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1. INTRODUCTION
1.1 MoDOT Operations

The Missouri Department of Transportation (MoDOT) is responsible for maintaining nearly
34,000 miles of highways and over 10,000 bridges; as a result, Missouri maintains “the nation’s
seventh largest state highway system” with more miles than the combined systems of lowa,
Nebraska, and Kansas (MoDOT 2015). The annual cost to keep Missouri’s transportation system
in its current condition (including road maintenance, striping, snow removal, mowing, etc.) is
estimated to be $485 million (MoDOT 2015). One of the annual maintenance activities
conducted by MoDOT is road striping, which involves the application of markings (primarily
paint) to define lanes and other pieces of traffic-related information. According to Montebello
and Schroeder (2000), most variations of paint used during striping operations have an estimated
life between 9 and 36 months with variation largely dependent on traffic volume. Each year,
MoDOT stripes more than 60,000 lane-miles of road on a scheduled basis. Additionally, citizens
may place a request for a certain road to receive striping earlier than originally planned; such
requests are generally given a high priority, with MoDOT attempting to complete the striping
within a few days’ time.

Striping operations provide important information while allowing minimal diversion of attention
from the roadway. Striping operations include the following:

e Obliteration of pavement markings (removing existing or temporary pavement marking,
which is conflicting or might mislead traffic)

Application of permanent pavement markings after construction or maintenance of roads
Removal of permanent marking

Line-striping for all major and minor roads that require it

Symbol markings, turn markings, etc.

Management of striped lines (keeping track of lines conditions, identifying which road
segments will be striped each year, etc.)

For MoDOT, coordinating a plan to accommodate the striping of both major and minor
highways on an annual basis represents a significant logistical challenge. Increasing efficiency in
striping operations represents a substantial opportunity to decrease annual expenses by MoDOT.
Inefficient scheduling can create an excess of “deadhead miles” in which striping crews must
travel while not actively striping roads. Minimizing deadhead miles is an important aspect of
reducing the waste of extraneous travel, time, and vehicle wear.

In general, the task of crafting a schedule for striping operations mirrors elements of the Rural
Postman Problem, since the objective involves finding the route of minimum cost that traverses a
subset of the arcs in a network (Eiselt et al. 1995 and Monroy-Licht et al. 2013). For MoDOT,
cost is a function of the distance traveled; therefore, the route of minimum cost is equal to the
route of shortest total length, which involves minimizing deadhead miles.



This report addresses the scheduling of striping operations for a subset of MoDOT roads;
namely, those located in the Central District of Missouri. This report extends the work detailed in
the 2015 report Improving Striping Operations through System Optimization (McGarvey et al.
2015). Three major changes have been made to the optimization model and decision support tool
developed in the 2015 report:

e The model has been modified to limit the locations where striping crews can turn around to
be at either intersections with other MoDOT roads or at dead ends to MoDOT roads. This
prevents the model from identifying a solution that requires a striping crew to turn around in
the middle of a road (which was possible with the initial optimization model).

e The model has been modified to add an additional what-if capability, allowing MoDOT to
identify the impact of changing policies and removing the white edge line requirement for
two-lane minor roads.

e The model outputs have been modified, replacing the text-only outputs that were generated
by the previous model with output visualization, including maps and turn-by-turn directions
for striping crews.

This report focuses on changes made to the optimization model and decision support tool since
the publication of the 2015 report. It does not repeat all of the material that appears in the earlier
report. Thus, readers desiring an overview of striping operations, along with a literature review
of operations research models applied to similar problems, are referred to McGarvey et al. (2015)
for these details.



2. MODEL MODIFICATIONS

To the best of our knowledge, the model presented in McGarvey et al. (2015) is the only
optimization model that has been developed for scheduling road striping operations. A
significant amount of work is necessary to prepare the necessary input files for the model. This
2015 report contains a detailed discussion of how ArcGIS data can be prepared and integrated
with MoDOT spreadsheet files, which identify the set of roads in each county that require
striping in any year, to generate two spreadsheets that are needed to utilize the decision support
tool.

Due to concerns regarding lane width or road quality, MoDOT restricts travel by striping crews
to roads on which the safe travel of striping vehicles can be ensured. With one rare exception
(discussed below), our model considers only those segments for which general maintenance is
the responsibility of MoDOT. The first spreadsheet (MODOTRoads.xIsx) contains details on the
road network to be analyzed; an extract from this spreadsheet is presented in Figure 2.1.

The color shading in this spreadsheet can be interpreted as follows:

e Blue/dark blue identifies “difficult” segments that require a different number of passes in
each direction.

e Orange identifies two-lane undivided roads with centerline only (receive only one pass).
e Pink identifies a segment that was disconnected from the road network.

e Green shows roads that were added (roads from other MoDOT districts or non-MoDOT
roads) to maintain network connectivity. (This is the only exception in which non-MoDOT
roads might be potentially added to the network.)



