. Faulting
costs
7. Settlement, heave,
or distortion
9. Cracking
Preservation 8. Frequency of
of " rehabilitation 10. Spalling
Investment of pavement
ﬁ 8. Faulting
9. Percent of drivers 11. £ dgedof trav/efled
way drop-o
Shoulders Safety ;’::,?;}ciz;':s:,ve’ 12 Surface detert
and edge of traveled way " tion of shg:)zg,’: -
Approaches
Preservation of 10. Percent increase in pave- 11. Edge of traveled
Investment ment rehabilitation cost way drop-off
13. Grass Growth
. 1. Degree of L
Aesthetics Pleasing 14, glltzlzzous weeds and
Roadside ' Appearance
15. Litter and debris
User 12. Degree of cleanliness
Convenience at rest areas 16. Rest Areas
Safet 13. Percent of time water 17, Blopked or damaged
D 4 acc lates on p t d ge structures
g
Preservation of 14. Percent of time water 17. Blocked or damaged
Investment accurnulates on pavement dreinage structures
P tion 18. Structural
reservati 15. Percent change in deficiencies
Structures of useful life of
Investment structures 19. Structure cleaning
and painting
16. Maximum percent of traffic .
Safety signals which would be inef-|  20..Traffic signals
Traffic Control fective at a given time
and Service 17. Maximum percent of . .
Facilities User s{gns, ma(kings, and 21. Signs and markings
Convenience /lgh.rs wh/cf] would
. be ineffective at a 22 Liohti
given time - Lighting
18. Number of hours road i
) d Safety is open under adverse 23. ggﬁ:uz”d ce
now and ice driving conditions
Control
User 19. Percent of road mileage 23. Snow and ice
Convenience closed following storm buildup
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CHAPTER SIX

STEP FIVE—ESTABLISH A PARAMETER FOR EACH CONDITION

DESCRIPTION

One and only one PARAMETER to define alternate levels
of service for each maintenance CONDITION is established in
this step. For example, for the maintenance CONDITION *“rut-
ting,” an example of a parameter that might be selected to define
it is “depth of rut and percent of lane area affected.” This
example is the first item in Column 5 of Table 1d, and is
presented opposite the maintenance CONDITION “rutting” in
Column 4. Column 5 also presents examples of PARAMETERS
that might be used for defining each of the other examples of
maintenance CONDITIONS listed in Column 4.

PARAMETERS should be capable of being expressed nu-
merically or by simple, easily understood descriptions. The nu-
merical or descriptive definitions should be able to differentiate
clearly between different levels of the CONDITION to which
it applies. A PARAMETER ‘may consist of a single definitive
item (such as “skid resistance in terms of skid number at 40
mph” for the CONDITION “slippery surface”), or it may have
two items paired to make a combined definition (such as “depth
of rut and percent of lane area affected” for the CONDITION

“rutting”; or “‘width of cracks and percent of lane area affected”
for the CONDITION “cracking’). Wheére development of a
numerical PARAMETER does not appear to be feasible, a
descriptive PARAMETER may have to be used. For example,
if the PARAMETER selected for the CONDITION “structural
deficiencies” relative to the maintenance ELEMENT ‘“‘struc-
tures” is “appearance when repair should be done,” the de-
scription of appearance should be as unequivocal as possible.
Photographs may be used to supplement the descriptions if they -
would be considered as contributing to a better understanding
of the description.

RESULT

The result of the completion of Step 5 is the establishment
of a PARAMETER for defining alternate levels of service for
each of the maintenance CONDITIONS previously selected and
tabulation of these PARAMETERS in the appropriate position
in the fifth column of a table similar to the example in Table
1d.

CHAPTER SEVEN

STEP SIX—SPECIFY ALTERNATE LEVELS OF SERVICE FOR EACH

CONDITION

DESCRIPTION

In this step, numerical values of the PARAMETERS used
to define alternate levels of service for the maintenance CON-
DITIONS are established. The number of alternative levels of
service defined for each maintenance CONDITION should be
between two and five. A maintenance level of service specifies
a threshold value of a PARAMETER that triggers the sched-
uling of an appropriate maintenance activity. For example, if
one alternate maintenance level of service for the PARAME-
TER “height of grass and width of mowing” is “mow @ 8"
height, full width,” maintenance activity in mowing would be
scheduled to be done when this condition is reached. Some

general guidelines for generating appropriate alternate levels of
service are:

¢ The description of each level of service should be definitive
and nonambiguous; in other words, it should communicate
clearly to maintenance personnel when they are expected to
work on a maintenance CONDITION.

o The description of a level of service should not involve
coinplicated measurements on the part of field maintenance
personnel because such measurements would be difficult to make
in the field and likely to be ignored. Ideally, only visual in-
spections and simple measurements, quickly made, should be
involved.



Table 1d. Suggested format for recording maintenance system data,

column 5: establishment of a PARAMETER for each CONDITION.

Col ] Column 2 Column 3 Column4 Column 5 Column 6
" ° ‘":" Maintenance ATTRIBUTES Maintenance PARAMETERS Alternate Maintenance
£ E‘é‘"va:‘;; ) Element of the CONDITION for Defining Levels of Service, in
‘CONSIDERATIONS Considerations Affecting Attributes Maintenance Conditions Terms of Parameters
. Depth of rut and percent of
1. Rutting lane area affected
g 1. Percent change 3
Safety in frequency - Slippery Skid resistance (SN 4
of accidents Surface 40
3. Roughness Mays Ride Meter Index
. Depth of rut and percent of
Riding 2. Present Serviceability 1. Rutting lane area affected
Comfort Index (PS!) -
Traveled 3. Roughness Mays Ride Meter Index
Way
‘ , ; Depth of rut and percent of
Flexible 3. Percent increase 1. Rutting /ang area allectedp
User Cost in excess user
costs 3. Roughness Mays Ride Meter Index
: Severity and percent of
. 4. Ravelling fane area affected
Preservation 4. Frequency of
of rehabilitation 5. Crackin, Width of cracks, and percent
Investment of pavemment 9 of lane area affected
3. Roughness Mays Ride Meter Index
6. Slippery N .
5. Percent change Surface Skid resistance (SNgg)
Safet in fi enc|
4 ; f ;L_":zzez r: 7. Settlement, heave, Height, and percent of
or distortion lane area affected
> 8. Faulting Hgighr, and percent of
CR ’d’;’g 6. Present Serviceability joints affected
omfort P, -
Index (PSI) 7. Settlement, heave, Height, and percent of
or distortion lane area affected
: Width of cracks, and percent
Traveled 9. Cracking of lane area affected
Way, 7. Percent
Rigid - Percent increase . Height, and percent of
User Cost in excess user 8. Faulting joints affected
costs
7. Settlement, heave, Height, and percent of
or distortion lane area affected
: Width of cracks, and percent
9. Cracking of lane area affected
Preservation 8. Fre
- Frequency of Width of
L . spalls, and percent
of rehabilitation 10, Spalling of joints affected
Investment of pavement
: Height, and percent of
8. Faulting joints affected
9. Percent of -drivers 11. Edge of traveled Average height of drop-off
hould Safety who cannot recover way drop-off
Shoulders after driving over - - N
and edge of traveled wa 12. S.urface deteriora~ Severity of localized
g 4 tion of shoulders depressions
Approaches
Preservation of 10. Percent increase in pave- 11. Ed
A . Edge of traveled i .
Investment ment rehabilitation cost way drop-off Average height of drop-off
13. Grass Growth Height of grass and width
) of mowing
11. Degree of 14 . o
Aesthetics Pleasing . Noxious weeds and Numpgr of applications of
brush herbicide per year
Roadside Appearance
. . Frequency of clean up of
15. Litter and debris litter and debris
User 12. Degree of cleanliness Frequency of clean up
Convenience at rest areas 16. Rest Areas of rest areas
Safet, 13. Percent of time water 17. Blogked or damaged Appearance when repair or
. 4 accumulates on pavement drainage structures clean out should be done
Drainage
Preservation of 14. Percent of time water 17. Blocked or damaged Appearance when repair or
Investment accumulates on pavemnent drainage structures clean out should be done
) 18. Structural Appearance when repair
Preservation 15. Percent change in deficiencies should be done
Structures of useful life of
Investment structures 19. Structure cleaning Frequency of cleaning
and painting and painting
16. Maximum percent of traffic : .
Safet ? ! el . e Frequency of inspection and
14 ifgﬂ?/s which would be inef-|  20..Traffic signals priority of corrective measures
Tratfic Control ective at a given time
and Service 17. Maximum percent of . y . Frequency of inspection and
Facilities User signs, markings, and 21. Signs and markings priority of corrective measures
. lights which would
Convenience A . N .
be rne/{ecnve ata 22 Lightin Frequency of inspection and
given time - Lighting priority of corrective measures
18. Number of hours road : . .
Safety s open under adverse 23.. Snow and ice Frequency of inspection and
Snow and Ice driving conditions buildup priority of corrective measures
Control -
User 19. Percent of road mileage 23. Snow and ice Frequency of inspection and
Convenience closed following storm buildup priority of corrective measures
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o Each of the alternate levels of service should be feasible.
For example, if the analysis results in selection of the lowest
level of service for a maintenance CONDITION, the agency
should be willing to adopt that level of service.

» The resource requirements (dollars, manpower) of the levels
of service should be significantly different from each other, so
that truly different options are represented by each. If two levels
of service differ only slightly with respect to their maintenance
costs, they might better be combined to represent a single level
of service.

At the conclusion of this step, a range of alternate levels of
service from the highest (ideal) to the lowest (barely tolerable)
will have been generated. A general procedure for developing
alternate levels of service is as follows.

First, department personnel with special knowledge regarding
a given maintenance CONDITION are asked to assume that
there are no constraints on resources (dollars, manpower) for
this CONDITION. They are then asked the question: How
would they improve the current level of service for this CON-
DITION? Discussion of this question would normally lead to
suggesting a level of service somewhat higher than the current
practice within the agency— “ideal,” but physically attainable.
Next, they are told to assume that a severe cut in budget for
this CONDITION has been made and that a reduced level of
service would have to be adopted. They are then asked the
second question: How would they reduce the current level of
service for this CONDITION for this reduced budget? This
would normally result in suggesting a level of service consid-
erably lower than the current practice, possibly barely tolerable.
With these two levels of service as the upper and lower bounds,
and the current level of service between them, three alternate
levels of service have now been described. Three levels of service
are usually adequate for a CONDITION. However, if the range
between them is great, the possibility of one or two additional
intermediate levels of service should be considered. Five levels
of service should be considered a maximum for all but the most
unusual of cases, since later analysis becomes increasingly more
complicated as the number of alternate levels of service increases.

Methods that can be considered for specifying alternate levels
of service include:

¢ Physical measurement.
e Appearance.

e Frequency of work.

¢ Quantity of work.

The physical measurement mode of specification involves a
mechanized manner of measurement of a maintenance CON-
DITION. For example, the CONDITION “slippery surface”
might be expressed in terms of the PARAMETER “skid num-
ber,” and three or more levels of skid number might be used
to express the alternate levels of service at which maintenance
of the surface would be performed.

If appearance is used as a mode of specification of alternate
levels of service, a description must bé prepared to define how
the component should appear at the time maintenance should
be performed. For the CONDITION “blocked or damaged
drainage structures,” the PARAMETER might be “appearance
when repair or clean-out should be done,” and levels of service
would consist of three or more descriptions of degree of blocking
or damage to drainage structures. To supplement the descrip-
tions, one or more illustrative photographs might be used.

In some cases, the most practical and effective manner of
specification of alternate levels of service may be by statements
of how frequently work is done in accordance with established
procedures. For example, for the CONDITION “rest areas,”
the PARAMETER might be “frequency of cleaning of rest
areas,” and three or more levels of service would consist of three
or more statements of the number of times per day or week
cleaning is accomplished.

These may also be cases in which specification of levels of
service may be most appropriately done in terms of quantity of
work. Depending on whether the work is labor-intensive or

material-intensive, either the annual number of person-hours,
or the amount of material used annually may be used to specify

the work quantity. As an example, consider a possible main-
tenance CONDITION of “undesirable growth of trees and
shrubs.” The PARAMETER might be “person-hours spent in
cutting and removing,” and three alternate levels of service
might be “30 percent increase,” “no change,” and “30 percent
decrease.”

Physical measurement and appearance provide direct mea-
sures of levels of service to be maintained in the field and these
are the preferred modes. Frequency or quantity of work per-
formed assumes that certain levels of service are automatically
maintained if the amount of effort or material is expended ac-
cording to established procedures, without direct measurement
of results in the field. Although generally less desirable, fre-
quency or quantity of work may provide reasonable specification
of levels of service if direct measurement would be impractical
and description of the desired appearance would be too cum-
bersome.

RESULT

The result of completion of Step 6 is the establishment of
three to five alternative levels of service (in terms of the estab-
lished PARAMETERS) for each of the maintenance CON-
DITIONS previously selected, and tabulating these alternate
levels of service in Column 6 of Table 1d.

To this point, it has been assumed that each level of service
would apply to the entire mileage of the agency’s system of
highways, regardless of class. However, for some CONDI-
TIONS, it may be desired to provide a different level of service
for each of two or more classes of highways; for example, it
may be desired to provide a higher level of service for Interstate
highways than for other highways. This situation can be handled
using one of the two approaches described as follows.

Approach 1. Using the procedures described above, three to
five alternative levels of service are first established separately
for each class of highway. The separate descriptions at each
level of service are then combined into a single description for
each level. For example, if for the CONDITIONS “grass
growth” and PARAMETER “height of grass and width of
mowing,” the alternative level-of-service 1 (highest) selected for
Interstate is “mow @ 4" height, full width” and for all other
highways is “mow @ 8" height, full width,” the designation
for alternative level-of-service 1 could be “Interstate—mow @
4" height, full width; other highways—mow @ 8" height, full
width.”

Approach 2. In the first approach, it is assumed that the
current levels of service for different classes of highways are
different and these levels of service are either to be improved



or lowered for the entire highway system. If cross combinations
such as improving the current level of service on one class of
highways, but lowering it on another are to be considered, the
second approach should be used. In this approach, a given
CONDITION is considered to be a separate CONDITION for
each class of highways, and different levels of service are es-
tablished for the CONDITION as a function of the class of
highways. For example, consider the CONDITION “slippery
surface” and assume that skid number requirements are different
for high hazard locations and all other locations. Assuming that
all possible combinations of alternative levels of service for slip-
pery surface at these two classes of locations are to be considered,
two separate CONDITIONS would be established in Step 4, as
follows: slippery surface at high hazard locations and slippery
surface at other locations. Three to five alternate levels of service
would then be established in this Step 6 separately for each
CONDITION.

It should be noted that the second approach increases the
number of maintenance CONDITIONS to be included in the
program and hence should be used only if the first approach is
considered to be inappropriate.

EXAMPLE

The ELEMENT selected as an example for completion in
this and the following steps is “roadside”. As shown in Table
1d, two CONSIDERATIONS were selected for this ELE-
MENT —“aesthetics” and ‘“user convenience” (Col. 2). The
ATTRIBUTE selected for “aesthetics” was “degree of pleasing
appearance,” and for “user convenience” it was “degree of clean-
liness of rest areas” (Col. 3). Three CONDITIONS were selected
as affecting the ATTRIBUTE “degree of pleasing appear-

" and debris.” One CONDITION, “rest areas,”
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ance” —“‘grass growth,” “noxious weeds and brush,” and “litter
was selected as
affecting the ATTRIBUTE “‘degree of cleanliness of rest areas”
(Col. 4). The PARAMETERS selected to define these four
CONDITIONS were: “height of grass and width of mowing,”
“number of applications of herbicides per year,” “frequency of
clean-up of litter and debris,” and “frequency of clean-up of
rest area,” respectively (Col. 5). »

In this Step 6, four alternate levels of service were selected
for the CONDITION “grass growth.” These were expressed in
terms of its PARAMETER “height of grass and width of mow-
ing.” Column 6 of Table le shows these four alternate levels of
service, as well as three alternate levels of service for each of
the three other CONDITIONS selected for this example. Note
that Table le is a portion of the table developed in previous
steps for this example, showing only those CONSIDERA-
TIONS, ATTRIBUTES, CONDITIONS, PARAMETERS,
and levels of service applicable to the one example ELEMENT
“roadside.”

If different alternate levels of service were selected for Inter-
state highways than for all other highways, four alternative levels
of service for the CONDITION *“grass growth,” expressed in
terms of its PARAMETER, “height of grass and width of
mowing,” might be: '

1. Interstate—mow @ 4" height, full ‘width; other high-
ways—mow @ 8" height, full width. '

2. Interstate—mow @ 8” height, full width; other highways
mow @ 12" height, 30’ maximum width.

3. Interstate—mow @ 12” height, 30’ maximum width;
other highways—mow @ 18” height, one machine pass width.

4. Interstate—mow @ 18" height, one machine pass width;
other highways—mow for safety reasons only.

Table 1e. Suggested format for recording maintenance system data, column 6: specification of example alternate levels of service related to the

ELEMENT Roadside.
ELEMENTS CONSIDERATIONS 'ATTRIBUTES CONDITIONS PARAMETERS Alternate Levels of Service
1. Mow @ 8" height, full width
Height of 2. Mow @ 12 height,
13. Grass gra;shan;i 30’ maximum width
th idth o
Grow IV:;owing 3. Mow @ 18" height, one
machine pass width
4. Mow for safety reasons only
11. Degree of 1. Three time per year
Aesthetics Pleasing 14. Noxious Number of
Appearance Weeds applications
and of herbicide 2. Once a year
, Brush per year
Roadside 3. Do not apply herbicide
1. Once @ month
15. Litter Frequency of
and clean up 2. Once every three months
Debris of litter
and debris
3. Once a year
1. Twice a day
12. Degree of Frequency of
User - 16. Rest
! Cleanliness clean up of 2. Four time a week
Convenience of Rest Areas Areas rest areas

3. Twice a week
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CHAPTER EIGHT

STEP SEVEN—DETERMINE EFFECTS OF ALTERNATE LEVELS OF

SERVICE ON CONSIDERATIONS

DESCRIPTION

For each of the numerical values of alternate levels of service
established for a CONDITION, its effect on the CONSID-
ERATION to which it is applicable is determined in this step.
The effect on a CONSIDERATION (e.g., safety) is estimated
in terms of the ATTRIBUTE of that CONSIDERATION (e.g.,
percent of drivers who cannot recover). Ideally, the procedure
for estimating the effects should be based on objective data (i.e.,
on field measurements). However, the results of the study in
which this system was developed indicated that available data
would not be adequate for directly estimating the effects of
alternative levels of service. The procedure developed for esti-
mating these effects involves structured interviews with spe-
cialists to supplement such data as may be available. This
proposed procedure involves the following tasks:

1. Prepare summaries of pertinent information and data avail-
able from agency records or the literature.

2. Select two to five specialists to participate in structured
interviews. Local experience, as well as general background and
knowledge in the specialty area and interest in participating in
the program are major criteria for selection of these specialists.
Distribute the summaries of available information to the spe-
cialists in advance of the interviews, with instructions to read
and become familiar with the information.

3. Organize a meeting with the specialists. Establish a scale
for each ATTRIBUTE and tabulate each scale in a form similar
to Figure 1. Explain the scale of each ATTRIBUTE being
evaluated, and the CONSIDERATION and ELEMENT to
which each applies. Also describe the alternate levels of service
in terms of the PARAMETER used to define the maintenance
CONDITION that affects the ATTRIBUTE. A completed
Table le for each ELEMENT involved is used to assist in these
descriptions. Review and discuss the summaries of information
distributed prior to the meeting.

4. Select and complete the appropriate form, Figures C-1, C-
2, or C-3 in Appendix C. (Completed forms are shown later in
this step.) Figure C-1 is used if only one PARAMETER and
one CONDITION are involved. Figure C-2 is used for the
situation of two PARAMETERS and two CONDITIONS; and
Figure C-3 for three PARAMETERS and three CONDI-
TIONS. The objective of the interview meeting is to obtain a
consensus of the specialists regarding the estimates to be entered
on the form. Since sufficient objective data are seldom available,
the specialists will have to use their judgments, based on ex-
perience and logic, to extrapolate from the available data to
arrive at the estimates. If significant differences of opinion occur,
they should, if possible, be resolved through discussion during

the meeting. If these differences cannot be resolved, they should
be noted and further investigated during the sensitivity analysis
described in a later step.

RESULT

The result of the completion of Step 7 is a completed form
Figures C-1, C-2, or C-3 for each CONSIDERATION under
study.

The computer program has been designed so that the infor-
mation from the completed form can be directly coded as input
data without external calculations.

EXAMPLE

In Step 6, the ELEMENT “roadside” was selected as an
example and alternate levels of service were developed for the
CONDITIONS applicable to this ELEMENT and tabulated in
Table le. To continue this example for Step 7, the effects on
the CONSIDERATION “aesthetics” of the three sets of alter-
nate levels of service applicable to the CONDITIONS “grass
growth,” *“noxious weeds and brush,” and “litter and debris,”
must be determined, as well as the effects on the CONSID-
ERATION “user convenience” of the single set of levels of
service applicable to the one CONDITION “rest areas.”

