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IMPLEMENTATION RECOMMENDATIONS

A project is proposed for implementation, one that would involve field trials at five or more
locations around the state, evaluations by maintenance personnel, assembling of focus groups for
market analysis, pursuit of news media coverage, negotiation with key vendors concerning
establishment of a commercialization entity, analysis of productivity, publications, and production
of user documentation.

Evaluation would involve several steps and procedures, including field trials, evaluations
by maintenance personnel, market focus group analysis, key vendor input, and detailed
productivity analysis. '

Field trials would be conducted in five or more districts. Objectives of the field trials
would include collection of productivity data, demonstration of the technology, and acquisition of
feedback from maintenance personnel. Secondary objectives would include proof testing the
equipment under real working conditions, acquiring video footage, and gaining field experience.
Feedback would be obtained from informal discussions, formal interviews, and focus group
discussions. The schedule of each field trial would be:

* 1 day for transport and setup

» 2 days for field demonstrations and productivity analysis
* 1 day for focus group discussions and review

» 1 day return transport and demobilization

Time between field trials would be dedicated to productivity data analysis, survey data
analysis, documentation, publication, publicizing, local demonstrations, and equipment repair and
modification. Productivity analysis would follow the form of previous studies by the UT team that
have been widely reviewed and accepted. Economic analyses would be conducted from several
perspectives, including the district, the state, the country, the system manufacturer, and the
contractor. Market analysis would focus on Texas but would project results nationwide based on
national statistical databases.

Vendors would be convened at one or more demonstrations to discuss and negotiate
commercialization. Technology will be transferred via demonstrations, distribution of
documentation, and personal explanations.

Automated pavement crack sealing is a leading edge technology. Broad applications of the
technology are anticipated, including automated routing, joint sealing, message painting, pothole
filling, and marker placement.

Prepared in cooperation with the Texas Department of Transportation.
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| _ DISCLAIMERS

The contents of this report reflect the views of the authors, who are responsible for the facts
and the accuracy of the data presented herein. The contents do not necessarily reflect the official
views or policies of the Texas Department of Transportation. This report does not constitute a
standard, specification, or regulation. \

There was no invention or discovery conceived or first actually reduced to practice in the
course of or under this contract, including any art, method, process, machine, manufacture, design
or composition of matter, or any new and useful improvement thereof, or any variety of plant,
which is or may be patentable under the patent laws of the United States of America or any foreign
country.

NOT INTENDED FOR CONSTRUCTION,
BIDDING, OR PERMIT PURPOSES

| Carl Haas, P.E.
Research Supervisor
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SUMMARY

Automated pavement crack sealing technology has been developed in the TxDOT- and
FHWA-funded project described in this report. Performance of the prototype has been
demonstrated, and the economics are attractive. A follow-up implementation and testing project
involving field trials across the state has been approved.

Crack sealing is a widespread, dangerous, costly, and labor-intensive operation. Labor
turnover and training are increasing problems related to crack sealing crews, and as traffic volumes
increase, crack sealing operations become increasingly disruptive to the general public.
Automating crack sealing can reduce labor and road user costs, improve work quality, and
decrease worker exposure to roadway hazards. Prior to the project described in this report, three
interim studies at The University of Texas were completed. A study of methods, practices, and
productivity for crack sealing in Texas compiled detailed critical data. A study of sensor fusion
methods led to the current tele-operated control strategy. And a study of maintenance automation
needs based on surveys of TxDOT employees ranked automating crack sealing as one of the
highest needs in the state.

Approximately $200,000,000 is spent annually on crack sealing in North America. About
25% is privately contracted. In Texas, this rises to about 50% of the approximately $7,000,000
spent annually. Labor costs average between 50% and 60% of total crack sealing costs.

Parts for the system developed at UT are mostly off-the-shelf and total approximately
$70,000. Additional costs for assembly, marketing and profit will require a sale price up to -
$125,000. Since approximately 3 laborers will be eliminated, the payback should be 1 to 2 years.

According to the most recent economic analysis, if the automated crack sealing systems
were implemented statewide, direct savings could amount to $2.43 million for TxDOT (at 4%
MARR) and $2.64 million for private contractors (at 20% MARR) over a 6-year planing horizon.
Using the widely accepted QUEWZ-E model, we estimated the user-cost savings to be $11.0
million for the 5,196 km of interstate highways in Texas. Total user-cost savings would be much
higher, since the savings on urban freeways and streets, farm-to-market roads, and secondary
roads are not included in this $11 million estimate. Over a 30-year planning horizon and from a
national perspective, the net present worth of automated crack sealing could be in the hundreds of
millions of dollars.







1.0 Introduction to the Crack Maintenance Process

Pavements represent the largest portion of the hundreds of billions of dollars invested in
our transport infrastructure. But pavements deteriorate with time, traffic and climate
Consequently, preservation of the investment through timely maintenance and

rehabilitation is essential (Haas 1992).

Cracking in asphalt concrete (AC) paved surfaces has been a problem that state and local
agencies have had to deal with for many years. It is considered one of the two primary
reasons for deterioration in AC pavements, the other being rutting. Neglect of cracking
often leads to more severe cracks and/or pot holing which in turn leads to reduced
pavement life. Maintenance of cracks is done in order to extend the pavements service life
a few more years and is considered an economic way to do so without going to the

expense of such treatments as resurfacing.

Crack sealing is usually conducted by a five or six person road crew (AASHTO 87). The
equipment used includes pylons, a heavy truck, a material tank, a heated air torch, a
sealing wand, and a routing machine if the cracks are being routed prior to being filled.
One or two crew members may be necessary to direct traffic and place pylons. One
operator walking behind the truck blows out the cracks with the torch and others in turn
fill them in with sealing material. A sand covering may be applied to permit immediate use

by traffic. The procedure varies significantly from region to region.

The sealing and filling of cracks are tedious, labor-intensive operations. A typical
maintenance crew can seal between one and two miles per day. The associated costs are
approximately $1800 per mile with 66% attributed to labor, 22% to equipment, and 12%
to materials. Furthermore, the procedure is not standardized in practice and there is a
large distribution in the quality of the resultant seal. In addition, the crack sealing team is

exposed to a great deal of danger from moving traffic in adjacent lanes (SHRP-H-659).

1
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Crack and joint sealing is done for several reasons: it prevents water infiltration, it keeps
out foreign matter, and it protects joint filling material. The material of choice to fill
cracks appears to be rubberized asphalt compounds because of their favorable
characteristics. They have less tendency to become brittle in cold weather and to soften
and track in hot weather. Requirements for crack and joint sealants are covered in the
current specifications of the American Society for Testing and Materials (ASTM), the
American Association of State Highways and Transportation Officials (AASHTQ), and
federal agencies. ASTM specifications D3405-78 for hot applied products as well as
AASHTO M173 are the respective sections (Asphalt Institute, 1983).

1.1  General Cracking Types

There are five main types of cracking that occur in pavement surfaces.

Longitudinal - These cracks follow a course approximately parallel to the
centerline of the pavement

Transverse - These are cracks that follow a course approximately perpendicular
to the centerline of the pavement

Diagonal -  These are cracks that are diagonal to the centerline of the
pavement

Alligator -  These are interconnected cracks forming a series of small blocks
resembling an alligator’s skin

Restraint -  These are cracks which develop near the outside edges of the
pavement and progress in an irregular path towards the longitudinal
joint

(Asphalt Institute, 1983)
1.2 Important Considerations When Planning the Crack Maintenance Project

There are several things that should be considered when planning crack filling or sealing

maintenance operations. They include:

SRR




Climate conditions at the time of maintenance operations and in general

P

Highway Classification

Level of traffic and percent of trucks
Amount of cracking

Crack characteristics (type and width)
Type of filling/sealing material
Material placement configurations
Equipment and procedures

Safety

I O

When planning a crack maintenance project, the selection of an appropriate sealing/filling
material, and determination of the equipment and procedures based on existing and future
road conditions are key decisions. Climate conditions are also important because moisture
or cold temperatures will effect material adhesion properties. Additionally, adverse
weather conditions present scheduling problems, and may indicate the use of specialized
equipment such as a heat lance to eliminate any moisture in the crack. General climate
conditions should also be taken into consideration when making a decision on which type
of material to use. Hot climates require the use of materials that will not soften a great
deal under high temperatures. Conversely, cold climates will require materials that retain
good flexibility during fre&ing temperatures.

(Smith, K.L. ; Romine, R.A. ; Peshkin, D.G.; 1992)

There are also considerations from a highway classification and travel level standpoint.
Highway geometrics and traffic levels may be such that levels of safety are not sufficient.
Safety may be greatly increased by applying longer lasting treatments which in turn means

fewer applications and less time maintenance crews are required to spend on the roadway.

Crack characteristics such as crack sizes, moving or non-moving, etc. will also have an

impact on which materials, equipment and procedures to employ. Amount of cracking




and width of typical cracking will be required information in order to estimate the amount

of material that will be required for a given project.
1.3  Selecting a Sealant or Filler Material
In order to select the proper sealing or filling material, one must determine the key

properties that the material must possess in order to perform effectively in the given

conditions. The following is a list of some of the more desirable properties.

] Reasonable material preparation time

o Good material workability (ease of placement)

o Short curing time -

o Adhesives (materials ability to remain bonded to the sidewalls of crack)

o Cohesiveness (materials ability to resist rupture)

o Flexibility (materials ability to stretch as pavement movement occurs)

o Elasticity (materials ability to recover from deformation and resist foreign material
intrusion)

o Resistance to softening to the point that flow occurs

J Resistance to weathering and aging

o Resistance to abrasion

Table 1.0 shows the types of materials that possess most of the properties listed above. It
can be seen that materials containing rubber make them applicable to sealing cracks,
whereas emulsified products tend to contain good preparation and placement properties
that make them applicable to filling cracks. Table 1.0 can be used as a guideline to

determine which type or types of material should be considered for any type crack

condition.
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Table 1.0 - Sealant material types and individual characteristics

[Property Material Type
Polymer- Low-Modulus

Asphalt Modified Asphalt Fiberized Asphalt Rubberized |Rubberized | Self- leveling

Emulsi Emulsi Cement Cement Rubber Asphalt Asphalt Silicone
Short Preparati X X XX
|Easily placed X X XX XX XX XX XX
Short Curing Time XX XX XX XX XX X
Adhesiveness XX X XX X X X X X
Cohesiveness X X X XX X
|Flexdbility X X XX XX
|Elasticity X X X X XX
Resistance to Softening
and Flow X X X XX XX
Resistance to Aging and
Weath X XX
Resi 10 Abrasion X XX X
Recommended Filling (maybe { Sealing (maybe]
Application filling ling) |Filling Filling filling) {Sealing Sealing Sealing
X Good

XX VeryGood  (Smith, K.L.; Romine, R.A. ; Peshkin, D.G. ; 1992)

1.4  Crack Preparation (Drying and Cleaning)

The preparation of the crack may very well be the most important part of a sealing/filling
maintenance project. This is because a large percentage of crack maintenance failures are
due to adhesion failures resulting from dirt, debris, or moisture that was not eliminated

from the reservoir at the time of treatment.

High pressure compressed air is one of four methods used to prepare cracks for
sealing/filling . The other three are hot compressed air, sandblasting, and wire brushing.
In this report we will only discuss compressed air but other systems are discussed in
(Malek, 1993). High pressure compressed air is fairly effective at removing dirt, loose
debris and some asphalt concrete (AC) fragments. It is not considered nearly as effective

at removing laitance (fine particles) or moisture from the crack reservoir. The minimum
recommended pressure that a compressed air unit should provide is 100 Ib./in’ and a flow

rate of 150 ft* /min. In addition, it is recommended that compressed air units have an oil-
and moisture-filtering system. The introduction of oil and moisture can severely inhibit

bonding of the sealant material to the sidewalls.




The crack should be dry and thoroughly cleaned prior to the sealing/filling of any cracks.
Because high pressure air blasting provides no heat and little drying capabilities, it should
only be conducted when the pavement and cracks are completely dry and there is no threat
of rain. Furthermore, ambient temperatures should be above 40 degrees Fahrenheit and
rising. Any moisture will prevent the sealant filler material from bonding properly to the
sidewalls of the crack. At least two passes should be made along each crack segment in
order to dislodge dirt and other debris from the crack. The final pass is done to remove all

remaining particles from the crack reservoir and surrounding pavement surface.

1.5  Preparation and Application of Material

Hot applied materials are heated and mixed within a mobile container that utilizes indirect-
heat, agitator-type kettle or melter. The machine runs off of either diesel or propane fuel.
The material is heated using a double-jacketed boiler system which consists of a space
between the inner and outer shells of the melting vat. The space between the inner and
outer shell is filled with oil that acts as a transfer medium. This indirect method of heating
is considered to be safer and provides a more controlled and uniform manner for heating
the material. Agitation devices are also standard so as to help provide uniform heating of

the material.

ASTM D3405-78 lists the following precautions concerning the heating and dispensing of
hot poured products. Care should be exercised to use equipment that is suitable for the
purpose and approved by the manufacturer of the material. The material should be heated
in a double boiler, have positive temperature control, mechanical agitation, and
recirculating pumps. Direct heating must not be used so as to guard against fire.