1 Name Direction COUNTY_NAME NUMBER_OF LANES #oflanesin Opos.Dir  uid BEG_CONTINUOUS_LO( END_CONTINUOUS_L{ FNode THode Combine SegmentlD Distance(m
2746 SE W ASHNETON 1 1 1668 0 0.13001 8613 G151 S151.8613 E_WASHINGTOR_MO_&_0_0.13001 203.23721
2747 U N WASHINGTON 1 1 1653 4. 763 14.53001 16220 8154 §15d_16220 I_'WASHINGTOM_RT_L_14. Y63_14.33001 ! 263,076
2745 5E WASHINGTON 1 1 55.277 56.515 §130 5151 51518130 E_'WASHINGTON_MO_8_55.277_56.515 13537.090
2743 SE W ASHNGTON Z 1 S5.274 55277 154 5130 515d_8130 E_WASHINGTON_MO_5_55.274_55.277 461158
2750 5E WASHINGTON 1 1 54.642 55.196 5146 5153 §146_8153 E_'WASHINGTOM_MO_5_54.642_55.136 §3z2.0544:
2751 5E WASHINGTON 2 1 55.196 55.274 8153 5154 §153_8154 E_'WaSHINGTON_MO_58_55.136_55.274 125.6043
2752 21N WASHNETON 1 1 e 126.063 135,914 242 832 832_842 M WASHINGTON_MO_21_126.089_135.914 1583827,
2753 5E WASHINGTON 1 1 1713 54.608 54.642 832 5146 §32_8146 E_'WASHINGTORN_MO_5_54.605_54.642 54.47714
2754 P M WASHINGTON 1 1 1738 13,756 14.03301 15304 5143 514315304 N_'WASHINGTON_RT_P_13.756_14.03301 456.2925
2755 SE WASHNETON 3 1 5d.403 54.503 143 S1dd 2143 _S1dd E_WASHINGTON_MO_3_54.403_54.503 150,940z
2756 5E WASHINGTON 2 1 54.503 54.608 5144 532 §32_6144 E_'WaSHINGTOR_MO_5_54.503_54.608 163.7440;
2757 5E WASHINGTON 3 1 54.36 54.409 3245 5143 §143_9248 E_'WASHINGTORN_MO_5_54.36_54.403 78.209561
2758 gE WASHNGTON 1 1 53608 54.36 &158 3248 §158_3248 E_WASHINGTON_MO_5_S53.605_54.36 1207623
2753 5E WASHINGTON 1 1 1343 53.547 53.608 8157 5158 §157_8158 E_'WaSHINGTON_MO_5_53.547_53.608 97.74926
2TR0 8E W ASHNGTON 1 12033 5313 53.547 nar G157 MIT_8157 E_WASHINGTOR_MO_5_53.13_53.%47 70,4666
2781 0 E WASHNGTON 1 1- i 2216 &154 15055 &154_13058 E_WASHINGTOW_RT_O_0_2.218 3565438
2762 5E WASHINGTON 1 1 2064 53.007 5313 3251 137 1379251 E_'WaSHINGTON_MO_8_53.007_53.13 197307
2783 E i W ASHNGTON 1 1 2103 0 0.734 a158 376 S158_11376 N WASHINGTON_RT_E_0_0.784 1261617
2764 gE WASHNGTON 1 1 217 43,875 53.007 3240 3251 9240_5251 E_WASHINGTON_MO_5_43.875_53.007 4E35.7T
2765 O E WASHINGTON 1 1 2123 2217 2.5800 15058 15060 15058_15060 E_'WaSHINGTOM_RT_O_2.217_2.58001 583.5407
2TRE 21N W ASHNGTON 121 135,914 137.25 [ 845 832_845 MW ASHINGTON_MO_21.135.914_137.25 2148737
2767 21N WASHNGTON 3 1 137.25 137.287 245 246 845_846 M_WASHINGTON_MO_21.137.25_137.287 535581
2765 E I WASHINGTON 1 1 2183 0.754 1517 11376 546 G§46_T1376 N_WASHINGTON_RT_E_0.754_1.517 1173.455
2763 F i W ASHNGTON 1 1 220 0728 0343 12283 12284 12283 12284 M WASHINGTON_RT_F_0.728_0.343 3562257
2770 F N WASHNGTON 1 1 0728 a 12283 8157 N_WASHNGTON_RT_F_0.725 0
271 165 N WASHINGTON 1 1 2272 1] 1443 37 1138 NM37_1135 _WASHINGTOMN_MO_155_0_1.443 2323979
2772 AR E W ASHNGTON 1 1 2465 0 1.48601 3240 135 1138_3240 E_WASHINGTORN_RT_AA_0D_T11.48501 18483.60
2773 E M WASHINGTON 112 1517 6.613 846 3473 B46_3473 N_WASHINGTOM_RT_E_1517_£.613 8204.234;
2774 47 N WASHINGTON 1 1 2654 037 12.297 3485 3473 34793485 M_WASHINGTON_MO_47_7.037_12.237 546534
2773 213 W ASHNGTON 1 1 52267 56,565 4zd ddd 142d_1ddd S WASHINGTON_MO_21 52 267_56.665 T400. 265
2776 215 WASHINGTON 3 1 56.865 57.066 Tddd 546 Gd6_1ddd S_WASHINGTON_MO_Z1_56.865_57.066 323225
277 47 N 'WASHINGTON 1 1 2726 12.297 15.55 3473 1424 1424_3473 N_WASHINGTON_MO_47_12.237_15.55 5234.372!
2778 F i W ASHNGTON 1 1 2872 123 3.02301 12281 12282 1228112282 MW ASHINGTON_RT_F_1.23_3.02301 12543.45;
2773 F M WASHINGTON 1 1 2872 0.343 123 12264 12281 1228112264 N_WASHINGTOM_RT_F_0.343 123 450,535
2780 165 N WASHINGTON 1 1 2876 1443 10,747 135 1200 1135_1200 N_'wASHINGTON_MO_185_1.443_10.747 3725
271 | F Kl WLASHIMCTOM 1 1 297R FR12 17 7R0M =479 1301 3473 130 K AWASHINGTOR BT F A A1 17 7R001 SEAS RNE
W od b b Chantd S Chantd S Chantd 401 lila %