The first task is the development of a numerical scale for each
of the ATTRIBUTES involved. Since neither of these ATTRI-
BUTES “degree of pleasing appearance” and “degree of clean-
liness of rest areas” are natural ATTRIBUTES, i.e., one whose
levels are physically measurable (as discussed in Step 3), a sub-
jective scale or index must be constructed. Figure 2 is an example
of a scale which might be constructed for the ATTRIBUTE
“degree of pleasing appearance.” It is assumed that the following
approach was used in developing this scale:

1. A group of knowledgeable persons was assembled, and the
scope and purpose of the scale explained to them.

2. The approach suggested was to first describe the most
pleasing appearance which might reasonably be expected to
result from maintenance of roadside by this highway agency.
This resulted in the description shown for Level 1 in Figure 2.

3. It was then suggested that a description be prepared for
the least pleasing appearance which might be tolerated. This
resulted in a description for the lowest level of this ATTRI-
BUTE.

4. It was then suggested that descriptions be prepared for an
appropriate number of intermediate levels of appearance be-
tween those developed for the most pleasing (Level 1) and the
least pleasing. It was decided that two intermediate levels would
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CONSIDERATION
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ELEMENT Roadside

CONSIDERATION Aesthetics

ATTRIBUTE ATTRIBUTE Degree of Pleasing Appearance
AT‘:r";fL‘STE Description of ATTRIBUTE Levels ATLTe;TIB(L,J'TE Description of ATTRIBUTE Levels
1 1 Neat, clean, well-kept, park-like
2 2 Less than neat, spotty areas of weed and brush growth
and of tall grass, occasional bits of trash and debris
3 3 Not well-kept, significant areas of weed and brush growth
and of tall grass, some accumulation of trash and debris
a a Unkempt, overgrown, rough, areas of significant
accurnulation of trash and debris
5 5
Figure 1. Format for describing levels of ATTRIBU TES to es-  Figure 2. Example of a constructed scale for the ATTRIBUTE

tablish scale for CONSIDERATIONS.

be appropriate. These were prepared as shown for Levels 2 and
3 in Figure 2, and the “least pleasing” description was designated
as Level 4 as also shown in Figure 2.

In a similar manner, a scale was constructed for the ATTRI-
BUTE “degree of cleanliness of rest areas,” as shown in Figure
3.

Once these ATTRIBUTE scales have been developed, the
effect of the alternate levels of service on the applicable CON-
SIDERATIONS can proceed. In this example, the simplest case,
that of only one CONDITION and its set of alternate levels of
service, will be completed first. Figure C-1 presented the form
applicable to this case. Figure 4 is this form completed for the

“Degree of Pleasing Appearance.”

ELEMENT Roadside
CONSIDERATION User Canvenience
ATTRIBUTE Degree of Ci of Rest Areas
Level of .
ATTRIBUTE Description of ATTRIBUTE Levels

Neat, clean, well-kept, trash receptacles not full, all
fixtures and drains operating properly

Floors and fixtures not always completely clean, trash
2 receptacles sometimes full, some trash on floor, some
towe! dispensers may be empty

Trash receptacles sometimes overflowing and trash
accumulating on Hoor, at times a fixture may be

3 non-operative or a drain blocked, graffiti on walls
or doors , no paper towels at times

4

]

Figure 3. Example of a constructed scale for the ATTRIBUTE
“Degree of Cleanliness of Rest Areas.”
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Assessors 1. Date
2. 4.
3. 5.
ELEMENT Roadside
CONSIDERATION User Convenience
ATTRIBUTE 12. Degree of Cleanliness of Rest Areas
CONDITION 16. Rest Areas

PARAMETER Frequency of Clean up of Rest Areas

Level of ATTRIBUTE:

12. Degree of Cleanliness of

Alternate Levels of Service of the
CONDITION in terms of the
PARAMETER:

Frequency of Clean up Rest Areas
of Rest Areas
1
Twice a day 7
]
£
2
v
Four times a week 2
3
Twice a week 3

Level of Service

~«—— Lower

Figure 4. Example of the estimate of effects of CONDITION
14 on ATTRIBUTE 12.

example of the ATTRIBUTE “degree of cleanliness of rest
areas.” In this simple example, there are three alternate levels
of service (Table le) and three levels of the ATTRIBUTE, with
alternate level-of-service 1 resulting in Level 1 of the ATTRI-
BUTE, alternate 2 in Level 2, and alternate 3 in Level 3. This
is a logical result since, with only one CONDITION involved,
the number and descriptions of ATTRIBUTE levels developed
would be strongly influenced by the number and descriptions
of the alternate levels of service.

For the second case in this example, there are three CON-
DITIONS affecting the ATTRIBUTE “degree of pleasing ap-
pearance” and each CONDITION has three or four alternate
levels of service (Table le). Figure C-3 presents the form ap-
plicable to this case. Figure 5 is this form completed for the
example of the ATTRIBUTE “degree of pleasing appearance.”
The following outlines the approach which applies to this ex-
ample case:

1. Number the column and row headings to represent the
number of alternate levels of service for each of the three CON-
DITIONS as shown on Table le; ie., (a) CONDITION 13
“Grass Growth,” has four alternate levels of service, so the
heads of four columns are numbered 1 through 4 (the fifth
column is not used for this example); (b) CONDITION 14,
“Noxious Weeds and Brush,” has three alternate levels of ser-
vice, so the first three major rows are numbered 1 through 3

HIGHWAY AGENCY

Assessors 1. 4, Date
2. 5.
3. ELEMENT __Roadside CONSIDERATION __Aesthetics

ATTRIBUTE No.71___ Degree of Pleasing Appearance

CONDITION No.13___Grass Growth
No.74. Noxious Weeds and Brush

%,
(4 No.75___Litter and Debris_
r—-
1 2 3 4
! U 25 3 35
! 3 3 3.5 36
! 1.5
2 2 36
2 3 3.7
7 2
2 27 37
3 3 3 4

Figure 5. Example of the estimate of the effects of CONDI-
TIONS 13, 14, and 15 on ATTRIBUTE 11.

(the lower 2 major rows are not used for this example); and (c)
CONDITION 15, “Litter and Debris,” also has three alternate
levels of service, so each of the first three subrows of the three
major rows are numbered 1 through 3, and the lower 2 subrows
in these major rows are not used for this example.

2. There are now 36 blanks that represent possible combi-
nations of levels of service (4 X 3 X 3). Each of these blanks
can be filled with a number representing the level of the AT-
TRIBUTE which is judged to result from the combination of
the three levels of service representing that blank. Fortunately,
only a limited number of these blanks need be completed to
make the system operative. (The theoretical minimum number
is the total number of alternative levels of service for all CON-
DITIONS involved plus two less the number of CONDITIONS,
in this case 4 + 3 4+ 3 + 2 — 3 = 9. However, it is advisable
as a check of consistency to have at least 2 or 3 additional, so
the minimum here should be 11 or 12. In this case, 16 of the
blanks were completed.) It is suggested that the process be
started by completing the “corners” first, i.e., the blanks which
represent combinations of high and low values of the alternate
levels of service. In this example, the following sequence was
used:



a. Consider the combination of alternate level-of-service 1 for
all three CONDITIONS. This was judged to obviously result
in the most pleasing appearance (i.e., Level 1 of the ATTRI-
BUTE) and the number 1 was entered in this blank.

b. Consider the combination of the lowest level of service for
all three CONDITIONS; i.e., 4 for CONDITION No. 13, and
3 for CONDITIONS No. 14 and No. 15. Again, this was judged
to be quite obvious in that this worst possible combination
should result in the least pleasing appearance (i.e., Level 4 of
the ATTRIBUTE) and the number, 4, was entered in this blank.

c. Consider the combination of the highest level of service
for CONDITIONS No. 14 and 15, and the lowest for CON-
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DITION No. 13. This was judged to be midway between AT-
TRIBUTE Levels 3 and 4, and 3.5 was entered here.

d. Consider the fourth “corner,” which is the combination
of the lowest level of service for CONDITIONS No. 14 and
No. 15, and the highest for CONDITION No. 13. This was
judged to result in an appearance represented by ATTRIBUTE
Level 3, and 3 was entered in this blank.

e. A number of intermediate blanks are now considered.
Judgments are based on the relative effects of each of the CON-
DITIONS on the ‘“‘degree of pleasing appearance,” and in the
consistency of the judgments. To be consistent, the number
entered must increase from top-to-bottom in each vertical col-
umn, and left-to-right in the horizontal rows, although the in-
crease need not be in a linear manner.

CHAPTER NINE

STEP EIGHT—ESTIMATE RESOURCE NEEDS FOR EACH LEVEL OF |

SERVICE

DESCRIPTION

In this step, the resources required to maintain each main-
tenance CONDITION at each of its alternate levels of service
is determined. The results of these estimates can be conveniently
tabulated in the format shown in Figure C-4, Appendix C.
Experienced persons in maintenance planning and operations
should be involved in providing the necessary information in
Figure C-4. If a maintenance management system is being used
by the highway agency, a significant amount of information
needed for this tabulation may be readily available, because some
of the alternative levels of service may have already been used
or considered for use. For alternative levels of service not pre-
viously used or considered for use, hard data for estimation of
resource requirements will be lacking and judgmental estimates
will be required. Best estimates must be made from data available
now, and from the experience of those making the estimates.
With time, more information should become available, and more
precise estimates of resource requirements can be made.

RESULT

The result of the completion of STEP 8 is the completion of
a form such as illustrated in Figure C-4 (App. C) for each of
the CONDITIONS and their levels of service developed in pre-
vious steps.

EXAMPLE

For the continuation of the example from previous steps, the
annual resources required for each of the levels of service es-
tablished for CONDITIONS No. 13, No. 14, No. 15 and No.
16 must be estimated. For this example, resources assumed to
be available are of three types: labor, expressed as total hours;
and materials and equipment, each expressed as total annual
dollars. It is suggested that the estimating process be approached
as follows:

1. Estimate the total annual resources (expressed in terms of
the three types used in this example, or in another convenient
manner) now being applied to each of the maintenance CON-
DITIONS used in the example. Figure 6 is a fictitious example
of such an estimate. Enter these estimated apportioned resources
on the form for the level of service considered to represent
current practice for each CONDITION. A blank form for re-
cording this information is provided in Figure C-5, Appendix
C. The assumed estimates for current practice for the CON-
DITIONS used in this example (Nos. 13, 14, 15, and 16) are
tabulated in Figures 7a, 7b, 7c and 7d, respectively, opposite
Level 2. (For this example, it was assumed that the level of
service representing current practice is Level 2 for all four of
these CONDITIONS.)

2. Estimate the increased amount of resources that would be

- required to maintain each CONDITION at each level of service
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Current Estimated Current Annual Resource Expenditure
Maintenance CONDITION Level of Type 1 Type 2 Type 3
Service {Labor—hours) (Materials—dollars} doliars)
No. 13, Grass Growth 2 153,256 $362,242 $891,674
No. 14, Noxious Weeds
and Brush 2 36,528 $355,276 $334,378
No. 15, Litter and Debris 2 67,664 $45,109 $180,436
No. 16, Rest Areas 2 151,875 $136,298 $292,067
Total for ELEMENT, Roadside 408,323 3898,925 $1.698,555
Maintenance CONDITION No. 13 Grass Growth
Resources Required Annuall
Alternate Levels of Service Type 1 Type 2 Type 3
{Labor~hours) {Materials—doliars} (Equipment—dollars)
Level 1
Mow @ 8" height, full width 202,298 478,159 1,177,010
Level 2
Mow @ 12” height,
30° maximum :id:h 153.256 362,242 891,674
Level 3
Mow @ 18" height, one
machine pass 104214 246,325 606,338
Level 4
Mow for safety reasons only 62,835 148,519 365,586

Maintenance CONDITION

Figure 6. Estimated current annual resource
expenditure for CONDITIONS 13, 14, 15, and
16.

Figure 7a. Estimates of resources required
JSor alternate levels of service for the example
maintenance CONDITION 13.

No. 14 Noxious Weeds and Brush

Resources Required Annuaslly

Alternate Levels of Service

Type 1
{Labor~hours)

Type 2
(Materials—dollars)

Type 3
{Equipment—dollars)

Level 1

Three time per year 54,358 543572 511,698
Level 2

Once a year 35,528 355,276 334,378
Level 3

Do not apply herbicide 5,329 53,291 50,157

Figure 7b.  Estimates of resources required
Jor alternate levels of service for the example
maintenance CONDITION 14.



Maintenance CONDITION

No. 15 Litter and Debris
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Resources Required Annually
Alternate Levels of Service Type 1 Type 2 Type 3
{Labor—hours} ials—dollars}) (Equi dollars)

Level 1

Once a month 98,789 65,859 263,437
) Level 2

Figure 7c. Estimates of resources required Once every three months 67,664 45,109 180,436

for alternate levels of service for the example

maintenance CONDITION 15. Level 3

Once a year 36,539 24,359 97,435

Maintenance CONDITION No. 16 Rest Areas
Resources Required Annuall
Alternate Levels of Service Type 1 Type 2 Type 3
{Labor—hours) {Materials—dollars) {Equipment—dollars}

Level 1

Twice a dav 189,844 170373 365,084
Level 2

Figure 7d. Estimates of resources required Four times a week 151,875 136,298 292,067

_ for alternate levels of service for the example

of maintenance CONDITION 16. Level 3

Twice a week 113,906 102,224 219,050

higher than the current practice level, and the decrease in re-
sources that would result from maintaining each CONDITION
at the levels below the current practice level. These estimates
will have to be based primarily on the judgment of persons with
experience in relation to each of the maintenance CONDI-
TIONS. To assist in making these judgments, it would be helpful
for each person to have an idea as to the current percent of the
available budget now being spent on all maintenance CON-
DITIONS. Figure 8 is a fictitious example as to how such
information on budget expenditures could be tabulated for this
purpose. A blank form for recording this information is provided
in Figure C-6, Appendix C. A convenient approach to consider
is, first to estimate the additional (or lesser) percent of person
and equipment hours and of materials required for each of the
other levels of service, and second, to convert these percents
into total dollars or hours for each of the levels. In the example,
this is done for additional Levels 1, 3, and 4 for CONDITION
No. 13, and for additional Levels 1 and 3 for CONDITIONS
No. 14, No. 15, and No. 16, as shown in Figures 7a, 7b, Tc,
and 7d for these levels.

In preparation for the next step, it will be useful to calculate
the percent of the available maintenance budget spent on each

Approximate Percent of an
Maintenance Condition “Available” Maintenance Budget
Spent on The CONDITION*
Grass Growth 4.9
Noxious Weeds and Brush 1.8
Litter and Debris 1.6
Rest Areas 34

*Roughly based on data from Ohio DOT

Figure 8. Example of approximate percent of an “available”
maintenance budget which might be spent on each of the example
CONDITIONS.
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ATTRIBUTE (the term ‘“‘available” is used to indicate that the
budget figure used here is the total maintenance budget less
such items as may be set aside as contingency for emergencies
and other essential maintenance activities that are performed
regardless of the levels of service selected). This is done by

DITIONS that affect each ATTRIBUTE. Figure 9 shows how
this information is tabulated for the discussion example. A blank
form for recording this information is provided in Figure C-7.
For the entire system, Figure 8 would include all maintenance
CONDITIONS, and Figure 9 would include all ATTRIBUTES.

summing the percents of the budget spent on different CON-

. Percent of Available Percent of Available
ATTRIBUTE Current Level Maintenance CONDITIONS Budget Spent on Budget Spent on The
That Affect the ATTRIBUTE The CONDITION ATTRIBUTE
Degree of 2 Grass Growth 49
Pleasing
Appearance
Noxious Weeds 1.8
and Brush
Litter and Debris 1.6
8.3 83
Figure 9. Percent of available maintenance budget
. . . Degree of
which might be spent on the ATTRIBUTES in the Cleantiness 2 Rest Areas 324 34
of Rest Areas
example.

CHAPTER TEN

STEP NINE—ASSESS DESIRABILITY

ATTRIBUTE

DESCRIPTION

In this step, the relative desirability (value) of the different
levels of each ATTRIBUTE selected in Step 7 is assessed. For
example, how much better or worse is one level of an AT-
TRIBUTE (e.g., percent of drivers who cannot recover = 5)
relative to another level of this ATTRIBUTE (e.g., percent of
drivers who cannot recover = 10)? The relative desirability is
determined by assessing how much the agency should be willing
to spend in order to maintain each level of an ATTRIBUTE.

This step requires the completion of the following three se-
quential tasks:

e A. Preparation for group value assessments.
e B. Conducting group assessment meetings.
e C. Analysis of assessment data.

Each task is described as follows.

A. Preparation for Group Value Assessments. In this task, the
principal investigator selects a panel of individuals whose value
judgments will be incorporated in the program, prepares as-
sessment forms, and compiles background information to facil-
itate assessments.

In order to obtain value judgments that represent a broad
spectrum of viewpoints, it will be desirable (although not nec-
essary) to arrange for the participation of individuals with dif-
ferent perspectives (e.g., maintenance engineers, legislators, and

FOR EACH LEVEL OF EACH

highway users). Such a panel of individuals should be selected
and provided with background information relative to objectives
of the study, descriptions (including pictures/diagrams) of se-
lected ATTRIBUTES and the different levels of each AT-
TRIBUTE. It will also be useful to provide information
regarding the approximate percent of the available maintenance
budget spent to maintain the current level of each ATTRIBUTE.
Such information for the discussion example was shown in Fig-
ure 9, Step 8.

Figure C-8 shows a form that should be used to record each
assessor’s responses. Each assessor would be required to com-
plete one such form for each ATTRIBUTE. The basic assess-
ment question is: What maximum proportion of the total
available maintenance budget would one be willing to spend in
order to maintain a specified level of an attribute? The higher
the proportion of the budget one would be willing to spend for
a particular level of the attribute, the higher would be the relative
value of that level. As indicated in Figure C-8, the assessment
form should note the level of the attribute currently being main-
tained and the percent of the available maintenance budget spent

to maintain that level.

B. Conducting Group Assessment Meetings. A group meeting
of all the assessors should be held to explain the purpose of the
study and the important role of the assessors in the determi-
nation of relative weights of different ATTRIBUTES. The
selected ATTRIBUTES should be described and, where appro-
priate, pictures/slides of actual highway conditions displaying
different levels of the ATTRIBUTES should be shown. The



format of the assessment forms should then be explained. It will
be important to point out that the assessors should use “percent
of the total available maintenance budget” as an indication of
the value they placed on maintaining the ATTRIBUTE at each
of the levels described, not as to what might be the actual cost
of maintaining this level. “Willingness to pay” is an expression
of the relative value of the results of maintaining at that level,
not an estimate of the cost of doing so. Placing a very high
value on a level is similar to saying, “I would be willing to pay
a good deal more than the actual cost to achieve this level”;
while placing a very low value would be similar to saying,
“achieving this level is worth a good deal less than what the
actual cost might be.”

A couple of assessment forms should be completed during
the group session to find out if the assessors understand the
concept and to discuss any difficulties that may be faced by
them. The remaining forms can be completed afterwards by
each of the assessors and returned to the principal investigator
within some specified time period.

C. Analysis of Assessment Data. After receiving the completed
assessment forms, the principal investigator proceeds with the
analysis of the data. Forms for each ATTRIBUTE are analyzed
sequentially. For each given ATTRIBUTE, the following pro-
cedure is followed:

1. Arrange all responses regarding a given ATTRIBUTE in
an ascending order on a form such as Figure C-9.

2. Find the median of all responses with regard to each level
of the ATTRIBUTE. If the total number of responses, » is odd,
the median is the middle value in the ordered list of responses.
For example, if 7 is 7, the median is the 4th response. If n is
even, the median is the average of the two middle values in the
ordered list of responses. For example, if » = 8, the median is
the average of the 4th and 5th responses. The median, rather
than the mean, is used to represent group consensus, because
the median is not much affected by extreme responses.

3. Calculate the relative value of each ATTRIBUTE level as
shown in Figure C-9.

4. Plot ATTRIBUTE levels on the x-axis and the corre-
sponding relative values as calculated in Figure C-6 on the y-
axis. Pass a smooth curve through the plotted points. Find the
ATTRIBUTE level corresponding to a relative value of 0.5.
This is called the midvalue level of the ATTRIBUTE (see sketch
below). :

0.6
R
0.4

Relative-Value
(@]

/ Midvalue Level

Worst! I I T Bestl

Attribute Level
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5. The computer program requires three levels of each AT-
TRIBUTE in the following order: best, midvalue, and worst.
Tabulate the best, midvalue, and worst levels of each AT-
TRIBUTE in the format shown in Figure C-10.

The computer program also requires the relative weights of
different ATTRIBUTES. The relative weight of each ATTRI-
BUTE is calculated as shown in Figure C-11. Basically, the
relative weight of an ATTRIBUTE is proportional to the in-
crease in the maximum proportion of the budget one would be
willing to spend in order to improve the level of the ATTRIB-
UTE from the worst to the best. In the procedure shown in
Figure C-11, the relative weights are normalized so that they
sum to 1. The median values of the maximum proportion of
budget identified in Figure C-9 for each ATTRIBUTE are used
in Figure C-11 to obtain P, the increase in the maximum pro-
portion of the budget to go from the worst to the best level for
the ith ATTRIBUTE.

