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State highway agencies (SHAs) are tasked to provide short- to long-term plans for

developing and maintaining transportation infrastructure. In line with this task, often

multiple functional groups in SHAs are responsible for allocating funds from multiple

categories to a range of infrastructure assets on the same network—a situation that

demands highly effective platforms for collaboration. However, the use of heterogeneous

information systems challenges efforts to perform a spatial-temporal analysis of

candidate projects proposed by these functional groups. To address this challenge,

this paper proposes an integrated framework to improve the collaborative planning

of highway projects by SHAs. The major steps in the framework include budgeting,

identifying and integrating candidate projects, performing a spatial conflict analysis,

classifying conflicts, and developing a response action. These steps are repeated

iteratively until there are no unplanned spatial conflicts in the final program or scenario.

The proposed framework was implemented by developing a tool in a spreadsheet

environment via Visual Basic programming. The developed tool was first validated

via a Charrette test involving ten participants with a total of close to 40 years of

project management experience in cross-functional organizations. The second phase of

validation involved feedback from six agency experts after a case demonstration involving

340 highway projects. This study contributes to the body of knowledge by providing an

integrated platform for different functional groups in SHAs to collaborate more effectively.

Keywords: highway project, highway agency, cross-functional planning, conflict analysis, Charrette test

INTRODUCTION

Every year, state highway agencies (SHAs) in the United States oversee the allocation of billions
of dollars toward developing, expanding, and maintaining highway infrastructure (Arif et al.,
2015; Torres-Machi et al., 2017). Accordingly, SHAs are held accountable for making cost-
effective decisions on highway projects to improve the overall level of safety and ease of travel
throughout their respective networks (Yuan et al., 2017). There are three levels of decision-making:
strategic, network, and the project level (De La Garza et al., 2011; Chi et al., 2013). The strategic
level of decision-making, which is concerned with setting overarching goals and objectives for
the infrastructure network, often takes place at the federal or state level. A key component of
decisions taken at this stage is cross-asset resource allocation. This involves prioritizing funds to
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be allocated to different highway asset classes like pavements,
bridges, and road signs (Gharaibeh et al., 2006; Porras-
Alvarado et al., 2016). The network-level involves condition
assessment, performance modeling, program development, and
the allocation of a pre-defined budget amount (Gao et al.,
2012; Wu et al., 2012). This level of decision-making is
often undertaken by districts, city authorities, or metropolitan
planning organizations (MPOs). Project-level decision-making
often involves the analysis of different possible treatment
methods to evaluate and assess potential treatment alternatives
for the selected asset (Li and Madanu, 2009). This also
means selecting the best route location and design to meet
regional mobility needs. This study focuses on the network-level
of decision-making.

At the network-level, often multiple functional groups are
working in the same agency. These groups plan projects for the
same infrastructure network but focus on different functions
(Porras-Alvarado et al., 2016; France-Mensah and O’Brien,
2019), such as maintenance, operations, safety, capital planning,
and many others. The functional nature of SHAs is further
reinforced by functional-specific funds, planning practices, and
information systems. Thus, although these groups often use
shared information about the assets they plan for, the proposed
projects that are scheduled for these assets usually reside in
different databases or information systems (Le and Jeong,
2016; Le et al., 2018). Moreover, these information systems
are often incompatible because they were designed for group-
specific needs without accounting for interoperability. For
functional groups working on the same network, this siloed
setup can create challenges to effective information sharing and
proactive decision-making.

In addition to incompatible information systems, a defining
characteristic of infrastructure planning is that the information
generated is dynamic. For example, infrastructure assets can
begin deteriorating at a much faster rate than anticipated based
on a change in economic activity, environmental factors, or other
technical reasons (Ng et al., 2011; Menendez and Gharaibeh,
2017). Premature deterioration would necessitate the inclusion of
projects that were not initially present in the initial infrastructure
plan, causing a ripple effect on the priority list of planned
projects for a specified planning horizon. Thus, projects planned
earlier by other functional groups can be affected by changes
in the projects proposed by another group in response to new
developments on an asset. Another example of the dynamic
nature of infrastructure planning involves the funding aspect. If
funding for a capital project (such as widening a roadway from
one lane to two lanes) should become available, a previously
plannedmaintenance project (such as applying a seal coat) on the
same section would no longer be required. In general, changes
in asset information, highway funding, road user interests, and
other socio-economic factors can also affect the projects that
are executed during a plan period. Similarly if a previously
planned capacity addition project to meet the increased traffic
needs is delayed due to delays in the procurement of required
right-of-way (ROW), a preventive maintenance project or spot
treatment may be needed to keep the existing pavement in
fair condition while the ROW for the capacity addition project

gets acquired. This may cause diversion of funds from other
maintenance projects which may have a domino effect on the
overall maintenance plan for the year.

In such scenarios, inter-related projects and unintended
spatial conflicts can arise in the pool of projects proposed by the
various planning groups (Qiao et al., 2018). Inter-related projects
refer to those projects that are intentionally scheduled to occur
on a particular highway asset. For example, a spot base repair
project may need to be performed by the county maintenance
section before a preventive maintenance or light rehabilitation of
the surface course can be executed on the same asset. Similarly,
some maintenance projects might be scheduled to precede a
capital planning project planned for the same location (France-
Mensah et al., 2018b). Such inter-related projects highlight the
complex relationships between highway projects proposed by
multiple functional groups. On the other hand, spatial conflicts
can arise as well. For example, a capacity addition/reconstruction
project might be accelerated from a future date, in response to
rapid commercial developments in an area, and get scheduled
just after the completion of a preventive maintenance project that
was previously scheduled and executed within the same spatial
limits. If the spatial overlap had been identified, the preventive
maintenance funds could have been diverted to other needed
roadway sections. Such spatial and functional conflicts can lead
to ineffective use of limited highway funds.