(American Society for Testing and Materials; 1980)

Material preparation of hot-pour material consists of loading/filling the kettle, heating it to

the appropriate temperature, and continuous mixing to ensure proper consistency and




uniform heating. Manufacturers specifications and recommendations as to how material

should be prepared and placed should be followed.

1.6  Material Finishing/Shaping and Blotting

Material finishing is usually done by using a “V”* or “U” shaped squeegee that is attached
to the end of a pole or broom handle. The squeegee is intended to help force the material
down into the crack and eliminate bumps on the pavement surface after the material cures.
The squeegee operation also aids in creating a bond between the material and pavement

surface. The following finishing recommendations should be considered:

o Operate the squeegee immediately behind the crack filling procedure

o All attempts to center the band-aid configuration over the crack reservoir should
be made

o Keep the squeegee from developing a buildup of material by regularly scraping it

off. It may be necessary to periodically remove build-up using a propane torch.

(Smith, K.L.; Romine, R.A.; Peshkin, D.G.; 1992)

1.7 Equipment Cleanup

Most asphalt kettles must have their application system lines cleansed of hot-pour
materials at the end of each work day. Reheatable materials can have their applicator lines
thoroughly cleaned using reverse flow methods followed by solvent flushing procedures.
When using non-reheatable materials, every effort should be made to use as much of the
material as possible so as to minimize waste. Leftover material will need to be put into

sealed containers for disposal.

When solvents are used to flush out the application systems, care must be taken to ensure

that the flushing agents do not contaminate the sealer/filler materials. Manufacturers




recommended instructions of both heating kettles and sealant/ filler materials should
always be followed. Chapter 13.0 includes a basic operating instruction guide for the
Crafco Super Shot 60 melter used in this project. The Crafco SuperShot 60 sealant wand

does not require cleaning.
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2.0 Evolution of an‘Automated Road Maintenance Machine

This Chapter discusses the background of the development of the ARMM . Development
of automated construction technology such as the crack sealer involves several issues
including the design cycle, economic feasibility analysis, financing, and implementation.
Each of these issues is dealt with in turn in the following sections, and in more detail in
subsequent chapters. Demographic, regulatory and competitive forces impose increasing
pressures on the construction industry. Automated pavement crack sealing is a typical
example of the technology developments that are emerging in response to these industry
pressures. Automated crack sealing is of considerable interest for several reasons. First,
crack sealing is a widespread and common operation in the United States. If even modest
cost savings could be achieved in crack sealing operations, the total savings would be
substantial. Second, automated crack sealing may achieve improved quality over existing
field operations, so that thé need for maintenance operations may be reduced over time.
Finally, automated crack sealing would reduce the exposure of maintenance workers to

injury and accident.

Crack sealing is a wide spread, dangerous, costly, and labor intensive operation. Labor
turnover and training are increasing problems related to crack sealing crews, and as traffic
volumes increase, crack sealing operations become increasingly disruptive to the general
public. Automating crack sealing can reduce labor and road user costs, improve work
quality, and decrease worker exposure to roadway hazards. In a series of research
projects at Carnegie Mellon University (CMU) and then the University of Texas, an
automated method for sealing pavement cracks has been developed. This report describes

the most recent prototype.

Automated crack sealing is a technically challenging operation for several reasons. Since
pavement cracks are irregular in nature and extent, simple numerical controlled devices

cannot be used directly. Some means of perceiving crack location and controlling

maintenance equipment is required. Moreover, crack sealing is undertaken under field




- Alternatives may have varying degrees of manual supervision. For example, multiple

conditions which may involve extremes of temperature, precipitation and debris.
Maintenance of the equipment used in roadway work varies considerably in quality,
therefore robust and reliable equipment is required. Fihally, introduction of automated
equipment in this domain must be justified by cost savings and quality improvements, so

inexpensive and effective equipment is imperative (Haas, March 1991).

2.1 The Technology Development Design Cycle

Technology development can be modeled as a design cycle. Prior to any action taking
place, a need must emerge, or needs must be identified in a systematic analysis and
prioritized. Next, the design development problem posed by the need must be rigorously
defined, and the criteria by which solutions to the problem will be evaluated must be

identified and ranked. It is generally advantageous to develop alternative solutions which

can be compared objectively in subsequent feasibility analyses. Optimization of selected
solutions requires some combination of modeling, experimentation, simulation, analysis,
and further acquisition of information concerning the operating environment. Each of

these steps involves feedback between each other, and the design cycle is iterative in

nature. Solutions normally begin as “back of the envelope” conceptual prototypes and

then progress through laboratory, field, and commercial prototype stages. Development

of the crack sealer has followed this design cycle.

2.2 Design Issues

The primary objective of the design is to reduce the overall cost of crack sealing.
Improving the quality of the work and worker safety are also objectives. The final design

must be evaluated based on these objectives.

]
Functional Approach %

There are a variety of functional approaches that can be considered for crack sealing.




nozzles can be used for blowing and sealing rather than individual effectors. Arrays of
nozzle effectors would be costly, and the necessary switching patterns would be extremely
difficult to implement. In particular, the viscosity of sealing material makes short frequent
bursts difficult. In contrast, use of individual effectors requires that each effector will
somehow be drawn precisely along the length of the cracks to be filled. A multiple degree
of freedom manipulator is necessary to control the path of the individual effectors. |

| Options include: (a) having the truck driver tele-operate the manipulator while the truck is
stopped, (b) having the truck driver check or add crack location information to a partially
automated system in which the manipulator would be controlled automatically, and (c)
having the operator simply monitor with interrupt control a largely autonomous crack

sealing operation. The design described in this report follows option (b).

A simple solution for manipulation is an xy-table. Such a device works much like a large
scale plotter with a gantry and mounted cart implementing x and y motions respectively.
Control is much simpler than a robot arm. With a framework constructed of tubular steel,
a table is more impact resistant and stable than an arm in that reactions are always within
the framework and distances to points of support are minimized. The effectors are easily
kept perpendicular to the pavement surface. All the design constraints can conceivably be
met. As for the design criteria, the device may be simply constructed and therefore
maintainable, but its transportability is an issue of concern. The design measures well with

respect to the remaining design criteria.

Surface Perception and Modeling

Identifying cracks in the road automatically is not an easy problem (Haas 84, Fukuhara 90,
Ballard 82). Mapping the layout of the cracks in detail and selecting those to be filled
increases the difficulty. In the case of routed cracks, the problem is simplified by distinct

visual patterns of debris and by consistent groove dimensions.

Surface data can be acquired in raster scan or arbitrary patterns. It can also be acquired

with non-contact or with contact sensors. Contact sensors such as a pin cushion type
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roller or a linear array of brush sensors are not feasible because of their costs and their
probable insensitivity to narrow cracks. Non-contact sensors include vision, range, and

forward looking infrared devices. Video cameras can acquire a raster pattern of digitized

- surface gray level values very quickly. Range sensors such as ultra-sonic and infrared

laser devices can be drawn over the surface in any acquisition pattern by the effector
equipment. In practice, all these sensors experience noise because of the varied
topological and color conditions of the pavement surface, and because of environmental
factors such as wind and sunlight. Moreover, a single sensor perception can be fooled.
Analysis of a video image alone shows that it is almost impossible to automatically detect
the difference between a routed crack, a filled crack, and a strip of dark oil. With the
corroboration of range information from multiple sources in a common surface
representation, the accuracy of crack perception can be increased. The facilities required
to do this exist in a general pavement surfaces model which includes facilities for data
fusing and structuring (Haas, 1990). Human direction has proven to be more efficient

however.

From the current prototype’s machine vision assisted crack identification procedure,
ordered lists of cartesian coordinates describing points along the cracks are derived and
then interpreted to yield a graph representation of the crack network in the area to be

worked. The most efficient traversal through this network can then be derived by a

variety of means.

Crack Sealing Control

Control of the crack sealing process is exercised at several levels. Control of a system that
moves continuously down the road at a constant speed introduces complexities in terms of
perception, planning, and especially manipulator control that are simplified by operating
the system in a stop/start manner. Assuming a start/stop strategy, the highest level of

system control implements the following steps repetitively as the system moves down the

road:




(S
.

Acquire sensor data and develop a representation of the pavement surface
Map the cracks to filled
Develop a work plan

Execute the blowing and sealing operations

A

Repeat the above four steps

In the process of developing the surface representation for the current area to be worked,
the system may compile a list of commands to the equipment to enact scanning patterns
and acquire data. Once the surface representation is complete, the system must also
choose the order and direction of the cracks to be traversed. This plan must then be
compiled into a list of commands to the manipulator and to the actuators such as the open

and close valve on the sealing wand.
2.3  Needs Analysis

Pavement crack sealing is a costly operation, and it imposes significant costs on road users
due to traffic interference. Initially, the motivation to automate crack sealing arose from
this observation. Removing laborers from the process would reduce their exposure and
reduce operating costs, as well as open up the possibility of increasing speed thus
decreasing road user costs. This observation was further substantiated with statistical data
(FHWA 1990), expert opinions, and literature from the Ontario Ministry of
Transportation. For the first phase of development, this analysis of need was considered

sufficient.

For the second phase of development, a survey of all fifty states and ten provinceé
provided additional information about sealing practices and the potential market for
automated crack sealing ( McNeil 1992). Wide variations in methods, equipment,
materials, and crew composition were observed which prompted reconsideration of the

design objectives and performance criteria.
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For the third phase of development, discussed in this report, needs analysis focused on
Texas. A productivity study of conventional operations detailed operating conditions and
performance requirements for an automated system and revealed that district engineers

valued the safety benefits of an automated system most highly (Malek 1992). Using the

system to measure and record work units completed has contractual advantages as well.
Borrowing from construction needs analysis methods (Tucker 1990), a subsequent
systematic evaluation of all road maintenance activities in Texas resulted in a prioritization

matrix that uses cost impact and concern axes to characterize the need to automate

(Osmani 1994). The concern rating formula incorporates productivity, quality, safety,
socio-political, technology feasibility, ergonomic, and user cost factors. Crack sealing was

identified as a automation need in Texas.

2.4  Conceptual Prototype

Originally, the automated crack sealing system was envisioned as an equipment train
including an equipment trailer, a manipulator, and a large van containing computer and
power equipment. Manipulator options were considered, and an xy-table configuration
was selected because of its ease of control and robust physical characteristics. Machine

vision was proposed for automated crack mapping with system autonomy as the end goal.

2.5 Laboratory Prototype

Design objectives for the laboratory prototype focused on “proof of concept”.
Demonstrating a system that could ultimately improve safety and productivity by working
autonomously was the primary objective. Low cost was a secondary objective at this
stage. An xy-manipulator was assembled in the lab, and pavement test sections were
fabricated. A video camera mounted above the workspace was used to acquire images

which were digitized and then combined with laser range data of surface contours using a

T T

specially developed multi-layer quadtree model and image analysis algorithms

implemented on a UNIX type workstation. Combination of sensor data, often termed

P e
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“fusion” in robotics literature, is required, because neither source of data is sufficient or
fast enough in itself for completely accurate mapping. A working system was

demonstrated one year afier initiation of the development project (Haas 1990).

Problems encountered in the first phase of development included unacceptably slow
operation. While accurate and essentially autonomous, the system required 20 to 30
minutes to complete the scanning, mapping, and work process cycle. Calibration and
alignment between the sensing and manipulator subsystems proved difficult because of the
hasty assembly of the prototype. Despite these problems, a consensus existed that the
approach was feasible and that the design cycle should begin anew. Solutions were

proposed, and a second phase of development was funded.

2.6  Field Prototypes

First Field Prototype

Design objectives for the first field prototype were to consolidate control and data
processing on a single Intel 386 type PC, and to demonstrate operation on unrouted

cracks, in a parking lot. The system was still connected by an umbilical cord to the lab. A

more robust xy-manipulator was fabricated and a revised control loop was implemented.

Though demonstrated successfully a year after commencing the second phase, the system

was retarded by slow range scanning speed, and development along this track by the

associated personnel ceased temporarily (Haas 1992).

CalDavis Field Prototype

In a subsequent and related development effort, the University of California at Davis

developed a field prototype of an automated crack sealing machine. Level of effort in

T T

terms of funding was about 8 times the sum of previous efforts. The final prototype,
which has multiple manipulator arms, was demonstrated preparing and sealing longitudinal
joints at 2 miles/hour. If produced in volume, it is estimated that the machine could be

sold for US $550,000 (Velinsky 1993). Market analysis indicates that few private
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contractors or government departments will be willing or capable of paying this amount

(Velinsky 1993).

Development Studies

Concurrently, three related development efforts were conducted. They included a study of
methods, practices, and productivity for crack sealing in Texas (Malek 1992), a study of
sensor fusion methods (Gharpuray 1993), and a study of maintenance automation needs

(Osmani 1994).

Second Field Prototype

Based on knowledge and experience gained from preceding development efforts, design
objectives were modified. A commercial prototype must operate at manual crew speed or
faster ( approximately 10-30 seconds per work cycle),and the unit cost must be less than
$100,000. A tele-operation approach was proposed and accepted. This next itération of
the design cycle was funded by a consortium including the Federal Highway
Administration’s Office of Technology Applications, the TxDOT Maintenance and
Construction Division, and Crafco Ltd. (a crack sealing equipment manufacturer). It is the

prototype described in this report.