EXAMPLE

For the continuation of the example from previous steps, Step
9 requires first that the relative desirability of the different levels
of the two ATTRIBUTES, No. 11, “degree of pleasing ap-
pearance,” and No. 12, “degree of cleanliness of rest areas,” be
assessed. It was assumed that a group of four persons with
experience in this area are asked to make the assessment. They
are briefed on the system as described in this manual and on
current maintenance practices within the highway agency. In
addition, they are given the average percent of the available
maintenance budget that has been spent on maintenance activ-
ities related to these two activities during the past 2 years. This
information was recorded in Figure 9 in the previous step, as
follows: for maintenance activities related to ATTRIBUTE No.
11, “degree of pleasing appearance” —8.3 percent; and to AT-
TRIBUTE No. 12, “degree of cleanliness of rest areas” —3.4
percent. (This is based on a hypothetical total annual available
maintenance budget of $57.1 million and average annual ex-
penditures related to grass growth, $2.78 million; to noxious
weeds and brush, $1.04 million; to litter and debris, $0.90 mil-
lion; and to rest areas, $1.92 million.) Each of the four persons
was then asked, “What maximum percent of the total available
annual maintenance budget would you be willing to spend in
order to maintain each of the levels of the ATTRIBUTE?” It
was pointed out that the percent of maintenance budget cur-
rently being spent on an ATTRIBUTE should be used only as
background information and that this percent could be changed
if the present budget allocation to the ATTRIBUTE was con-
sidered to be inappropriate. Each person was asked to record
his replies on a form prepared for the purpose (Fig. C-8). The
replies received from all four persons were then tabulated on a

+ form such as Figure C-9.

The replies that are assumed to have been received regarding
this example for ATTRIBUTE No. 11, “degree of pleasing
appearance,” are shown in Figures 10a, 10b, 10c and 10d, and
summarized in Figure 10e; and regarding this example of AT-
TRIBUTE No. 12, “degree of cleanliness of rest areas,” in
Figures 11a, 11b, 11c, and 11d, and summarized in Figure 1le.
Note that, for this example, it is assumed that all four assessors
considered the present budget allocations to maintain the current
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HIGHWAY AGENCY

HIGHWAY AGENCY

Assessor ! Date Assessor 2 Date
ELEMENT Roadside ELEMENT Roadside
CONSIDERATION Aesthetics CONSIDERATION - Aesthetics
ATTRIBUTE No. 11 Degree of Pleasing Appearance ATTRIBUTE No. 11 Degree of Pleasing Appearance
Level of Attribute Maximum Percent of Total Level of Attribute Maximum Percent of Total
Available Maintenance Budget Available Maintenance Budget
“Willing to Pay” “Willing to Pay”’
T 4 3.7 T 4 4.1
i
! 3 52 ‘ 3 7.5
z z
: :
g 2 83 2 2 83
1 8.7 1 8.5
] @
o o
| T

Figure 10a.
of the levels of ATTRIBUTE 11.

Assessor 1’s judgment as to the relative desirability

HIGHWAY AGENCY

Assessor ___3

Date

ELEMENT Roadside

CONSIDERATION Aesthetics

ATTRIBUTE

No. 11 Degree of Pleasing Appearance

Level of Attribute

Maximum Percent of Total
Available Maintenance Budget

Figure 10b.  Assessor 2’s judgment as to the relative desirability

of the levels of ATTRIBUTE 11.

HIGHWAY AGENCY

Assessor __ 4

Date

ELEMENT Roadside

CONSIDERATION Aesthetics

ATTRIBUTE

No. 11 Degree of Pleasing Appearance

Level of Attribute

Maximum Percent of Total
Available Maintenance Budget

-+—— Most

“Willing to Pay"’ “"Willing to Pay"’

T 4 58 T 4 3.3
g i
@ [V
- -

3 7.2 3 6.4
z Z
3 2 8.3 3 2 83
& 4
[a) o

7 8.8 1 84

~«——Most

Figure 10c.
of the levels of ATTRIBUTE 11.

Assessor 3’s judgment as to the relative desirability

Figure 10d.  Assessor 4’s judgment as to the relative desirability

of the levels of ATTRIBUTE 11.
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HIGHWAY AGENCY
Date

Calculated by
ELEMENT

CONSIDERATION Aesthetics
ATTRIBUTE {No.77) Degree of Pleasing Appearance

Roadside

ATTRIBUTE Maximum Percent of Total Available Maintenance Budget “Willing loMPa.y“"'" Calculated Relative Value
LEVEL * || Assessor 1 | Assessor 2 | Assessor 3 | Assessord | Assessor 5 :sl:l'{l'(',.'; ’ of ATTRIBUTE Level
esponses”**
(a}
Level 4 3.7 4.1 58 3.3 3.9 0
z
3 {b) b-a
Level 3 5.2 7.5 72 64 6.8 9= = o062
>
z {c) c-a
| Levei2 8.3 8.3 83 8.3 8.3 9T T o4
% .
=}
(d} .
Level 7 87 8.5 8.8 84 8.6 1
g
=
J (e}

. . . * Asdetermined in Step Seven
Flgure IOe Calculatlon Of relat[ve values of ** As recorded for each Assessor on form shown as Figure C-5

*** If nis an odd number, the median is the middle value; if n is an even number,

the diﬁ"erent levels Of ATTRIBUTE 11. the median is the average of the two middle values.

HIGHWAY AGENCY

Assessor 1 Date

HIGHWAY AGENCY

Assessor __2 Date

ELEMENT Roadside

ELEMENT Roadside

CONSIDERATION User Convenience CONSIDERATION User Convenience
ATTRIBUTE No. 12 Degree of Cleanliness of Rest Areas ATTRIBUTE No. 12 Degree of Cleanliness of Rest Areas
Level of Attribute Maximum Percent of Total Level of Attribute Maximum Percent of Total
Available Maintenance Budget Available Maintenance Budget
“Willing to Pay” "'Willing to Pay’’

T 3 1.9 I 3 2.5

g g

Q LY

] ' ]

2 3.4 2 © 34

z z

3 3

< 1 4.1 2 7 3.5

$ 3

] o

g g

T T

Figure 11a. Assessor 1’s judgment as to the relative desirability Figure 11b.  Assessor 2’s judgment as to the relative desirability

of the levels of ATTRIBUTE 12.

of the levels of ATTRIBUTE 12.
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HIGHWAY AGENCY

Assessor __ 3

ELEMENT

CONSIDERATION

ATTRIBUTE

Level of Attribute

Maximum Percent of Total
Availablie Maintenance Budget

HIGHWAY AGENCY

Date ‘A r__4 Date
Roadside ELEMENT Roadside
User Convenience CONSIDERATION User Convenience
No. 12 Deiree of Cleanliness of Rest Areas AT'fR IBUTE li of Rest Areas

No. 12 Degree of Ci

Level of Attribute

Maximum Percent of Total
Avaitable Maintenance Budget

"'Willing to Pay” N “Willing to Pay”"
1 3 1.0 T 3 2.1
- -
2 34 2 34
z =
3 p 6.1 kS 1 37
o Q

~«—— Most
+——Most

Figure 11c. Assessor 3’s judgment as to the relative desirability

_ Figure 11d.  Assessor 4’s judgment as to the relative desirability
of the levels of ATTRIBUTE 12.

of the levels of ATTRIBUTE 12.

HIGHWAY AGENCY

% by Date
ELEMENT Roadside
CONSIDERATION User Convenience .
ATTRIBUTE {No.12} Degree of Cleaniiness of Rest Areas
ATTRIBUTE Maximum Percent of Total Available Maintenance Budget “Willing l:'.’?:.”‘,‘,:“- Caleulated Relati Value
LEVEL® Il Assessor 1 | Assessor 2 | Assessor 3 | Assessor 4 | Assessor§ st:;:a:;‘. " of ATTRIBUTE Level
. : wspon
{a)

N Lével 3 1.9 25 1.0 21 2.0 0

£ —

il - : b-a _

Level 2 3.4 34 34 34 34 c = 074

z ic}

T Levers a1 35 61 37 39 1

&

a .

(d)

%

2 .

l (e}

* As determined in Step Seven
** Asrecorded for each Assessor on form shown as Figure C-5
*** If nis an odd number, the median is the middle value; if n is an even number,
the median is the average of the two middle values.

Figure 1le. Calculation of relative values of
the different levels of ATTRIBUTE 12.
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levels of the two ATTRIBUTES to be appropriate. However, 10—
for a real application, the present budget allocations could be
changed by the assessors.

After summarizing the results of the group judgments (Figs.
10e and 11e), these same forms are used to arrive at a median
value for each ATTRIBUTE level and to calculate the relative 08—
values of the levels. This is done as previously described in this
step and as demonstrated in the last two columns of Figures
10e and 1le. —

As previously described and illustrated, the midvalue level of
each ATTRIBUTE must now be determined. Figure 12a illus-
trates how this is done for ATTRIBUTE No. 11 and Figure
12b for ATTRIBUTE No. 12. As indicated, the midvalue level
of ATTRIBUTE No. 11 is 3.3, and of ATTRIBUTE No. 12 is
2.4. The computer program requires the best, midvalue, and
worst levels of each of the ATTRIBUTES. As these are deter- |
mined, it is convenient to tabulate them in the format illustrated 04— I
by Figure C-10. Figure 13 illustrates how the results from AT-

TRIBUTE Nos. 11 and 12, used in this example, are tabulated. I
To complete this step of the example, the relative weight of [
each of the ATTRIBUTES for the entire highway maintenance I Midvalue Level 3.3
I
I
|
|

06—

Relative Value
]
|

system must be determined. The form for tabulating and cal- 02—
culating these relative weights was shown in Figure C-11. The
entry in Column 2 of this table is obtained by reference to
previous calculations of relative values of the different levels of
the ATTRIBUTE. For instance, for ATTRIBUTE No. 11, this
value is obtained from the next to the last column of Figure 0 I » : |

10e by subtracting the median value for the worst level (3.9) 4 ' 3 2

from the median value for the best level (8.6) to equal 4.7. This ATTRIBUTE Level

number is tabulated in Column 2 of Figure 14 as P,,. In the  Figure 12a. Determination of midvalue level for ATTRIBUTE
same manner from Figure 1le, the value for P, is 3.9 — 2.0 11. ’

= 1.9. The remainder of the values in Column 2 of Figure 14

are purely fictitious numbers entered for purposes of completing 10—
this example calculation. They should not be used in any way
as indicators of reasonable values for these ATTRIBUTES in
a real situation. B
The relative weights of each of the ATTRIBUTES for this
example are calculated in Column 3 of Figure 14, as shown. 08—
Each of the P values in Column 2 is divided by the sum of all
the P values to obtain the values shown in Column 3. As a
numerical check of these calculations, the values of all the items —
in Column 3 are added. This sum should be equal to one.
‘ o 06}
2
o
>
Q L cvare e
2
ke
2 I
< 04} |
N Midvalue Level 2.4
0.2 :
ol ¥ |
Figure 12b.  Deterinination of midvalue level for ATTRIBUTE 3 2 1

12. . ATTRIBUTE Level



ATTRIBUTE Levels

ATTRIBUTE No } Best Midvalue Worst
Degree of Pleasing 11 7 33 4
Appearance

¢
oot | / )
Figure 13. Tabulation of best, midvalue,
and worst levels of ALL ATTRIBUTES.
HIGHWAY AGENCY
Caiculated by Date
ATTRIBUTE | 'ncrease in the Maximum Percent of Relative Weight of
Nomber | e e ost Desnante Lowe the ATTRIBUTE
1 Py = 260 PP = 0.0504
2 Py = 110 Pop = 00213
3 Py = 133 P3P = 00258
4 Py = 097 P4/P = 00176
5 pg = 217 P5/P = 0.0421
6 Pg = 091 Pg/P = 00176
7 p; = 110 Py/P = 00213
8 Pg = 076 Pg/lp = 0.0147
9 Pg = 419 Pg/P = 0.0812
10 Pig = 195 Pig/P = 00378
11 Pyy = 470 P1y/P = 0.0911
12 Py = 1.90 P1a/P = 0.0368
13 P13 = 094 Pi3/P = 00182
14 Pra = 212 P1a/P = 0.0471
15 P15 = 542 Pig/P = 0.1050
16 Pg = 397 pig/P = 0.0769
17 Py = 184 Pyg/P =  0.0357
18 Pig = 7.02 Pig/P = 0.1360
19 Pig = 668 Pig/P = 0.1294

P = IP = 5161

TP = 10

Figure 14. Calculation of relative values of all example AT-
TRIBUTES as listed in Table 1d.




CHAPTER ELEVEN

STEP TEN—ORGANIZE AND INPUT

DESCRIPTION

All of the basic data necessary to run the computer program
ASOP are obtained in Steps 1 through 9. In this step, the
procedure for placing these data on computer cards and running
the Base Case and Sensitivity analyses are described. This step
requires a reasonable familiarity with computer operations and
a knowledge of FORTRAN.

The format of this step is a FORTRAN statement that spec-
ifies how the information will be input. The letters A, F, I, and
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N

DATA FOR COMPUTER PROGRAM

X refer to alphanumeric, floating point (real), integer, and blank
fields, respectively. The integer field should be right justified,
i.e., the last digit should be rightmost in the field. Floating point
fields are required to use a decimal point. An alphanumeric
field can be any combination of characters and numbers.

A summary of all input data cards is shown in Figure 15.
The input data cards for the illustrative example are shown in
Figure 16. The program checks for common errors in organizing
input data. A description of error diagnostics to identify possible
sources of error is contained in Appendix A.

DESCRIPTION OF DATA NOOF ITEMS ON EACH CARD FORMAT GRoLP
-~ JNUMBER
Problem Identification 1 TITLE 20A4 1
Problem Size Specification 1. NXEL, NRC 215 2
g g | Resource Avaitability NRC | RSTR,BM 10A4, F40.0 3
'-E g.é Maintenance Element and Number of Maintenance Conditions 1 ESTR, NXCO 10A4, 15 4.1
>Zu<‘ g é Maintenance Conditions and Number of Alternative Levels-of-Service 1 MSTR, K14 10A4,15 4.2
g g ;',; { Description of Alternative Levels-of-Service 1 XSTR 20A4 43
«fe | Resource Requirements of Alternative Levels-of-Service 1 RCOST(1}, RCOST(2), ... 8F10.0 44
Zii‘: é.: Number of Considerations for Each Maintenance Element 1 ESTR, NXCO 10A4, 15 5.1
xz= rDescription of Considerations and Attributes NXCO CSTR, TSTR 20A4 52
Program Control Option 1 101 110 6
Best, Midvalue and Worst Levels of ith Attribute NMC THET (1,0}, J=1,3 3F10.0 7
Relative Weights of Attributes 1+ ALI(1), ALIL2), ... 8F10.3 8
? Description of an Attribute T 1 DESC 20A4 9.1
‘;’ Maintenance Conditions Which Affect a Given Attribute 1 NCON, MCON({1},1=1,NCON 11,4X, 915 9.2
g Number of Assessments of Effects on a Given Attribute 1 NAS 13 93
§ Specification of Assessments NAS ISUB(1), ISUB(2), ... ASMNT 5(11,1X), F10.0 9.4
Option Number for Parametric Analysis 1 IANAL ) 1o 10.1
Inputs for Desired Options }4—————————— See detailed instructions »{ 102
Last Card 1| JANAL et to zero) | no 1

Figure 15.

A summary of input data cards.
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NCHRF 14-S5 (2) EXAMFLE FROBLEM ) Card 1: Problem Identification
1 3 2 Card 2: Problem Size Specification

LAaBOR IN HOURS
MATERIALS IN [OLLARS
EQUIFMENT IN DOLLARS
ROADSIDE

GRASS GROWTH

MOW AT 38 IM. HEIGHT, FULL WIDTH

202298, 478159, 1177010

MOW AT 12 IN. HEIGHT, 30 FT. HAX WIDTH

153256 3462242, SF1474.

MOW AT 18 IMN. HT, ONE MACHINE FASS WIDTH

104214, 244325, 404338,
MW FOR SAFETY REASONS OMLY
£2835. 148519, 265584 .
NIYXTOUS WEEDS ANk BRUSH
TIMES FER YEAR

. DABE72. D1L593.
A YEAR

: . 274 134373,
M} NOT AFFLY HERRICIDE

bR G3291. GO1G7 .
LITTER AND LEERIS

OMCE & MONTH

SBPES LDEHF. 2463437,

<

M EUERY THREE MONTIHS

. 43109, 180434,
£ A YEAR
24359, 7A35.

AREAS
TWICE A DAY
139344, 170373, 145084,
FOUR TIMES A WEEK
151879, 136298, V2067
TWICE & WEEK
113905, 102224, 217050,

CIDE
STHETICS
USER CONVENTENCE

408323, 7]
2398925 . Card Group 3: Resource Availability
1698535 .
PRt
4
3
Card Group 4:
Maintenance Elements,
Maintenance Conditions,
Atternative Levels-of-Service,
. and Resource Requirements
2

e - Card Group 5:
DEGREE OF PLEARIMG AFPFEARANCE . . .
DEGREE OF CLEANLINESS AT REST aREng _| Considerationsand Attributes

18 ] Card Group 6: Program Control Option

3.3 4.
. 2.4 3
L7143 .28

5

té

111
211
211
411
1112
113
413
121
S

LEGREE OF FLEASING AFFEARANCE
: 2

423

131

L3232

3232

133

332

LEGRE.

1 4

3

1

2

k1
1
3
1
XA
S
1
2
10
1
3
1
3
13
o

Figure

] Card Group 7: Best, Mid-value, and Worst Levels of Each Attribute
S7 1 Card Group 8: Relative Weights of Various Attributes

Card Group 9:
Effects of Alternative Levels-
of-Service on Attributes

SRS X

347075,
THAOBA .
14437272,

Card Group 10:
L6333 Sensitivity Analysis Options

L2447

1953318

1 Card Group 11: End of Input Data Card

16.  Input data cards for the illustrative example.



PROCEDURE FOR PLACING DATA ON COMPUTER
CARDS

Card 1: Problem Identification (FORMAT 20A4)

Cols. 1-80  TITLE Title to identify the problem to be run.
Description. Any convenient title may be used for identifi-

cation, provided it requires no more than 80 spaces. The title

used in this example is “NCHRP 14-5(2) Example Problem.”

Card 2: Problem Size Specification (FORMAT 2I5)

Cols. 1-5 NXEL Number of maintenance ELEMENTS
Description. In a real situation, this number would be obtained
from Column 1 of Table 1d and the number of ELEMENTS
entered here would be 8. However, time constraints did not
permit fabrication of fictitious data for all ELEMENTS and
this example continues with the ELEMENT “roadside” only,
so the number of ELEMENTS entered here is 1.

Cols. 6-10 NRC Number of resource constraints
Description. This number is obtained from Figure 6. There

are three types of resources considered here, so the number for

this example is 3. This number would remain the same, re-

gardless of the number of ELEMENTS.

Card Group 3: Resource Availability Data
(FORMAT 10A4, F40.0)

Cols. 1-40 RSTR  Name of resource
Cols. 41-80 BM - Amount of resource available

Description. This group contains one card for each resource.
Since there are three resources in this example (see note for
Card 2), three cards are used. The names of the resources are
obtained from Figure 6 and each of the three resource names
are entered on its separate card in Cols. 1-40 (i.e., Labor—
hours; Materials—dollars; and Equipment—doliars, respec-
tively).

The amount of resource available for each named resource
would be the total amount available for all ELEMENTS being
considered. If the entire system as presented in Table 1d were
to be used here, the total available resources for all 8 ELE-
MENTS would be used. Since this example can consider the
ELEMENT Roadside only, the resource totals are found in
Figure 6 and the number entered in the card for Labor—hours
is 408323; for the card Materials—dollars, it is 898925; and for
the card Equipment—dollars, it is 1698555.

Card Group 4: Maintenance Elements,
Maintenance Conditions, Alternative Levels-of-
Service and Resource Requirements

Description. This group of cards contains NXEL (number of
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maintenance ELEMENTS) subgroups. Each subgroup specifies
data for a given maintenance ELEMENT in the order described
below. All cards for the ELEMENT must be completed before
moving on to the next ELEMENT.

Card 4.1: FORMAT (1044,15)

Cols, 1-40 ESTR  Description of a maintenance ELE-
MENT

The description of all maintenance ELEMENTS (i.e., their
names) are obtained from Column 1 in Table 1d. For this
example (or for any use of only part of the list of ELEMENTS),
only those ELEMENTS to be used in the example are entered.
Since this example permits the use of the one ELEMENT only,
only one card is used, with the number 1 and the description
“Roadside” entered in the indicated columns.

Cols. 41-45 NXCO Number of maintenance CONDI-
TIONS for this maintenance ELE-
MENT

Again, if all 8 ELEMENTS of the entire system were to be
used, the number of CONDITIONS in Column 4 of Table 1d
opposite each of these ELEMENTS would be entered here.
CONDITIONS which appear more than once for an ELE-
MENT would be counted only once. For example, the number
of CONDITIONS for the ELEMENT “Traveled Way, Flexible”
would be 5 (not 10). Since this example permits the use of the
ELEMENT Roadside only, the number of CONDITIONS to
be entered on the card for this ELEMENT is 4 (i.e., Nos. 13,
14, 15, and 16).

Cards 4.2, 4.3, and 4.4 should be repeated for each mainte-
nance CONDITION applicable for the given maintenance ELE-
MENT.