Figure 2.1 — Extract from MODOTRoads.xlIsx



At the end of each workday, striping vehicles must travel to a MoDOT maintenance building to
remain overnight. At the beginning of the next workday, the striping vehicles return to service,
although the striping crews do not necessarily need to begin from the point at which work ceased
at the end of the previous workday. Thus, our model formulation accounts for travel to and from
each maintenance building or overnight location within the allowable workday (the model user
inputs the number of hours allowed per workday) as an element of the striping schedule. The
second main input spreadsheet (OvernightLocationDistances.xIsx) is a table containing the
distance between each node in our road network and the nearest allowable striping vehicle
overnighting location. An extract from this spreadsheet appears in Figure 2.2.



A B C D E F G H

1 |Object!D|NodelD |Closest overnight location Name |Overnight location County |FacilitylD |Distance to closest facility (m)|Distance to closest facility (mi) |Closest node to facility
2 | 1" 1|ELDON MILLER 21 18523.2967 11.50982087| 4713
3 2| 2|ELDON MILLER 21 18550.29316| 11.52659566| 4719
4 3 3|IBERIA MILLER 23 22401.66402 13.91972197| 692
5 4 4{IBERIA MILLER 23 22614.64187) 14.05206002| 692
6 5 5|ELDON MILLER 21 22274.21677)| 13.84053007) 4713
7 6| 6|ELDON MILLER 21 23614.39367| 14.6732758| 4719
8 7| 7|ST ROBERT PULASKI 20 28259.61785 17.55967875 3045
i) 8 8|5T ROBERT PULASKI 20| 28206.01844 17.52637368| 3045
10 9 11|IBERIA MILLER 23 10275.27394 6.384750077) 692
11 10| 12|IBERIA MILLER 23 8190.884201 5.089569716| 692
12 11 13|NEBO LACLEDE 14 12415.57094] 7.714663313 2035
13 12| 14| NEBO LACLEDE 14 11286.34904 7.012998704 2035
14 13 15|5T ROBERT PULASKI 20| 27432.45825 17.04570658| 3045
15 14 16|ST ROBERT PULASKI 20 27402.33821 17.02699089 3045
16 15 17|ST ROBERT PULASKI 20 11651.80116 7.240079689 3045
17 16| 18|5T ROBERT PULASKI 20| 11630.67462] 7.22695229 3045
18 17| 23|5T ROBERT PULASKI 20 7325.450814 4.554300852] 3045
19 18| 24|ST ROBERT PULASKI 20 7374.544646| 4.582320807| 3045
20 19 23| VIENMNA MARIES 6| 29971.64803 18.62348294 7382
21 20 26| VIENMA MARIES 6 29860.41564 18.55436647| T382]
22 21 27|5ST ROBERT PULASKI 20 12249.15762| 7.61125507| 3045
23 22| 2B|ST ROBERT PULASKI 20 11733.58908| 7.290900246| 3045
24 23 32|ST ROBERT PULASKI 20 7478.562391 4.646954313 3045
25 24 34|5T ROBERT PULASKI 20| 12250.76827)| 7.612259878| 3045
M 4+ M Chaaot1 Chaoat? Choat? o [MMal 1

Figure 2.2 — Extract from OvernightLocationDistances.xIsx



2.1 Limiting Vehicle Turnaround Locations

Our decision support tool uses a genetic algorithm (GA) to optimize the schedule of striping
operations, thus determining the sequence of road segments to be striped (including the direction
of travel) in order to minimize total deadhead miles traveled. These deadhead miles include
travel between segments to be striped (when necessary), along with travel to and from an
allowed vehicle overnighting location at the beginning and end of each work day. The
computation logic underlying this GA optimization model was presented in an earlier report
(McGarvey et al. 2015).

The primary change that has been made to the model logic, as presented in this earlier report,
was a modification to limit the locations where striping crews can turn around to be at either
intersections with other MoDOT roads or at dead ends to MoDOT roads. This prevents the
model from identifying a solution that requires a striping crew to turn around in the middle of a
road (which was possible with the initial optimization model delivered in 2015). Consider the
example presented below in Figure 2.3.

Figure 2.3 — Example of turnaround logic

Suppose that the striping crew is currently at node A. Road segments 1, 3, and 5 each need to be
striped two times while road segments 2, 4, and 6 each need to be striped one time.

By observation, it is obvious that the minimum deadhead solution is to travel road segments 1-3-
5-6-4-2-1-3-5, with no deadhead travel required. However, in the previous version of our
optimization model, a feasible solution would be to travel road segments 1-2-1-3-4-3-5-6-5. Note
that this solution also requires no deadheading and performs all required striping.

In discussions with MoDOT, we realized that such a solution is not actually feasible, since it
would require the striping crew to turn around after every segment. Thus, we modified the model
such that the striping crew can only turn around at an intersection with another MoDOT road or,
in the case of MoDOT roads that dead end, at a dead-end road. In the example, this would
prohibit a turnaround at either node B or node C, and the only solution with zero deadhead miles
is to travel road segments 1-3-5-6-4-2-1-3-5.