A remote, graphically controlled system, using an xy-table manipulator, was designed.
Manual graphical input is used in order to negate the need for range sensing, and all the
software is integrated in one application program. These two design changes allow the
system to meet work cycle time constraints. In addition, machine vision is used to correct
for lack of operator hand/eye coordination, and automated path planning is used to
minimize crack network transversal time resulting in substantial cycle time savings. Field
trials conducted in June 1995 indicated that 10 to 30 second work cycles are achievable.
It is estimated that the system could be manufactured from OEM equipment for as little as
$70,000. Field trials in July 1996 demonstrated a 30-45 second work cycle on a full scale
prototype. With increased motor speeds and more ergonomic mounting of the central

mechanisms, 10 to 30 second work cycles will be achieved by December 1996.
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2.7  Economic Analysis

With a conceptual design in mind, it was originally estimated that the system would have a
purchase cost of $100,000, a useful life of 5 years, $10,000 annual maintenance costs, and
$100,000 in annual cost savings by eliminating two laborers. A very high rate of return
(ROR) results. From a basic technology development perspective, this expected ROR,
and the annual national expenditures were sufficient justification to fund development of
the laboratory prototype. Later economic analyses took public agency, public economy

(McNeil 1992), and private organization(Velinsky 1993) perspectives.

The most recent economic analysis uses more detailed information to augment the analysis
from each of the preceding perspectives (Osmani 1994). The results were used to justify
development funding from national, state, and private organizations. These organizations
essentially form a consortium with the university based developers, and economic

justification was necessary from each of their perspectives for an agreement to proceed.

According to the most recent economic analysis, if the automated crack sealing systems
were implemented statewide, the direct savings are estimated to be $2.43 million for the
Texas Department of Transportation (TxDOT) at a 4% MARR and $2.64 million for the
private contractors at a 20% MARR over a six year planning horizon (Osmani 1994). The
user-cost savings are estimated using the widely accepted QUEWZ-E model (Memmot
1982, Seshadri 1993) to be $11.0 million for the 3229 miles of the interstate highways in
Texas. Total user-costs savings would be much higher, since the savings on urban
freeways and streets, farm-to-market-roads, and secondary roads are not included in this
$11 million estimate. Over a 30 year planning horizon and from a national perspective, the
net present worth of automated crack sealing could be in the hundreds of millions of

dollars. This analysis is elaborated upon in chapter 6.0.
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2.8  Market Analysis

Only 16% of private contractors who perform crack sealing earn annual revenues of over
$1,000,000, and their revenues cannot be solely attributed to crack sealing. A small
percent will be able to invest in automated systems initially, however the associated
benefits should increase their competitive advantage. As in other industries, automation
may force consolidations. Government can accelerate this process by letting longer term,

larger contracts.

Government agencies may also purchase automated crack sealers. Texas has 25 highway
districts which are authorized to purchase equipment such as an automated crack sealer.
Local municipalities and contractors augment the potential market. Impediments exist
however. They include the occasional practice of performing crack sealing with crews
otherwise left idle when larger construction projects are threatened by weather conditions,
or simple reluctance expressed by focus groups to spend large amounts of money because
of perceived risk (Velinsky 1993). Increasingly though, agencies are becoming more
sensitive to safety given the related litigious environment over the last decade, and they
are becoming sensitive to the road user costs imposed by lane closures, as drivers become

more vocal. Automated crack sealing will address these concerns as well as reduce

operating costs.
2,9 Implementation of the Automated Road Maintenance Machine

Implementation of automated maintenance equipment into the Texas Department of
Transportation (TXDOT) takes years of preparation and development from the conceptual
idea to the eventual final design product. A strategic plan is needed and should be
thoroughly developed from past experiences to avoid repeating mistakes and to streamline

the timeline for the equipment to be procured within TxDOT.
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The automated pavement crack sealer research and development project described here
was funded by TxDOT and the Federal Highway Administration (FHWA) in July 1994
and contracted to The University of Texas under the guidance of Dr. Carl Haas.
Additional support was provided by Crafco, a private company in Chandler, AZ, who
donated use of a propane melter to the research. The requirements for the funding was to
demonstrate within a year the feasibility of automated pavement crack sealing and to
perform an overall detailed economic analysis. During the process, the research team
performed software development, hardware interfacing, design work, and procurement of
equipment. During the first phase of the project, which lasted until the end of June 1995,
several demonstrations and presentations were provided in educating TxDOT personnel,
university students, and interested parties about the automated pavement crack sealer.
The prototype in Figure 2.1 was presented on June 16, approximately one year after
commencing the project, to FHWA, TxDOT, Crafco, and other guests. The supporting
organizations were in agreement that the technology was promising and continued

financial support for the second phase of the project.

Figure 2.1 The Automated Crack Sealer Prototype presented June 16, 1995
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The second phase was funded until August 1996. During the second phase, designs and
equipment were contracted and ordered to improve the existing prototype. A new xy-
table was procured and a new control system amplifier with controllers was ordered for

an additional degree of freedom on the xy-table.

On July 2, 1996 a demonstration of a fully functional commercial prototype of an
automated crack sealer took place for all interested parties. This prototype is shown in

Figure 2.2 below.

Figure 2.2 ARMM Prototype presented July 2, 1996
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3.0 Crack Maintenance Practices In Texas by State District

There was a need for information on Texas state district for crack sealing and procedures
for implementation of the crack sealer before the current prototype could be developed.
This chapter reports the findings of a survey by the University of Texas team. These
findings were used to set limits and compare the efficiency (chapter 4.0) of the ARMM to

a traditional crack sealing crew.

3.1 State District Surveys

In the spring of 1993 a survey form was developed to find out how each of the state’s

districts (Figure 3.1) were attempting to maintain cracking in asphalt cement pavements.
The survey contained questions concerning methods and materials employed, contracting
procedures, unit prices, and typical crew organization. The survey form was sent out by
the local Texas Department of Transportation (TxDOT) and a response rate of 96% (23
out of 24 districts) was achieved within approximately six weeks (Malek 1994).

Appendix A contains an example survey and a summary of district survey responses. A

blank answer area indicates that no response was given and/or the response should have

been zero for that particular question. “N/A” indicates that the respondent felt that the
question did not apply to their district. District 21 did not participate in the survey and

district 22 is non-existent.

The last portion of Appendix A indicates the expenditures by district on crack and joint
sealing for the first five months of the 1993 fiscal year for both in house and contracted
work (Texas Department of Transportation, 1993). The corresponding unit prices are

also included. The state’s “Maintenance Efficiency and Analysis Report” contains code
221 for asphalt rubber/rubberized materials and code 222 for all other materials that are

used to seal/fill cracks and joints. This is the first fiscal year that expenditures for crack

and joint sealing/filling were tracked as a separate entity which is why the data covers less




than one year. The right hand column contains statewide averages for applicable

categories. The only exception to this is for the expenditures for codes 221 and 222. The

“state averages” column contains total dollar expenditures for in-house work for the time

period of September 1, 1992 through February 1, 1993. The corresponding unit rates

reflect state averages. }5,%
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Some districts supplied additional information that is noteworthy;

e District 6 indicated that their crew size varied according to crack density, effectiveness
of employing crack cleaning methods, and traffic control requirement.

e District 11 responded that one pound of material covers approximately 10 linear feet
of cracking.

e District 13 assigns an additional man to spread blotting material (sand or cover rock)
when material tracking is prevalent.

e District 25 indicated that the rate of application is approximately 55 gallons per lane
mile at a cost of $12 per gallon resulting in an approximate total cost of $660 per lane

mile.
3.2 Methods and Materials Used

Twenty out of twenty-three districts (87%) responding, indicated that they perform hot-
pour applications 90% or more of the time. The percentage of cold pour applications has
been low but there have been sample projects conducted (Malek, 1994) that suggest that
the percentage of cold applied materials used will be increasing. The operation of

cutting/routing the cracks was almost non-existent among the 23 districts.

Crafco materials have been the sealant of choice amongst most of the districts. Other
materials by manufacturer are Kengo, Koch, Allied, and EIf which have been applied in
some districts. When contracting work out, 15 out of 23 districts (65%) reported that
they furnish the material 100% of the time. Only two districts indicated that the
contractor furnished the material all of the time. It appears that the Texas Department of
Transportation believes there is an advantage to controlling the amount of material

dispensed in order to minimize waste and control the cost of contracted work.
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3.3  Contracting Practices

The percentage of work that is contracted out varies by district. Survey respondents
indicated that an average of approximately 57% of all the crack sealing/filling was
contracted out statewide. There were 14 districts that said they contracted 70% or more
of their crack sealing maintenance projects. The “Maintenance Efficiency and Analysis
Report” indicates that 61.6% of the statewide crack maintenance expenditures from
September 1992 through January 1993 were contracted (Texas Department of
Transportation, 1993). It should be noted that some districts spent much more on crack
maintenance than others during the fiscal year of this study. Figure 3.2 shows the
relationship between district expenditures on crack sealing/filling from September 1992
through January 1993. It 7can be seen that some districts such as numbers 1, 11, 13, and
20 spent little or no money on crack maintenance while districts 18 and 24 spent

considerable amounts during this time period.

Districts
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Thousands of Dollars

Figure 3.2 Total Crack Sealing/Filling Expenditure by State District
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Approximate unit prices for contract crack sealing/filling maintenance were given using
one or more of the following measurement classifications: dollars per linear foot of
cracking, dollars per lane mile of application, dollars per pound of material, and dollars per
gallon of material. Typical crew sizes varied from district o district but generally ranged
from 7 to 9 people with the survey average being 7.4 men. A typical crack sealing crew

would take on the following structure:

Work Task Quantity of workers assigned
Foreman (may or may not be a laborer) 1
Drivers (pulling compressor/heating kettle) 2
Crack cleaner 1
Crack filler 1
Squeegee operator 2
Flagmen ' Oto2

Note: The foreman may work (usually as a crack filler or driver) allowing another man to
squeegee or possibly be eliminated. Flagmen are often not used if other safety precautions
such as lane closure methods are employed. In the field the configuration of this crew can

vary dramatically depending on the needs and usual practices of the work tasks.
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4.0 Analysis of Productivity of Crack Sealing Maintenance Crews in

Texas

In a previous study by Gary Malek (Malek 1994), five projects were observed between the
dates of February 10, 1993 and March 7, 1993. Each project was performed by either
state, city, or contract forces. Because of differences in crack sizes, degrees of cracking
(density), and crew size/organization, the productivity was found to vary considerably

from project to project.

The Construction Automation Laboratory used the results of this study to approximate the
needed efficiency of the ARMM system and to set some reasonable goals for the work
cycle of the ARMM. We use this data to compare with our results which are located in

chapter 5.0.

Each project in the study contained the following information:

e Observation date

e Work force

e Temperature

o Site description

e Crew organization

e Types of cracking present
e Location of cracking

o Typical crack sizes present

e Productivity results
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e Observations
-Equipment
-Material
-Workmanship
-Worker protection
-Traffic control

e Project Photographs

Productivity results were obtained by observing 1/2 hour increments of work and counting
how many linear feet of sealant were placed and the distance traveled during that time
increment. This data was then multiplied by two in order to convert to a full hour.
Knowing linear feet of sealant placed and man hours enabled the calculation of linear feet
of sealant placed per man hour. Average composite wage rates were obtained from the
state (district 14) and from the city of Austin. Multiplying this average by the number of
people in the maintenance crew allowed two additional measurements of productivity to
be obtained; average labor rate per linear feet of sealant placed and average labor rate per

lane mile.

Linear feet of sealant placed was used as a measurement of productivity instead of linear
feet of cracking because it was impossible to know the actual length of cracking once the
sealant was placed. The squeegee would spread the material further than the actual crack
during the finishing and shaping operation. It might be a reasonable assumption to say
that the actual crack length would be about 75% of the length of the finished band of
sealant but that is only a guess. Therefore it was decided to establish consistency by using

measurements in terms of linear feet of sealant placed for all projects.

Every attempt was made to only evaluate the crew during the time that they were actually
conducting maintenance operations. Times when the crew was idle for a considerable
amount of time were not counted in the one half hour observation times. Typical idle

times consisted of one fifteen minute break in the morning and one in the afternoon.
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Additional idle times of approximately five to ten minutes resulted when more than one
solid block of material was added to the heating of the kettle therefore lowering the
overall kettle temperature until the sealant material became liquid. The study attempted to
calculate productivity during one half hour increments when the crew was actually filling
cracks. This allowed consistent productivity measurements and comparisons to be made

from project to project.

4.1  Data Analysis

Pavement cracking occurs throughout most of the roadway’s width, but in the situations
observed there was a tendency for meandering longitudinal cracking to be prevalent along
the pavement edge and in areas where vehicle wheels predominately traveled. Typical
crack size in these situation was from 1/8” to 1/2” wide. Figure 4.1 shows an example of

common workmanship and crack size of Texas crack sealing maintenance crews.