Card 4.2: FORMAT (1044,15)

Cols. 1-40 MSTR  Description of a maintenance CON- -
DITION

The description (i.e, the name) of each maintenance CON-
DITION for the given maintenance ELEMENT from Column
4 of Table 1d would be entered on its separate card if the entire
system represented by this table were to be used. Since this
example is limited to the one ELEMENT Roadside, one card
is completed for each of the four applicable CONDITIONS
only. It should also be noted that the requirement for numbering
the CONDITIONS in order, beginning with number 1 for the
first in the table, also applies to use of part of the system. Thus,
the four CONDITIONS (Nos. 13, 14, 15, and 16 in Table le)
should be renumbered and entered for this example as Nos. 1,
2, 3, and 4.

Cols. 41-45 KIJ Number of alternative levels of service

for this maintenance CONDITION

For each of the CONDITION cards completed above, enter
the number of alternate levels of service applicable to that CON-
DITION. For this example, we must go to Column 6 of Table
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le, which has been completed for the example ELEMENT
“Roadside” only. For the four CONDITION cards completed
above, the number of alternate levels of service entered would
be 4,3,3 and 3, respectively.

Cards 4.3 and 4.4 should be repeated for each alternative
level of service for the given maintenance CONDITION.

Card 4.3: FORMAT (2044)

Cols. 1-40 XSTR  Description of an alternative level of

service

For each of the alternate levels of service, one card must be
prepared with its description. For a real situation, this would
mean one card for each of the alternate levels of service for the
given maintenance CONDITION entered in Column 6 of a
completed Table 1d. For this example, alternate levels of service
have been described only for those CONDITIONS related to
the one ELEMENT Roadside.

Card 4.4: FORMAT (8F10.0)

Cols. 1-10  RCOST(1) Amount of Type 1 resource required
for this level of service
Amount of Type 2 resource required

for this level of service

Cols. 11-20 RCOST(2)

For each of the level-of-service cards prepared above, one
card is prepared to show the amount of each of the types of
resources required for this level of service. For this example,
the necessary information is obtained from Figures 7a, 7b, 7c,
and 7d. The first card would represent Level 1 of CONDITION
No. 13, “Grass Growth,” and require three entries (202298,
478159, and 1177010) for the three types of resource involved.
There would be a separate card for each of the other levels (2,
3, and 4) of this CONDITION and a card for each of the levels
of CONDITION Nos. 14, 15, and 16.

Card Group 5: Considerations and Attributes

Description. This group of cards contains NXEL (number of
maintenance ELEMENTS) subgroups. Each subgroup specifies
descriptions of CONSIDERATIONS and ATTRIBUTES for a
given maintenance ELEMENT in the order shown below.

Card 5.1: FORMAT (1044,15)

Cols. 1-40  ESTR Description of a maintenance ELE-

MENT .

One card would be prepared for each ELEMENT in the
system. As described for Card 4.1, for this example there is only
one ELEMENT, Roadside, (renumbered as 1 for this example

as noted for Card 4.1) and a card is prepared with this entry
in the location designated.

Cols. 41-45 NXCO Number of CONSIDERATIONS for
this maintenance ELEMENT

On each of the ELEMENT cards prepared, the number of
CONSIDERATIONS associated with it is entered. For this
example, the number of CONSIDERATIONS associated with
the ELEMENT Roadside is 2 (Aesthetics and User Conven-
ience) and this number is entered on the card for the ELEMENT
Roadside. Note that if information on the entire system in Table
1d were able to be entered, there would be 4 CONSIDERA-
TIONS each for the ELEMENTS Traveled Way, Flexible and
Traveled Way, Rigid; 2 for the ELEMENT Shoulders and Ap-
proaches, etc.

Card 5.2: FORMAT (2044)

Cols. 1-40 CSTR Description of a CONSIDERATION
One card is prepared for each of the CONSIDERATIONS.

For this example, there are two CONSIDERATIONS and one

card is prepared with the entry Aesthetics and one with User

Convenience.

Cols. 41-80 TSTR Description of an ATTRIBUTE for this

CONSIDERATION

Each of the CONSIDERATIONS has one ATTRIBUTE, as
shown in Column 3 of Table 1d. On each of the CONSID-
ERATION cards prepared, its ATTRIBUTE is entered in the
location indicated. For this example, the ATTRIBUTE Degree
of Pleasing Appearance is entered on the card for the CON-
SIDERATIONS Aesthetics and Degree of Cleanliness at Rest
Areas for the CONSIDERATION User Convenience. (Al-
though these two ATTRIBUTES are numbered as 11 and 12
in Table le, they should be renumbered as 1 and 2 for this
example, since they are the only two ATTRIBUTES used in
this example.)

Card 5.3, 5.4, . .., repeat Card 5.2 for each CONSIDERA-
TION for this maintenance ELEMENT.

Card 6: Program Control Options (FORMAT 110)

Description. This group of data specifies certain program con-
trol options pertinent to the optimization algorithm. All options
have been assigned default values so that in typical runs infor-
mation does not need to be specified. The variable 10I in the
following data card should be set equal to zero to signal the
use of default values.

Cols. 1-10 101 Program control option parameter (should

be set to zero for typical runs)

Only if an operations research expert has familiarized himself
with the optimization algorithm, should the default values be



changed. Information necessary to use the control options and
the formats of inputs required are given in Appendix A.
For this example, the entry O is made on this card.

Card Group 7: Best, Mid-Value and Worst Levels
of Each Attribute (FORMAT 3F10.0)

Description. This group contains NMC (total number of AT-
TRIBUTES) cards. Each card specifies the best, midvalue and
worst levels of a given ATTRIBUTE. The program internally
fits a quadratic equation to the three specified points.

Cols. 1-10 THET(,1) Best level of ith ATTRIBUTE
Cols. 11-20 THET(,2) Midvalue level of ith ATTRIBUTE
Cols. 21-30  THET(,3) Worst level of ith ATTRIBUTE

One card is prepared for each ATTRIBUTE. For this ex-
ample, we are able to use only the two associated with the
ELEMENT Roadside. The best, midvalue and worst level of
these two ATTRIBUTES are obtained from Figure 13. The
entries 1, 3.3, and 4 are made on the card for the ATTRIBUTE
Degree of Pleasing Appearance; and 1, 2.4,-and 3 for the AT-
TRIBUTE Degree of Cleanliness at Rest Areas.

Card 8: Relative Weights of Various Attributes
(FORMAT 8F10.3)

Description. This' card specifies the relative weights of the
different ATTRIBUTES.

Cols. 1-10 ALI(1) Relative weight of the first ATTRI-
BUTE

Cols. 11-20 ALI(2) Relative weight of the second AT-
TRIBUTE

As many as 8 ATTRIBUTES can be handled on one card.
If more than 8 ATTRIBUTES are involved, use more cards as
necessary until relative weights of all attributes are specified. If
the entire system as illustrated by Table 1d were able to be used,
three cards would be required for the 19 ATTRIBUTES shown
in Column 3 (8, 8, and 3). For this example, the relative weights
of the two ATTRIBUTES Nos. 11 and 12 (renumbered as 1
and 2 for this example) are required. If all ATTRIBUTES in
Table 1d were to be used, the values would be obtained from
the third column in Figure 14, and the values 0.0911 and 0.0368
would be entered for ATTRIBUTES 11 and 12. However, the
requirement for these values is that the sum of all values is 1.
This requirement must be satisfied for the ATTRIBUTES en-
tered, so for this example, the value 0.7143 is used for the
renumbered ATTRIBUTE No. 1 and 0.2857 for the renumbered
ATTRIBUTE No. 2, totaling 1 and retaining their approximate
values relative to each other.
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Card Group 9: Effects of Alternative Levels-of-
Service on Attributes

Description. The information assessed in Step 7 for each AT-
TRIBUTE is entered on cards as follows. Each of the Cards
9.1, 9.2, and 9.3 described below is repeated for each AT-
TRIBUTE.

Card 9.1: FORMAT (2044)

Cols. 1-80 DESC  Description of the ATTRIBUTE

The description of each ATTRIBUTE is entered on a separate
card in the location indicated. For this example, there are two
ATTRIBUTES involved—Degree of Pleasing Appearance is
entered on the first card and Degree of Cleanliness at Rest
Areas on a second card (see Table le). (Note that these have
been renumbered as 1 and 2, as explained for Card 8.)

Card 9.2: FORMAT (11,4X,915)

NCON Number of maintenance CONDI-

TIONS that affects this ATTRIBUTE

Col. 1

A separate card is prepared for each ATTRIBUTE and the
number of maintenance CONDITIONS that affect each is en-
tered on the card. Two cards would be prepared for this example,
with the number 3 for the CONDITIONS that affect AT-
TRIBUTE No. 11 (now No. 1) and the number 1 for the one
CONDITION that affects ATTRIBUTE No. 12 (now No. 2).

Cols. 6-10 MCON(1) Index of the first maintenance CON-
DITION that affects this ATTRIB-
UTE

Cols. 11-15 MCON(2) Index of the second maintenance
CONDITION that affects this AT-
TRIBUTE

. MCON
(NCON)

Index of the NCONth maintenance

CONDITION that affects this AT-
TRIBUTE

On each of the ATTRIBUTE cards in which the number of
maintenance CONDITIONS was entered, the index of each of
thess CONDITIONS is entered in the location indicated. The
index would be the number assigned to the CONDITION in
Column 4 of Table 1d, if the entire system were entered. For
this example, the three CONDITIONS 13, 14, and 15 would
be renumbered and 1, 2, and 3 would be entered on the card
for the ATTRIBUTE, Degree of Pleasing Appearance, and the
single CONDITION 16 would be renumbered and 4 would be
entered on the card for the ATTRIBUTE Degree of Cleanliness
at Rest Areas (see Table le, Columns 3 and 4).
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Card 9.3: FORMAT (I3)

Cols. 1-3 NAS Number of asséssments completed for this

ATTRIBUTE

This refers to the assessments made of the effects of each of
the alternate levels of service of a CONDITION on the related
ATTRIBUTE. The results of these assessments for this example
are shown in Figure 4 for the effect of the threé levels of service
of the CONDITION Rest Areas on ATTRIBUTE No. 12,
Degree of Cleanliness of Rest Areas (Table le); and in Figure
5 for the effect of the four levels of service of the CONDITION
Grass Growth, the three levels of the CONDITION Noxious
Weeds and Brush, and the three levels of the CONDITION
Litter and Debris on ATTRIBUTE No. 11, Degree of Pleasing
Appearance. The number of assessments is the number of the
individual cells completed in Figure 4 for ATTRIBUTE No.
12 and in Figure 5 for ATTRIBUTE No. 11. Thus, for AT-
TRIBUTE No. 12, the number to enter is 3, i.e., there are
assessment numbers entered in all thiree cells; and for ATTRI-
BUTE No. 12, the number to enter is 16, i.e., there are assess-
ment numbers entered in 16 of the possible 36 cells in Figure
S.

Card 9.4: FORMAT (5(11,1X),F10.0)

This card is for entry of the first assessinient made for this
ATTRIBUTE. The assessment is in the form of the ATTRI-
BUTE level as a function of a level of service of each mainte-
nance CONDITION that affects the ATTRIBUTE. The data
are entered as follows:

Col. 1 ISUB(1)  Index of the alternative level of service
of the first maintenance CONDI-

TION that affects this ATTRIBUTE

Col. 3 ISUB(3) Index of the alternative level of service
of the second maintenance CONDI-

TION that affects this ATTRIBUTE

. ISUB Index of the alternative level of service
(NCON) of the NCONth maintenance CON-

DITION that affects this ATTRI-
BUTE

Cols. 11-20 ASMNT  Assessed level of the ATTRIBUTE

Card 9.5: FORMAT (5(11,1X), F10.0)

This card specifies the information for the second assessment
made for this ATTRIBUTE using the same format as in Card
9.4

.

L]

L]

Repeat the format of Card 9.4 for all the assessments made
for this attribute. Thus, there will be NAS (actual number of
assessments) cards with the format: of Card 9.4 for each AT-
TRIBUTE.

The term “first CONDITION” would be CONDITION No.
1in Table 14, if it was possible to use the entire system illustrated
by this table as an example. Sincé this example includes oiily
the CONDITIONS related to the ELEMENT Roadside, the
*“first CONDITION” is the first to be listed rélative to the
ELEMENT, i.e., No. 13 (renumbered No. 1 for this example),
Grass Growth. The second, third, and fourth CONDITIONS
for this example are those listed as 14, 15, and 16, respectively,
in this table, renumbered as 2, 3, and 4 for this example.

In this series of cards, there is a separate card for each of the
assessments for each of the ATTRIBUTES, i.e., a separate card
for each of the completed cells in Figures 4 and 5. For example,
taking the simplest case represented by Figure 4 first, there is
only one CONDITION involved, so the card for the first as-
sessment would have 1 entered for the index of the alternate
level of service of the first maintenance CONDITION, and 1
for the assessed level of the ATTRIBUTE, i.e., the number
entered in the first cell in Figure 4. To complete the entries
télated to this CONDITION, a second ¢ard (for the second
assessment) would have 2 éntered for the second alternate level
of service and 2 for the related assessed level of the ATTRI-
BUTE (from the second cell), and a third card (for the third
assessment) would have 3 entered for the third altérnate level
of service and 3 for the related assessed level of the ATTRI-
BUTE (from the third cell). This completes the input for this
CONDITION. _

The CONDITIONS represented by Figure 5 require 16 cards,
because there are 16 separate assessments each represented by
a completed cell in this figure. There are three CONDITIONS
represented here, so each card will have three entries of index
of alternative levels of service (one for each CONDITION), plus
an entry for the assessed level of the ATTRIBUTE, i.e., the
value entered in the cell in Figure 5 for this combination. Thus,
the first card representing the upper left cell in Figure 5 would
have these entries: 1 for the index of the first CONDITION
(No. 13, renumbered as 1 for this example), 1 for the index of
the second CONDITION {No. 14, renumbered as 2), 1 for the
index of the third CONDITION (No. 15, renumbered as 3),
and 1 for the assessed level of the ATTRIBUTE (the number
in the cell). Continuing in an orderly manner to the next com-
pleted cell to the right, a second card would have these entries:
2 for the index of the first CONDITION, 1 for the index of
the second CONDITION, 1 for the index of the third CON-
DITION, and 2.5 for the assessed level of the ATTRIBUTE.
If cards are continued to be completed for cells in this order
(left to nght and top to bottom), the last (16th) card would
have these entries: 4 for the index of the first CONDITION, 3
for the index of the second CONDITION, 3 for the index of
the third CONDITION and 4 for the assessed level of the
ATTRIBUTE.

Card Group 10: Sensitivity Analysis Options

Description. Completion of this group of cards supplies the
input necessary to perform various sensitivity analyses. The user
is able to vary the amount of resources available, change relative
weights of ATTRIBUTES, eliminate certain levels of service
from selection, produce the second best solution, or choose
certain levels of service irrespective of the cost. Moreover, the
user can select any number of options in the same run and



33

Table 2. Parametric analysis options.

Option No. Description of Option
(IANAL)
1 Change in amount of available resources
2 Specify mandatory levels-of-service for certain
maintenance conditions
3 Exclude specified combination of levels-of-service
from solution
4 Exclude solution last chosen - next best solution
5 Change relative weights of attributes
10 End of current group of parametric analysis

perform as many sensitivity analyses as permitted by computer
time.

The first card in this group (Card 10.1 shown below) specifies
a number associated with the particular option of sensitivity
analysis selected by the user. Various options available for sen-
sitivity analyses are given in Table 2. The organization of ad-
ditional cards depends on the option selected and is described
following Card 10.1. If multiple options are used in the same
run, an additional Card 10.1 should be used to specify each
option, followed by the additional cards required for that option.

Card 10.1: FORMAT (110)

Cols. 1-10 JANAL  Option number of sensitivity analysis

Select the option desired from the list in Table 2 and enter
the number of that option on this card.

Additional Cards for Option 1—Change in
Amounts of Available Resources

Some or all of the available resources can be changed and
the effect on the optimal solution can be determined with this
option. If it is desired to use this option, complete a Card 10.1
with the entry 1. For this example, it was desired to use this
option and such a card is prepared.

Card 10.2: FORMAT (110)

Number of resources whose available
amounts would be changed

Cols. 1-10 LML

The number of resources used for the basic example was three
and the total amount of each type of resource available for this
example is the total for the example ELEMENT Roadside as
shown in Figure 6. For this sensitivity analysis example, it is
assumed that changes would be made in all three resources, so
the number 3 is entered on this card.

Card 10.3: FORMAT (110, F10.0)

Cols. 1-10 I Index of the resource whose available
amount is to be changed
Cols. 11-20 V New available amount of this resource

Repeat Card 10.3 for each of the resources whose available
amounts are to be changed. Thus, there will be LML cards of
this type. .

For this example, it is assumed that the effect of reduction
of the total of each of the types of resource available (Figure
6) by 15 percent is desired to be investigated. Thus, three cards
would be prepared, one for each of the resource types and its
new amount. Entries for the first card would be 1 for the index
of the Type 1 resource and 347075 for the new available amount
of this resource, a reduction of 15 percent in the current total
available labor hours of 408,323. Entries for the second card
would be 2 for the index of the Type 2 resource, and 764086
for the new available amount of this resource, a reduction of
15 percent in the current $898,925. Entries for the third card
would be 3 for the index of Type 3 resource and 1443772 for
the new available amount of this resource, a reduction of 15
percent in the current $1,698,555. '

Additional Cards for Option 2— Specify Mandatory
Levels of Service for Certain Maintenance
CONDITIONS

This option is used to require that for certain maintenance



34

CONDITIONS, the levels of service specified by the user should
be forced in the optimal solution. Note that if this option is
used, a Card 10.1 should be completed with the entry 2. For
this example, it was not desired to use this option and no such
card was prepared.

Card 10.2: FORMAT (I10)

Number of maintenance CONDITIONS
for which mandatory levels of service are
specified

Cols. 1-10 LML

Card 10.3: FORMAT (215)

Index of maintenance CONDITION

Index of the alternative level of service for
this maintenance CONDITION which is
to be considered mandatory

Cols. 1-5 )
Cols. 6-10 K

Repeat Card 10.3 for each of the maintenance CONDITIONS
for which mandatory levels of service are specified. Thus, there
will be LML cards of this type.

Additional Cards for Option 3— Exclude a
Specified Level of Service from the Solution

This option is used to exclude a specified level of service for
a given maintenance CONDITION from the optimal solution.
For example, because of a policy change, a particular level of
service may be considered to be unacceptable and hence would
be excluded from the set of recommended levels of service. If
levels of service for more than one maintenance CONDITION
are specified for exclusion, the program would not include all
the levels of service in the final solution, although a subset of
the levels of service may be included in the solution.

Note that if this option is used, a Card 10.1 should be com-
pleted with the entry 3. For this example, it was not desired to
use this option and no such card was prepared.

Card 10.2: FORMAT (I110)

Cols. 1-10 LML Number of maintenance CONDITIONS

for which specified levels of service are
to be excluded

Card 10.3: FORMAT (2I5)

Index of maintenance CONDITION

Index of the alternative levels of service for
this maintenance CONDITION which is
to be excluded

Cols. 1-5 J
Cols. 6-10 K

Repeat Card 10.3 for each of the maintenance CONDITIONS
for which mandatory levels of service are specified. Thus, there
will be LML cards of this type.

Additional Cards for Option 4— Exclude Solution
Last Chosen

This option allows the user to find the second best solution
to a problem. No additional cards (besides Card 10.1) are re-
quired for this option. Note that if this option is used, a Card
10.1 should be completed with the entry 4. For this example,
it was not desired to use this option and no such card was
prepared.

Additional Cards for Option 5—Change Relative
Weights of ATTRIBUTES

The relative weights of different ATTRIBUTES can be
changed with this option and the effect on the recommended
levels of service can be determined. Note that the sum of all
relative weights should always equal one. This option can be
useful in analyzing differences of opinions regarding the max-
imum proportion of budget that should be spent on improving
different ATTRIBUTES. '

Card 10.2: FORMAT (I110)

Number of ATTRIBUTES whose rel-
ative weights are to be changed

Cols. 1-10 LML

Card 10.3: FORMAT (110,F10.0)

Index of the ATTRIBUTE whose rel-
ative weight is to be changed

New relative weight of this ATTRIB-
UTE

Cols. 1-10 I

Cols. 11-20 \4

Repeat Card 10.3 for each of the ATTRIBUTES whose rel-
ative weights are to be changed. Thus, there will be LML cards
of this type.

Note that if this option is used, a Card 10.1 should be com-
pleted with the entry 5. For this example, it was desired to use
this option and such a card was prepared. Because only two
ATTRIBUTES are included in this example and the total of
all relative weights must equal one, relative weights of both
must be changed —one increased and the other decreased. Thus,
the entry for the first card is 2. The initial relative weights are
given in Figure 14 for ATTRIBUTE Nos. 11 and 12. For this
example, it is assumed that the relative weight of No. 11 would
be reduced to 0.0810 and of No. 12 increased to 0.0469. Because
only two ATTRIBUTES are involved in this example, these are
renumbered as 1 and 2, and the weights are normalized to 0.633
and 0.367 so that they sum to 1. Thus, a first Card 10.3 would
be prepared with the entry 1 for the index of the ATTRIBUTE
whose relative weight is to be changed and 0.633 for the new
relative weight of this ATTRIBUTE. The second Card 10.3
would have the entry 2 for the index of the other ATTRIBUTE
whose relative weight is to be changed and 0.367 for the new
relative weight of this ATTRIBUTE.