3. GENETIC ALGORITHM MODEL

While problems such as scheduling striping operations can be formulated without much
difficulty, determining an optimal solution is difficult (do Rosario Moreira and Ferreira 2010).
Thus, most practical solution techniques make use of heuristic procedures such as genetic
algorithms.

3.1 Installation Process of Required Programs and Libraries

First, the user needs to extract the files in MoDOT.7z to the desktop
(C:\Users\username\Desktop). Note that the screenshots included in this report are from a
personal computer (PC) with a Windows 10 operating system. The new decision support tool
assumes that the user has ArcGIS 10.2 already installed. Thus, much of the software that had to
be installed for the previous model is no longer needed, since it is installed automatically along
with ArcGIS 10.2. The user now needs to add Python 2.7 to the path variable as follows: Control
Panel-System and Security—System—Advanced System Setting—Environment Variables—Path.
Screenshots of this process are shown in Figure 3.1.
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CWM{GS!O)
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Figure 3.1 — Adding Python 2.7 to the path variable



Now, do the same process for pypy. Namely, add pypy to the path variable as follows: Control
Panel-System and Security—System—Advanced System Setting—Environment Variables—Path
(similar to the process shown in Figure 3.1 above). Write where you save the MoDOT file as a

Variable value. As we saved it to the desktop, we need to write

C:\Users\username\Desktop\MoDOT\Model as seen in Figure 3.2. Adding it to the path is shown

below.

Edit errvironment varnable

RCAMEDIRS

‘\Program Files (x88)IntePiCLS Clienty
\Program FilesiinbefiCLS Clienty
WWindowssystemd2

WWWindows

Vindows System I Whem
Vindows System I WindowsPorser Shel 104
‘\Program Files (xB5)\N¥IDIA Corporation’ Phyrsiyfommaon
‘\Program Files (a6} Intel\Intel(F) Managemegl Engine Comp.
‘\Program Filesiintefintel () Management
‘\Program Files (xB8)Intel\Intel(F) Manag®ment Engine Comg.
‘\Program Filesiinbefintel (R) Manage
WPythom2 TlaoGIS 102

W Pythond TGS 101 Sonpts
A Lisersy Gokhan Deskiop MoDOT Model

sl rNeEerReEerNeNeRereRNe el e i e

aK

gine Companents._

ni Engine Companents._

s

it

Beovse

| Delate

Move Up

Movwe Down

it nenl

Cance:

Figure 3.2 — Adding MoDOT model to the path variable

We have installed the required programs. Now, we need to install the Python libraries. First, we

will download setuptools from the following website:
https://pypi.python.org/pypi/setuptools/0.6¢11.

The installation instructions can be found on the website, but we will also explain them here.
Scroll down to the end of the page and download the setuptools exe file as shown in Figure 3.3.
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https://pypi.python.org/pypi/setuptools/0.6c11

File Type Py Version Uploaded on Size

setuptools-0.6c11-1.src.rpm (mdb) RPM any 2009-10-20 263KB
built for redhat 4.3

setuptools-0.6c11-py2.3 egg (mdS5) Python Egg 23 2009-10-20 1B
setuptools-0.6c11-py2.4.egg (mdS5) Python Egg 24 2009-10-20 329KB
setuptools-0.6c11-py2 5 egg (md5) Python Egg 25 2008-10-20 325KB
setuptools-0.6c11-py2.6.egg (md5) Python Egg 26 2009-10-20 325KB
setuptools-0.6c11-py2.7 .egg (md5) Python Egg 27 2010-07-08 324KB
setuptools-0.6c11 tar.gz (md5) Source 2009-10-20 250KB
setuptools-0.6c11.win32-py2.3.exe (md5) MS Windows installer 23 2009-10-20 218KB
setuptools-0.6c11.win32-py2 4 exe (md5) MS Windows installer 24 2009-10-20 222KB
setuptools-0.6¢c11.win32-py2 5 exe (md5) MS Windows installer 25 2009-10-20 227KB
sefuptools-0. na2s MS Windows installer 26 2009-10-20 222KB
setuptools-0.6¢11.win32-py2 7 exe (md5) MS Windows installer 27 2010-07-08 222KB

Figure 3.3 — Installing setuptools library

Now, download PIL from http://www.pythonware.com/products/pil/ using setup’s default
setting. The version is Python Imaging Library 1.1.7 for Python 2.7 (Windows only) as shown in
Figure 3.4.

PIL1.1.7

Pvthon Imaging Library 1.1.7 Source Kit (all platforms) (November 15, 2009)
Pvthon Imaging Librarv 1.1.7 for Pvthon 2.4 (Windows only)

» Pvthon Imaging Library 1.1.7 for Pvthon 2.5 (Windows only)

Pvthon Imaging Librarv 1.1.7 for Pvthon 2.6 (Windows onlyv

thon Imaging Library 1.1.7 for Python 2.7

Figure 3.4 — Downloading PIL library

Now, we can easily install other Python libraries by using the easy _install tool in the setuptools
that we installed previously. This tool automatically downloads the appropriate version of the
selected libraries for Python from the internet. Open a command line window and install the
following libraries: networkx (Figure 3.5) and openpyx| (Figure 3.6).

Microsoft Windows [Uersion 6.3.76H801]
tc» 2013 Microsoft Corporation. All rights reserved.

C=“Users~Elif *easy_install networkx

Figure 3.5 — Installing networkx

Microsoft Windows [Uersion 6.3.76008]
tc?» 28013 Microsoft Corporation. All rights reserved.