Figure 4.1 Asphalt Concrete Cracks Sealed by Maintenance Crews

Typical equipment consists of a trailer mounted air compressor that delivers from 90 to

100 psi of pressure. Heating kettles are double boiler constructed equipped with the
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necessary temperature controls and agitation devices, and generally have a holding
capacity of 250 gallons. Material shaping/finishing using an industrial rubber squeegee is

standard procedure.

Crafco is the number one supplier of hot-applied sealant materials in Texas. The sealants
being used can generally be classified as rubberized asphalt or practices asphalt rubber
materials although there are also materials that have been employed containing emulsions

and polymers. The five projects observed all used materials classified as asphalt rubber

sealants.

Workmanship for all five projects was relatively equal. Some crews appeared to work
somewhat more effectively together as a unit than others which had a slight impact on
productivity results. Figure 4.2 is an example crack maintenance crew set-up. It is
advantageous to have two crew members to conduct the squeegee operation when
pavements have a significant amount of cracking. This allows the crack filler to work
continuously and not be required to slow down to a single squeegee operator’s pace. The
material finishers/shapers walk much more than the crack filler does because they are
continually traveling to the end of a crack segment to begin their task. For this reason a
crack filler can perform his job much quicker than a squeegee

operator.

Figure 4.2 Crack Sealing Maintenance Crew
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Traffic Control was handled in various ways but for the state highways there are generally
two methods that are used. One way is to have complete lane closure by setting up signs,
and an arrow board truck to warn traffic that road work is ahead. The second way to
handle traffic is to simply conduct the maintenance project as a moving operation closing
off only the segment of the lane length between that leading crack cleaning crew and the
tailing arrow board truck as the operation moves along. Moving operations may or may
not include a flag person depending on individual project characteristics such as traffic

levels, roadway classification and geometry.

Survey responses indicated that application of hot applied rubberized materials is the most
common type of crack maintenance treatment at the present time. It is highly likely that
the cold applied materials will be increasingly used if sample project results continue to
prove that there is an advantage to them. There appears to be no reason for the state and
local agencies to continue to use hot applied materials if cold products will offer equal
material performance, a costs savings, productivity increase, and increased worker safety.
The rate of application of sealant materials will be dependent upon crack size (width and
depth), density of cracking, and to a lesser extent whether one or two squeegee operators
are utilized. Very wide and deep cracking such as occurred in project 2 will decrease
productivity because more time is spent attempting to fill the entire crack reservoir.
Conversely, more typical crack sizes (1/8” to 1/2”) such as was seen in project 3 yielded
much higher productivity rates. Crack density or amount of cracking in a given length of
roadway can also affect the productivity rate. Project 1 had an inconsistent amount of
cracking in some places which required the crew to temporarily halt operations and
proceed further down the road until more cracking was found. this contributed to a
decrease in the amount of sealant placed in a given time period. Project 3 had a much
more consistent amount of cracking so that the crew never had to search for additional
cracking. This resulted in less starts and stops therefore increasing the amount of sealant
placed per hour. In addition the third project employed one more squeegee operator than

the first project.
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Projects 1,4, and 5 seem to have the most common levels of productivity that can be
expected in crack maintenance operations that contain typical crack sizes. Project 1 may
be interpreted as the low end mainly due to small delays caused by a lower crack density
and having only one squeegee operator. Projects 4 and 5 conducted by contract forces
had very consistent amounts of cracking so that the crew was able to work at a relatively
constant rate. All five projects experienced delays when adding solid blocks of material
into the heating kettle because the kettle temperature would drop until those blocks

melted. There was no attempt to include those delays in the observation times.

’Figure 4.3 indicates the productivity rates for material placed for each of the five projects.
It can be seen that the first, fourth, and fifth projects placed similar amounts of sealant per
man hour. Figures 4.4 and 4.5 show how each of the first three projects compare to each
other for composite labor rate per linear feet of sealant and for composite labor rate per
lane mile. No crew rates were available for projects 4 and S which were state contracted
work. It is believed that the average crew rate for these projects would be slightly less
than the city of Austin’s rate of $78.72 /hr. Based on this, the contracted projects would
fall in between values shown for projects 1 and 3 on both the second and the third figures.
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It appears clear that figures 4.4 and 4.5 contain measurements that may be useful for
similar projects but are not representative for projects that have vastly different crack sizes
and/or densities. Extremely large cracks as in project 2 slowed the crew down, placing
less linear feet of sealant and traveling less distance per hour. The results are an inflated

composite labor rate per linear feet of material placed and composite labor rate per mile.

Figure 4.5 indicates that crack size and amount of cracking or density of cracking greatly
influence labor expenditures per lane mile. Project 1 had a low composite labor rate
because the maintenance crew traveled a considerable amount of distance in one hours
time, therefore costing less per lane mile than project 2 which traveled a very short

distance in the same period of time due to extremely large crack sizes present.

The amount of cracking that can be treated in a given time interval may depend upon

several factors. Three of the largest factors are the following:

1) Width and depth of cracking Large cracks can drastically reduce the amount of linear

feet of cracking that can be treated in a given time interval. More time is spent attempting

to fill and squeegee larger cracks than is spent with typical cracking.

2) Density or amount of cracking Sporadic cracking has a tendency to reduce
productivity because much of a given time interval may be spent traveling to areas of
additional cracking. This travel may be as insignificant as walking ten or twenty feet or
may be as involved as temporarily stopping operations and moving equipment to where

additional cracking is present.

3) Crew Composition Depending on the amounts of cracking present, having only one
squeegee operator can have an impact on productivity. To maximize the amount of cracks
treated in a given time interval, The crack filler should determine the pace of the
operation. This will usually mean that two squeegee operators will be needed so as not to

delay the crack filling.
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These are only a few of the more important conditions that can affect productivity. The

following things can also play a role:

e Original material preparation time (block melting)

e Idie time while waiting for kettle to attain the proper temperature when

| i additional material is added

e Worker fatigue

e Temperature (too hot or too cold)

Productivity comparisons should only be made between projects that can be considered

similar. Data such as linear feet of cracking maintained or sealant placed is sufficient for a

calculation of productivity between projects with similar cracking characteristics. Pounds

or gallons of material placed can be used to compare similar projects assuming that both

crack fillers apply roughly equal amounts of material or any given cracking condition.

i | The combination of projects 1,4, and 5 had an average linear feet of sealant placed per
|

I man hour of approximately 335 linear feet. It is likely that this average could have been
|

il increased if more consistent cracking densities were found on project 1 and a slightly more

experienced crew was used in projects 4 and 5. An educated guess is that the average of

i Ml i: the three projects could have been increased by ten percent or so which would result in an

average of approximately 375 linear feet of sealant placed per man hour. These numbers

are fairly accurate for projects that contained typical crack sizes (1/8” to 1/2”), and

included relatively consistent cracking densities.

4,2 Conclusions

There is no doubt that crack sealing/filling will continue to be an inexpensive alternative to

a | | | extend asphalt concrete pavement life. The typical equipment utilized consists of a trailer

mounted air compressor and a 250 gallon heating kettle which are pulled by separate

vehicles, at least one other vehicle is used to act as a warning to traffic and usually




contains an attached arrow board. The use of rubber squeegees are standard to finish and
shape sealant materials. Although crew size can vary, it is typical to see 7 to 9 persons
conducting maintenance operations. Although recommended practices and procedures
sometimes include the use of such equipment as routing machines and lances, they are

rarely used if at all in the state of Texas for crack sealingffilling purposes.

‘Productivity can vary a considerable amount from project to project but generally is
dependent on crack size, crack density, and crew composition. In addition, some heating

kettles may be more effective at melting additional blocks of material that are added

during the maintenance project which may lower idle time and increase productivity.




5.0 Analysis of Productivity of Automated Road Maintenance

Machine

This chapter defines a framework for the productivity evaluation of a crack sealer and
makes preliminary estimates of anticipated productivity from observation of field trials.
Coordinating this information with the data in chapter 4.0 gives an approximate idea of

how the ARMM system compares to traditional maintenance crews.

5.1 Introduction

To measure the productivity of the ARMM all of the tasks necessary for the process were

first classified into three major categories.

e Mobilization/Demobilization
e Crack tracing and path planning

e Blow, seal, finish

Each of these categories were detailed further to isolate specific tasks which could then be
timed. This method of specifying the tasks for a given category allows for more accurate
results when calculating productivity. Problem areas that affect productivity are easily
identified and corrected. The linear feet of sealant poured is measured and the

productivity was calculated.

The mobilization/demobilization category consists of tasks including the attachment of the
melter to the truck and the attachment of the X-Y table to the truck/melter, the raising and
lowering of the canopy, and the connection of the cables. The canopy must be lowered
whenever in the ARMM is in transit. Only two people are required to raise or lower the
canopy safely. The crack tracing and path planning category consists of tracing the crack,

line snapping, point adjusting, and path planning. The operator traces the image of the




crack on the monitor. The tracing of the crack is adjusted to ensure the most accurate
representation by the computer and then the computer calculates the best path for the

ARMM to follow. The blow, seal, finish category consists of tasks necessary to blow,
seal, and squeegee the cracks. This category is the major component affecting, and in

some cases limiting the productivity.
52  Methodology

The productivity was calculated by observing the operation of the ARMM during a series
of demonstrations at our research facility. The ARMM was operated through a workzone
created at the lab. The cracks within the workzone were designed to represent various
types and patterns of cracks present in pavements. The time required for the ARMM to
seal the cracks in the series of workspaces in the workzone was recorded. Next, the
amount of sealant placed in that time was determined. The linear feet of sealant placed
was then divided by the time to produce a productivity in Linear Feet Sealant/Hour
(LFS/H). This figure is divided by 3 to determine Liniear Feet Sealant/Man Hour
(LFS/MH). The number 3 represents the assumed number of crew members needed to
operate the ARMM. The productivity was calculated in LFS/MH in order to compare the
~ productivity of the ARMM to the results calculated from previous productivity studies on
conventional crack sealing methods. Choosing a rate that is measured per man hour
allows for comparisons to be made when crew sizes vary between various projects. Idle
time to add more material to the melter and time to move the ARMM to the next

workspace within the same workzone were not included in these preliminary calculations.

It is very difficult to create a model that can be applied to all situations. The data model
created for these calculations assume that workspaces follow each other immediately in
the workzone. Distances between workzones are impossible to include. The model will

contain information on the travel speeds of the ARMM. This data can then be used to

determine the time elapsed due to travel between workzones.




53  Preliminary Calculations

The productivity figures calculated for this report are very rough estimates. More

accurate calculations will be performed later this fall when more data can be collected

from actual crack sealing situations. As of now, these calculations show the present

productivity of the ARMM, but these figures will increase substantially in the near future.

The following is a summary of data collected from preliminary trials of the ARMM.

Average time to complete workspace - 90 seconds (s)
Anticipated time to complete workspace - 30 seconds (This figure will be used in

the calculations).

Average linear feet of sealant poured per workspace - 17 LFS

Average rate = LFS/Time
Average rate = 17 LFS/90 s = 0.567 LFS/s

Conversion to LFS/MH

0.567 LFS/s x 3600 s/hr = 2041 LFS/hr

Data used for comparison was taken from Project Evaluation #1 from the study on

conventional crack sealing methods (Malek 1993).




Table 5.1 - Productivity comparison chart: ARMM vs. Conventional method

Item Conventional ARMM
Labor T@Avg. Crew rate 3@Avg. Crew rate

| $ 17.04/hr $ 17.04/hr

Equipment $40/day $100/day
Productivity Average 2 Lane Mi./day Average 2 Lane Mi./day
2045LFS/H 2045LFS/H
Material 800 ibs/LM @ 800 Ibs/LM @
$0.15/1b $0.15/1b
Average cost per

pound of 1 days work $0.78/1b $0.38/1b

5.4  Factors affecting productivity

The ARMM utilizes the hot-pour application method of crack sealing, which is most

commonly used in industry today. The productivity of this automated process is affected

by several factors. Many of these factors are also common to the conventional hot-pour

application method of crack sealing. They include size of cracking (length, width, height),
degrees of cracking (density), and idle time while waiting for the melter to come up to
application temperature when additional material is added. Factors that are unique to the
productivity of the ARMM include the speed at which the ARMM recognizes the cracks
in a given workspace, the dexterity of the operator in tracing the cracks, and the speed at
which the ARMM actually blows, seals, and squeegees the cracks. The speed of this

series of processes is limited by the size of the motor

The current prototype of the ARMM is fitted with a 2 ft-lb. motor which allows the turret

travel at approximately 2.5 inches/second. The speed can also be attributed to a 3-to-1




gear reducer which was place on the motor to provide adequate torque to move the turret
in the X direction. With the installation of a 5 ft-1b. motor, this speed can be improved to
approximately 7.5 inches/second, by approximately 3 times. This faster speed can be
achieved safely, but the turret does have a speed limit. The speed of the turret must be
coordinated with the rate of flow of the materiel in order to assure proper amounts of
sealant fill the cracks. The productivity of the ARMM will also be improved as the
operator becomes more proficient with the crack tracing procedure. The introduction of
faster computers in the future will increase productivity as well. Faster computers would

allow for faster line snapping and path planning.