Additional Cards for Option 10—End of Current
Group of Sensitivity Analyses

Any number of sensitivity analyses can be performed simul-



taneously. The resources available and the relative weights can
be changed and any level of service can be excluded or included
at the same time. This is done by choosing the desired options
from Table 2 and providing a Card 10.1 and additional cards
as required for each option. After data for all desired options
are specified, the user should provide a card with IANAL =
10 with a FORMAT (110):

Cols. 1-10.  TANAL Option number that should be set

to 10 to indicate the end of current
group of sensitivity analyses. For
this example, such a card with en-
try 10 is prepared here following
the cards for the selected option
5.

The user can specify multiple groups of sensitivity analyses
in the same run by using IANAL = 10 between each group of
sensitivity analysis input data. Note that for any group of sen-
sitivity analysis, changes are to be made from the values used
in the preceding group of sensitivity analyses.

For this example, it was desired to run option 1 a second
time with increases of 15 percent in the total amount of each
type of resource available (Figure 6) rather than the 15 percent
decrease used previously. This is done by completing another
Card 10.1 with the entry 1, followed by a new set of three cards,
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one for each of the three resource types (see discussion regarding
input for the additional cards for option 1 above). Entries for
the first card would be 1 for the index of the Type 1 resource
and 469571 for the new available amount of this resource, an
increase of 15 percent in the. current total available labor hours
of 408,323. Entries for the second card would be 2 for the index
of the Type 2 resource and 1033764 for the new available amount
of this resource, an increase of 15 percent in the current
$898,925. Entries for the third card would be 3 for the index
of the Type 3 resource and 1953338 for the new available amount
of this resource, an increase of 15 percent in the current
$1,698,555. , ’

It is decided that no further sensitivity analysis options are
desired, so the end of the series of analyses is indicated by
completing a card with IANAL = 10 with a FORMAT(I10).

Card 11: End of Input Data Card (FORMAT 110)

This should always be the last card in a data check.

Cols. 1-10 . IANAL This should be set equal to O to in-
dicate the end of input data. This
completes the example input and this
last card is prepared with the input

of 0.

CHAPTER TWELVE

STEP ELEVEN—RUN COMPUTER PROGRAM AND PRINT OUT

RESULTS OF ANALYSIS

Step 10 described the procedure for placing the data developed
for the program on computer cards and running the Base Case
and Sensitivity analyses. Also in Step 10, specific data were
developed for an example problem related to one of the example
ELEMENTS, “roadside.” In Step 11, the computer program is
run with the example problem data and the output of the com-
puter run is described in terms of the output from this example
problem. Two printout options are available:

1. The brief output, consisting of a summary of the most

important input data and the results of the base case analyses
and of any sensitivity analysis options which were selected.

2. The detailed output, consisting of the brief output plus
additional analytical details which may be useful to operations
research personnel.

The brief output option is printed unless the detailed output
is specifically selected. For Step 11, the following presents the
brief output for the example problem, together with explanatory
comments. The detailed output option for the example problem
is presented in Appendix B. References to input are made by
CARD or CARD GROUP number as given in Step 10.

Kok ok ok ok KK A Rk Ak kok ok ok Ak kA Kk kR hk ok kA K AA AKX KKK kk kokohAkk AAKARA KAKNKK

NCHRP 14-5 (2) EXAMPLE PROBLEM

Kok ok K K A Kk Ak AKX AKX KAA KK Kk kXA Kk AAK Kk kokkk kok ok kKA Aok ok KKk kok ok ok X

This is a printout of the title of the problem
which was input on Card 1.
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RESOURCES AVAILABLE FOR ALLOCATION

NAME OF RESOURCE . AMOUNT AVAILABLE
RESOURCE NUMBER 1
LABOR IN HOURS 408323.000
' RESOURCE NUMBER 2
MATERIALS IN DOLLARS 898925.000
RESOURCE NUMBER 3
EQUIPMENT IN DOLLARS 1698555.000

This is a printout of the types of resources and
the amount available for each which were input
on CARD GROUP 3.

ALTERNATIVE LEVELS-OF-SERVICE
AND
THEIR COSTS
FOR ,
MAINTENANCE CONDITIONS OF GIVEN MAINTENANCE ELEMENTS

1 MAINTENANCE ELEMENT—ROADSIDE

1 MAINTENANCE CONDITION—GRASS GROWTH

ALTERNATIVE LEVEL NUMBER 1

MOW AT 8 IN. HEIGHT, FULL WIDTH .
LABOR IN HOURS 202298.000

MATERIALS IN DOLLARS 478159.000
EQUIPMENT IN DOLLARS 1177010.000

ALTERNATIVE LEVEL NUMBER 2
MOW AT 12 IN. HEIGHT, 30 FT. MAX WIDTH

LABOR IN HOURS 153256.000
MATERIALS IN DOLLARS 362242.000
EQUIPMENT IN DOLLARS 891674.000

ALTERNATIVE LEVEL NUMBER 3
MOW AT 18 IN, HEIGHT, ONE MACHINE PASS WIDTH

LABOR IN HOURS 104214.000
MATERIALS IN DOLLARS : 246325.000
EQUIPMENT IN DOLLARS . 606338.000

ALTERNATIVE LEVEL NUMBER 4
MOW FOR SAFETY REASONS ONLY

LABOR IN HOURS 62835.000
MATERIALS IN DOLLARS 148519.000
EQUIPMENT IN DOLLARS 365586.000

2 MAINTENANCE CONDITION—NOXIOUS WEEDS AND BRUSH

ALTERNATIVE LEVEL NUMBER 1
THREE TIMES PER YEAR

LABOR IN HOURS 54358.000
MATERIALS IN DOLLARS 543572.000
EQUIPMENT IN DOLLARS 511598.000

ALTERNATIVE LEVEL NUMBER 2

ONCE A YEAR
LABOR IN HOURS 35528.000
MATERIALS IN DOLLARS 355276.000
EQUIPMENT IN DOLLARS 334378.000

ALTERNATIVE LEVEL NUMBER 3

DO NOT APPLY HERBICIDE
LABOR IN HOURS 5329.000
MATERIALS IN DOLLARS 53291.000
EQUIPMENT IN DOLLARS 50157.000



3 MAINTENANCE CONDITION—LITTER AND DEBRIS

ALTERNATIVE LEVEL NUMBER 1

ONCE A MONTH
LABOR IN HOURS
MATERIALS IN DOLLARS
EQUIPMENT IN DOLLARS

98789.000
65859.000
263437.000

ALTERNATIVE LEVEL NUMBER 2

ONCE EVERY THREE MONTHS
LABOR IN HOURS
MATERIALS IN DOLLARS
EQUIPMENT IN DOLLARS

67664.000
45109.000
180436.000

ALTERNATIVE LEVEL NUMBER 3

ONCE A YEAR
LABOR IN HOURS
MATERIALS IN DOLLARS
EQUIPMENT IN DOLLARS

36539.000
24359.000
97435.000

4 MAINTENANCE CONDITION—REST AREAS

ALTERNATIVE LEVEL NUMBER 1

TWICE A DAY
LABOR IN HOURS
MATERIALS IN DOLLARS
EQUIPMENT IN DOLLARS

189844.000
170373.000
365084.000

ALTERNATIVE LEVEL NUMBER 2

FOUR TIMES A WEEK
LABOR IN HOURS
MATERIALS IN DOLLARS
EQUIPMENT IN DOLLARS

151875.000

136298.000 -

292067.000

ALTERNATIVE LEVEL NUMBER 3

TWICE A WEEK
LABOR IN HOURS
MATERIALS IN DOLLARS
EQUIPMENT IN DOLLARS

113906.000
102224.000
219050.000

The name and number of each maintenance
ELEMENT and CONDITION is printed as a
heading for all alternate levels of service as-
sociated with that ELEMENT and CONDI-
TION. Included with each alternate level of
service is its number, its name, and the amount
of each resource required to implement it. This

is a summary of information input in Card
Group 4. Note that for this example, the print-
out includes the one ELEMENT Roadside; the
four CONDITIONS, Grass Growth, Noxious
Weeds and Brush, Litter and Debris, and Rest
Areas; and 4, 3, 3, and 3 levels of service for
the four CONDITIONS, respectively.

37
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THE ATTRIBUTES

1 MAINTENANCE ELEMENT—ROADSIDE

:AESTHETICS
-~ USER CONVENIENCE

CONSIDERATIONS

The number and name of each ATTRIBUTE
is printed opposite the CONSIDERATION to
which it is assigned. This is the information
which was input on CARD 5.2.

ATTRIBUTES

1 DEGREE OF PLEASING APPEARANCE
2 DEGREE OF CLEANLINESS OF REST AREAS

ATTRIBUTE RANGE, VALUE FUNCTION COEFFICIENTS AND RELATIVE
WEIGHTS

NO. BEST MIDPT WORST

COEF A COEF B LAMBDA WTS

1 1.000 3.300 4.000
2 1.000 2.400 3.000

1.07291 2.68884 0.7143
1.19778 1.80107 0.2857

The number of each of the ATTRIBUTES
which was input is printed on the first column
on the left, with six columns of numbers for
the ATTRIBUTES. The first three columns
are printouts of the best, midpoint, and worst
levels of each ATTRIBUTE (input on Card
Group 7). An exponential value function of the
form shown below is developed from these
three points, and the next two columns contain

the computed values of the coefficient “A” and
the coefficient “B” in this function:

V) =40 — e*)

in which ¥ (8) = value of aitribute 8,. The
last column is a printout of the relative weights
assigned to each ATTRIBUTE (input on Card
8).

DEGREE OF PLEASING APPEARANCE

DEGREE OF PLEASING APPEARANCE
ATTRIBUTE 1

THE 3 MAINTENANCE CONDITIONS WHICH AFFECT THIS ATTRIBUTE ARE—

1. GRASS GROWTH

2. NOXIOUS WEEDS AND BRUSH
3. LITTER AND DEBRIS

THERE ARE 16 ASSESSMENTS

CONDITION1 CONDITION 2  CONDITION 3

LEVEL NO LEVEL NO LEVEL NO

ASSESSMENT

B W= RWN=ERWERWN
WWWWWRNNNN = e e pod ok ek ek

1.000
2.500
3.000
3.500
3.000
3.500
3.600
1.500
2.000
3.600
3.700
2.000
2.700
3.700
3.000
4.000

WWRNN M WNDN EWWW M == -



COMPARISON TABLE
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ACTUAL VALUE PREDICTED VALUE DEVIATION
1.0000 1.6960 —0.6960
2.5000 2.1247 0.3753
3.0000 3.0495 —0.0495
3.5000 3.0778 0.4222
3.0000 24722 0.5278
3.5000 3.8258 —0.3258
3.6000 3.8540 —0.2540
1.5000 1.5485 —0.,0485
2.0000 23101 - . —0.3101
3.6000 3.2348 0.3652
3.7000 3.7066 —0.0066
2.0000 2.0035 —0.0035
2.7000 2.7652 —0.0652
3.7000 3.6899 0.0101
3.0000 2.7798 0.2202
4.0000 4.1616 —0.1616
STD. ERROR OF ESTIMATE—  0.44243
ESTIMATES OF EFFECT COEFFICIENTS ARE—
BZERO( 1) = —0.054
COB(1,1L,D = 0.461
B(1,1,2 = 0.318
B(1,13 = 0.009
B(1,21) = 0.103
B(1,22) = 0.152
B(1,3,1) = 0.259
B(1,32 = 0.148

DEGREE OF CLEANLINESS OF REST AREAS

DEGREE OF CLEANLINESS AT REST AREAS
ATTRIBUTE 2

THE ONE MAINTENANCE CONDITION WHICH AFFECTS THIS ATTRIBUTE IS—

4. REST AREAS
THERE ARE 3 ASSESSMENTS

CONDITION 4
LEVEL NO

1
2
3

ASSESSMENT

1.000
2.000
3.000

ESTIMATES OF EFFECT COEFFICIENTS ARE-

B(2,4,1) =
B(2,4,2) =
B(2,43) =

1.000
0.500
0.000

1

This ‘section of the printout contains infor-
mation relative to the assessment made of the
effects of CONDITIONS on the ATTRI-
BUTES. Printed first is data that was input on
Card Group 9, as follows:

a. The name of the ATTRIBUTE and the
number assigned to it. In this example, the first
part of this section is headed by “Degree of
Pleasing Appearance, ATTRIBUTE 1” and
the second part by “Degree of Cleanliness of
Rest Areas, ATTRIBUTE 2.”

b. The number of maintenance CONDI-
TIONS which affect the ATTRIBUTE and a
list of these CONDITIONS. For ATTRI-
BUTE 1 there are three CONDITIONS and
the list of these three includes: 1. Grass
Growth, 2. Noxious Weeds and Brush, and 3.
Litter and Debris; and for ATTRIBUTE 2,
there is one CONDITION listed as 4. Rest
Areas.

¢. The number of assessments that were
made and a list of these assessments. The as-

sessments listed should correspond to the input
on Card Group 9. This example output- lists
16 assessments relative to ATTRIBUTE 1 and
its three CONDITIONS, and three assess-
ments relative to ATTRIBUTE 2 and its one
CONDITION.

d. A comparison table listing actual values
of the assessments made in the first column,
values predicted for this value by the model
developed in the second column, and the de-
viation of the predicted value from the actual
value in the third column. For ATTRIBUTE
1 this table contains 16 items corresponding to
the 16 assessments made relative to this AT-
TRIBUTE; for ATTRIBUTE 2 this table is
omitted because the assessments were simple,
and there was no deviation between actual and
predicted value.

e. Estimates of effect coefficients. A column
of terms is listed followed by a column of cor-
responding nonzero coefficients B(ij, k). Index
i refers to the maintenance ELEMENT, index

J to the maintenance CONDITION, and index
k to the alternate level-of-service.. Thus,
B(1,1,1) = 0.461 indicates that the estimate of
the effects coefficient relative to ELEMENT
No. 1, CONDITION No. 1, and level-of-ser-
vice No. 1 is 0.461; and B(1,3,2) = 0.148 (the
last item in the table) is relative to ELEMENT
No. 1, CONDITION No. 3 and level-of-service
No. 2. These effect coefficients are used to

. calculate the level of an ATTRIBUTE for

given levels of service for the maintenance
CONDITIONS which affect the ATTRI-
BUTE. The following equation is used:

ATTRIBUTE LEVEL = (worst level) +
(best level —
worst level) X
[BZERO + Ef-
fect Coefficients
for Given Levels
of Service]



BASE CASE ANALYSIS
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COMPLETE ENUMERATION

THE SELECTED POLICY 1S

MAINTENANCE ELEMENT—ROADSIDE

MAINTENANCE CONDITION

GRASS GROWTH

NOXIOUS WEEDS AND BRUSH
LITTER AND DEBRIS

REST AREAS

RESOURCE
LABOR IN HOURS
MATERIALS IN DOLLARS
EQUIPMENT IN DOLLARS

ALTERNATIVE SELECTED

= MOW FOR SAFETY REASONS ONLY

= ONCE A YEAR

= ONCE A MONTH

= TWICE A DAY

THE COSTS OF THE SELECTED POLICY

BUDGET
408323.00
898925.00

1698555.00

EVALUATION OF THE ATTRIBUTES

DEGREE OF PLEASING APPEARANCE IN-

DIVIDUAL VALUE—

0.662

DEGREE OF CLEANLINESS OF REST AREAS

INDIVIDUAL VALUE—

1.000

THE VA'LUE OF THIS POLICY IS 0.7553

WEIGHTED VALUE—

WEIGHTED VALUE—

USED

386996.00
740027.00
1328485.00

0.473

0.286

This section of the printouit headed by “Base
Case Analysis” gives the optimum policy for
maintenance of those CONDITIONS included
in the program. This policy is optimum in the
sense that it will result in a “value” equal to
or greater than any other policy, within the
constraints of the available resources. The
printout for a base case analysis includes the
following: -

a. The two words “complete enumeration”
indicate that all possible policies have been
checked and that the policy printed is at least
as good as any other. This would always be
stated here, unles$ one has selected one of the
special options that are satisfied with a “good”
policy but does not require the optimum policy.

b. The alternate levels of service selected for
each of the maintenance CONDITIONS for
each ELEMENT are tabulated. These are the
levels at which these CONDITIONS should

be maintained for optimum use of the available
resources. )

¢. The cost of the selected policy is printed
in the form of a table with the names of each
type of resource in the first column, the amount
of each of these types of resources that are
available in the second column, and the
amount of each of these types of resources that
are used by the selected policy in the third
column. By definition, the amount of each type
of resource used must be equal to or less than
the amount available.

d. The value of the selected policy is given
in terms of an individual and weighted value
for each ATTRIBUTE, and the value of the
policy, i.e., the total of the individual weighted
values. The individual values are the values
from the equations developed from the infor-
mation from the last column in Figures 10e
and 1le for the level of the ATTRIBUTE ob-

tained from Figures 4 and 5. The weighted
values are the individual values multiplied by
the appropriate relative weights of the- AT-
TRIBUTES input in Card 8. In this example,
the individual value of 0.662 would be multi-
plied by 0.7143 (the relative value for the AT-
TRIBUTE, Degree of Pleasing Appearance) to
get the weighted value of 0.473; and the in-
dividual value of 1.000 would be multiplied by
0.2857 (the relative value for the ATTRI-
BUTE, Degree of Cleanliness of Rest Areas)
to get the weighted value of 0.286. The surh
of these weighted values is the value of the
policy—0.758. Values are calculated on a lin-
ear scale of 0 to 1. Thus, for example, a policy
with a value of 0.8 would be considered to be
twice as “good” as another policy with a value
of 0.4.



SENSITIVITY ANALYSIS
CASE 1
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CHANGE IN AMOUNT OF RESOURCES AVAILABLE FOR ALLOCATION

LABOR IN HOURS

PREVIOUSLY AVAILABLE— 408323.00
PRESENTLY AVAILABLE~— 347075.00
MATERIALS IN DOLLARS
PREVIOUSLY AVAILABLE .~ 898925.00
PRESENTLY AVAILABLE— 764086.00
EQUIPMENT IN DOLLARS
PREVIOUSLY AVAILABLE— 1698555.00
PRESENTLY AVAILABLE~— 1443772.00
CHANGES IN RELATIVE WEIGHTS
DEGREE OF PLEASING APPEARANCE
OLD WEIGHT—  0.714 NEW WEIGHT—  0.633
DEGREE OF CLEANLINESS OF REST AREAS .
OLD WEIGHT—  0.286 NEW WEIGHT—  0.367
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NCHRP 14-5 (2) EXAMPLE PROBLEM
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COMPLETE ENUMERATION
THE SELECTED POLICY IS
MAINTENANCE ELEMENT—ROADSIDE

MAINTENANCE CONDITION ALTERNATIVE SELECTED

GRASS GROWTH

NOXIOUS WEEDS AND BRUSH
LITTER AND DEBRIS

MOW AT 12 IN. HEIGHT, 30 FT. MAX WIDTH
DO NOT APPLY HERBICIDE
ONCE A YEAR

REST AREAS FOUR TIMES A WEEK
THE COSTS OF THE SELECTED POLICY
RESOURCE BUDGET USED '
LABOR IN HOURS 347075.00 346999.00
MATERIALS IN DOLLARS 764086.00 576190.00
EQUIPMENT IN DOLLARS 1443772.00 1331333.00
EVALUATION OF THE ATTRIBUTES
DEGREE OF PLEASING APPEARANCE
INDIVIDUAL VALUE— 0,545 WEIGHTED VALUE— 0.345
DEGREE OF CLEANLINESS OF REST AREAS .
INDIVIDUAL VALUE— 0.711 WEIGHTED VALUE— 0.261

THE VALUE OF THIS POLICY IS

0.6059

For the Sensitivity Analyses, the output is sim-
ilar to that for the Base Case. For Case 1, two
of the inputs were changed—each of the types
of available resources was reduced by 15 per-
cent (see example input for Option 1 —Change
in Amounts of Available Resources—Card
Group 10), and the relative weights of the AT-
TRIBUTES was changed (see example input

for Option 5—Change in Relative Weights of
ATTRIBUTES). The first section of the output
is a printout of the previously available amount
of resources and of the presently available
amount of resources, i.., the amount specified
for this Case 1 of the Sensitivity Analysis; and
a printout of the previous relative weights of
the ATTRIBUTES (old weights) and of the

relative weights specified for this Case 1 of the
Sensitivity Analysis (new weights). The re-
mainder of the printout is in the same form as
the Base Case. Note that this Case 1 policy,
with reduced available resources, has a lesser
value of 0.6059 compared to 0.7583 for the
Base Case.
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SENSITIVITY ANALYSIS
CASE 2
CHANGE IN AMOUNT OF RESOURCES AVAILABLE FOR ALLOCATION

LABOR IN HOURS

PREVIOUSLY AVAILABLE— 347075.00
" 'PRESENTLY AVAILABLE— 469571.00
MATERIALS IN DOLLARS .
PREVIOUSLY AVAILABLE— 764086.00
PRESENTLY AVAILABLE— 1033764.00
EQUIPMENT IN DOLLARS ]
PREVIOUSLY AVAILABLE— . - 1443772.00
PRESENTLY AVAILABLE— 1953338.00
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NCHRP 14-5 (2) EXAMPLE PROBLEM
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COMPLETE ENUMERATION
- THE SELECTED POLICY IS
MAINTENANCE ELEMENT—ROADSIDE
MAINTENANCE CONDITION ALTERNATIVE SELECTED

GRASS GROWTH MOW AT 12 IN. HEIGHT, 30 FT. MAX WIDTH

NOXIOUS WEEDS AND BRUSH = ONCE A YEAR

LITTER AND DEBRIS = ONCE EVERY THREE MONTHS

REST AREAS = TWICE A DAY

THE COSTS OF THE SELECTED POLICY
RESOURCE BUDGET USED

LABOR IN HOURS 469571.00 446292.00
MATERIALS IN DOLLARS 1033764.00 933000.00
EQUIPMENT IN DOLLARS 1953338.00 1771572.00

EVALUATION OF THE ATTRIBUTES

DEGREE OF PLEASING APPEARANCE

INDIVIDUAL VALUE— 0.837 WEIGHTED VALUE— 0.530
DEGREE OF CLEANLINESS OF REST AREAS )
INDIVIDUAL VALUE— 1.000 WEIGHTED VALUE— 0.367

THE VALUE OF THIS POLICY IS 0.8968

For Sensitivity Analysis Case 2, the input was
the same as for Case 1, except that each of the
three types of available resources was increased
by 15 percent over that available for the Base
Case. Note that the printout in the first section
of this output lists the previously available re-
sources as those in Case 1, not in the Base

Case. In the same manner, no listing is made
of the relative weights of ATTRIBUTES for
this Case 2, because no change was made from
the relative weights for Case 1. The remainder
of the printout is in the same form as the Base
Case and Case 1. Note that in this Case 2

policy, with greater amounts of resources avail--

able, the value of the policy is 0.8968, higher
than both the Base Case and Case 1 of the
Sensitivity Analysis. Because no other Sensi-
tivity Analysis options were selected, this ends
the printout.