C:“Users~Elif *easy_install openpyxl

Figure 3.6 — Installing openpyxI
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http://www.pythonware.com/products/pil/

For pypy, we need to install xIrd and networkx, but the installation process of this library to pypy
is different from the installation to Python.

First, download xIrd from the following website: https://pypi.python.org/pypi/xIrd/0.9.3.

If you do not have WinRAR on your computer, you will also need to install the application
WInRAR x86 (32 bit) 5.4 beta 2 in order to extract the files; this application can be downloaded
from the following website: http://www.rarlab.com/download.htm.

Details for downloading xIrd for pypy are included in Figure 3.7.

o Pyt Mg Foussatisn (U] | Witps pyp python.ong
smam Englizh Speaki_ Hare's b = (non - Tabanted - Frow Aoz dokuman.ciymgoe_

Delete the
ython == " zipped file

B INDEX xlrd 0.9.3

chug

Library for dewedopers fo extract dafe from Microsolt Excel (i) spreadisheef files

Extract data from Excel spreadshests | s and s, versions 2 0 omwands) on any platdomn Fure
Python (26, 2.7, 32¢). Strong suppon for Excel dates. Urscode-aware

File Type Py Version Uploaded on Size
g0 6 3 tar gz (md5) Source 20140408 17468

After duwnloadiiil unzii the ‘xIrd-0.0.3.tar’

Figure 3.7- Downloading xlrd for pypy

Second, open a command line window and change the directory to reflect where you unzipped
file xIrd. Now, write pypy setup.py install and click enter (see Figure 3.8).
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https://pypi.python.org/pypi/xlrd/0.9.3
http://www.rarlab.com/download.htm

1 AUsers\Gokhan\Desktop\xird-0.9.3) ‘ =
» Quick access : : y ’
= Desktop build
& Downloads scripts
3 Documents tests
Ird
« Pictures .
- PKG-INFO
2_BOONE_CALL#
v e README

Figure 3.8 — Installing xlrd for pypy

After installation is completed, both the zipped and unzipped xlIrd files can be deleted from the
desktop.

Now, download networkx to the pypy (see Figure 3.9) from the following website:
http://pkgs.fedoraproject.org/repo/pkgs/python-networkx/networkx-
1.8.1.tar.gz/b4a9e68ecd1b0164446ee432d2e20bd0/.

Index of /repo/pkgs/python-networkx/networkx-1.8.1.tar.gz/b4a9e68ecd1b0164446ee432d2e20bd0

Name Last modified Size Description

aPmeut Directory -
T sevorkor LS Ligz 2013-08-09 22.45 /88K

Figure 3.9 — Downloading networkx for pypy

As we did for xIrd, open a command line window again and change the directory to reflect where
you unzipped file networkx. Now, write pypy setup.py install and click enter. Details for
installing networkx for pypy are included in Figure 3.10.
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http://pkgs.fedoraproject.org/repo/pkgs/python-networkx/networkx-1.8.1.tar.gz/b4a9e68ecd1b0164446ee432d2e20bd0/
http://pkgs.fedoraproject.org/repo/pkgs/python-networkx/networkx-1.8.1.tar.gz/b4a9e68ecd1b0164446ee432d2e20bd0/

1 :_:1 sers\Gokhan\Desktop\networkx-1.8.1]
L bame Date modified
# Quick access T e o
m Desktop build
# Downloads doc
Documents examples
networ
= Pictures etwork
INSTALL
2_BOONE_CALL#
w LICENSE
B Command Prompt - O =

Figure 3.10 — Installing networkx for pypy

Finally, all requirement programs are now installed. All files are listed in the MoDOT\Model
folder, as seen in Figure 3.11.
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« v 4

3 Quick access
m Desktop
& Downloads
Documents

= Pictures

+ | Model

Share

Wiew

> MoDOT > Model >

LU

»

2_BOONE_CALLAWI
4_CALLAWAY_CAML

Model

New folder
#& OneDrive

= This PC
m Desktop
Documents
# Downloads
$ Music
= Pictures
E Videos

Name
bin
include
Input
lib_pypy
lib-python
Output
RootFolder
share
site-packages
tcl
A addedroads
A christophertest
A copycopymodot
A deneme
DISTMATRIX
A easygui
F easygui
A FileDialogs
I FileDialogs

Figure 3.11 — Model folder
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Date modified

6/2/2016 10:52 AM
2/3/2015 12:08 PM
6/3/2016 11:05 AM
6/2/2016 11:.06 AM
2/3/2015 12:08 PM
6/7/2016 4:20 AM

6/2/2016 2:33 PM

6/2/2016 11:05 AM
6/2/2016 11:05 AM
2/3/2015 12:08 PM
4/20/2016 8:46 PM
6/6/2016 10:43 PM
4/20/2016 8:46 PM
6/2/2016 1:16 PM

5/4/2016 12:28 PM
4/20/2016 8:46 PM
6/2/2016 11:.08 AM
4/20/2016 8:46 PM
6/2/2016 11:08 AM

Type

File folder
File folder
File folder
File folder
File folder
File folder
File folder
File folder
File folder
File folder
Python File
Python File
Python File
Python File
Microsoft Excel Co...
Python File
Compiled Python ...
Python File
Compiled Python ...

Size

1KB

41 KB

64 KB
1KB
356,149 KB
57 KB

43 KB

2 KB

2 KB



3.2 Using the Decision Support Tool Interface

Double-click UserMODOT.py to open the user interface, as shown in Figure 3.12.