5.5 Conclusions

The current prototype of the ARMM is anticipated to seal cracks as fast as the
conventional method of crack sealing. Preliminary calculations show the average
productivity for a typical conventional crack sealing project is 2045 LFS/H. However, the
ARMM needs at most 3 crew members to operate. This dramatically decreases the costs
and also the safety factors involved with this type of operation. The savings in an
operation similar to that of Project #1 (Malek 1993) is about 40 cents per pound of
sealant. These savings are due, in most part, to the fact that the crew size is dramatically
decreased. Previous studies show that labor costs can be as much as 60% of total costs
(Osmani 1995). Other benefits include the fact that the ARMM can be operated at night.
The fact that the ARMM can work longer days (work shifts at night) means that shorter
schedules will be needed to complete jobs thus reducing inconvenience to motorists
caused by closed lanes. The accuracy by which the sealant is poured is greatly enhanced.
The human error aspect of missing a crack is now reduced to the ability of the operator
when tracing the image of that crack on the monitor. If a mistake is made, it can be easily
erased. Since there is no intense manual labor involved, the ARMM is not affected by
worker fatigue. Nonetheless, the productivity of the ARMM can and will be improved in
the near future.




6.0 Evaluation of an Automated Road Maintenance Machine

This chapter is drawn from a preceeding study (Osmani 1994). It analyzes the economic
impact and the need for an ARMM in some detail. The study uses the ARME (Automated

Road Maintenance Evaluation) model which is described in detail in (Osmani 1994).

6.1 Introduction

The need for sealing cracked pavements will remain for as long as there are paved roads.
The technologies used in crack sealing have advanced slowly. New, more effective hot
poured asphaltic binders are being continuously improved and significant advances are
being made in cold poured materials. The application techniques, however, have remained
much the same over the last 15 years. Crack sealing crews are typically composed of 7
personnel, 3-4 of which are involved in identifying, cleaning, or sealing cracks [McNeil
1992]. A prototype automated system that will drastically reduce these labor requirement

is evaluated from TxDOT, private contractcrs', and road-users' perspectives in this study.

Crack sealing operations are a significant component of a typical road maintenance
budget. It is estimated that approximately $188 million per year are spent on crack sealing
by all the public agencies in the United States excluding expenditures by private
organizations, airports and the military [Hsieh 1992]. The TxDOT spends approximately 7
million dollars every year on crack sealing which is approximately 1.5% of their total
routine maintenance budget [TxDOT 1993C]. The most significant fact concerning these
expenditures is the percentage that is spent on labor which ranges from 40 to 60% of the
total as discussed in detail later in this chapter. Through automation, these labor

expenditures can be reduced drastically.

There are many motivators for developing an Automated Road Maintenance Machine
(ARMM). In addition to the quantifiable categories of labor-costs and user-costs savings,

the system can have positive impacts in the areas of worker safety, job quality, and
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working environment. The most important of these concerns is safety, and the best way to
improve worker safety in a highway environment is to remove the worker from danger. A
survey of public agencies throughout the United States and Canada show that there were
3681 injury accidents related to road maintenance activities in 1991 [Deng 1992]. An
ARMM system that minimizes the requirement for on-road labor will certainly reduce

these statistics significantly if implemented nationwide.

The ARMM system is described in more detail in subsequent chapters. In chapter 12.0 the
total cost for the ARMM is estimated. Its selling price would have to be higher to include
marketing and profit. Table 12.1 shows a cost breakdown for the ARMM.

6.2  Economic Analysis

Although the study area for this evaluation is the state of Texas, the implications of
automated crack sealing have nation-wide applications. Most crack sealing in the United
States is performed by in-house maintenance crews, although some states utilize contract

work to supplement their capabilities.

The automation needs assessment survey for the TxDOT maintenance activities has shown
that crack sealing is a very desirable candidate for automation (Osmani 1994). Automated
crack sealing operations throughout the state would require approximately 26 units based
upon current expenditures. Of these 26 units, 10 would be required by the TxDOT and the
other units would be required by the private contractors working for TXDOT. This

estimate is based upon current contracting trends as discussed in detail later in this section.

The costs of the ARMM system can be divided into four major categories: initial
(discussed above), maintenance, operational, and overheads. The savings of the ARMM
system can be divided into two major groups: direct maintenance cost savings and user-

cost savings. The direct maintenance cost savings can result from labor reduction,

improved productivity, and reduced material wastage. The user-cost savings mostly result




from reduction in lane closure times due to expedited operation of the ARMM system.
Besides the costs and savings of the ARMM system, other economic factors to be
considered in the life cycle analysis are the cost impact (expenditures per year), the unit
costs for current practices and the division of current maintenance expenditures into labor,

material, equipment (rentals), overheads, etc.

For the life cycle economic analysis, the computer spreadsheet from the Automated Road
Maintenance Evaluation (ARME) model was used (Osmani 1994). The economic analysis
performed by the spreadsheet includes the estimation of both the direct (TxDOT or private
contractors) and indirect (users) cost savings. The input data included the costs of the
ARMM system, number of typical crew members to be reduced by the ARMM system,
and the TxDOT or private contractors' expenditure data. The spreadsheet then
automatically converted all these costs and savings into net present worth (NPW) values
to compute the life cycle savings (or extra expenditures) of the ARMM system, from the
TxDOT or private contractors' perspective. Three different minimum attractive rate of

return (MARR) scenarios for the both the TxDOT and the private contractors were tested.

After the computation of the direct maintenance cost savings for the life cycle of the
ARMM system, a case study on a 20 mile long Interstate 35 section was also performed to
determine the user-cost savings. The user-costs are estimated at the project level as they
can vary significantly from the maintenance operations performed on a busy urban
expressway to a low volume rural farm-to-market road. Hence, an economically unfeasible
ARMM system from TxDOT or private contractors' perspective can be very feasible from

users' perspective if used on a urban expressway because of the high user-cost savings.

All the economic analysis parameters of the ARMM system are discussed in detail as

following:

Costs & working life of the ARMM system: The initial cost of the system is estimated to

be $70,000 as shown in table 7.1. Other annual costs of the system are operating costs
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($4,500), maintenance costs ($3,000), and overheads ($3,750). The working life of the

system is expected to be six years [McNeil 1992B].

Units of Measurement: The unit of measurement used, by the different districts of

TxDOT, for crack sealing vary from pounds (Ib.) and gallons to square yards, linear foot,

or lane-miles. However, all the districts are required to convert this data in either pounds

(for asphaltic rubber materials) or gallons (for all other materials) when reporting this data

to the maintenance division in Austin. This data is recorded and maintained under code

221 (asphaltic rubber materials, in pounds) or code 222 (all other materials, in gallons) by

the maintenance division. All crack sealing done using asphaltic rubber materials (code

221) is hot poured while most crack sealing done using other materials (code 222) is cold

poured. As the productivity rates for both these methods are different, besides the change

in equipment requirements, the economic analysis performed is divided into either hot

pour or cold pour crack sealing throughout this report. Hence, hot pouring refers to code

221 and is reported in pounds (lb.) whereas cold pouring refers to code 222 and is

reported in gallons.

The crack sealing operations can be further divided into two major categories: in-house

work by TxDOT and contracted work. The TxXDOT maintenance division also keep track

of both the in-house and contracted expenditures and the unit-costs. Hence, for this

analysis, the crack sealing operations in Texas were divided into the following four

categories:

- In-house crack sealing using hot pouring,

Contracted crack sealing using hot pouring,

- In-house crack sealing using cold pouring, and

Contracted crack sealing using cold pouring.

TxDOT annual expenditures on crack sealing: The annual expenditure data, from the

TxDOT maintenance division in Austin, was only available for the first nine months of

1993 when this evaluation study was performed. Also, this is the first year that TxDOT is




tracking detailed cost data on crack sealing. The total expenditures on crack sealing are
estimated to be $7 million in 1993, and the expenditure trend from the first nine-months of

1993 was used to estimate the annual expenditures for the whole year as shown in table

6.2 [TxDOT 1993B and 1993C].

Table 6.1 TxDot Annual Expenditures on Crack Sealing

Crack Sealing Category Expenditure trend Estimatéd Annual
from the first nine | expenditures in
months of 1993 1993

In-house expenditures (hot pour) 24.08% $1,685,600

Contracted expenditures (hot 61.72% $4,320,400
pour)

In-house expenditures (cold 9.84% $688,800
pour)

Contracted expenditures (cold 4.36% $305,200
pour)

Total 100.00% $7,000,000

Unit-Costs and Unit-work performed in Texas: The unit-costs for both hot pour and cold
pour crack sealing (for both in-house and contracted work) were available from TxDOT.
These unit-costs were used with the expenditure data to determine the annual work
performed in pounds or gallons. However, to see the relativity between these two units of
work, both of these were also converted into lane-miles by utilizing the results of an earlier
research study conducted by TxDOT [Malek 1992]. The basic findings of this study were
that approximately 800 Ib. of hot pour materials (Crafco Road Saver #523) or 55 gallons
of cold pour materials (Kengo) are required to seal a typical lane-mile of a road section.
Also, the productivity rates were 2 lane-miles/day (or 1600 Ib./day) for hot pour crack
sealing and 3 lane-miles/day (or 1600 Ib./day) for cold pour crack sealing.

These unit-costs and annual units of work for Texas are given on the next page:
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In-house hot pour crack sealing:

Unit-costs = $0.73/lbs.

. 1,685,600
Annual unit-work performed = £%$O7—3/lbs_)2 = 2,309,041 Ib.

: _(2,309,0411bs) ,
Annual unit-work performed = (800 Ibs /lane-mile) 2886 lane-miles

Contracted hot pour crack sealing:

Unit-costs = $0.70/lbs.

) $4,320,400
Annual unit-work performed = %ms—)l = 6,172,000 Ib.

. 6,172,000 lbs. )
Annual unit-work performed = (8(00 Tbs /lan e-rrii?e) = 7715 lane-miles

In-house cold pour crack sealing:

Unit-costs = $4.76/gallons

. 688,800
Annual unit-work performed = ($51$76 /gall ox)ls) = 144,706 gallons

(144,706 gal )
(55 gal./lane-mile)

Annual unit-work performed = = 2631 lane-miles

A 0l sl

Contracted cold pour crack sealing:
Unit-costs = $8.40/gallons

. 305,200
Annual unit-work performed, gallons = ($(8$ 40/gall 01)15) = 36,333 gallons, or

(36,333 gal.)
(55 gal./lane-mile)

Annual unit-work performed = =661 lane-miles




Percentage of Labor: The percentage of expenditures spent on labor were also computed

using the statewide summary report of TXDOT expenditures [TxDOT 1993C]. These

percentages are only for the in-house work but due to the absence of any data from private

contractors, these were also used for the private contractor scenarios in the economic
analysis. The data from TxDOT divides the total expenditures into labor, equipment,
material, overheads, and contract; and the percentage of labor expenditures were

computed as following:

labor expenditures + 50% overheads
total expenditures - contract expenditures

% expenditures on labor =

Based on the above formula and the data available from the TxDOT for the first nine

months of 1993, the following labor expenditure percentages were obtained:

. . . $830,528 + 50% x $1,703,777
% expenditures on labor, in-house hot pouring A ($5.657.247 -°$2,010,818)J

=46.14%

) . ) $333,052 + 50% x $242,580
% expenditures on labor, in-house cold pouring = ( ($970,504 - ;221, 570) 0)

= 60.70%

Working capaéig of ARMM Systems: To estimate the working capacity of the ARMM
system, first the current productivity rate for the hot pouring and cold pouring cases was
determined for a typical crew. It was assumed for this study that the productivity rates for
both the in-house and contracted work are not significantly different. The current annual
productivity rates in pounds or gallons were determined using the results of the TxDOT

research study, discussed before, as following:
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Productivity rate, hot pour crack sealing (both in-house & contracted)

2 lane-miles 800 Ibs. 250 workdays (400,000 Ibs.)
day X lane-mile * year - year

Productivity rate, cold pour crack sealing (both in-house & contracted)

3 lane-miles 55 gallons 250 workdays (41,250 gallons)
day X lane-mile * year a year

It is estimated that an ARMM system can enhance the current productivity by 20% due to
faster effective operating speed and reduced setup/removal times between widely spaced

cracks on long road sections. Also, a 90% efficiency rate was used to account for the

unexpected breakdowns for 10% of the time. Hence, the rated capacity of the automated

crack sealer was estimated as following:

ARMM productivity rate, hot pour crack sealing (both in-house & contracted)

(400,000 Ibs.) 432,000 Ibs
bs) 120 x 090 = 432:0001bs

year year

ARMM productivity rate, cold pour crack sealing (both in-house & contracted)

4 4
(41,250 gallons) % 1.20 x 0.90 = (44,450 gallons)
year year

Number of Automated Crack Sealers required for Texas: The total number of ARMM

systems required for Texas were determined for the four basic cases as following:

e
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ARMM systems required for in-house work with hot pour materials

(2,309,041 Ibs.)
(432,000 Ibs.)

= 5.3 or 6 systems

ARMM systems required for contracted work with hot pour materials

(6,172,000 Ibs.)
(432,000 Ibs.)