CHAPTER THIRTEEN

STEP TWELVE—FORMULATE RECOMMENDATIONS

Step 11 described the results of the computer analysis in terins
of a printout for the example problem. In Step 12, guidelines
are presented for the assessment of these results and formulation
of recommendations for their implementation. These guidelines
are presented in terms of the three major applications of the
program, as follows:

1. The most direct use of the program is in the selection of
optimum levels of service for the given amounts of available
resourses. The user provides the necessary input data and the
program selects the levels of service for all maintenance CON-
DITIONS included in the system. The selected levels of service
are tabulated in the printout following the heading, “The Se-
lected Policy is.” The levels of service are optimum in the sense
that they maximize user benefits as measured by the releative
values assigned to the ATTRIBUTES within the restraints of
the available resources. The printout of the Base Case Analysis
illustrates that for the data entered for the example problem,
the selected policy is:

Maintenance CONDITION Alternative Selected

Grass Growth Mow for Safety Reasons Only

Noxious Weeds and Brush Once a Year
Litter and Debris Once a Month
Rest Areas Twice a Day

Before making recommendations regarding implemention of
this selected policy, it is suggested that the costs of this policy
in terms of resources used be compared to the resources avail-
able. Note that for the example problem, the resources available
and used are printed out immediately following the selected
policy under the heading “The Costs of the Selected Policy.”
In this example, there are three types of resources and the
program does not permit any of these types of resources to
exceed that listed as available. Thus, it is possible that the
amount of resources available may be unbalanced as to type
compared to those used by the selected policy. For example, in
the Base Case Analysis printout, the labor hours type of resource
appears to govern the selection because the available hours are
closer to being used than are the dollars for both materials and
equipment. (There are 21,327 unused labor hours, and unused
dollars are $158,898 for materials and $370,070 for equipment,
a total of $528,968.) If it were practical to convert some of the
materials and equipment funds to additional labor hours, the
program could be rerun with this change in the proportion of
resource type to determine whether the selected policy would
be affected. After this check for balance of types of resources
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has been made, the recommendations formulated could reflect
the alternatives of implementing the selected policy on available
resources, or of changing the proportion of resources and im-
plementing the new selected policy.

2. A second application of the program, closely related to the
first, is the assessment of the effects of changes in the mainte-
nance budget on the levels of service. With the sensitivity anal-
ysis option described in previous steps, the user can determine
the optimum levels of service for different sets of available
resources in one run of the program. Of particular interest are
those situations (such as appreciable reductions in the mainte-
nance budget) which would result in significantly lower levels
of service. This is useful information to communicate to those
responsible for approving maintenance budgets, since any ad-
verse effects of budget cuts can be identified explicitly. This can
be illustrated by comparison of the selected policies for the
example sensitivity analysis Case 1 and Case 2. The selected
policies were as follows:

Alternative Selected

Maintenance CONDITION . Case 1 Case 2
Grass Growth 12 in. ht, 12 in. ht,
30’ max width 30’ max width
Noxious Weeds & Brush Do not apply Once a year
herbicide
Litter and Debris Once a year Once every 3 mos

Rest Areas Four times a week Twice a day

As discussed in Step 11, the inputs for these two cases are
identical except that the available resource for Case 2 is appre-
ciably greater than for Case 1. This application of the problem
can give the necessary background for formulation of recom-
mendations regarding the level of maintenance budget required
to maintain the desired levels of service.

3. The program may also be used to evaluate the significance
of differences of opinion of the evaluators regarding the relative
weights assigned to the ATTRIBUTES. The relative weights
assigned to the ATTRIBUTES are an important input to the
program. Since they are established by the pooling of opinions
of the assessors assigned, there may be differences of opinion.
It is important to discover how significant these differences are
in terms of their effect on the selection of optimum policy. Their
significance can be evaluated by running the program with dif-
ferent sets of relative weights of ATTRIBUTES, and comparing
the resulting selected policies. If little change in the optimum
levels of service results from the changes in relative weights,
the differences in opinion may be ignored as of little conse-
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quence. However, a significant change in the optimum levels of
service would indicate that additional effort should be expended
in the resolution of the differences of opinion. With the sensi-
tivity analysis option previously described, the effects of chang-
ing relative weights of ATTRIBUTES may be assessed in one
run of the computer. In the example problem, this option was
selected to change the relative weights of the ATTRIBUTE

Degree of Pleasing Appearance from 0.714 in the Base Case to
0.633 for Case 1 and 2; and the relative weight of the AT-
TRIBUTE Degree of Cleanliness of Rest Areas from 0.286 in
the Base Case to 0.367 for Case 1 and 2. As a result of the use

~ of this option, recommendations may be formulated for estab-

lishment of a set of relative weights of ATTRIBUTE which is
considered to be most appropriate for use.

e et ~



"APPENDIX A

DESCRIPTION OF PROGRAM CONTROL OPTIONS AND CAPABILITIES

A number of program control options are pfovided in the com-
puter program ASOP. The primary objective of these options is
to enable the user to increase the efficiency of the program
and thus reduce the computation time. All the options have

been assigned default values .so that for routine runs of the

program, it would not be necessary  for a maintenance engineer.

to specify values for any of the options. Proper. use of most
of the options would require some knowledge of the.optimization

algorithm.

The various options:with the variable name, index, and’' default
value of each option are shown in Table A-1.

quired to specify any particular option is.as shown below.
FORMAT (2110,F10.0)
Cols. 1-10 :I0I The number associated with - the
desired program control option
Cols. 11-20 0V Integer option, parameter field;
this field is wused to 'set an

integer-valued parameter to a .value

-other -than its-default value

The format re-

Cols. 21-30 ROV Real option parameter field; this
field is used to set ‘a real-valued
:parameter “to a value other than its

default value

This .format should be used for each option parameter that is to.

be set to a value .other than its default value. The appropri-
ate field -- real or integer -- should contain the optional
value of the parameter.

Some .of the options require additional data input cards. These
are explained :in the description of the program control ‘options

which follows. The last card in the group of program control

‘options cards must always be the one shown-below.

FORMAT (I10)

Cols. 1-10 IOI This. should be set -equal to zero.
Option 1: Initial Value

_Program control option 1 sets the real variable RNIT to ROV.

“The optimization algorithm considers RNIT to be a lower bound

to -the solution -of the maximization: problem. If no solution
better ‘than RNIT can be found, the program reports that no
feasible.'solution ‘better :than :RNIT could be found. The:‘purpose

of .this option is to. save run time by allowing the

“A=-2
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branch-and-bound algorithm to not search branches which would
not yield a solution better than RNIT. Note that RNIT should
be low enough so that solutions to the base case and to all the

sensitivity analysis cases can be found if they exist.

Option 2: K in Test 2

Program control option 6 sets RKAY to ROV. Test 2 1is the
bounding procedure of the optimization algorithm. The bound of

a partial solution is the maximum possible value any completion

of this partial solution could have without regard to
feasibility. Let VALUE be the value of the current best
solution. Test 2 compares the bound of a partial solution with

VALUE x RMUL + RKAY. If the bound is less than this computed
value, then the branch is cut, meaning that no solutions along
this branch are examined. The variable RMUL is set by control
option 3. The hope was that by setting RKAY and RMUL to some
appropriate values, the efficiency of the algorithm would be
improved. This does not appear to be the case, so that the

user should simply use the default values.
Option 3: Multiplier in Test 2

Program control option 3 sets the real variable RMUL to ROV.

Refer to control option 2 for a discussion of this option.

Option 4: CPU Time Limit

Control option 4 sets the real variable STOPT to ROV. The user

can limit the CPU time available to program ASOP to STOPT.

This option is available on systems which allow a Fortran
program to access the CPU time via a subroutine call. At the
time of this printing, this feature has been implémented on CDC
and PRIME computers. The user need only "uncomment" a few
lines in subroutine MMONE between line 143 and 1line 175.
Instructions are present in the code. A user can examine this
code and modify the two references to the CPU time routine
available on his computer system. The program is shipped with
this option disabled, since it cannot be implemented on all
systems. The effect of this option differs from using a CPU
time limit at the system level. When the value of STOPT is
exceeded, a report is generated identifying the best solution
found thus far by the program. (Using a system CPU time limit
would cut off the program, but no report would be generated.)
The value of STOPT applies to the toal time required by the
Base Case and any sensitivity analysis cases. The CPU time
limit specified at the system level must exceed STOPT by a few
seconds, so that a report can be generated. AnAalternative
manner of limiting the effort expended by program ASOP is to

use control option 6.

9%



Option 5: Feasibility Tolerance

Program control option 5 sets the real variable FTOL to ROV.
The program uses single precision variables throughout its

computation. To avoid having a solution considered infeasible

when it should be exactly feasible, the internal optimization

algorithm multiplies the resource limits by 1 + FTOL. Certain

critical values are recomputed from scratch every 500

iterations to help control error propagation.

Option 6: Maximum Iterations

Control option 6 sets the integer variable MAXIT to IOV. The

user can  limit the number of major iterations between

intermediate solutions ,to MAXIT iterations. See the

description of control option 7 for an explanation of

intermediate solution. with most problems, the number of
iterations between successive intermediate solutions increases
sharply as'you approach the optimal solutions. The program
reports the best solution it has located before exceeding
MAXIT. Note that program ASOP will proceed to the next

sensitivity analysis case if one exists.

Option 7: Starting Solution

Program control option 7 sets the logical variable KBS to TRUE

if I0V > 0. The optimization algorithm scans the solution

A-5

space using implicit enumeration. The variables are first
ranked using the criteria prescribed by control options 8 and
9. This ranking determines the order in which a variable is
added to the solution. The highest ranked available variable
is added to the solution until a variable has been selected for
CONDITION. This 1is called a

each maintenance complete

solution. A solution where a variable has not been selected
for each maintenance CONDITION is called a partial solution.
If control option 10 has been set to long print, then each
successively better complete solution found by the algorithm is
printed out as a vector of values identifying the variable

selected for each maintenance CONDITION. This is labeled as an

intermediate solution, since it may not be the optimal

solution. The value and resource usage are also shown. The
algorithm successively removes and adds variables to this
status vector to keep track of its implicit enumeration of the
solution space. Therefore, knowledge of the ranking of the

variables and of this status vector is sufficient for

determining which solutions have already been scanned in the
solution space. If the run time limit had been inadequate in a

previous run, the user can direct the program to start at the

last intermediate solution, rather than the beginning. This

would save considerable computation time. The variable IOV on
the option specification card should be set to tﬁe total number
of elements of the status vector IPS which were printed. The
text editor may then be used to copy the intermediate solution

from the output file to follow the option specification card.

A-6
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The format used for reading these records is the same as the

format used for writing them.

FORMAT (15 I5)

Cols. 1-5 IPPS (1) First element of starting
solution
Cols. 6-10 IPPS {2) Second element of -starting

solution

When this option is used, the user must be certain that the
exact same problem is being continued. This is most easily
done by adding this option to the old version of the input file
and re-submitting the run. If a sensitivity analysis case is
being continued, the solutions to the base .case and to any
previous sensitivity analysis cases in. this run should be
discarded since the starting solution option affects every case
being run. The sensitivity analysis cases which follow the
case being continued should be removed from this run. The
solution cannot be used to continue a

starting option

sensitivity analysis -case which uses sensitivity analysis

option 4. If the user does not wish to use :the long print

option as a standard practice, the original run can be repeated

with a larger time limit.

Option 8: Ranking Option

Program control option 8 sets the logical variable IROPT +to
FALSE if 10V > 0. If TROPT is’TRUE; then control option 9 is
used to determine the ranking of the wvariables. If IROPT is
FALSE, then the user specifies the ranking to be used by the
program. The number of variables in the problem, NV, is the
total number of variables across all maintenance ‘CONDITIONS
supplied by the user in the input file. The user then
specifies the NV ranks on as many cards as necessary using the

following format.

[FORMAT (20 14)

Cols. 1-4 INRANK (1) Rank of first alternative of
maintenance CONDITION 1

Cols. 5-8 INRANK (2) Rank of second alternative of
maintenance CONDITION 1

Cols. INRANK (NV) Rank of ‘last alternative of

last maintenance CONDITION

The user is referered to .control option 7 for a discussion of

the role of ranking in the optimization algorithm.

A-8
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Option 9: Method of Ranking

Control option 9 sets the integer variable MROPT to IOV. If
IROPT is TRUE as determinéd by control option 8, then the
variables are ranked by the program using one of several
methods. If MROPT = .1, then the variables are ranked by
benefit/cost. If MROPT = 2, then the variables are ranked by
benefit. Rankings 3 through 6 perform poorly and should not be
used. If the user should set MROPT to any other value, the
program will produce the same results, but it will require a
much longer run time since an essentially random ranking would
result. See control option 7 for a discussion on how the

ranking is used by the optimization algorithm.

Option 10: Print Option
Program control option 10 sets the 1logical variable IPRT to
TRUE if IOV > 0. When IPRT is TRUE, the program wites the

ranking results, starting solutions, and the intermediate

solutions to the output file. The nubmer of intermediate
solutions may be large for some runs. See control option 7 for

the definition of an intermediate solution.

ASSESSMENT OF PROGRAM CAPABILITIES AND LIMITATIONS

The ASOP (Algorithm for the Selection of Optimal Policy) pro-
gram is a portable FORTRAN implementation of a constrained
multi-attribute decision analysis algorithm designed to under-
stand resource allocation problems. To make ASOP more useful,

its capabilities and limitations are discussed below.

ASOP is capable of running on different computer systems pro-

vided the system is able to compile FORTRAN IV.

ASOP is capable of solving in a reasonable time (usually less
than a few minutes) problems with twenty to twenty-five main-
tenance conditions and three or four alternative levels-of-
service per maintenance condition. ASOP is limited to problems
that have less than 200 alternatives for all maintenance condi-
tions. The number of maiﬁtenance conditions is limited to 100.

The number of elements is limited to 10.

ASOP is capable of handling decision analysis problems with as
many as thirty-five attributes. In the options with internal
computation for the estimates of effect coefficients, the pro-
gram is limited in that each attribute may not depend on more
than five maintenance conditions. With external computation,
ASOP does not place a limit on the number of conditions allowed

to affect a maintenance attribute.

A-10
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ASOP is capable of handling constrained decision analysis prob-
lems with as many as twenty different resources, each of which
may be named. The number of resources plus the number of times

that sensitivity analysis options 3 and 4 are used in any

sensitivity analysis case must be forty or less.

The program is written so that it is possible to spend less
time computing at the risk of producing a good but suboptimal
solution. The program control options shquld be carefglly
studied to underséand how changing the default values for

options 2, 3, 4, and 6 makes this possible.

Parametric analyses are within the capabilities of the ASOP.
One can change the amount of available resources, look for the
next best solution, change value trade-offs, or force certain
alternatives to be selected. Not only is it possible to per-
form more than one parametric analysis in a single computer

run, but it is also possible to combine different parametric

changes in each parametric run.

ERROR DIAGNOSTICS

Error checks are built into the program so that costly runs
with incorrect data can be stopped. It is never possible to
detect all errors although the most common errors should be
detected. The error detection code is not exhaustive and the

user is responsible for providing the input data in a correct

A-11

form. The diagnostic messages will often aid in detecting
mistakes although missing and/or out of order data may cause
diagnostic messages that seem inappfopriate. A description of
the error checks follows.

) A
"ATTRIBUTE RANGE SPECIFICATIONS ARE INCORRECTLY DEFINED"

° In Card Group 7 of the input data, the program will
stop if BEST > MIDVALUE > WORST or BEST < MIDVALUE <
WORST is not true for all attributes. If the MID-

VALUE is not in the range Qbfined by the WORST and

BEST values, something 1is wrong. Another common

error in this group of input data occurs when the

worst value is entered fifst instead of last. It is

not possible to detect this error directly. If a

lambda weight is negative, thkis is a likely source of

the problem.

The following errors are detected in Card Group 9 of the input
data. Recall that the assessment of effects on attributes are

input in this group.

W
o



" IS AN INVALID VALUE FOR THE NUMBER OF MAINTENANCE

CONDITIONS"

o The number of conditions that affect a given attri-

bute must be 1, 2, 3, 4 or 5.
"DUPLICATE MAINTENANCE CONDITIONS WERE SPECIFIED"

) For each attribute, MCON is a vector which denotes
the different conditions which affect that attribute.
It is an error if the same condition is specified

twice to affect the same attribute.
"THESE MAINTENANCE CONDITIONS ARE INVALID"

° Each of the different maintenance conditions that can
affect an attribute must be a possible maintenance
condition.

"INSUFFICIENT NUMBER OF ASSESSMENTS. ARE REQUIRED"

® An error condition exists if the number of assess-
ments, NAS, 1is less than the minimum number of
assessments, MINAS. The value of MINAS is determined

by the number of points necessary to perform a re-

gression while allowing two degrees of freedom. One

needs to assess a point for all alternative levels of

A-13

all maintenance conditions that affect an attribute
plus two less the number of maintenance conditions

that affect the attribute.
"AN INVALID LEVEL OR ASSESSMENT HAS BEEN SPECIFIED"

° If (0 < 1level identification < NLEV) is not true,

then an error condition exists. One must enter an
assessed value preceded by a number of different
level identifications on the same record. The level
identifications should refer to maintenance condi-
tions in the same order as one specified the
maintenance conditions affecting the attribute being
assessed. . \Each identification should express an al-
ternative level possible for the given maintenance
condition. An error in the order of these level
identifications is easy to make and should be care-

fully avoided.
"AN INVALID LEVEL OR ASSESSMENT HAS BEEN SPECIFIED"

) ASMNT must be in the range of [Omin, 6max] for the

appropriate attribute. The assessed value should not
be better than the best possible value for the attri-
bute being assessed nor should the assessed value be

worse than the worst possible value.

A-14
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"LEVELS WERE NOT ASSESSED FOR THE MAINTENANCE CONDITIONS

SPECIFIED"

"THE LAST

Each level of each maintenance condition must be
represented in at least one of the NOS assessments.
If this is not true, the regression routines will run

incorrectly, if at all.

ASSESSMENTS WERE DISCARDED WITHOUT SCANNING"

Only the first 100 assessed points for each attribute
are considered. If more than 100 points are input,
then the points ignored may cause some of the above

mentioned errors.

"THE SIMPLE CORRELATIONS MATRIX IS SINGULAR"

A singular matrix is an error. This indicates that
it was not possible to do the regression analysis.
One should go over the data. It may be necessary to

change the set of assessments.