Network Data Adjustment and Initial Checking

ADD NEW ROAD SEGMENTS SAVE NEW EXCEL FILE |

CHECK METWORK COMMNECTIVITY |

CALCULATE DISTAMCE |

Input Data

SELECT START MAIMTEMANCE FACILITY |

SELECT LIST OF COUMTIES SELECT STRIPIMG ROAD TYPE

COMPUTATIONAL TIME |

RUN ALGORITHM
WHAT IF-DEADHEADING AND STRIPING SPEED |

WHAT IF-WORKIMNG HOUR I

RLIN ALGORITHM I

WHAT IF-REMOVE EDGELIMNE STRIPING |

l M%DGT | l M?DC}T
o CLOSE P

Missourl Department of Transportation

Figure 3.12 — User interface

3.2.1 Adding Arcs to the Network

This section may be skipped unless the user wishes to modify the underlying network by adding
new road segments. By adding new road segments, we are referring to adding a new arc over
which travel may occur and not simply changing the set of arcs that require (or don’t require)
striping.

If the user wishes to add arcs, as shown in Figure 3.13, the decision support tool contains the
button ADD NEW ROAD SEGMENTS, which will allow the user to add new road segments.
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ADD NEW ROAD SEGMENTS

i oo wer i sk vy heargus by g mirw ronhi?

2ot Fanm Dhis tytius il b kel s soncli?
o Corel Yau ] Mo

Figure 3.13 — Adding new road segments

Start by adding the necessary input information for the new road segment. After adding new
roads, we need to make sure that the file is saved by using the button SAVE NEW EXCEL FILE.
It adds the date to the name of the MODOTRoads file. For example, if the initial file name is
MODOTRoads.xlsx, if you add new roads to the network the new Excel file will have a
timestamp appended to the end of the file name, as shown in Figure 3.14.

SAVE MEW EXCEL FILE

Mew Foads Added to Existing Excel File

@ MoDoTRoads2015-08-22--062141 8/22/2015 6:21 AM  Microsoft Excel W... 18 KB

Figure 3.14 — Saving new road segments

After this process, we have to make sure that we have a fully connected network again. In other
words, we do not want to have a cut in the network. Therefore, the button CHECK
CONNECTIVITY allows us to see if the network is fully connected or not by generating a
connectivity text file, which specifically shows the node numbers for every separated graph if
there is a network disconnectivity. Hence, the user is able to identify which segments need to be
reconnected (see Figure 3.15).
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CHECK NETWORK COMMECTIVITY B SpEaA L e, S e

= Fowshsysten 32 cmd.exe = =
t i+ NewMODOT » MODOT » vl & | Search) P
Organize = Mew folder - L
A e . Blaie r el - -
I Favorites h o :
B Deskicp Ban
& Downloads include
o Recent pleces Input
lib_pypy
B Orielrive lik prython
dite-packaged
o) Homegroup te
Q7 51065310
= "J e B Tha PC 2] B:u:::'
. m Desktcp B DistA015-08-21--105432
Do wments 2] 08 X 180352
& Downloads g OTReusds it

® Gokhan fookhan ¥ %

ames || w| | Excel Files ") -
@ MoDoTRoads2015-08-22--062141 8/22/2015 &:21 AM  Microsoft Excel \
>
MoDoTRoads2013-08-22--062141 w | | Excel Files (=) W
Open Cancel |
| CONMECTIVITY 8/21/2015 4:03 PM Text Document

File Edit Format View Help

There is no seperated segments from the network

Vi(I) /1, 2, 3, 4, 5, 7, 8, 9, 11, 12, 15, 21, 24, 36 /

Figure 3.15 — Confirming network connectivity after adding new road segments

Finally, if MODOT makes any change from the data that were previously generated, the next
step is to calculate new shortest distances (see Figure 3.16). Generating distances takes
approximately two days using a laptop with an Intel 4 CPU, 4 GB RAM, and 64-bit OS.
However, this process is done only once. Once this file is obtained, it can be used in all future
analysis (until additional arcs are added to the network).
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CALCULATE DISTANCE

Continue if you made any changes in the network

e |

Select Excel file

| MoDoTRoads2015-08-22--062141 8/22/2015 6:21 AM  Microsoft Excel’

It creates new distance file:
Dist2015-08-22--070002 8/22/2015T:00 AM  Mlicrosoft Excel W...
Figure 3.16 — Calculating shortest distances table

3.2.2 Preparing the Model to Run

Next, consider the Input Data section shown in Figure 3.17.

| Input Data

SELECT START MAINTENAMCE FACILITY |

SELECT LIST OF COUMNTIES SELECT STRIPING ROAD TYPE

COMPUTATIOMAL TIME |

Figure 3.17 — Input Data section

This section is fairly straightforward for the user. First, select the list of counties over which the
user wants to determine a striping schedule (see Figure 3.18). Note that in the MODOTRoads

Excel file, the last column (showing the striping decision for each segment for the planning
period) needs to be updated manually.
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SELECT LIST OF COUNTIES

Do wouwant to continue 7

Cancel |

Sedact List ol Countes Select All
Cleae &0 Ca

il

Bentan
Boane
Collewry
Camden
Crda

I

Figure 3.18 — Selecting counties for striping scheduling

Second, select the starting maintenance building where the striping vehicle is parked for the
beginning of the striping operations to be scheduled (see Figure 3.19).