In order to identify and manage these conflicts, it is important
to capture, process, and effectively manage project information
from multiple functional planning groups. With incompatible
and heterogeneous information systems (as shown in Figure 1),
capturing and managing such changes in highway project
information can be challenging. To counter these challenges
there has been a continuous increase in demand to develop
effective tools and procedures to integrate, manage and analyze
highway data (Parida et al., 2005).

In the past, efforts have been made to tackle some of these
infrastructure problems by visualizing the highway data using
a consistent spatial referencing system such as GIS (Medina
et al., 1999). Several DOTs like Washington State Department
of Transportation (WSDOT), Colorado State DOT (CDOT),
North Dakota DOT (NDDOT), Michigan DOT, Ohio DOT
have used GIS to visualize construction and maintenance
projects that are scheduled to take place in their respective
states (Hector-Hsu et al., 2012; Rydholm and David, 2015;
Colorado Department of Transportation., 2016; North Dakota
Department of Transportation., 2016). However, most of these
DOTs focused on using GIS to support either capital planning or
highway maintenance operation- rarely integrating information
systems from different functional groups.

In an earlier study, authors (France-Mensah et al., 2018b)
highlighted this shortcoming and developed ad-hoc connections
between agency project databases to fuse project information
from multiple information systems. A GIS-based visualization
was then developed to display projects proposed by the
maintenance and capital planning functional groups. However,
that study had several limitations. First, the solution proposed
was reactive, focusing on identifying potential conflicts among
projects after such projects were already approved and funding
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FIGURE 1 | Conceptual diagram of funding and disjoint information systems of functional groups in SHAs.

was allocated for them. Secondly, there was no consideration
of the dynamic nature of planning, allowing for the impact of
changes in project information that could arise from changes
in asset condition, funding, or political interests. Thirdly, there
was no consideration of decision-making constraints like funding
caps and project eligibility factors, which can influence decisions
about an infrastructure management program. Thus, the need
to develop an integrated process to handle the dynamic and
iterative nature of the planning process has been identified.
The need for an efficient integrated management practice in
transportation planning is explicitly exhibited in key federal laws
passed over the last few decades: Surface Transportation and
Uniform Relocation Assistance Act of 1987, the “Intermodal
Surface Transportation Efficiency Act of 1991 (ISTEA),” and
the “Moving Ahead for Progress in the 21st Century Act”
(France-Mensah et al., 2018b).

In this paper, an integrated planning framework is developed
to facilitate proactive and cross-functional planning of candidate
highway projects proposed by different functional groups
working in the same highway agency. The framework developed
is flexible enough to account for project information from
multiple groups and also allows dynamic analysis of the
ripple effects arising from changes in projects information.
Additionally, funding constraints and updated asset information
are accounted for as part of the spatial-temporal impact analysis
of candidate projects in the program.

METHODOLOGY

The primary objective of this paper is to develop and
implement a framework for the cross-functional planning
of highway projects by SHAs. In order to understand the
prevailing practice and the necessary information requirements,
two methods were employed (as shown in Figure 2). First,
interviews were conducted with seven subject-matter experts
(SMEs) who had been involved in maintenance, rehabilitation,
and mobility planning of highway projects. Six of the seven
experts were functional leads in operations, maintenance,
and capital planning groups at their respective departments.
These functional leads had each worked in the transportation
infrastructure domain for at least 15 years. The other SME had
about 8 years’ experience in infrastructure management and
a research-based advanced degree in the domain of interest.
The interview questions focused on understanding the current
cross-functional planning process, specific tasks and scenarios,
decision-making constraints, and the information needed for
projects coordination. After documenting the planning process,
the information requirements for cross-functional coordination
of projects was also extracted from open source projects data
from 39 highway agencies in the United States. Project data was
reviewed until data saturation occurred. According to Fusch and
Ness (2015), data saturation occurs when there is no additional
information gained with additional efforts of data collection.
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FIGURE 2 | Research approach to study.

Accordingly, the authors ceased the review of online projects
information from agencies after observing that a data saturation
point had been reached. The information extracted from the
online projects of multiple highway agencies were fused with
the cross-functional planning process to create a collaborative
planning framework.

The proposed framework was then implemented in a planning
tool that was used in an implementation case study. To evaluate
the usefulness, efficiency, and usability of the developed tool,
a number of validation methods were implemented. First, a
Charrette test (Clayton et al., 1998) was conducted to assess
the efficiency of the tool in comparison with the extant process
of cross-functional projects planning. The use of a Charrette
test is consistent with other infrastructure management studies
that implemented decision-making frameworks or informatics
(Gibson and Whittington, 2009; Kim et al., 2018). Building on
the raw test results, a statistical analysis of the test outcomes
was conducted to investigate whether the developed tool
improved the accuracy and speed of conducting tasks (i.e.,
to a statistically significant extent). Accordingly, the paired
t-test (parametric) and the Wilcoxon signed-rank test (non-
parametric counterpart) were conducted to ascertain if there
was a difference in the accuracy and speed performances of
participants while using the tool for cross-functional planning
tasks vs. otherwise. The Wilcoxon signed-rank test was used
in cases where the input datasets violated the assumptions
of the parametric test (Oyeka and Ebuh, 2012; Larsen et al.,
2015). Finally, six SMEs were involved in expert validation,
using the tool for cross-functional planning tasks and providing
feedback on the usefulness, usability, and completeness of
information needed.