TABLE A-1

PROGRAM CONTROL OPTIONS

OPTION VARIABLE NUMBER DEFAULT VALUE
Initial Value RNIT 1 -9999.0
K in Test 2 RKAY 2 0.0
Multiplier in Test 2 RMUL 3 1.0
CPU Time Limit STOPT 4 1000000

iy iqs -6
Feasibility Tolerance FTOL 5 5 x 10

. . 31
Maximum Iteration MAXIT 6 2 -1
Starting Solution* KBS 7 FALSE
Ranking* IROPT 8 TRUE
Ranking Method MROPT 9 2
_Print IPRT 10 -FALSE

*Additional input data cards are required for these options as 'specified in
the descriptions of the options.
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APPENDIX B

DETAILED QUTPUT FOR THE EXAMPLE PROBLEM
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Dy

WOOUWAPT=CLYDE CO™SLLTANTS

th e tédw LAR R AR S LR 2 AN 2 ."'I' L XA R KN J (AR R X X ] LA RN R R ] (A X R X X ] 20ed od

NCHRP 14=5 (2) FXAMPLE PROBLEM

tenese (XX NE X X R AKX [XR R KX [ EXE X X teddoe (AR R XX ] teetee L ZA R KX

PESOURCES AVAILABLE FOR ALLCCATICON

NAME GF RESCURCE ' BPOUNT AVATLAELL
RESIUKCE NUNBER 1
LAROR IN MOURS <= 4CR321.0(0
RTSSURCE NUNGEP ? :
MATEXTALS IN COLLERS : <=  898925.0(0
NUREW :

£ .
JLLIRS <= 1€98588. 200

sR e
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ALTERNATIVE LEVELS=-CF=-SERVICE
eNE
THEIR COSTS
FCR

MLINTENANCE CONDITICKNS OF GIVEN MAINTENANCE ELEMENTS

1 MAINTENARCE ELEMENT == ROCADSIDE

1 MAINTINANCE CONDITION -- GRASS GRCWTH
ELTERNATIVE LEVEL NUMERER 1
MCw AT 8 Ite HLIGHTy FULL WICTH
LABOR IN HIUFS 20229¢40CC
MELTERTALS IN DOLLARS i 4781E%.C(C
EQUIPMENT IN DOLLARS 1177010000
ALTERNATIVE LEVEL NUFFLR 4
“04d AT 12 INs HEIGHT,y 20 FTe MAX LITTH
LABOX IN HOURS 1532%¢€¢. 000
YATERIALS IN DOLLARS 362242.0(C
CQUIPMENT IN DOLLARS B91e74.CC0
ALTERNATIVE LEVEL NUMPER 2z

MOW AT 1% INe HCIGHTs ONE MACHINE PaSS WIDTH

LABOR IN HGURS 10421443°CC
MATERTALS IN DOLLARS 246325.01L0C
EQUIPKENT IN DILLARS 6063384000
ELTERNATIVE LEVEL. NUMEFR 4
MOW FOR SAFETY REASOMS ONLY
LABOR IN HIURS £283%.0600
MATERTALS IN DOLLARS 14851¢%.0¢0C
- EQUIPMENT IN DCLLARS 3e5586.0CC

2 MAINTENANCE CONDITION -- NOXIOUS WEEDS AND BRUSH

ALTERNATIVE LEVEL NUMEER 1
THREE TIMZIS PER YEAFR
LAS0OR TN HOURS 54356.01(C
kb r M EMLY b LUSLL AN ’ T3V el L L

EGUTIPMENT IN DNLLERS 511598,C.0



ALTERNATIVE LEVEL NUMEER

ONCE A YEAR
LABZR IN BJURS
MATERTALS IN DOLLARS
EQUIPMENT IN DOLLAFRS

ALTERNATTIVE LEVEL NUMDGER

D0 NOT APPLY HERTICILE
LABOR IW HOURS
MATERIALS IN COLLARS
TQUIPMENT IN DSLLARS

(€]

ALTERNATIVE LEVEL NUMEBER
ONCE A MCNTH
LAEZR IV HCUFRS
MATERTIALS IN DCLLERS
EGUIPMENT IN DOLLARS
ALTERNATIVE LEVEL NUMEER

INT

m

EVERY THREE MONTRS
LASJR IN HOURS
MATERTALS IN DOLLARS
CQUIPMENT IN DCLLAFS

ALTERNWATIVE LEVEL MUMBLR

OWCE A YEAR
LARCR IW HOUFS
“LTERTALS IN DOLLAFS
TQUIPMENT IN LOLLARS

4 MAINTENANCE COMDITION == REST

ALTERNATIVE LEVEL NUMEER

TWICE A DAY
LABOR IN HOURS
MATERIALS IN DOLLARS
EGUIPMENT IN DOLLAFRS

ALTERVATIVE LEVEL NUMBER

FOUR TIMES A WEEK
LABCR IN HOURS
~ATiAIALS IN CCLLARS
FGUIPMENT IN DOLLARS

ALTERNATIVE LEVEL NKUMEER

TWICE A REEK
LABCR IN HOURS
MATERTALS IN DOLLAFKS
EGUIPMENT IN DPLLARS

MATYTEVANCE CO'DITIGN -= LITTER AND DERFIS

AKEAS

[

3552¢.C1C
355276.03C
334378.C00

532%.CL0
532%1.C10
50157.00C0

9878¢.C (0
€585C.070
263437.0CC

€TEC4. 000
45106%.CC0C
180456.00C

189844,0L0
170372.CC0
365086,CC0

15187E.0C0
lébeSt oL LD
292C¢7.0C0

11390¢o 000
1022244CCC
2190EC.2(C
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THE ATTRIBUTES

1 MAINTENANCE ELEMENT == ROADSIDE

CONSIDERATIONS ATTRIBUTES
AESTHETICS 1 PEGREE OF PLEASING APPELARENCE
USER CONVENIENCE 2 DEGREE OF CLEANLINESS OF FKEST AREAS

OPTIONS USED

INITIAL VALUE SEY AT- -999¢,C0

K IN TIST2 IS- Ge.CCC
MULTIPLIEP IK TEST2 1S- 1.000
VEXIMUY RUN TIME- 1000000,
FEASIIILITY TCOLERANCE=- 0.000005
MAXIMUM TTEFATIONS - 2147483647

STARTING SCLUTION OFTION=-
RANKING OPTIONK=-

METHID OF KRANKING CFTICN-
PRINT JPTICN=-

INTERN&L CCMPUTATIGON CPTICH-
ARBITRAFRY CONSTRAINT 0OPTION~-
NO SURSTITUTION OPTICGN-

MoON) 4 <M

THE CCMSTRAINT MATRIX

1) = 0464(R323003C+0¢
1) =

3 (
A
062026406 041536476 201547406 Ueb2RE4CE 0e564E+405 0,3558+05 Ce532E404 0.988L0C
et

TT7E405 0e365E+25 DelYTE40E Co152E+C6 Collui+06

30 2) = 0.89892500E+C¢
A C 2) = :

044780406 0.362E42€6 04246E406 Col49E4C6 Go544E+CE 0.355E+06 Co533E4CE De€SFESCE

Je451E+05 0e244E+425 2,1755406 0a136E+06 Col02E+06

3 € 3) = 0,1696535(CC+07
A 3y = =

0e11RE407 0eB52E426 0eb606T406 Co3C6E+06 04512E406 0o234E406 Do502E+0% 0o263E0¢€

0elBCE+DS 0+3745405 0e365E+06 0.292F+06 0.,215E+C6

ATTRIEBUTE RANGEe VALUE FUNCTION COEFFICIENTS AND RELATIVE WEIGHTS

NCo BEST MINET WORST COEF A COEF &
1 1.2C0 2e300 4.000 1.07291 2.688E4
2 l1e000 2040C 2.0C0 1.19778 1.801(7

LAMEDA &TS



DEGREE CF PLEASING AFPEERANCE

JEGREE OF PLE4SING APPELRANCE
ATTRIEUTE 1

THERE ARE

CONCITION
LEVEL ND

3 MAINTENANCE dONDITI)NS WHICH AFFECT THIS ATIRIEUTE ARE -

B AN DN B

GRAS

S GRIWTH

NOXIOUS WEEDS AND BRUSH
LITTER AND DERFIS

16 ASSES

1 CONZI
LFEV

AY-PATRIX

—cmeeeeoe e

VARIAELE

(&)

(3

oMt s NN -

INTERCEPRPT

1.00
0.00
Oe
0.

0o
09

003 0.C
0.00 0.0

MEAN

Ce2125E+00
Ge1875E+0C
0.2503E+00
0e4375E+00
Ce25CTE+QC
LelIclTell
N4250LE+2°7

NOENT

06366704C0C

SMENTS

TI0N 2
EL NC

co

AN AT A PN R N e s e s e e e

0 0.00
0 0,00 0400

STANDARD
DEVIATION
0e67BTE*CQ
0.4C31E+00
044725400
0.5123E+00
Ded472L 00
CezCQULSOU
2e4472r+00

0423325400

--------- LY

NCTITION 2

LEVEL NO

NN RO = G RN s (N (N (N s e

7 8
1.00
Ce50
Le33
0e17
Ce33
Cel?
Cell
0.82
Geb7
o123
.10
Deb67
Bebd
0e1C
0.32
0.00

CORRELATION

X VSe Y
De6282F+C0
062765 +00
=e2770E+0C
0.2311E=-0C1
Cel213E+00
Uedct b+l
~e7202E-C]

3e7C-01

MULTIPLE CORRELATION ===0,93C1F«(0

ASSESSMENT

REGRESSION.

CNEF.

0e4606E+GO
Ce3177E+00
Ce94275~02
041025E+00
Cel517E4CO
De25HBL*DC
Lel678Ea5C

STD.
OF KEGe

ERROR
COEF. T VALUEL

COVMPUTED

0.1059E+00
0.1519E+00
0e1317E+00
0e1089E+G0
0e10CSE+ 0D
DeQ2 /4t =01
0e1€10E+CC

0+4251E+01
0.2C092E+01
Ce7155€~-C1
0+5413E+400
0.15%09€+01
(e2760L+71
CeS180FE+(C
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COMPARISON TAaKLE

ACTUAL VALUE PREDICTED VALUF CCVIATION
1.0C0C0 1.6S€0 ~0e69€0
2450050 21247 03753
J.0C5C 30455 ~0.C495
JeH20C ) 30778 Ced222
3.C0C0 Ze4722 0.527¢
I R0CC leB2EE -0e325K
346000 ZeH0O4C =0e2540
1.56000 1.54R5 ~0.06485
2eilll 2s3101 ~C.31C1
346033 2e2348 03652
367022 JeT026 =0+ 0066
20007 ce 0725 =Ce 0025
2e7CTC 27612 =0e0602
3e7000 Jeb8CT 0.C101
3.0500 2eT7%K 0e2202
440000 4.1E16 -0e1kl0e

_STDe ERRAIR OF ESTIMATE ==== Ne44243

PNALYSIS OF VARIANCE FCR THE RCGRESSTON

-------------- P L L T T

DEGKEES SuM™ OF MEAN
SOURCE OF VARIATIOCN OF FREEDOM SGUARES SGUAPRES F=VALLE
ATTKRIBUTABLE TD REGRESSICON 7 061116E401 Co1594E+C0 (o7230E+C1
CEVIATION FROM REGRESSION A 0e1740£+400 0.2175E~C1
T3TAL 15 0.129CE+01

ESTIMATES OF EFFECT COEFFICIENTS ARE -

3ZEROC 1)

3¢

le
1o
le
1,
le
le
1,

1¢1)
1¢2)
1¢32
2s1)
2¢2)
o)
342)

=0.054
Letib1
0.318
0.C09
Cs103
0.152
0259
O.148

DEGREE CF CLEANLINESS OF REST AREAS

DEGREE OF CLEANLINESS AT REST AREAS
ATTRIEUTE 2

THE ONE MAINTCNANCE CONDITION WHICH AFFECTS THIS ATTRIBUTE IS -

4.

REST AREAS

THERE ARE 3 ASSESSVENTS

CONCZITION 4

LEVEL AT ASSTSSHENT
1 1.0600
c 2.0CC
3 2000

FSYIMATES CF EFFECT COEFFICIENTS ARE -

3t
2¢

s

e
2e
Zs

491) = 1.20C
442) = cet0C
4e3) = 24000



B&SE CASE ANALYSIS

NEAaRD  FERRR T A REAAR  RRRRARE SR AR R ARS KRN SES AR A S wwre s A
MCHRP 14-5 (2) FXAMFLE PRCOCBLEM
CER A SRR ER S AR AR  BREAEN A ARER AN ANSE  wnReed AN ANE  Ambs AR weR A

THE ADJUSTED CONSTRAINT MLTKIX

8 € 1) = 04189714CCE+06

A ( 1) =

0e139E40€ 0¢F04E+405 0o4145405 040C0E400 0¢490F+05 04302E+05 0e0COE+0C Do€22F+
20311E4CS 0e2C0E*00 (e759C405 J.38C0E+LS Co0CCFeCO

B ¢ 2) = 0.57052200F+06

a ¢ 2) =

0e330E405 0¢214E+06 (e978L4CE 0,000E+00 Co4907+06 0o4302E406 0+4003E+0C Ce415C
0e207E£405 040005400 Co€F1T+05 0.241E4C5 CoOCOE+GO
3 ¢ 3) J.2€62CT70CE+06
A ¢ %)
Ge811C406 0e526E4L6H (o2615404 0olC0E+00 0e4461E406 04,2B4E4¢C6 0e00CL+0C Dolb6Ll+
Je830E¢05 040C0E+20 Cel46E+06 04T720E+05 Co0COE+00

ACJUSTED ZENEFIT COEFFICIENTS

32¢R2C 1) = =Ce0F4 YENEFIT COEFFICIENTS =
Jed61l 0e31F 0eC0C? C(el0J Cel23 Co1%2 D0eC0C 06259 04148 C.CO00
3300 009200 (0.C7°

8ZZRUC 2) = Je00C rENEFLITY COCFFICIENTS -
Je000 0e202 De00C 34200 005G Se000 Ce908C Ce000 040060 Co000
14320 2,5CC 0.000
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THE PENFING PROCELURE
14DEX 3ROUP  RANK VALUE cr CCST TOTAL
1 1 5 0,509 005096 185756740000
2 1 € o386 Ge3E°3 1807272.0600
b 1 13 «CeDETZ “0e0973 5569770000
2 1 1 «Gel1109E -0e1165 S77C40.0000
5 2 11 £e0940 246940 110962840000
6 2 e 01772 Ce1772 725282.0000
7 2 2 -0e119€ «0s1195 108877,0900
8 3 7 03245 0.3246 42818%.0000
9 3 9 N.1711 0e1731 293309.0000
10 3 : ~041195 001195 158423.0000
1 . 19 0el662 Cel6E2 72540140000
12 ¢ 12 D.OFZY 0.G837 580340.0C09
13 a 4 241155 ~001195 43528000669
STLRTING SOLUTION
“a =7 =13 12
IFRE =
F F F 1 F F T F F 1 F F Y
JFIRST = e
RESOURCE BUDGETY LSED
LA33R IN HOURS 40p223,00 O 218€03.60
MATERIALS [N DOLLERS 898925,00 O 22£293,00
TGUIP4ENT IN DOLLARS 1698555.00 > 732:28.0C
INTERMEDIATE SCLUTION
-4 =7 =10 -13 1 =2 =3 =g =11 =& =5 9 -17
RESGURCE BUDGET LSEC
LABOR IN +HOURS A08223.00 O 15197400
MATERIALS IN DOLLARS 898225.0C > TBTE3LCC
EQUIPMENT IN DOLLARS 1698585.00 > 1€2€(534 00
VALUE COF ORJECTIVE = 0.5S%38¢%

INFEASIBLE PURSUE ERANCH?
0. Se
BACKSTEP MAIN CYCLES
De 2
-4 -7 =10 ~-13 1 -2
RESGURCE

LA30R IN HOURS
MATERTALS IN DOLLARS
EQUIPMENT IN DOLLARS

RUN STETISTICS

CUT BRANCH
Ce

EVALUATE LELF
1

FORCE IN VARS

INTERMEDIATE SOLUTION

-3 -f -11

3.
ACD VARIABLE
® 7.
-6 -5 -9 1
BUCGEY

408223400 >
858925.00 >
1698535.0) >

LSED
35€C41,C0
€92107.CC

161€€€9.(C



vaLur us uoJdrot iy = Letict.

RUN STATISTICS

FORCE IN VARS
a,

ADD VARIABLE
8.

6 =11 -9 12

BUCGET LSED

INFEASIBLE  PUKSUL BRANCH? CUT BRANCH
% <. Co
BACKSTEP PEIN CYCLES  EVALUATE LEEF
1. 3. 2.
INTERNEDIATE SCPLUTICN
-4 -7 =10 =13 -1 2 =3 -5 -8
RESOURCE .

LABCR IN HOURS
MATERIALS TN COLLARS
EQUIPAENT IN DOLLZRS

VALUE OF 0BUECTIVE = 071677
RUlv STATISTICS

INFEASIBLE PUKSUS °oRENCH? CUT BRANCH
De 1k, e

BACKSTEP ML IN CYCLES EVALUATE LESF
Se Ie 4

1658585.00 >

4Ng327,00 O
£95925.C0 > £7£175.(C

1615%54.00

FORCE IN VARS
11.

ADD VARIABLE
18

INTERMEDIATE SCLUTION

-5 11 ~12 -3

-4 -7 =1C =13 -1 -2 e -9 3
RESTURCE BUDGETY LSED
LABIR IN HIUKS 438222.,00 > 2eeS96.C0
MATERIALS IN DOLLARS 89892%.00 > 740027680
EGUIPYENT IN DOLLARS 1698585 4 0C > 1228485.0C
VALUE OF OBJECTIVE = 0.75R27

RUN STETISTICS

INFEASIBLL PURSUE FERANCH? CUT BRANCH
0. : 2¢. 5e
BLCKSTEP MAIN CYCLES  EVALUATE LESF
9. 13, 6

COMPLETE ENUMERATION

THE SELECTED POLICY 1S

MAINTENANCE ELEMENT - ROADSILE

MAINTENANCE CONDITION

FCRCE IN VAKS
.18,

AUD VARIABLE
‘ 25,

ALTERNATIVE SELECTED

1771%8.2¢C
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OMALS GMLUNTH

NOXIZUS »EEDS AND BRUSH
LITTER AND DERRIS

REST ARESS

ONCE A YEA®
ONCE A MONTH
TwICE & PAY

THL COSTS OF ThE SELECTED POLICY

RESTURCE BUDGET
LABOR IN HOURS 408223,00 O
MATERIALS IN DOLLARS 898925.00 >
EQUIPMENT IN DOLLARS 1¢98555,00 >

EVALUATION OF THE ATTRIRUTES

DEGREE JF PLEASING APFFLKANCF

INCIVIDUAL VALUL- De01 2 WEIGHTED VALUF-

DESREE TF CLEANLINECS OF REST AREAS

INDIVICUAL VALUL - 1000 WEIGHTED VALUE~-
THE VALUEL OF THIS POLICY IS 0e7582

7€ SOLuTICY IS

X¢ 1) = 4 ORDERC &) =
xX¢ gy = 6 ORDERL 6) = 5
Xt ) = ) ORDERC 8). = 7
Xt 4) = 11 ORDERC 11) = 1¢
RUN STATISTICS
INFEASIBLS PURSUE PRANCH? CUT BRANCH FORCE IN VARS
e 32 11. 21.
BACKSTLP MAIN CYCLES EVALUATE LCAF ACD VARIABLE
12. 1€, 6o 28.
OFTIONS USLD
INTTIAL VALUE SET 4T~ =93959,90¢C
K I' TEST? IS~ Ce0CC
MULTIPLIER IN TFSRT2 IS~ 1.000C
M4 TMUY RUN TINF - 1000700,
FEASIZILITY TOLERAMCE- 0.COCCO"
MIxiMU™ ITERATIONS - 2147483€47

STELRTING SOLUTICN OPTION-
RAY™ING CPTICH-

META5D 0F RANRING 2PTIQ\=
PRINT GPTIun=-

INTERWAL CCOMPUTATION OFTION-
NO SU2STITUTION OPTICA-
ARFITRARY COGNSTRAINT CPTICN-

D MNPy dg o= M

»ON PUR SBFLTIY KEASUNS (GhLY

LSED
36€596.LC
TaltC27a00
J2E4E5,(C



(AL X LR ]

SENSITIVITY AMNALYSIS

CASE 1

CHANGE IN AMOUNT CF RLCSCURCES AVAILABLE FOR ALLOCATION

LABOR IN HOURS

PREVIOUSLY AVAILABLE=- 40E323.00

PRESENTLY AVAILABLE=~- 347G75.00 .
MATERJALS It DOLLARS

PREVIODUSLY AVAILAPLF -~ 85892500

PRESENTLY AVAJLAELE=-- TEaCEEaCO
EGQUIPMENT TI% DCLLAFS

PREVICUSLY AVATLAELE=- 16985%%,.00

PRTSENTLY AVAILABL®=- 1443772.00
CHANGES TN RELATIVE WEIGHTS
DEGRED OF PLEESING APPEERANCE

NCHRP 14=5 (2) EX

(AR A LR ]

B¢ 1)
a ( 1)
0.139E+0¢
3¢311E435

8¢ 2) =
A ¢ 2) =
0.330E+06
0207E+05

Bt )=
A C 3) =
3.811Z+006
QR

OLD WEIGHT==- 0e714 NEV WEIGHT =~ 0e623
DEGRLE 9F CLEANLINESS CF REST AREAS
WD K{IGFT~= Ce2BL NEW VEIGHT e 0.367
LA R X 2R I EZ XA KX [ EE X R K] [ E XX X X3 (2 XXX [ 2 XX XX (AR R X X (2 XXX [ X R ]
LMFLE PROPLFM '
I Z X X RN ) L E R RN N [ 2 XA N KR (A X X KR 2 XXX X L Z XX R X (LA XX KN [ R A X R X ] vee

01284660

0.904E¢05
0.000E+C0O

0¢435693°7

De214E+56
0.000E400

Ce7115449

0.526E+ 086

THE ACJUSTEL CONSTRAINT PATRIX

CE+06

Ce414T405 DoNCOE*2C 0e420E¢05 0,302E¢05 DeOCCE4CC 0.622F¢
Ce75%E405 Co350E+2% 0,0G0E+00

tLe0¢

Ce978BL405 CoCTCE®JD De4SCre06 0.302E406 0400CE40C Do415E
Ce6P1F¢C5 Co241E405 0,00CC*C0

NCeN¢

0e241F 40t Do0CO0E+00 CoQEIF4L6 Da2B4E406 OoCOCECCC Dol16EE«

300405 0eC0DE*CD De146Ee06 CoT30E«D5 2.000€e30

BZERD L 1)
0.451
0.9C2

BZ2ERNC 2)
3.030
1.020

“DJUSTED HENEFIT COEFFICIENTS

= “0e054 CENCFIT COEFFICIENTS =

0e318 0400% 04000 Gol02 Col52 Ue0G0 04259 04148 0.0L(C
c.00C J.00C :
H 0.000 SENEFIT COEFFICIENTS =

063G 04008 D0e5C00 ColOC 0eCO0C Co023 0eL00 0000 0000
2.50C 2.CC2
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COST TOTAL

128l627.0000
830332.0000
38003740000

10C0.0000

1000851.0000
6165050000

1000000
2698524.000C
134760000

10040000
290221.0000
14%160,0000

100.0000

N

THE RAKKING PROCEDURE
INDEX GRIYP  RANK VALUE co
1 1 s 0.4519 0. 4515
2 1 £ D¢3452 0.3452
3 1 13 ~240R62 ~Ce 083
4 1 1 -041059 -0.1059
5 2 12 0.0833 040833
6 2 9 0.1571 0.1571
7 2 2 -0+105% ~0.1059
8 3 ? 0.287F 0.2878
9 3 11 0.1517 01517
19 3 2 -0.10809 ~0e1CE9
11 4 8 Ce26CE 0.2608
12 4 10 CelE4E 0.1548
13 4 4 -0s105° -0e 1059
STARTING SOLUTIO
-4 =7 =10 =13
IFRE =
F F F T F F 1T F F 1T F F
JFIRST = 5
RESCURCC
LAB2R IN HOUKS
MATERIALS IN COLLARS
CQUIPYENT IN DOLLARS
INTERMEDIATE SOL
-4 =7 =13 =13 -1 T 2 =3 -8
RESOURCE
LABOR IN HOURS
MATERIALS IN DOLLARS
CQUIPMENT IN DCLLARS
VALUE OF OBJECTIVE = 0£C594

INFEASIBLE  PURSUE RRANCH?
0o e
BACKSTEP MAIN CYCLES
0. 2

COMPLETE ENUMERATION

THE SELECYED POLICY IS

RUN STATISTICS

CUT BRANCH
Oe

EVALUATE LEAF
1

BUDGET
347275,00 >
764086.00 >
1443772,00 >
uTION

-11 -6 12

BUDGET
3470375.00
T64(086eCC

1443772.00

v Vv Vv

FORCE IN VAR
3

ADD VARIABLE

LSED
218€09.00
328393.00
732228410

LSEL
34€£999,00
€7€190.(C

1331233.00

S

8.