SELECT START MAINTENANCE FACILITY

Select Initial Maintenance Facility of the Striping Operation (County_FacilityName_FacilitD)
Cancel

il

BOOMNE COLUMBIA 3

CALLAWAY_FULTON_4
CALLAWAY_MOKANE_11

CALLAWAY _WILLIAMSBURG_13
CAMDEN_CAMDENTON_17
COLE_JEFFERSOMCITY_12

COLE_SPECIAL MULTIPLE SPECIALCREWS_10
COOPER_BOOMWILLE_7
CRAWFORD_STEELVILLE &

Figure 3.19 — Selecting initial location of striping crew

Third, select the road type to be striped (recall that directed and undirected roads cannot be
striped at the same time) (see Figure 3.20).
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SELECT STRIPING ROAD TYPE
MNOTE: Select either Undivided or Divided Roads, not BOTH Select All oK |
Clear All Cancel |

= |

Divided

Undivided_tMajor
Undivided_Minaor
Undivided_Reg.Significant

Figure 3.20 — Selecting road types for striping scheduling
Finally, enter the maximum-allowable computational time (in minutes) (see Figure 3.21).

COMPUTATIOMNAL TIME

Enter computation time as minute

Cancel |

Figure 3.21 — Selecting maximum-allowable computational time

Note that computational time does not include the model’s data preparation and initialization
time, nor the time required to generate output maps. It counts only the time spent by the
optimization routine. When running the model, the start of the optimization routine is indicated
by the appearance of the “Initial population is XXX text in the output window.
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3.2.3 Running the Model

Now, we can run the model by clicking on the RUN ALGORITHM button (see Figure 3.22).

RUN ALGORITHM
WHAT IF-DEADHEADING AND STRIPING SPEED |

WHAT IF-WORKING HOUR |

$ RUN ALGORITHM |

T - | x

Run the Algorithm

Figure 3.22 — Running the model

We first need to select which road network we want to analyze (typically MODOTRoads.xIsx)
(see Figure 3.23).

L. » MODOTLast Search MODOTLast

Organize » Mew folder

-~
W Favorites Name

B Desktop L. Input
& Downloads . Qutput
% Recent places 0] DISTMATRIX

‘8" MODOTRoads ¢

& OneDrive 87 OvernightLocationDistances

l% Homegroup

/% This PC
m Desktop
' Documents

& Downloads
® Gokhan (ackhan ¥ <
File name: | MODOTRoads | |Csw r Excel Files (*.csv,%or v

Open Cancel

Figure 3.23 — Selecting the road network

We next need to select the distance table between the nodes of our road network and the set of
allowable striping vehicle overnighting locations (typically OvernightLocationDistances.x|sx)
(see Figure 3.24).
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T v MODOTLast v & Search MODOTLast L
Organize New folder =~ [ @
~ - - ~
.0 Favorites Nanlf,”u, E.a._tf_. T,D.?Iflfﬁ; Vi
B Desktop [ easyqui 9/2/2015 453 PM
& Downloads [ FileDialogs 8/18/2015 10:41 PM
‘Er_‘i Recent places E FileDialogs 9/2/2015 4:53 PM
MODOT(Gokhan) 9/1/2015 1:08 PM
@ OneDrive [=] mopaT 8/12/2015 3:21 PM
[# MoDaT 9/1/2015 11:34 AM
«) Homegroup MODQTRoads 8/3172015 7:17 AM
| OvernightLocationDistances /2015 10:38 PM
18 This PC A RUN T 8/31/201512:27 PM
i Desktop [ shortest 8/31/2015 11:36 AM
| Documents | Subgraph 9/1/2015 12:41 PM
4 Downloads [® subarach 9/2/2015453PM ¥
[® Gokhan faokhan ¥ € m | *
File name: |OvernightLocationDistances V| |A|| *ﬂh "|
Open Cancel

Figure 3.24 — Selecting distance table for overnighting locations

Finally, we need to select the distance table corresponding to our road network (typically
DISTMATRIX.csv) (see Figure 3.25).

T 0 » MODOTLast » v & Search MODOTLast »
COrganize « Mew folder ==~ 0O @
. N * - a 0,0.01677 4

X Favorites Mame Date modified 4815205,1
2.B8000633

B Desktop L Input 9/2/2015 453 PM 87851061,
a5 ! 12. 667725

& Downloads o Qutput 9/2/2015 453 PM 31074943,
‘5l Recent places ™ addedroads 9/1/2015 12:38 PM 3.0733079
| DISTMATRIX -::_"_'"H'Hﬂsw-wnm 813723:3.

: 906053643

& OneDrive A easygui 8/28/2015 10:15 PM 93809,47.
. 309737374

[P easygui 9/2/2015 4:53 PM 920005,47

o far . 27643226

A S8/ 3

ﬁ Homegroup .7 FileDialogs 8/18/201510:41 PM 013926, 31
E FileDialogs 9/2/2015 453 PM 52323?%9%

18 This PC MODOT(Gokhan) 9/1/2015 1:08 PM 0.2805036
L Deskt 1137 . 64667986,

-.- esktop =] mopoT 8/12/2015 3:21 PM 09 601046

| Documents L& MODOT 9/1/2015 11:34 AM 5468364,6
4 Downloads MODOTReoad 8/31/2015 1T AM W 8. 8903818
oads e L 2174406,4

[® Gokhan (aokhan ¥ < 3 6.7957652 ¥

Bl |DISTMATRIX v| Al Fife ) v|

| Open | | Cancel |

Figure 3.25 — Selecting the distance table
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The model now runs, determining an ordered schedule (i.e., a sequence) of road segments to be
striped that minimizes the total deadhead miles traveled. When the model has finished running,
the PYTHON.EXE window will display the following: Weekly overview created (see Figure
3.26).