INTEGRATED FRAMEWORK

An integrated framework for cross-functional planning of
highway projects is discussed in this section. The framework
focuses on the development of a cross-functional infrastructure
management program utilizing limited agency funds (budget).
In practice, the agency budget is often divided among several
functional groups and these functional groups are responsible
for developing their respective budget allocation programs (Lee
and Madanat, 2015; Zhang et al., 2017). These functional groups
have a siloed process of planning, and their information systems
are largely reserved for and specific to the respective group’s
needs. Nonetheless, these functional groups often plan projects
for the same assets on the network. Thus, it is important
to ensure that programs developed by different functional
groups are managed collaboratively, in order to detect planning
misalignments in the developed program due to conflicting
projects across functional silos. Accordingly, in this study, an
integrated framework (presented in Figure 3) is proposed to
facilitate cross-functional planning of highway projects. The
developed framework assists in identifying spatial-temporal
conflicts and provides a structured documentation for the
resolution of spatial conflicts. The framework consists of the
following steps.

Step 1: Identify Funding Sources and
Distribution of Available Budget
First, the various components of funding available to the
highway agency are identified and shown in the framework.
These components can be based on the sources of the funds
or the functional groups that are responsible for disbursing
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FIGURE 3 | Integrated framework for cross-functional planning of highway projects.

these funds. The proposed framework focuses on the latter.
The sources of funds can include federal, state, and other local
funding sources. Details about these funding sources and their
potential constraints can be found in France-Mensah et al.
(2018a). The components based on functional groups can include
maintenance, safety, bridge and capital planning funds. More
often than not, safety and bridge funds are integrated into the
other components of funding and thus are not represented
separately in the proposed framework. The available highway
funds are distributed among different functional groups like

maintenance, operations, mobility, etc. The distribution of these
funds is carried out based on the assessment of current network
performance, determination of future demands and funding
requirements, and the critical examination of the current level
of funding. This distribution of funds among different functional
groups is further guided by the overall vision, mission, and
the goals of the highway agency. Thus, the funds available for
allocation with each functional group in the highway agency is
determined at this step. In the framework, the funds available
with the capital planning group is represented as the capital
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budget and the funds available with the maintenance group is
presented as the Maintenance and Rehabilitation (M&R) budget.
This first step is presented to serve as a contextual background to
the framework and not necessarily as a core component of the
framework. Indeed, every agency is different, and the funding
dynamics of each agency may not necessarily follow the same
context as described.

Step 2: Identify Candidate Projects
(Performed by Functional Groups)
At this step, the functional groups carry out a network-
level analysis of the assets under their purview. A fiscally
constrained priority program consisting of candidate projects
and their planned schedule of work is then prepared. The
prioritization strategy used (for example, optimization, cost-
benefit analysis, worst first approach, etc.) varies across different
functional groups and SHAs (France-Mensah andO’Brien, 2018).
Using these strategies, the functional groups identify a list of
projects that needs to be prioritized while considering budgetary
constraints. Thus, at the end of this step, a list of candidate
projects from each functional group is made available.

Step 3: Integrate Lists of Candidate
Projects (Referred to as Scenario)
As pointed out earlier, it is essential to do a cross-functional
analysis of the projects from different functional groups.
Accordingly, this step involves the integration of candidate
projects proposed by different functional groups to prepare
a consolidated list of candidate projects (referred to as a
scenario). The lists of candidate projects prepared by functional
groups are often documented and stored in different databases
or information systems. Thus, there can be heterogeneity in
the semantics and structure of projects’ information received
(Woldesenbet et al., 2016). Hence, it is important to prepare an
integrated list of candidate projects that uses uniform semantics
for all the projects in the proposed infrastructure management
program. Multiple scenarios are often created in response to
changes in the plans of the different functional groups.

Step 4: Conduct a Spatial Conflict Analysis
A spatial conflict occurs when two projects are planned on
the same highway route and have overlapping project limits.
Figure 4 represents four possible cases of spatial conflicts that
might occur between two projects. Case 1 and Case 2 represent
the partial spatial conflicts that may occur between two projects.
On the other hand, Case 3 and Case 4 represent complete or
full spatial conflicts when the entire project length of a project
coincides with the project limits of another project. Since the
projects are obtained from different information sources, it is
important to standardize location information using a common
linear referencing system to represent the project limits of the
candidate projects, before spatial analysis is carried out.

Irrespective of the linear referencing system used, the location
of a project can be represented by using three parameters: the
roadbed ID (RDBD), the beginning point (BP), and the ending
point (EP). The RDBD represents the highway route on which
the project is planned and the corresponding direction of travel.

As the name suggests, the BP and EP are used to denote the
starting and ending spatial limits of the candidate projects under
consideration. The BP, EP, and RDBD of different projects can
be used to determine whether a pair of projects are spatially
conflicting with each other. The necessary conditions for the
respective cases are highlighted in Figure 4. The list of potential
conflicts is generated by checking the spatial limits of all pairs
of projects for these necessary conditions. Accordingly, if there
are n projects in the consolidated list of projects, an n × n
matrix is constructed to identify pairs of conflicting projects in
the program.

Step 5: Classify Conflicts
The observed spatial conflicts in Step 4 can be divided into
two categories: planned conflicts and unplanned conflicts. The
planned conflicts involve projects that were intentionally planned
to occur on the same section of the highway within the time
period specified in the program. Planned conflicts often involve
sequential and complementary highway projects. On the other
hand, unplanned conflicts are those that involve spatial conflicts
between two projects that were not planned to occur on the
same section of the highway. It is important to note that what
counts as planned vs. unplanned conflicts will vary from agency
to agency. To provide a practical explanation of how this works,
examples of these two types of conflicts are presented in detail in
the case study. Thus, in a nutshell, this step involves a preliminary
classification of conflicts into planned and unplanned conflicts
based on agency practices and experts’ judgments.