= 14.3 or 15 systems

ARMM systems required for in-house work with cold pour materials

(144,706 gallons)
(44,550 gallons)

= 3.2 or 4 systems

ARMM systems required for contracted work with cold pour materials

(36,333 gallons)
(44,550 gallons) ~ 0-8 or 1 systems

Total number of ARMM systems required for Texas = 24 to 26 systems

Sensitivity Analysis : The following Minimum Attractive Rate of Return (MARR)

scenarios were used for the sensitivity analysis:
In-house scenarios, MARR range = 4%, 6% and 8%
Contracted scenarios, MARR range = 20%, 25% and 30%

User-Costs: Lane closures due to crack sealing work on highways reduce the capacity of
the highway, and hence result in additional fuel consumption, delays, harmful emissions,

and higher operating/other costs of the vehicles. For determining the user-cost savings for

typical crack sealing operations, a case study was performed for the 20 mile segment of




Interstate 35 between the cities of San Marcos and New Braunfels. This is a four lane

segment with a consistent ADT of approximately 55,000 throughout the section length.

The percentage of trucks on this segment is estimated to be 20% due to the inter-city

nature of the highway.

A typical one lane closure was considered for both the conventional and automated

operation. The user-costs for a conventional crack sealing operation from 8 AM to 4 PM,

including an hour both in the morning and evening as setup and removal time, were found

out to be $10,625 from the QUEWZ-E model. With a 20% estimated reduction in the

closure time or 1 hour due to the expedited ARMM operation (8 AM to 3 PM), the user-

costs came out to be $8,368. To determine the number of crack sealing operations on this

section, an "operation" was defined as one-lane mile of crack sealing. Using this definition,

the annual number of these operations on this segment were estimated as following:

(20 x 4 lane-miles) (13,893 operations) 6 operations
(183,550 Texas lane-miles) * year B year

This data was then entered into the spreadsheet to determine the life-cycle savings from

the users and TxDOT or private contractors perspectives, for this project.

Results of Economic Analysis: The detailed output of the economic analysis, from the

computer spreadsheet, are given in appendix B. Figures B.1a & B.1b provides results for

in-house hot pour crack sealing, figures B.2a & B.2b for contracted hot pouring, figures

B.3a & B.3b for in-house cold pour, and figures B.4a & B.4b for contracted cold pouring.

The ARMM can offer significant savings for both TXDOT and private contractors (with
much higher MARR than TxDOT) for the cold pour than the hot pour crack sealing. The

basic reason behind this is that the most significant savings of the ARMM system are from

T
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the reduction in labor, and the cold pouring has a much higher share of labor in the total

expenditures (60.70% for cold pour verses 46.14% for hot pour).
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Another major finding of this research is the amount of user-cost savings which can result
from the ARMM system. Crack sealing by the ARMM on a small segment of Interstate-35
alone (0.04% of all the crack sealing operations in Texas, 6/13,893) can result in so

significant user-costs savings that even an ARMM system with no direct maintenance cost

savings is also feasible(Osmani, 1994).
6.3  Qualitative Analysis

There are many intangible or qualitative benefits of the ARMM system. These include
improvements in concerns including safety, quality, working environment, etc. The
working environment will see improvements by reducing noisy, dirty conditions and
limiting meticulous, exhaustive activities. Improvements in safety are numerous especially
the reduction in health hazards and the potential for physical injuries for the work crew.

The improvement in project quality is also expected.

A qualitative analysis of the benefits of ARMM system was also performed using the tools
developed from the ARME model (Osmani 1994). The ARMM system scored a high
Overall Concern Rating number of 8.4 on a 0 to 10 scale. Hence, it can be safely
concluded that this system is very desirable from the qualitative perspective in addition to

the economic perspective.
6.4  Environmental/Energy Analysis

The estimated reduction in the emissions and fuel/oil consumption on the case study were
also reported by QUEWZ-E model. These results are shown in table 6.4. As can be seen
from this table, the emissions and fuel/oil consumption decreased between 15% to 23%;
and hence it is estimated that very significant reductions in these variables will result if the

ARMM system is implemented on the state level.
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Several scenarios for the implementation of the ARMM system, from both the TxDOT

and private contractors' perspectives were analyzed in this evaluation study. In every

scenario of the economic analysis, the system proves to be very feasible. Also, the user-

cost savings of this system are tremendous as can be seen from the case study for typical

crack sealing operations on an interstate highway. Moreover, in both the qualitative and

environmental/ energy analysis, the ARMM system came out to be very feasible.

If the ARMM systems are implemented at the statewide level, the direct savings are
estimated to be $2.43 million for the TXDOT (4% MARR) and $2.64 million for the

private contractors (20% MARR). The total user-cost savings are estimated to be $11.0 | g

million for the 3229 miles of the interstate highways in Texas. Also, the actual user-cost

savings would be much higher as the savings on urban freeways, farm-to-market roads,

and secondary roads, etc. are not included in this $11.0 million estimate. The analysis is,
however, limited in scope due to the development stage of this ARMM system. But,
automation of crack sealing is inevitable: the economic benefits are numerous besides the

very significant improvements in qualitative, environmental and energy concerns.

\ : TABLE 6.2 Reduction in Environmental and Energy Factors for the Case Study

Conventional | Automated Reduction
| Operation Operation (%)
| Carbon-monoxide, CO 574 432 191
(Kgs.)
it Hydrocarbon, HC (Kgs.) 5.8 4.8 20.8
i Oxides of Nitrogen, NOx 16 13 231
(Kgs.)
| M Fuel Consumption (Gallons) | 1404.1 1179.9 19.0
| \ - Oil Consumption (Gallons) 387 336 151

‘ :
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6.5 Conclusions and Recommendations
The feasibility of implementing an Automated Road Maintenance Machine (ARMM)

system in Texas was evaluated using the ARME model's technology evaluation phase.

In evaluating the feasibility of an ARMM system; estimated maintenance cost savings,
user-cost savings, reduction in emissions/energy consumption, and the improvements in
the qualitative factors (safety, quality, working environment, etc.) were determined.
Several scenarios, from both the TXDOT and private contractors' perspectives, were
analyzed; and in every scenario the system proved to be feasible for all the analysis

parameters (economic, qualitative, environmental and energy).

If the ARMM systems are implemented at the statewide level, the total life-cycle direct
savings are estimated to be $5 million with $2.43 million for the TxDOT and $2.64 million
for the private contractors. The life-cycle user-cost savings are estimated to be $11.0
million for the 3229 miles of the interstate highways in Texas, and the total user-cost
savings would be much higher as the savings on urban freeways, farm-to-market roads,
and secondary roads, etc. are not included in this estimate. Savings could exceed

hundreds of millions of dollars nationwide.

As the productivity and cost of the ARMM are more accurately determined in the

upcoming year, economic analysis results can be adjusted.




7.0  Control Loop of The Automated Crack Sealing Process

7.1 Introduction

The field prototype system developed by the University of Texas at Austin is a unique

system which has the potential to greatly reduce the hazards currently associated with the

crack sealing process. The operation of the automated crack sealer includes several

different steps. First, a computer imaging system is used to detect cracks to be sealed on

the roadway. The system operator identifies the crack location by drawing a line over the

crack image on a screen using a mouse, and the xy coordinates data of the drawn lines are

stored in a variable within the crack detection software. This information is processed and

fed to the motor controller which commands the xy table to follow the cracks and operate

the cleaning air and sealant valves. A drag behind squeegee is included to flatten the

sealant and rotate the sealing turret. The entire equipment system is then moved to the

next crack location and the process is then repeated. Figure 7.1 shows the physical

configuration of the ARMM system.

7.2  Tele-Operation Architecture

Man-Machine Interaction

The automated pavement crack sealer was originally designed to be fully automated (Haas

1994). To detect and map cracks in the machine’s work space, the crack networks have

to be represented in a form that can be processed by an algorithm. Several algorithms to

automatically analyze the pavement image features and accurately select the crack

locations have been proposed and experimented with during the last few years. However,

it was found that automatically identifying cracks in the pavement could not be done in

real-time. This was due to the fact that the vision system can be mislead by oil marks, skid

marks, previously sealed cracks, and other noise that is inherently found in video data

using computer vision. The range sensor could distinguish real cracks from rutting and

sealed cracks by range information. However, the range sensor took much time to scan a
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work space, and data fusion of multi-sensors made the data analysis more complicated
slowing down the data processing. Thus, it was identified that the autonomous crack
detection methods proposed were technically feasible but time consuming. Therefore, an
operator had to be brought into the control loop (Haas 1994) in an effort to solve the
problem. As a result, the current automated crack sealer combines computer vision and
operator identification of the cracks to be sealed in order to map their exact location in the
machine’s work space coordinates. Figure 7.2 briefly describes the process flow for
computer assisted tele-operation of the automated crack sealer. The resulting tele-
operation architecture involves several steps including: (1) image acquisition, (2) crack

detection and mapping, (3) path planning, and (4) manipulator and end effector control.
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Figure 7.1 Physical Configuration of the ARMM System
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Crack Detection and Mapping Process
To capture and process video image of the cracks in the machine’s work space, a

commercial image capture board is added to the PC. The DT3852 board manufactured by

Data Translation allows the user to access the image data in the buffer to process it. Two

commercial security cameras acquire live pavement surface images which are shown on a
touch-sensitive video display. The system operator uses these images to manually locate
| the cracks by tracing over them on the video screen. An example of what the monitor

displays is shown in Figure 7.3.

Figure 7.3 Crack Mapping

58



Connected line segments aré drawn over the pavement image for each crack as it is traced
to provide feedback to the operator as to the accuracy of his tracing (Greer 1996). Once
this is done, an automated fine tuning routine, the Rotating & Bounding Box Algorithm, is
started. It uses a small moving rectangular box to search an area perpendicular to each
line segment for the middle of the crack. The Rotating & Bounding Box Algorithm moves
the line segment to the middle of the box that was found to be the darkest (lowest average
pixel value), since the cracks are dark (0’s: Darkest and 255°s: Brightest). Noise is
compensated for since the average pixel value for the entire box is used. Once the fine
tuning algorithm is complete, an update drawing of the line segments is performed to
allow the operator to verify they represent the cracks that need to be sealed (Kim 1996).
The obtained graph structure are then directly used for efficient traversal plans of the
automated crack sealer. As the cracks are being sealed, live video updates provide visual

feedback that the cracks are being sealed properly.
Path Planning and Machine Control

The path planning procedure can be divided into two major steps: (1) Path Planning using
a Greedy Algorithm, (2) Generation of X'Y-Manipulator Control Command in order of the
generated path. Chapter 8.0 and 9.0 of this report thoroughly explain the path planning

methods.

The optimal motion planning of the automated pavement crack sealer is a very important
task. Compared to conventional crack sealing operations, enhancing the operating speed
in an automated crack sealer is a significant and critical factor for overall project success.
Effective crack detection and mapping, generation of more efficient paths for crack filling,
and optimal XY-manipulator control is one of the major tasks required to accomplish the
desired operating speed. Generally, the following three major tasks are performed
sequentially by crews in conventional crack sealing operations: (1) Identify the cracks to
be filled on the road, (2) Blow clean and fill the cracks with compressed air and sealant,

respectively and (3) Squeegee clean filled surfaces and cover with sand or other materials.
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Generation of an efficient path for crack filling is related to Tasks 2 and 3 which take the

most time in the crack sealing operation. Thus, minimizing operating time, by generating

more efficient paths for an automated crack sealer, is a very important factor. The path

planning software developed uses a greedy path planning algorithm in an effort to provide

a feasible solution for paths in automated crack sealing. Then, the path generation results

are used as an input data for the machine control.