MAINTENANCE ELE™ENT = FRCADSICE

MAINTENANCE CONDITIGN

GRASS GROsTH

NOXIGUS WCEDS AND SRUSH

LITYZ® AND DEBFIS
REST AREAS

RESJOURCE
LABJR IN HOURS
MATERIALS IN ZILLARS
ZRUIPMENT IN DOLLAFRS

ALTERNATIVE SELECTED

MCw AT 12 INe. HEIGHTy 30 FTe FAX WIC
‘Du NOT APPLY HEREBICIDE

ONCE A YEAR

FOUR TIMES A WEEK

THE COSTS OF THE SELECTED POLICY

" EVALUATINN OF

DEGREE (F PLEASING APPEARANCE
INJIVIDUAL VALUE=- Ce545

THL ATTRIEUTES

GEGRIEE 5F CLEANMLINESS OF REST AREAS
IND2IVIDUAL VALUE- ta711

LSED

BUDGET
247075.00 > 346999, C0
764086400 > 57€190,00
1443772400 > 1231233.00
WEIGHTED VALUE- 0.245
WEIGHTED VALUE- De261

2) = 5
7y = 2
10) = 3
12) = 10

FORCE IN VARS

12,

ADD VARIABLE

THE V&LUE OF THIS POLICY IS 06059
THE SOLUTION IS
x¢ 1y = 2 GRDER
x¢ 29 = 1 IRDER(
X( ) = 1C ORDER(
Yt 4) = 12 ORDERY
RUL, STATISTICS
INFEASTIBLE PURSUE BRANCH? CUT BRANCK
0 23, 1Ce
BACKSTEP PAIY CYCLES  EVLLUARTE LEAF
7. 10, 1.
OPTIONS USED
INITTIAL VALUE SET AT~ 4999@.00@
K I TCST2 1S- Ge00C
MULTIPLIER IN T£ST2 1S~ 1.00¢
MELXIMUM RUN TIME= 1060000, _
FEASI3ILITY TOLERAMCE= ) . 0.000666S
MY TITMUY TTERATIONS - 2147482647
STARTIMG SOLUTION OFTIOMN- F
RANK INS OPTIO: - M
MEYﬂCD‘OF FANKING CPTION- 2
ERIYT OPTION- 1
IHNTERNAL COMPUTATION OFTICN- 2
NO SUBSTITUTIGK OPTICN- . F
”

ARSITRARY CONSTRAINT OFTICN-

19,
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SENSITIVITY ANALLYSIS

CASE 2

CHANGE IN AMOUNT OF RESOURCES AVAILARLE FOR ALLOCATICM

LABOR IN HOURS
PREVICUSLY AVAILABLE=-~-
PRESEMTLY EVAILARELE~--

MATERIALS It DOLLARS
PREVIOUSLY AVAILABLE=--
PRESENTLY AVAILABLE=-

EQUIPMENT IN DOGLLAFS
PRZVIOUSLY AVAILAELE--

34707500
469571400

764087400
10337644 CC

1443772460

PRESENTLY AVAILABLE-- 195323¢.00
2 E N2 8 L2 R 2224 L2 2 282 dhdbda L E X X RN L2 R B XN LA N R AR} L Z 2 228 e e b AR LA R B K]
NCHRP 14=5 (2) EXAMPLE PRG3LEM
L EE R E A S [ 2 2 B XN 3 LR R R 2 2 J sendawn ivﬂtﬁti e h AW L E R K22 J (22 2 28] [ XX 2 B 24 seeRe
THE ADJUSTED CONSTRAINT MLTRIX
B ¢ 1) = 0625096200E+006
A ( 1) =
06139C406 0eIC4E*TS 044147405 0o000E+CO0 04490E+405 Do302E+05 0.000E+CC Oo0€22E+C
J0e311E405 D.000E+00 Ce755E¢05 0,3805¢05 Go000E+00
8 ¢ 2) = 0.70537100E+06
At 2) =
0e330E+06 062145406 DeSTHEF4CS 0.000E4C0 0e493F+C6 04302E406 0400CE+CC 0.415E4C
0,207E405 0.0CCE+C0 Ue6BIE+CE 0e4341E+C5 Co0CCF+CO
3 ( 3) = 0.12211100CeC7
A ( 3y = :
DeB11F+006 04526F+06 Co241f+06 CoCOOE+00 0o4E1E+06 0.2E4E+06 0.0CCE+00 04166E+C
DeE30C405 0oCCOE+0C Col4El+06 04730E+D5 040005400
ADJUSTED BENEFIT COEFFICIENTS
8Z2ERZC 1) = =Je054 CENFFIT COEFFICIENTS -
De4f1 De31E& 24009 CTaf0Z 06133 CelS2 Ge0C0 0e255 06148 0,000
0e0C0 04032 24000
3ZERCC 2) = Ce000 BENEFIY COEFFICIENTS -
04008 0e0CC D0+000 0eCOC 04COC 04000 9.CCO0 0o000 04000 0o0CC
14006 (o500 (CeCC3



THt RANKING PROCEDUFE
INDEX GROUP RANK VALUE cpP
1 1 8 De&%519 064519
2 1 € 03452 02452
3 1 12 =Ce0RAZ ~0e 0862
4 1 1 ~061055 ~-061065%9
) 2 12 0,0pP22 0o 0823
6 2 9 Cel571 Cel1571
7 2 2 -Cesl0F® -0.1059
8 3 7 Ce2872 Ce28678
° 3 11 CelE17 Cel517
10 3 k] -0,105° -0e1059
11 4 & Ce2€CF D.2608
12 4 135 Cel54°¢ 0e1548
13 4 4 -Ge1059 -0e105%9
STAKTING SOLUTIO
-4 -7 =10 =~13
IFRE =
£F F F T F F 1T F F T F F
JFIRST = 5
RESUGURCE

LAEOR IN AJURS
MATEKIALS IN DOLLZAPS
EQUIPMENT IN DOLLARS

COST TOTAL

128C0627.0C00
830332.000C
3800374C0C0
100.0000
1000851.0000
61650540000
100.0600
269852.0000
13497640000
100.000°0
299221.00C0
141600200
1000600

N

EUDGETY
469571600
1033764400
1253338400

vV Vv Vv

INTERMEDIATE SOLUTION

-4 -7 =10 -13 1 -2 -3

RESOURCE
LA3CR IN HOURS
MATERTALS 1IN DOLLARS
EQUIPMENT IN COLLARS

VALUE GF OBJECTIVE = 0.82671

-5 &

RUN STATISTICS

CUT BRANCHE

Ce

EVALUATE LEAF

1

-5 =11 -€

BUDGET
4£9571.00 >
1033764.00 >
1953338400 >

LEED
218€C9400
3282S3400
732c28.00

12

LSED
458291, 00
732607400

178267100

FORCE IN VARS

‘ADD VARIABLE
6o

INTERMLDIATE SOLUTION

INFEASISLE PURSUE FRANCH?
00 5.
BACKSTEP MAIN CYCLES
0. 3.
-4 -7 =10 ~13 1 -2 -3
RESOURCE

LABOR IN HOURS
4ATERIALS IN DOLLARS
EGUIPMENT IN DOLLARS

-5 -2

11 =12 -6

BUDGET
469571.00 >
1033764.0C >
195332840C >

LSED
46S135400
T74€532.00

1772¢87.0C
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VALUE CF 03JLCT1VE = Bef%521
RUN STATISTICS
INFEASIBLL PURSUE BRANCH? CUT BRANCH FCRCE IN VARS
Oe e Ceo 5.
PACKSTEF MAIN CYCLES EVALUATE LEAF ADD VARIABLE
2e Se 3. 9.
IMNTERMEDIATE SOLUTION
-9 -7 =10 -13 -1 2 -3 -8 11 -12 -5 6 °
RESQAURCE BUDGET LSED
LABCR IN HOUKS 469571.00 > 446:92,.00
MATERIALS IN DOLLEKS 1023764400 > 933(00.60
EGUTPYENT IN DOLLARS 1953338460 > 1771572.00
VALUE OF GEJECTIVE = 65677
RUY% STATISTICS
INFEARIBLE PURSUE fHRANCH? CUT BRANCH FORCE IN VRS
0. 2Ce Se 14,
BLCKSTEF MAIN CYCLES EV2LUATE LEAF ADD VARIABLE
7. 12, 5. 20
COMPLETE TNUMEIKATION
THE SELECTED PSLICY IS
MAINTENANCE ELEMENT = ROLCSIDE
VAINTENANCF CONNITION ALTERNATIVE SELECTED
GRASS GRNJTH = MOW AT 12 IN. HEIGHTy 30 FT. FAX WICTFH
NOXI10US WEEDS AND BRUSH = ONCE A YEAR
LITTER AND DERRIS = ONCE EVEPY THREE MGNTHS
REST AREAS = TWICE A DAY
THE CCSTS CF THE SELECTED POLICY
RESOURCE BUDGET LSEC
LABOR IN HOURS 469571,00 > 446292400
MATERIALS IN COLLARS 1033764400 > 923(00400
1953338400 > 1771572.¢CC

EQUIPMENT IN DOLLARS '



EVALUATION OF THE ATTRIBUTES

DEGREE OF PLEASING APPEARANCE

INDIVIDUAL VALUE=~-

0.827 WEIGHTED VALUE-

DEGREE OF CLEANLINESS OF REST AREAS

INDIVIDUAL VALUL - 1,000 WEIGHTED VALUE-
THE VALUE OF THIS POLICY IS 0,R968
THE SILUTION IS
X¢ 1y = 2. OKDERC 2) =
X¢ 2y = 6 OKDERC &) =
X¢ 2z 9 ORDER( 9) =
Xt e) = 11 ORDERC 11) =
RU STETISTICS
INFEASIBLE  PURSUE RRANCH? CUT BRANCH FORCE IN VARS
Oe 2he 1;- 17.
BACKSTEP MAIN CYCLES . EVALUATE LEAF: ACD VARIALLE
) 12 16 6e . 230
OFTICNS USED
INITIAL VALUE SET £7- -6955,000
K I% TEST2 IS~ : © De00C
MULTIPLIER IN TESTZ IS- 1.000
MaxT~UM RUN TIME= 1020000
FEASI®ILITY TCLERANCE= - © 0.C00B05
MAXIMUM ITERATIONS - 21474R2647
STERTING S3LUTION OPTIOY- F
RANKING OPTICN- : T
METHCD OF RANKING OPTICy~= z
PRINT OPTION- T
INTERNAL CO“PUTATIZN OFTION- 2
NJ SUESTITUTION OPTIOM= F
ARRITRARY CONSTFAINT CPTION= 0

SENSITIVITY ANERLYSIS

CASE 3

END OF SENSITIVITY ANALYSIS

~

0eSZ0°

0.267
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APPENDIX C — BLANK FORMS FOR RECORDING ASSESSED INFORMATION

Assessors 1. Date

2. 4.

3. 5.

ELEMENT

CONSIDERATION

ATTRIBUTE

CONDITION

PARAMETER

Alternate Levels of Service of the Level of ATTRIBUTE:
CONDITION in terms of the
PARAMETER: ___

Higher ——»

Level of Service

«+—— | ower

Figure C-1 — Form for Recording Estimates of Effects of a Single Maintenance
CONDITION on a Consideration in terms of its ATTRIBUTE



HIGHWAY AGENCY

Assessors 1. Date
2 4. __ - X

3. 5.

ELEMENT_
CONSIDERATION
ATTRIBUTE
CONDITION 1
CONDITION 2

CONDITION 1

Alternate | 1 2 3 4 5
Levels of
Service

1

CONDITION 2
o

Figure C- 2 — Form for Recording Estimates of Effects of Two Mamtenance CONDITIONS
on a CONSIDERATION in Terms of its ATTRIBUTE



- HIGHWAY AGENCY

Assessors 1. 4. Date
2. 5. |
3. ELEMENT ______ CONSIDERATION

ATTRIBUTE No.

CONDITION No. 1

No.2

No. 3

N
w
N
o

o] & W

—_

N
Hl W]N

(8]

-—

w
| & W N

—_

—_

(6)]
Ny H| W N

Figure C-3 — Form for Recording Estimate of the Effects of Three Maintenance’
CONDITIONS on a CONSIDERATION in Terms of its ATTRIBUTE



Maintenance CONDITION

Alternate Levels of Service

Resources Required Annually

Type 1
(e.g. Labor—hours or days)

Type 2
(e.g. Materials —dollars)

Type 3

(e.g. Equipment—hours,
days, or dollars)

Level 1

Level 2

Level 3

Level 4

Level 5

»

Figure C-4 —Form for Tabulating Estimates of Resources Required for

Alternate Levels of Service

€L



Maintenance CONDITION

Current Level
of Service

Estimated Current Annual Resource Expenditure

Type 1
{Labor —hours)

Type 2

- (Materiats—dollars) -

Type 3
(Equipment—dollars)

Total for ELEMENT

Figure C-5—Form for Recording Current Annual Resource Expenditures for
Maintenance CONDITIONS of a Given Maintenance ELEMENT

fi

YL



) Approximate Percent of an
Maintenance CONDITION “Available’’ Maintenance Budget
Spent on the CONDITION

Figure C-6—Form for Recording Approximate Percent of an “’Available”
' Maintenance Budget Currently Spent on Each Maintenance
CONDITION '




ATTRIBUTE

Current Level

Maintenance CONDITIONS
That Affect the ATTRIBUTE

Percent of Available
Budget Spent on
the CONDITION

Percent of Available
Budget Spent on the
ATTRIBUTE

Figure C-7—Form for Recording Percent of Available Maintenance Budget
Currently Spent on Each ATTRIBUTE

9L



HIGHWAY AGENCY

Assessor

Date

ELEMENT

CONSIDERATION

ATTRIBUTE

Level’of Attribute:

Maximum Percent of Total
Available Maintenance Budget
""Willing to Pay"’

Least —»

Desirability

-<«+—— Most

* Values assessed in Step Seven and recorded on form

shown as Figure C-1, C-2, or C-3.

Figure C-5 — Form for Use in Recording Each Assessor’s Judgement as to
the Relative Desirability of the Levels of an ATTRIBUTE

77



Calculated by
ELEMENT

HIGHWAY AGENCY

Date

CONSIDERATION
ATTRIBUTE (No.

)

ATTRIBUTE Maximum Percent of Total Available Mamtenance Bvudget Willing toMP?y — Calculated Relative Value
rhian
LEVEL™ || Assessor 1 | Assessor 2 | Assessor 3 | Assessor 4 | Assessor 5 ééses"sof; ’ of ATTRIBUTE Level
‘ ! esponses*® "
1l (a)
0
73
g (b)
-
| b—-a _
e—a
= (
2 c) c—a
0 . =
g - e-a
v
Q
=)
d
| (d) d—a _
e—a
3
=
(e)
l x |

* As determined in Step Seven

*+ As recorded for each.Assessor on form shown as Figure C-5
*** |f nis an odd number, the median is the middle value; if nis-an even number,
the median is the average of the two middle values.

Figure C-6 — Form for Calculating Relative Values of Different ATTRIBUTE Levels

8L



ATTRIBUTE

ATTRIBUTE Levels

Best

Midvalue

Worst

Figure C-7 — Form for Tabulation of Best, Midvalue, and Worst Levels of All ATTRIBUTES

6L
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Calculated by

HIGHWAY AGENCY

Date

Figure C-8 — Form for Calculating Relative Values (Weights) of All ATTRIBUTES

ATTRIBUTE | 'nerease in the Maximum Percent of Relative Weight of
Number e e iost bestrabte Love the ATTRIBUTE
1 P = Piy/P =
2 Py = Pp/P =
3 P3 = P3/P =
4 Pg = Pg/P =
5 Py = Pg/P =
6 Pg = Pe/P =
n Pn = Pn/P =
P = 2P = Teip = 10




DEFINITIONS OF SPECIAL TERMS

MAINTENANCE ELEMENT—A part of the physical highway
system that must be maintained (e.g., traveled way, road-
side, or drainage).

Maintenance CONDITIONS —A condition of a maintenance
ELEMENT that at some level of deficiency will require
repair or correction (e.g., cracking for traveled way, or
grass growth for roadside).

Maintenance Activity— The work required to repair or con-
vert a maintenance CONDITION to restore it from a de-
ficient level of service to an acceptable level (e.g., crack
filling for cracking, or mowing for grass growth).

Level of Service— The level at which a maintenance CON-
DITION is considered to be deficient and which triggers
maintenance activity (e.g., cracks are to be filled when },
in. wide over 35 percent of length for cracking, or grass is
to be mowed for 30-ft maximum width when it is 12 in.
high for grass growth).

CONSIDERATION—A factor that is used to evaluate the
performance of a maintenance ELEMENT and to establish
a level of service (e.g., safety and riding comfort for traveled
way, or aesthetics and user convenience for roadside).

ATTRIBUTE— A descriptor that is capable of expressing the
level of a CONSIDERATION on a numerical scale (e.g.,
percent change in frequency of accidents for safety, or
degree of pleasing appearance for roadside).

PARAMETER—A measure for defining, in numerical or
descriptive terms, the alternate levels of service of a main-
tenance condition.
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THE TRANSPORTATION RESEARCH BOARD is a unit of the National Research
Council, which serves the National Academy of Sciences and the National Academy of En-
gineering. The Board’s purpose is to stimulate research concerning the nature and performance
of transportation systems, to disseminate information that the research produces, and to en-
courage the application of appropriate research findings. The Board’s program is carried out
by more than 270 committees, task forces, and panels composed of more than 3,300 admin-
istrators, engineers, social scientists, attorneys, educators, and others concerned with transpor-
tation; they serve without compensation. The program is supported by state transportation and
highway departments, the modal administrations of the U.S. Department of Transportation,
the Association of American Railroads, the National Highway Traffic Safety Administration,
and other organizations and individuals interested in the development of transportation.

The National Research Council was established by the National Academy of Sciences in
1916 to associate the broad community of science and technology with the Academy’s purposes
of furthering knowledge and of advising the Federal Government. The Research Council has
become the principal operating agency of both the National Academy of Sciences and the
National Academy of Engineering in the conduct of their services to the government, the public,
and the scientific and engineering communities. It is administered jointly by both Academies
and the Institute of Medicine.

The National Academy of Sciences was established in 1863 by Act of Congress as a private,
nonprofit, self-governing membership corporation for the furtherance of science and technology,
required to advise the Federal Government upon request within its fields of competence. Under
its corporate charter the Academy established the National Research Council in 1916, the
National Academy of Engineering in 1964, and the Institute of Medicine in 1970.
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