Step 6: Prepare Response Action
If there are unplanned conflicts in the list of candidate
projects, appropriate response actions need to be taken to avoid
such conflicts. The response action may involve modifying
project information or deleting the project completely from the
program. Modifying project information can include changing
the spatial limits of the projects, changing the temporal
(fiscal year) information, and/or changing the type of work
to be executed. This will ensure that unplanned conflicts are
avoided and planned conflicts are proactively scheduled to take
place sequentially.

The decision to modify or remove a project is governed
by several factors, and thus, decision-makers often need to
collect and analyze several relevant information items in order
to make an informed decision. The information referenced can
include the maintenance history; the accident data; the current
asset condition; the annual average daily traffic; and political
and socio-economic factors. Moreover, since the projects are
planned by different functional groups, it is crucial to identify
a responsible actor (for example, a manager or a functional
group lead) who will address these spatial conflicts and propose
resolution actions for the unplanned conflicts in the program.

Any modification or removal of projects affects the available
funds; additional funds, if any, need to be re-allocated by
the respective functional groups. Thus, it is important to
regularly update the remaining available funds. Consequently,
new projects may be added to an existing scenario of projects to
generate new scenarios. However, the addition of a new project
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FIGURE 4 | Configurations of spatial conflicts among highway projects.
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can spatially conflict with other pre-existing projects on the list.
Thus, it is important to carry out Step 2 through Step 6 iteratively
until the budget is fully allotted and there is no unplanned conflict
in the latest scenario of projects. Once the iterative process is
complete, the final agency program is generated, which can be
used by the agency for further approvals and project letting.

IMPLEMENTATION TOOL

To implement the framework, a planning tool was built to
support a proactive and cross-functional approach to planning
for highway projects. The tool was developed by using the
Visual Basic Application (VBA) programming language in
the Microsoft (MS) Excel environment. This commonplace
spreadsheet environment was chosen to ensure that decision-
makers were familiar with the implementation environment.
Additionally, the visualization component was implemented
in the ArcGIS R© environment using the ArcMap application.
The custom functions were developed using a combination of
Python codes (arcpy package) and the ModelBuilder application
in ArcMap. ModelBuilder is a user-friendly development
environment for automating geoprocessing tasks in ArcMap.
A link was created between the ArcMap environment and the
spreadsheet environment to support visualization capability.
Accordingly, the implementation tool has three main modules:
the main, conflicts coordination, and the GIS module. The main
and the conflict coordination modules were developed in an
spreadsheet environment while the GIS module, as the name
suggests, was implemented in the ArcMap environment. The
different modules and their contents are shown in Figure 5.

Main Module
The main module of the tool is the primary collaborative
platform. It contains a combined list of the candidate projects
from all relevant functional groups involved in project selection
within the agency. In addition to the project information, it
also supports custom functions for saving scenarios, performing
conflict analysis, and generating asset data. The project
information includes description, spatial, temporal, funding, and
actors’ information. Description attributes include the project
ID and a generic project description. Spatial attributes include
the highway name, the roadbed (main lane or access road),
reference points, and the direction of travel. Temporal attributes
also cover the fiscal year, proposed project letting dates, and other
key temporal milestones. Funding information covers the project
cost and the information about the projects’ respective funding
categories. Accordingly, the budgetary limits for each funding
category and the remaining funds based on the planned projects
in the list are also presented in this module.

In addition to the aforementioned attributes, themainmodule
also has several custom functions, including the “Save Scenarios,”
“Conflict Analysis,” and “Generate Asset Data” buttons. The
first button allows users to save a specific scenario of candidate
projects as part of the iteration process. The conflict analysis
function allows users to conduct inter-project conflict analysis
of all the projects that have been aggregated in the list. The
results of the conflict analysis are published in the “Conflicts

Coordination” module. As part of the conflict analysis, users
may want to generate asset data for contextual information
that is relevant to the decision to remove or reschedule a
project. Thus, the “Generate Asset Data” function allows users to
query for condition score data from the Pavement Management
Information System (PMIS). The condition score information
retrieved is also essential to confirm that some of the planned
projects are scheduled to cover “critical” pavement sections with
low condition performance. The information in the conflicts
coordination module is presented next.

Conflicts Coordination Module
After the conflict analysis is executed in the main module, the
results of the inter-project conflicts identified are presented in
this module. This module contains contextual information about
inter-project conflicts identified and documents a format for the
resolution actions to be taken. The context information includes
a unique conflict identifier (Conflict ID), highway name, the
project IDs, and the description of the conflicting projects. Spatial
information also includes computation of the conflicting length
on the pavement section. As shown in Figure 6, the conflicting
length represents the overlapping section on which the two
projects are scheduled to occur. Similarly, additional temporal
information involves the computation of the “Time Gap,” which
is the absolute difference in the fiscal years of the pair of spatially
conflicting projects.

Users can also input information for what the response
action should be, who should take that action (Responsible
Division/Manager), and what the current status of the conflict
is. Thus, based on the description of the conflicting projects and
other information, such as the time gap and conflict length, the
agency staff can input information on the responsible action,
response status, and the responsible division. Based on the
conflict analysis results generated by this module, users can make
changes in the main module, like deleting a conflicting project
or modifying its information. Modifying a project’s information
can include changing the spatial limits of the project, the
planned fiscal year(s), the project description, and/or estimated
costs. However, such changes may also lead to other spatial-
temporal conflicts in the plan and should prompt a re-run of the
conflict analysis function to ensure that no new conflicts were
introduced. Thus, this spatial-temporal conflict analysis process
is a continuous, dynamic, and iterative process.

GIS Module
The primary purpose of the GIS module is to visualize a scenario
of candidate projects within a spatial context of the highway
infrastructure network. Users can visualize scenarios of planned
projects in the ArcMap component of ArcGIS. The visualization
functionality serves three major purposes. First, it allows users
to confirm the spatial extents of the planned projects in the
main module. For example, if the limits of a planned highway
project indicated that it fell in a county other than where it
was supposed to be, the user can quickly ratify this error in
spatial information. Accordingly, this module allows users to
confirm spatial conflicts in the list of candidate projects in
a scenario that is being visualized. This helps meet the need
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FIGURE 5 | Primary modules of planning tool.