7.3  Overall Strategy for the Tele-Operated ARMM

A revolutionary approach was used in an effort to provide more user friendly crack

detection and sealing environment. Manually drawn lines on the video monitor were used

to guide the crack sealer over the crack, however a lack of hand eye coordination

introduces errors in this approach. To solve this problem, the developed system employed

a remote, graphically controlled system with machine vision software to assist in centering

the manually drawn lines along the crack spines. The machine vision system is able to

quickly move the manually drawn lines closer to the actual crack locations. Two optional

control strategies also have been experimented with during this project period. Those are:

(1) Line adjustment and (2) Automated path planning. The automated road maintenance

machine system also uses an xy table manipulator to move blowing, sealing and squeegee

tools over the crack. It now has four major components: (1) a vision system for detecting

and mapping cracks to be filled, (2) line adjustment software to adjust the lines closer to

the actual crack locations using machine vision, (3) path planning software for generating

a path that efficiently traverses the identified cracks, and (4) a motor and effector control

system for the xy manipulator used for blowing, filling and squeegee the cracks.
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8.0 Logic and Description of Path Planning Software

8.1. Background

In general, cracks must be abstracted into a representation that can be acted on by
automated planning and machine vision algorithms. Cracks in pavement exhibit
macroscopic morphological properties of connected and disconnected graphs, however in
their digitized form at the pixel level they are highly noisy and unstructured. Options for
converting from a digital image to a graph representation include manual input and
bitmap-to-graph conversion after preprocessing. The first version of the path planning
software developed in summer of 1995 included the bitmap-to-graph conversion process.
Its data structure has been described in detail elsewhere (Kim 1995). This chapter
illustrates the logic and description of the 2nd version of the path planning software that is
recently developed. Although the 1st and 2nd version of the path planning software use
basically same greedy algorithm, there have been significant changes in the data structures.
In fact, the bitmap-to-graph conversion process is not necessary in the path planning
process of the ARMM, since a graph structure for path planning can be constructed
directly from the results of the operator input and the automated line snapping. Such
crack networks are now represented as a disconnected graph . Each crack segment is thus
represented as an edge with exactly two vertices without any branch. This makes the
traversal plan of the ARMM much simpler. As a result, the 2nd version of the path
planning software could substantially reduce its computational time and load by
eliminating bitmap-to-graph conversion process from the path planning loop. Finally, next

section describes in detail the logic and description of the developed code.
8.2. Logic and Description of the Code
The path planning software [2nd version) uses a greedy algorithm in which the end

node point of a current component (Here, component means a crack line in a given image,

and again, one component has only two node points, the start node point and the end node
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point) seeks its closest node point that exists in other components for traversing next to be
filled. First, to generate the shortest path in a given crack image, the program reads its

crack data from a global array, snap_out( crack ] which is storing the x-y coordinate pairs

adjusted by the line snapping process using a localized crack detector. At the same time,

the indices of all of the node points searched from the snap_out[ ] are stored in turn within
an integer array, Node Points[ ]. Then, a correct path order by the proposed greedy
algorithm is determined through the distance comparison among the node points stored in
Node Points[ ] (Such searching process for the distance comparison is always started
from home point(0,0)), and indices of Node_Points[ ] in the generated path order are then
stored within an integer array, Visited Order[ ]. Finally, all the x-y coordinate pairs in the
generated path order are stored in a global array, path out][ ]. The x-y manipulator
control command is later created from this path_out[ ]. Figure 8.1 through 8.6 illustrates
in detail the data structures of the developed path planning software. This program aiso
includes the function which is for printing out 1)the path generation output, 2)the total
traversed distance, and 3)the program execution time. This function is optional, and are
used for some experimental purposes. More detailed description of the path planning

algorithm is commented within the code.
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Figure 8.1. Disconnected Graph Representation for Path Planning
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Figure 8.4. path out] ] Creation Process using Indices
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PATH GENERATION RESULT

path_out[ ]
X Y
[0]
[1] x1 y1
RI| 2 | »
BI| © | w

"-1" indicates that above x-y coordinate
pairs, (100,5) is the end node point of a
component and the next coordinate

pairs, (100,10) is the start node point of
a new component. Thus, the

manipulator knows there is no point to

be traversed between (100,5) and
(100,10)

[8] x5 y5
[g] x4 y4
2" indicates that this is the end of an [1 0]
array. Thus, path planning process is
finished. Then, start the table control [11
based on this result.

Table Control

Figure 8.5. Path Generation Result
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<Storage process of x-y coordinate pairs by the drawing order>
:stored in snap_out{ ] as [(4,5) ~ (100,5) —-> (4,10) ~ (100,10)]
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<Storage process of x-y coordinate pairs by the path generation order >
stored in path_outf] ] as [(4,5) ~ (100,5) —> (100,10} ~ (4,10)]

Figure 8.6. Storage Process of x-y Coordinate Pairs in snap_out[] and path_out[]

More detailed description of the developed greedy path algorithm are shown in Chapter
9.0.




9.0 Path Planning for a Machine Vision Assisted, Tele-Operated

Pavement Crack Sealer

9.1 Path Planning Algorithm For the Automated Road Maintenance Machine

There are many different types of crack shapes on the road, with occasionally complex
morphologies. Possible paths can easily exceed 1 million (Haas 1994). Objectives include
minimizing distance and value switching. Thus, it is very difficult to generate an optimal
solution method that can be applied efficiently. Generation of optimal paths is outside the
scope of this project, but should be performed in the future for benchmark comparisons.
Presented is a greedy algorithm which v;zas implemented and tested. The primary objective
of the algorithm was to find a feasible solution that generates an efficient path for the

automated crack sealer, guaranteeing traversal of all cracks in a work area.
9.2  Need for Greedy Path Generation

Generally, a greedy algorithm takes an action that seems the best at the given time without
any consideration of future actions. The advantage of a greedy algorithm is that it can
save the time which may be wasted by looking for future actions. The greedy algorithm
has been applied to a wide variety of problems where achieving an optimal solution is
computationally excessive. However, the essential problem of the greedy algorithm is that
the proposed greedy method does not yield optimal solutions under all situations.
Therefore, the greedy method is preferred in a case where an optimal solution is hard to be
found, if all possible situations and problems are not considered and analyzed for a given
problem, or where there is an obvious way to determine a feasible solution, but not
necessarily an optimal solution. When this occurs, it can be more reasonable to establish
an appropriate greedy algorithm for a given problem than to find its optimal solution,

because it will obviously require too much time and effort. The best solution in this case is

to seek a greedy algorithm which is capable of providing a near optimal solution, and




sometimes an optimal solution. Surprisingly, it has been proven that greedy algorithms

have yielded optimal results in many circumstances.
9.3  Automated Path Planning Process

The path planning software employed a greedy algorithm in an effort to provide a feasible
solution for paths in automated crack sealing. The primary objective of a greedy
algorithm is to find a feasible solution that generates an efficient path, ultimately the
shortest path for automated crack sealing, while guaranteeing traversal of any kind of
crack morphologies in a given crack scene. It is anticipated that the algorithm described in
this report may eventually have broader applications in infrastructure maintenance and in

welding operations. Its simple algorithm is described as follows:

- Seek the closest vertex on an active list and stop if the active list is empty, otherwise
- Traverse the link between the vertices, and if it is a crack edge, then remove it from the

active list.

The graph which has already been constructed through the graph conversion process is
used as an input data for the path planning process. In other words, the graph
representation is considered the active list. In the path planning software, the program
sets the closest vertex from the home point (0,0) as a start vertex for actual path
generation. So, the current pointer moves from the home point to the start vertex. Then
the adjacent vertex is sought. From the adjacent vertex the next closest vertex is sought,
and the process is repeated (Figure 9.1). Figures 9.2 and 9.3 graphically contrast implicit

and automated path planning. Figure 9.3 illustrates the potential advantage of automated

path planning.
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Figure 9.1 Flow Chart of Path Planning Process for Disconnected Graph
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Figure 9.2 An Example of Implicit Path Planning using Mouse
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Figure 9.3 An Example of Efficiency Comparison using Total Traversed Distance

9.4 Efficiency Experiments

Automated Path Plan vs. Implicit Manual Path Plan

A study was conducted to compare the efficiency of the automated greedy path plans with
the implicit path plans. Here, implicit path plan is defined as the drawing sequence of the
operator when he is not explicitly trying to generate an optimal path. The current
automated crack sealer can be manipulated by both automated path plans using the
proposed greedy algorithm and implicit manual path plan. To describe the trade-off

between the automated path plans and implicit manual path plans, figure 9.4 is included in
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this chapter. The upper time line in the figure 9.4 shows that the automated path plan is

an optional function in the automated crack sealing process.

Optional Optional

/_&\ 7 N

For quality For duration
of work of work
/—/g

Generate Graphical Representation

Move Map Adjust 1 oo ack Map

Equipment Cracks Lines

Generate Graphical Representation

Move Map Adjust | e orack Map

Equipment | Cracks Lines

If e +f <g then automated path planning is a net benefit to the process

Figure 9.4 Time Sequence and Constraints in the Tele-operation Process Flow

To verify that the automated path plan is feasible for the automated crack sealing, both

approaches were computationally compared in terms of time and distance. That is;

If the processing time and distance of ‘e’ and f’ is less than those of ‘g’ (Te+Tf < Tg)
Then the automated path plan will be an obvious net benefit to the automated crack

sealing process.



Computational Efficiency Comparisons

A survey was conducted in order to compare the computational efficiency in both
approaches. For this survey, twenty real crack images from the vision software were
prepared and distributed to each of five participants in this survey. An example test image
is presented in Figure 9.5. The five respondents consisted of project members involved in

the automated crack sealer project who understand the objectives and procedures of this

survey.

Figure 9.5 Example Test Image

From this survey, it was revealed that a system operator who draws the lines over a crack
image using a mouse usually generates the path of a crack from the left-hand side toward

the right-hand side. Generally, the system operators drag the mouse over a crack image




based on their intuition. Thus, there can be several path generation solutions by each
different user in this approach. That is, the difference between both approaches is in the
path information generated for the x-y manipulator. The developed path planning
software automatically provides users with information of the total traversed distance and
the software running time required to generate the path for the automated crack sealer as
well as the each edge length of the tested crack morphology. The length (idle length)
required for moving only the machine without edge tracking in the implicit path planning
method can be simply obtained through a Cartesian coordinate calculation. As a resul,
the total traversed distance of the x-y manipulator for each crack image in both
approaches can now be compared computationally. From this information, the total
traversal time required for the x-y manipulator in each approach can also be estimated and

compared as Figure 9.3.

The result of the efficiency comparison revealed through the software testing and the
implicit path planning survey for twenty crack morphologies from vision software are

summarized in Table 9.1.

Table 9.1 The Result of Efficiency Comparison between the Automated Greedy
Path Planning Method and the Implicit Path Planning Method

r1I’roposed Total Traversed Distance
Method (Idle Length + Edge Length of Crack)

Automated 12,225 Pixels / 20 Crack Images
Implicit 14,300 Pixels / 20 Crack Images

Automated 611.26 Pixels / Crack Image

Implicit 715.01 Pixels / Crack Image

The results report the total traversed distance of the x-y manipulator required for filling all

of the twenty tested crack images by the greedy method to be 12,225 pixels, while 14,300




pixels were required for the x-y manipulator in the implicit path planning method. For a
better comparison of the total traversed distances mentioned above, this research
attempted to translate the total number of pixels traversed by the x-y table in each
approach to centimeters. Relatively small 200 x 200 array size was utilized for the
experimental purpose. Figure 9.6 briefly describes the conversion process and the

approximate work area of the automatic crack sealer that was assumed for this calibration

process.

Based on the results of the calibration process, the total traversed distance required to fill

all of the tested crack images in each approach is converted to centimeter as follows:

- Total Traversed Distance / 20 Crack Images

Auto. : 12,225 Pixels x 1.25 cm =15281 cm=15281m
Implicit: 14,300 Pixels x 1.25 cm =17875cm=17875m
Difference: (17,875 - 15,281) cm =25937cm=2594m

- Traversed Distance / Crack Image

Auto..  611.26 Pixels x 1.25 cm =764.08 cm
Implicit: 715.01 Pixels x 1.25 cm =893.76 cm
Difference: (893.76 - 764.08) cm =129.7cm=130m

The difference in the total traversal time it would take the manipulator to fill all twenty of
the crack images is estimated for both approaches (See Table 9.2) based on the above
results. This is easily calculated using the velocity (17.28 c¢cm / second) of the automatic
crack sealer and the difference in the total traversed distances for each method:

Velocity of the automatic crack sealer = 17.28 cm / second

Difference in the total traversed distance of each approach = 2,593.7 cm
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Therefore,

2,593.7 cm/ 20 images

AT = = 150 seconds / 20 images = 7.5 seconds / image

17.28 cm / second

The average time to complete a bitmap-to-graph conversion was 0.67 seconds per image

using a 486 PC, whereas the time required to plan paths was about 0.12 per image. This

time has since been reduced significantly. In reference to Figure 9.4, it is clear that the

time required to automatically compute the path plan is much less than the time saved and

thus well worth the effort.

Table 9.2 Result of Efficiency Comparison for 20 Crack Scenes

- e—— m— —

< Total Traversed Distance Total Traversal Time

Implicit 17,875 cm 18 Min.

Automated 15,281 cm 15 Min.

2,593.7 em 3 Min.
Difference =25.94 m / 20 Images = 180 Seconds / 20 Images =

9 seconds / Image

= ——
e —— — — —

9.5 Conclusions

In conclusion, the advantage of computing a path plan rather than relying on implicit path

plans is clear. Recent field trials of the full scale crack sealer appear to support this

conclusion as well. While completely autonomous and reasonably accurate crack

recognition and mapping have been demonstrated in previous studies to be technically

possible (Haas 1990, Haas 1996, Gharpuray 1993), until new solutions or technologies are




available, complete autonomy is undesirable for automated crack sealing in the field.
Humans are superb at picking signals and patterns out of a noisy background, so allowing
the operator to point out the existence and location of a pavement crack uses human
abilities to advantage. Humans are not as good at making numerous calculations, so using
the computer to compute a short path uses its capabilities to advantage. Using machine
vision for line snapping can also compensate for imperfect human hand-eye coordination.
Experiments with the crack sealer have determined these functional balances for economic

field operation.
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10.0 Line Snapping Software

10.1 Crack Detection and Mapping

The crack detection and mapping process of the automated crack sealer can be divided
into several steps. To capture and process video image of the cracks to be sealed in the
machine's work space, a commercial image capture board is added to the PC. The
DT3852 board manufactured by Data Translation allows the user to access the image data
in the buffer to process it. Two commercial security cameras acquire live pavement
surface images which are shown on a video screen. The system operator uses these
images to manually locate the cracks by tracing over them on the video screen. Connected
line segments are drawn over the pavement image for each crack as it is traced to provide
feedback to the operator as to the accuracy of his/her tracing. Then, the connected line
segments are stored in an array of vision software which is called out[]. Once this is

done, an automated line snapping algorithm is started.