FIGURE 6 | Description of conflicting highway projects and contextual information computed.
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FIGURE 7 | Detailed information on conflicts in Conflicts Coordination module.

for visual context to the decision-making process. Finally, the
overlay of candidate projects with other information, such as the
condition score ratings of the network, can aid decision-makers
in assessing whether critical (low condition score) sections have
been accounted for throughout the network.

CASE STUDY

This section describes the application of the planning tool to a
select case study involving the Fort Worth District of the Texas
Department of Transportation (TxDOT). The network for this
district includes nine counties, covering a total area of about
7,000 square miles and a total network size of∼9,000 lane-miles.
The scenario includes a spatial-temporal conflict analysis of
projects proposed by the maintenance functional group and the
capital planning functional group. To focus on the depth of the
discussion, a subset of the list of candidate projects is presented.

Context and Scope
In this case study, about 181 projects were proposed by the
capital functional group and over 159 projects were proposed
by the maintenance functional group. Project information
included fields such as fiscal year, unique ID, highway number,
project description, estimated cost, spatial limits and roadbed
information. The projects proposed by the latter group included
planning activities like the application of seal coats, pavement
leveling, milling, base repair, crack sealing, edge maintenance,
and pothole repairs. The capital planning group proposed
projects involving widening pavement sections, placing thick
(over two-inch) asphalt overlays, constructing interchanges,
replacing bridges, constructing ramps, and new construction
in general. Some joint projects in the preventive maintenance
category can be funded by both functional groups under
Category 1 of the 12 standard functional categories approved
for TxDOT’s Unified Transportation Plan (France-Mensah et al.,
2018a). Examples of such projects include seal coats, thin
overlays, andmicro-surfacing treatments. The current practice of
cross-functional planning involves members of both functional
groups having meetings to go over the projects for finalization

and potential conflicts. However, given the scale of the projects
described above (340 projects), it is statistically possible that some
spatial-temporal conflicts are either not identified or addressed
inappropriately. More importantly, changes in asset data and
planning information often lead to unanticipated changes in the
highway project information. This means that projects that were
hitherto conflict-free can become conflicting projects when their
spatial or temporal information is modified. To address this, the
developed tool allows agency personnel to accurately identify
such inter-project conflicts within their individual plans and in
the combined plan as well. The conflict analysis results from the
planning tool are further discussed below.

Conflict Analysis Results and Potential
Response Actions
After the conflict analysis was run in the planning tool, a total
of 73 inter-project conflicts were identified in the plan. This
list of conflicts excludes short-length (under 1mile) conflicts
and user-defined complementary projects concerning preventive
maintenance projects. The conflicts analysis module includes
information on the pairs of projects that were assessed as having
a spatial overlap in the plan. Relevant information provided
includes the project description, project IDs, and the highway
name of each pair of conflicting projects. To provide additional
information for the response to the conflicts, the conflict length,
and the time gap information is also presented. As explained
earlier, the time gap information is an algebraic computation
of the absolute difference in the fiscal years of the conflicting
pair of projects. Thus, as Figure 7 illustrates, Conflicts 2 and 10
have conflicting projects that are scheduled to occur in the same
fiscal year. Similarly, Conflicts 3 and 10 have conflicting projects
that span over 9 miles of roadway, as indicated in the conflict
length column.

To explore how this contextual information can be used to
support the decision-making process, a select number of conflicts
will be discussed further. To begin with, Conflict 1 occurs
on the highway (US0180) between projects with IDs 709020
and STFFTW2018043731. The difference in the format of the
project IDs is because the former was proposed by the capital
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planning group while the latter was proposed by the maintenance
functional group. Thus, this is a cross-functional spatial conflict.
Note that the projects are scheduled to take place 2 years apart
and spatially overlap over 4.51 miles of roadway. Interestingly,
the descriptions of the conflicting projects also make clear that
they both include base repairs. Accordingly, without considering
other salient elements, performing these two projects in their
current sequence would be inefficient. However, if there are safety
concerns about the pavement sections in question, a preliminary
base repair project may still be allowed to take place before a
more intensive capital project involving hot-mix asphalt concrete
(HMAC) overlays are conducted. To assess such safety concerns,
generating the asset data on condition scores can be relevant to
the decision-making process. Thus, before a decision is made to
remove any one of these projects, a decision-maker would want
to generate this asset data. This explains this functionality in the
main module of the planning tool. Upon further investigation,
it is observed that project with project ID STFFTW2018043731
is planned in the fiscal year 2018 and the project is planned
for a length of 18 miles. On the other hand, the project with
project ID 709020 is planned in the fiscal year 2020 and the
length of the project is 4.51 miles. Analysis of spatial limits of

these projects highlights that the spatial limits of the project
709020 are encompassed within the spatial limits of the project
STFFTW2018043731.This is further corroborated by the fact that
spatial overlap (4.51 miles) between these two projects is equal
to the length of the smaller project. Since a project is planned
by the maintenance functional group on the same pavement
section in the year 2018, the capital planning group might decide
to delete the project it had planned in the year 2020. Thus,
the response action here will be to remove the project. The
removal of the project would free up the appropriate budget
available with the capital planning group. This, in turn, will give
them an opportunity to plan another project which could not be
planned originally due to funding constraints. This explains the
importance of having an element of budgeting in the integrated
planning framework. It is noteworthy that the addition of a new
project might lead to additional conflicts and it is important
to carry out the entire process iteratively unless all unplanned
conflicts are removed.

In contrast,Conflict 2 appears to be a planned conflict between
a seal coat project and a base repair project—base repairs are
occasionally planned as preparatory work for the application of
seal coats on roadways. They are both scheduled to occur on

FIGURE 8 | GIS Map representing the projects planned by maintenance and capital groups.
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the same pavement section with a conflict length of 3.41 miles.
Accordingly, the response action for this conflict would be “No
Action.” It will be treated as a planned conflict. While the seal
coat project is funded by the capital planning group’s budget,
the base repair project is funded by the maintenance group’s
budget. Thus, ensuring that the letting dates of these projects are
selected to create an optimal sequence of activities is essential.
However, if this conflict was not planned, the decision-making
process described for Conflict 1 will have to be followed again to
ensure that no safety issues arise when making modifications to
the projects’ information.

Conflict 10 is another conflict worth discussing. The project
IDs of the conflicting projects suggest that this is an intra-
functional group conflict because both projects are proposed
by the capital planning functional group. The two projects are
scheduled to occur in the same year and over 9.165 miles.
The first conflicting project involves an HMAC overlay and
pavement markings while the other project involves a milled
edge line and center-line rumble strips. Rumble strips are a
road safety installation that is used to alert inattentive drivers
that are drifting away from the designated lanes. Thus, here
again, these conflicting projects can either complement each
other or represent a genuine unplanned conflict. If these projects
are complementary projects, it will be important to ensure
that the time gap between these two projects is appropriate
to carry out these projects in an optimal sequence. If that is
not true, the response action would be to change the temporal
information (fiscal years) of these projects. The change in
temporal information would affect the annual budget utilized for
these fiscal years and that might trigger changes in the planned
projects. Thus, it is important to consider budget information
while taking these important conflict resolution decisions.

In summary, being able to document conflicting projects
and their corresponding contextual information allows decision-
makers the opportunity to identify, assess, and develop a response
action to these spatial conflicts. It is expected that sometimes the
response action can be doing nothing. However, in cases where a
genuine inter-project conflict exists, the planning tool provides a
structured way for the responsible actor to remediate the conflict.
The results and subsequent discussion of this case study confirm
the competency of the planning tool in its ability to support
cross-functional planning tasks in a real-world setting.

Visualization in GIS Module
The GIS Module was used to visualize the scenario of
candidate projects planned by the capital planning group and
the maintenance functional group. GIS Module can assist the
decision-makers to visually confirm the spatial extents of the
planned projects in the ArcMap component of ArcGIS. The
projects planned by the capital group (cyan color) and the
maintenance group (magenta color) in the case study are
represented on the district map using GIS (Figure 8). The
overlaps of the cyan color and the magenta color represents
highway locations where different functional groups have
planned projects on the same highway segment. Thus, spatial
overlaps (conflicts) existing in the current scenario of projects
can be visualized at a glance with the help of the GIS module.

Moreover, the decision-maker can click on any of these projects
and view the contextual information linked to these projects. This
will assist the decision-maker in making an informed decision
when resolving these conflicts.

Validation
This section details the validation processes that were employed
to assess the efficiency, usefulness, information completeness,
and usability of the developed framework and tool. The
validation processes included a Charrette test, performing
statistical analysis on the Charrette test results, and eliciting
feedback from SMEs after using the tool.

Charrette Test
The goal of a Charrette test is to determine whether a process is
performed better by using a proposed tool or by using a status
quo set of tools or processes. It is a “comparative empirical
method” that has been applied for the evaluation of processes
or tools as part of the design validation process (Clayton et al.,
1998). The proposed set of tools can be either computer-aided
or manual, and the overarching hypothesis is that the new tool
outperforms the existing practices or set of tools in performing a
particular set of tasks. More often than not, the speed and quality
of completing tasks or making decisions are used as proxies
for measuring the effectiveness of the proposed set of tools.
In this study, the speed and accuracy of generating contextual
information to guide cross-functional planning decisions were
the focus of the exercise.

The implementation context of the Charrette test involved
planning between two functional groups (maintenance and
capital planning) of a district of an SHA (TxDOT). Fifty
candidate projects were selected from each functional group,
resulting in a total of 100 candidate projects. For this cross-
functional exercise, 10 participants were chosen from a pool of
graduate students in the Civil, Architectural, and Environmental
Engineering Department at the University of Texas at Austin who
had industry experience (in all, these participants had a total of 38
years of project and/or infrastructure management experience).
This sample size is in accordance with prior studies that have
conducted Charrette tests on the use of tools for supporting
decision-making in the infrastructure management domain (Koo
et al., 2007; Kim et al., 2018). The participants were required to
correctly identify the 10 spatial-temporal conflicts that existed
among the candidate projects. Additionally, the participants were
required to extract two types of contextual information for each
identified conflict. The tasks assigned as part of the Charrette test
were as follows.

1. Identify spatial conflicts between pairs of candidate highway
projects in a four-year plan. The specific attributes to be
extracted included the conflicting project IDs, the project
description, and the highway name on which the conflict was
going to occur on.

2. Compute the conflicting pavement section length (i.e., the
overlapping section over which both projects are scheduled
to occur) as shown in Figure 6.
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TABLE 1 | Raw results of the Charrette test.

Participant ID Time in minutes

(without tool)

Time in minutes

(with tool)

Conflicts

identified (without

tool)

Conflicts

identified

(with tool)

Computed

information

(without tool)

Computed

information

(with tool)

1 43.68 1.82 9 10 16 20

2 36.57 1.08 9 10 17 20

3 30.5 0.92 7 10 13 20

4 26.43 1.5 9 10 18 20

5 59.12 1.5 8 10 10 20

6 41.05 0.5 10 10 20 20

7 27.64 0.5 10 10 20 20

8 42.75 0.55 8 10 10 20

9 46.5 1.33 8 10 14 20

10 32.05 0.49 10 10 20 20

Average 38.06 1.01 8.8 10 15.8 20

3. Compute the time gap (i.e., the absolute difference in the fiscal
years of the pair of projects that are spatially conflicting).