10.2 Automated Line Snapping Algorithm

The line snapping algorithm which is called "Rotating & Bounding Box Algorithm
(RBBA)" uses the connected line segments that are traced by the system operator and
then are stored in out[] of vision software. The main purpose of this program is to
improve the approximation of the user-input points to be closer to the actual crack lines
to be sealed by bounding a small rectangular box along the normal between two points, a
connected line segment. “That is, the RBBA uses a small moving rectangular box to search
an area perpendicular to each line segment for the middle of the crack. The search range of
the bounding box is £ 10 pixels from the position of each line segment, so that twenty one
boxes are created to identify the accurate crack locations to be sealed. Then, the bounding
boxes get the gray level values of all the pixels within each box from the buffer containing
the picture of the cracks and find the best box by comparing the total gray level values of

each box. Finally, it moves the line segment to the middle of the box that was found to be




the darkest (lowest average pixel value), since the cracks are dark (0's: Darkest and 255's:

Brightest).

The width and height of the buffer used is 640 x 480, respectively. It is anticipated that
noise can be compensated for since the average pixel value for the entire box is used.
Once the RBBA is completed, an update drawing of the line segment is performed to
allow the operator to verify they represent the cracks that need to be sealed. This
software documentation will present more detailed description of the RBBA proposed.

Below Figure 10.1 briefly describes the RBBA.

Initial
Rotating &
Bounding .
Box Drawn Line
Adjusted Line
Box with

Lowest

Pixel Value Actual

Crack Line

l. Rotating
a /. Bounding

g Ill. Searching
+10 Pixels

Figure 10.1 [lustration of Rotating & Bounding Box Algorithm
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10.3 Logic and Description of Code
The automated line snapping process is divided into five major steps as follows:

I. Creating 21 bounding boxes along the normal of each line segment.

I1. Getting the gray level values for all pixels that the created each bounding box
contains. |

I1I. Finding the best box by comparing the total gray level values of each box.
IV. Creating an array which is called snap_out[].

V. Moving the line segment to the middle of the best box.

The snap_out[] created by the line snapping software is then used as an input data for the
path planning software developed for the efficient path generation of automated crack
sealer. This software documentation will graphically describe the details of the RBBA

using a simple crack example presented in Figure 10.2.

Actual Crack
Line

User-Drawn Line

wo user-input
Points: out[i]
and out[i+1]

Connected Line Segment

Figure 10.2  Example of a Simple Crack




Functions for Automated Line Snapping

Table 10.1  Automated Line Snapping Functions and Their Descriptions
Function Description
line_snap Take out[i] and out[i+1] to create a box: main function

Find_Best_Bounding_Box

Find the best box by comparing the total gray level values

‘Determine_Angles

Calculate the parallel and normal along the x and y axis

Create_Bounding_Box

Calculate four comer points of each box to be created

Value_of Box

Return total gray value using “Value of Detect Pixs”

after ordering the 4 corner points

Order_The_Points

Order four corner points of each box in a desired sequence

swap_pts

Automatically swap 4 corner points after ordering

Box_Bounds

Detect the pixels for 4 boundaries of each box

Value of Detect_Pixs

Detect all pixels within boundary detectors and get total

pixel value of each box

get_value

Get gray level value of each pixel from buffer

Put_Bounding In_Snapout

Create snap_out[] for efficient path generation of ARMM

line_snap:

This is the main function of the line snapping software developed. First, “line_snap” takes

two user-input points which are shown on a video screen to create a small moving

rectangular box between the two points and tries to correct any larger error by the system

operator. Thus, this function searches two user-input points, out{i] and out[i+1], from

out[] of vision software. Then, it improves the approximation of the user input to be

closer to the actual crack locations to be sealed. This function also calculates time

(starting and ending time) required for the line snapping process in an effort to measure its

computational efficiency.
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Find_Best Bounding Box:

The objective of this function is to calculate and add up the gray level values for all pixels
of each bounding box from 10 pixels one way to 10 pixels the other way along the normal
of the given line segment. Then, it compares the total gray level values of each bounding
box and selects the best box that is found to be the darkest. Here, the dark values in this

function is the sum for the gray level values of all pixels that each bounding box holds.

Determine_Angles :

When two points that define the beginning and ending points of a line segment are given

from out[] of vision software, this function calculates the parallel and normal along the x

and y axis. These indicate the relative x and y values of parallel and normal to the crack

(based on a hypotenuse of length = 1.0). Figure 10.3 uses the example in Figure 10.2 to

demonstrate this function.




x_diff = 8-3 = 5.00 para_x = 8-3 = 5.00
y_diff = 1-3 =-2.00 para_y=1-3 =-2.00
hypot = sqrt(25+4) = 5.39 hypot = 1.00

x_diff = 5.00

para_x =0.93

A

y_diff = -2.00
para_y =-0.37

* Calculate the parallel to the box. Then,

the hypotenuse is normalized to 1.00

norm_x = -0.37

norm_y = -0.93

norm_x = -0.37

A

* This figure indicates when a small rectangular box bounds along the normal of the line

segment, ([3,3], [8,1]), x and y axis is decreased about 0.37 and 0.93 pixel, respectively.

Figure 10.3  Determine_Angles Function




Create_Bounding Box:

When two user-input points that indicate a section of a crack and the perpendicular in the

x and vy directions normalized to 1.0 by “Determine Angles” are given,

“Create_Bounding_Box” calculates four corner points of each bounding box. The height

of the bounding box to be created is fixed to 5 pixels (£ 2.5 pixel from the middle of the
box) but its width depends on the length of the given line segment. Thus:

bounding_box[0].x = (int) (x_norm * (-2.5 + offset_x) + onex); ptl.x=[7]
bounding_box[0].y = (int) (y_norm * (-2.5 + offset_y) + one.y);  ptl.y =[14]
bounding_box[1].x = (int) (x_norm * (-2.5 + offset_x) + two.x); pt2.x =[12]
bounding box[1].y = (int) (y_norm * (-2.5 + offset y) + two.y); pt2.y ={12]
bounding_box[2].x = (int) (x_norm * (2.5 + offset_x) + one.x);  pt3.x=[5]
bounding box[2].y = (int) (y_norm * (2.5 + offset_y) + one.y), pt3.y =[9]
bounding box[3].x = (int) (x_norm * (2.5 + offset_x) + two.x);  pt4.x =[10]

bounding_box[3].y = (int) (y_norm * (2.5 + offset_y) + two.y);  ptd.y=[7]




20 pixels
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[3,3]
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Figure 10.4  Create_Bounding Box Function

Value_of Box:

This function uses “Value of Detect Pixs” after ordering the four corner points (pt1, pt2,

pt3, pt4) in a standard way to determine the total gray level value for all the detected

pixels in a given bounding box.

Order_The_Points / swap_pts:

In every bounding box, ptl should be above pt3 and pt2. Also, pt2 and pt3 should
be above pt4. The detection for four boundaries (sides) of each bounding box is always

accomplished in order of ptl -> pt2 -> py4 and ptl -> pt3 -> pt4. This is described in
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more detail in “Box_Bounds.” Thus, the four corner points of each bounding box is

automatically swapped in the desired order by the “Order_The_Points” and swap_pts.”

pt4->pt2

if(ptl.y > pt3.y)
swap_pts(ptl, pt3);
if(pt2.y > ptd.y)
swap_pts(pt2, pt4);

pt3->pt1

pt2->ptd

if(ptl.y > pt2.y)
swap_pts(ptl, pt2),
if(pt3.y > ptd.y)
swap_pts(pt3, pt4);

pt3->ptd

Left side: Area encompassed by ptl, pt2,

pt3
Right side: Area encompassed by ptl, pt2,
pt3

Figure 10.5  Order_the Points and Swap_Pts Functions

When a system operator traces a crack image shown on a video screen using a mouse, L 3
he/she usually drags the mouse from left-hand side toward right-hand side. However, it is
also possible for the user to trace the crack image to be sealed from right-hand side

toward left-hand side. The RBBA can consistently handle both cases in a little different

38




manner but uses exactly same algorithm in both cases. Only difference in two cases is in
the creation order of the bounding box. The difference in box creation order between two

cases can be made by comparing Figure 10.4 and Figure 10.5, and Figure 10.6.

4 1stbox

created

[18][6)

e Best box

[17}9)

21 si box
created

Figure 10.6  Difference in Box Creation Order
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Box_Bounds:

“Box_Bounds” calculates the x-y coordinate pairs for the left and right side of each

bounding box which are determined by “Order_The_Points” and “swap pts”. That is, this

function detects the x-y coordinate pairs that represent the boundaries (four sides) of each

bounding box to be examined. As a result, it allows “Value_of Detect Pixs” to be able to

determine the total pixel values within the bounding box through the scan from one side to

the other side. The boundary detection process is always performed from ptl -> pt2 ->

pt4 (Left side) to ptl -> pt3 -> pt4 (Right side). Here, the ‘length’ indicates the number

of pixels detected in each side. Then, the detected pixels and ‘length’ are used as an

important information for “Value_of Detect_Pixs.” Below Figure 10.7 illustrates the

boundary detection process using the example presented in this software documentation.
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Figure 10.7 Bounding Detection Process

Value_of Detect_Pixs / get_value:

This function detects all the x-y coordinate pairs within the boundary detectors searched
by “Box_Bounds” along the x-axis. “Value_of Detect_Pixs” also gets the gray level
value of each detected pixel from “get _value” provided by vision software and calculates
the total pixel value of the given bounding box. Below Figure 10.8 graphically describes
the process for getting the total pixel value of the given bounding box along the x-axis.
More detailed description of this process is presented in the comments of the source code

of the line snapping software.
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Figure 10.8  Process for Obtaining Total Pixel Value

In calculating the total pixel value of the given box, this function assigns 255’s (white) for
pixels that are not included in the image amray size, [640 x 480). Finally, the total pixel
value of the given box is assigned to a variable, ‘Total’ and “Value_of Detect Pixs”
returns the ‘Total’ to a variable, ‘Box_Value’ in “Value_of Box.” Then, “Value_of Box”
returns the ‘Box_Value’ to “Find_Best_ Bounding_Box.” Once this is done, the returned
‘Box_Value’ is assigned to an array, ‘dark_values[]’ for the comparison with the total

pixel values of other bounding boxes to be created. These processes which have been




described are repeated until the best bounding box with the lowest average pixel value that
implies the exact location of the crack to be sealed is determined. Thus, the “Find_Best_
Bounding_ Box” (1) creates 21 bounding boxes along the normal, (2) compares total pixel

values of bounding boxes created and (3) finally finds the best box.

Then, the last step of the line snapping software is to create an array which is called
‘snap_out[]’ to be used as an input data for the efficient traversal plan of the automated

crack sealer and then move the line segment to the middle of the best box.
Put Bounding In_Snapout:

For the efficient path generation of the automated crack sealer, this function puts three
points (left, middle and right) of the line segment adjusted to the middle of the best box
into the snap_out[]. As shown in Figure 10.9, the line snapping software replaces the
right side point of current best box with the midpoint between the current point and the
left side point of the best box to be selected in next line segment. Casts are done to avoid
compile warnings.

Figurel0.9 and Figure 10.10 illustrates an example of the results which can be
accomplished through the software running. Here, it was assumed that the 10th box in the

given example was selected as the best box.

93



P Boundary detectors of - Boundary detectors of
left_ side right_ side

e

. i INBI[1] | This ending
< Ot Ty fy4— pointwill be
Pl ol 2 replaced

~L\\ A t/T e :
y. Points stored in -
snap_out[]: ;
1. starting point -
2. middle point
3. ending point

L l

Pixels detected by
"Value_of_Detect_Pixs"

Figure 10.9  Example Results
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Figure 10.10 Example Results




10.4 Added Features

I. Once the RBBA is completed, an updated drawing of the line segments is performed to
allow the system operator to verify they represent the cracks that need to be sealed. The
update drawing lines (adjusted line) of the line segment are shown in Figure 10.9 and
Figure 10.10. It consists of three points including a middle point of each line segment
while the connected line segments which are drawn over the pavement image for each

crack as it is traced have two points, beginning and ending point.

II. An algodtﬁm which is called “Rubber Band Algorithm” can be also used for the line
segments that are not properly adjusted by the RBBA. It is anticipated that the “Rubber

Band Algorithm” can maximize the effectiveness of the line snapping software.

III. The line snapping software automatically calculates time (starting and ending time)
required for the line snapping process in an effort to measure its computational efficiency.
A time unit of a microsecond was utilized to measure the computation time of the line
snapping software as accurately as possible. It can also print out all the x-y coordinate

pairs of both connected lines and update drawing lines.

10.5 Testing

This software has been tested on twenty real pavement images which are obtained through
the vision sensor. Followings include the tested images and the results. Finally, it is
anticipated that the algorithms described in this documentation may eventually have

broader applications in infrastructure maintenance, surface finishing, material handling and

welding.
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