In the first experiment, the participants were required to
complete these tasks in a general MS Excel environment using
any commands or functions that they were familiar with—a
process representing the way practitioners currently perform the
task. In the second round, the participants completed the exercise
by using the developed tool for performance comparison. The
computer used in the study had a Windows 10 operating system
with an Intel Core i7-4710MQ CPU @ 2.50 GHz, and 16
GB of RAM. As mentioned earlier, the evaluation measures
for this test are usually speed and accuracy. Adapting these
measures to metrics in this study, speed was calculated as the
amount of time participants spent completing the tasks by
using a general Excel environment (status quo) vs. using the
planning tool. Similarly, accuracy was measured as the number
of conflicts correctly identified and the percentage of contextual
information (conflict length and time gap) that participants
correctly computed. The raw results of the Charrette test are
presented in Table 1. A preliminary look at the results in Table 1
suggests that performing cross-functional planning tasks with
the developed tool is faster (on an average it takes 37min
less) and more accurate (an average of 26.58% more) than the
status quo approach. The average improvement in accuracy
is calculated as a fraction of additional accurate information
obtained with the help of the tool divided by the number of
contextual information that was accurately extracted without
using the tool. It can also be observed that participants correctly
identified 13.6%more spatial conflicts than when using the status
quo process. Furthermore, participants’ performance is more
consistent when using the planned tool vs. otherwise. Thus, the
use of this tool for cross-functional planning will mitigate the
impact of errors made by planners who are not as knowledgeable
about the tasks to be performed. However, without a robust
statistical analysis of these results, it is not possible to
determine if these differences in performance are statistically
significant. Thus, a statistical analysis of the results of the test is
presented next.

Statistical Analysis of Charrette Test Results
This section presents the hypotheses and statistical tests
performed on the raw results from the Charrette test
performed earlier. Based on the tasks completed in the
test, the three hypotheses investigated are presented
as follows:

Hypothesis 1:

H0: there is no significant difference between the time it
takes for participants to perform the tasks with or without the
planning tool.

H1: there is a significant difference in time.
Hypothesis 2:

H0: there is no significant difference between the number
of conflicts identified by participants with or without the
planning tool.

H1: there is a significant difference in the conflicts identified.
Hypothesis 3:

H0: there is no significant difference between the accuracy
of contextual information computed by participants with or
without the planning tool.

H1: there is a significant difference in the accuracy of
contextual information.

Since the hypotheses described above refer to repeated
measures of the same tasks using two different sets of tools,
the paired samples t-test was used for evaluating the statistical
significance of the differences observed in the study (Stoppel and
Leite, 2013). To use this test, three assumptions must hold true.
First, the repeated observations in the dependent variable must
be independent of one another. Secondly, the dependent variable
has to be ordinal or ratio-scale data with no outliers. Finally, the
dependent variable has to be normally distributed. The first two
assumptions hold true based on the design of the test and the
random selection of test participants. A violation of the normality
assumption (using the Shapiro-Wilk Test) led to a change in the
test to be conducted in hypotheses 2 and 3. The non-parametric
equivalent of the paired t-test was used for these hypotheses.
The Wilcoxon signed-rank test is a non-parametric test that can
be used to test the median difference in related samples and
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TABLE 2 | Summary of statistical analysis of Charrette test results.

Hypothesis Statistical

Test

Significance

(p-value)

Interpretation

(with an alpha

level of 5%)

Hypothesis 1 Paired t-test 0.001 Reject the null

hypothesis

Hypothesis 2 Wilcoxon

signed-rank

test

0.016 Reject the null

hypothesis

Hypothesis 3 Wilcoxon

signed-rank

test

0.018 Reject the null

hypothesis

does not require a normal distribution in the dependent sample
(Fox, 2018).

As observed in Table 2, the p-values for hypotheses 1, 2, and 3
are 0.001, 0.016, and 0.018, respectively. Accordingly, all the null
hypotheses were rejected (at a p-value of 5%) indicating that there
is a statistically significant difference between the participants’
speed and accuracy of performing cross-functional planning
tasks when they used the tool vs. otherwise. More specifically,
the results for hypothesis 1 suggest that the test participants were
significantly faster at completing the exercise with the tool than
otherwise. In fact, most participants commented that the exercise
without the tool was laborious and time-consuming. This makes
it error-prone. For highway agencies that have limited human
resources and, consequently, limited staff time, this finding
suggests that this tool can be used to make cross-functional
planning more efficient.

Furthermore, the statistical result of hypothesis 2 suggests
that participants were significantly identifying more conflicts
with the tool than without the tool. This finding has direct
implications on the economic value of the tool in terms of
decision-making. The identification of spatial conflicts before a
project is executed means that more projects that are redundant
can be identified and eliminated, resulting in greater savings
of public funds. Finally, the statistical result of hypothesis 3
suggests that the contextual information that can be used to
guide decision-making about the conflicts identified was more
accurately computed while using the tool than otherwise. This
is further supported by comments by participants about how
the fatigue of the status quo process could lead to errors in
computation or visual judgment errors. Computing accurate
contextual information means that decision-makers can choose
optimal responses to address spatial conflicts identified in the list
of candidate projects.

Expert Validation
For this validation phase, a face-to-face meeting with a panel of
six SMEs was arranged to demonstrate the tool on an original
set of highway projects. The goal of this activity was to evaluate
the degree of consensus among these experts on the content,
usefulness, and usability of the planning tool. The candidate
projects were proposed by different functional groups in the
same agency (a TxDOT district). A smaller set of 20 projects

equally split between the maintenance and capital planning
functional groups was used for this evaluation. The SMEs
present at the meeting had an average of 16 years of industry
experience in transportation planning and development (TP&D),
maintenance, safety, and highway asset operations. The titles
of the experts included Director of Maintenance, Director of
TP&D, Advanced Planning Director, Planning Coordinator, and
Pavement Engineer. The perspectives of the SMEs were elicited
before, in between, and at the end of the case demonstration
described above. The validation process included three main
components: (1) the perceived benefits of the tool, (2) the
completeness of the information content and (3) a rating on the
degree of the usefulness of the tool. Following is a summary of
the evaluation questionnaire and responses.

What Are the Potential Benefits of This Tool?
All the SMEs agreed that the tool was useful for identifying
spatial conflicts in the proposed projects by respective functional
groups. They also pointed out that the tool can be used for
confirming intentional conflicts for complementary projects (for
example, a “level-up” preceding a “seal coat” project) and a visual
confirmation of the spatial limits of proposed projects. More
importantly, the tool allowed a more comprehensive response
to the conflicts identified by integrating information from the
relevant asset and other planning information. Next, five SMEs
pointed out that this tool could be useful in bundling conflicting
projects, where possible, to save on mobilization costs. This
would mean that if a pair of projects were planned to occur on
the same section around the same time period, decision-makers
could consider the possibility of letting those projects together
as one contract. Furthermore, it was also pointed out that the
tool can be used to ensure that proposed projects from different
area (local) offices were combined more efficiently. Explicitly, the
SMEs explained that local offices could check for conflicts in their
list of projects before submitting it to a higher-level (District)
office for inclusion in the projects plan.

What Additional Information Has to Be Added to

Make the Tool Effective? Any Relevant Information

Missing?
The goal of this question was to evaluate the completeness of
the information provided in the tool. In general, all of the SMEs
agreed that this tool had most of the information items needed
to perform cross-functional planning tasks. One SME suggested
the inclusion of the project’s funding agency (e.g., at the state
level, the SHA’s Safety Division might be funding projects that
qualify as safety improvement). This concern was addressed in
the updated version of the planning tool to represent the different
funding categories, which are usually tied to several sources or
sub-functional groups.

On a Scale of 1 (Least Useful) to 5 (Very Useful), How

Useful Is the Tool for Supporting Integrated

Planning? Any Comments on the Degree of

Usefulness or Otherwise?
Three SMEs assigned a score of 5.0/5.0 for the usefulness rating
and the other three assigned a score of 4.0/5.0 for the usefulness

Frontiers in Built Environment | www.frontiersin.org 14 October 2019 | Volume 5 | Article 120

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles


France-Mensah et al. Cross-Functional Planning of Highway Projects

rating. These ratings yielded an average rating of 4.5/5.0,
indicating that the tool is generally considered useful for the
performance of cross-functional planning of highway projects.
One SME commented that “it is a handy tool to be utilized by
different users managing different portfolios or programs.”

Overall, the SMEs found the tool to be useful, easy-to-use,
intuitive, and complete (in terms of the information content
required). SMEs were able to identify inter-project conflicts,
generate contextual information, and develop cost-effective
responses to address the spatial conflicts identified in different
scenarios. Efficiently performing these tasks can ultimately lead
to more efficient and effective use of the always limited resources:
public funds and human resource hours.

CONCLUSION

Often multiple functional groups are working in the same
highway agency proposing projects on the same infrastructure
network. Accordingly, spatial conflicts can arise between projects
proposed by these separate groups. The ability to identify and
address these spatial conflicts is challenged by the heterogeneity
of project information systems used by individual functional
groups and the dynamic nature of highway projects information.
This notwithstanding, the extant literature has been silent
on integrated frameworks that can be used to detect and
contextualize inter-project conflicts in a program of highway
projects. To address this gap, this study proposed a framework to
aid in a proactive and cross-functional approach to the planning
of highway projects. The developed framework was implemented
by developing a user-friendly tool for decision-makers. A case
study demonstration was used to show the practical use of
the tool in cross-functional planning tasks. Furthermore, robust
validation checks, including Charrette tests, corresponding
statistical tests, and expert validation, were conducted.

The proposed framework and the resulting planning tool
contribute to the body of knowledge and practice in three ways.
First, the tool provides a standardized form for information
on highway projects proposed by multiple functional groups
working in the same agency. Secondly, it documents the relevant
asset and project information that should be generated and
curated to support cross-functional planning. For highway
agencies transitioning to the use of integrated information
systems to enhance their collaborative planning, this framework
usefully details relevant information requirements to improve

the process. Thirdly, the developed planning tool can help
more accurately identify inter-project conflicts and compute
contextual information needed to make more cost-effective
decisions. Furthermore, the tool provides a standard format for
documenting potential responses to identified conflicts in a list
of priority projects. Overall, as demonstrated in the case study,
the developed tool significantly improves the complex iterative
planning processes.

Future extensions of this framework can include the
development of explicit rules to differentiate between planned
and unplanned conflicts. This can be achieved by interviewing
experts for different conflict scenarios and documenting the
information references that are used as part of the decision-
making process. For example, seal coat (preventive maintenance)
projects are often preceded by seal coat preparatory works,
like milling, base repair, and edge leveling projects (as in the
case study). Including these rules in the tool can significantly
reduce the number of inter-project conflicts that need to
be reviewed by decision-makers. It can also improve an
agency’s scheduling process to ensure that projects that have
dependent relationships are scheduled to occur in the correct
sequence. This notwithstanding, the current implementation
of the framework already provides sufficient information
to support cross-functional planning of highway projects
proposed by multiple functional groups working on the same
asset network.
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