L CA\Python27\ArcGIS10.2\python.exe _ 0 W

4
ided roads is in Output Folder

Figure 3.26 — Display when model has finished running
We can now find the output in the Output folder. The model generates three types of output files:
e Atext file, containing the sequence of segments to be striped

e A weekly overview file that contains an ArcGIS map image of all travel to be performed by
the striping crew during that week

e A series of daily overview files, each containing ArcGIS map images with details on the
striping activity to be performed on each day
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As shown in Figure 3.27, the text output file presents overall statistics on the total striping days,
total striping time, and the model run’s computational time. Then, for each day, the output lists
the maintenance building where the day’s operations began, and the order in which segments
should be striped for that day. Segments are identified as Direction_Highway ID_County
Name_starting log mile_stopping log mile; for example, S_63C_BOONE_0.468_0.66.

. include 8/31/20015 10:55 AM
. Input 9/1/2015 12:35 PM

. lib_pypy 8/31/2015 10:56 AM
. lib-python B/31/2015 10:55 AM

. site-packages 8/31/2015 10:56 AM
, el 8/31/2015 1056 AM
L_| STRIPING_2015-09-02--1T1030 922015 5711 PM Text Docurment 17T KB

TOTAL STRIPING DAYS: &
TOTAL STRIPING TIME: 68.6@848338488
COMPUTATIONAL TIME: @:88:55.231808

START STRIPING OPERATION
Start Depot: BOONE_COLUMBIA 9

$_63C_BOONE_0.468_0.66
S_63C_BOONE_9.66_0.468
5_63C_BOONE_@.66_©.71
S_63C_BOONE_©.71 .76
S_63C_BOONE_8.76_0.765
N_63C_BOONE_©.659 @.58

N_53C_BOONE_8.58_8.659
E_70.8_BOONE_@.088081_9.829
E_70.0_BOONE_9.829_ 9.0

Figure 3.27 — Opening the model output

The weekly overview file presents a map of all striping crew travel (both striping and
deadheading) for one week, as shown in Figure 3.28. Segments with multiple colors are driven in
multiple days (e.g., the green and purple segments in Figure 3.28 are traveled on both Day 3 and
Day 4).
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Weekly Overview

(segments with multiple colors are driven on multiple days)

s D3y | wessss Day 2 =mmmm Day 3 EEEEE Day 4 I Day 5

Figure 3.28 — Weekly overview map

The daily overview file contains three separate types of maps. First, as shown in Figure 3.29, a
daily overview ArcGIS map showing all striping activity to be performed on that day, with green
segments denoting segments to be striped, red segments denoting segments requiring
deadheading, and green and red segments denoting segments that are both striped and
deadheaded. This first map also presents the total striping distance and deadhead distance
traveled on that day.
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Day 1 Overview

Woof drides

meBaine

F 4 L
e Starting MoDOT Facility * Ending MoDOT Facility
Striping Deadheading Striping & Deadheading
Striping Distance Deadhead Distance Total Distance
60.1 miles 57.3 miles 117 4 miles

Figure 3.29 — Daily overview map

The second type of map contained in the daily overview file are maps showing the start-of-day
and end-of-day deadheading. Figure 3.30 presents such a start-of-day map. Turn-by-turn
directions are presented for all travel between the overnighting location and the segment at which
striping operations begin.

27



.....

N

....... —

1: Depart COLUMBIA 9: Begin striping directions
2: Go South West on Paris Rd toward
N Route B

Drive 0.3 mile(s)

3: Turn left on Us Hwy 63 N

Drive 26 mile(s)

4: Turn right on County Hwy 394
Drive 78 feet

5: Turn left on Us Highway 63 S

Drive 5.8 mile(s)

6: Make sharp right on Us Hwy 50 W
Drive 1.1 mile(s)

7: Turn right on Us Hwy 50 Bus

Drive 2.6 mile(s)

8: Turn right on Rock Hill Rd

Drive 5.7 mile(s)

Figure 3.30 — Start-of-day map

Note that Figure 3.30 shows start-of-day deadheading for this example. The end-of-day map is
not shown, but follows an identical format (showing travel between the last striped segment and
the day’s ending overnighting location).

The final type of output contained in the daily overview file are turn-by-turn directions, with
local maps, for each segment that is traveled (both striping and deadheading) between the start of
striping operations and end of striping operations for each day. An example of these turn-by-turn
directions is presented in Figure 3.31.
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/4 Steg 1 Step 2
Continue on N DEADHEAD
MO 179 for 6.1 Turn left onto
miles. ERTN.

Continue for
2.6 miles.
Step 3 Step 4
B |Make a U- Turn left onto
Turn. Continue N MO 179.
for 2.6 miles. Continue for
2.3 miles.
Step 5 Step 6
Make a U- Turn right onto
Turn. Continue NRTT.
“"| for 8.3 miles. Continue for
4.5 miles.
Step 7 Step 8
A Tum right onto Make a U-
N RTD. Turn. Continue
Continue for for 3.3 miles.
3.5 miles.

Figure 3.31 — Turn-by-turn directions map
3.2.4 Performing What-if Analysis

We have designed the tool to allow MoDOT users to perform three types of what-if analyses.
The first two types of what-if analysis were included in the model that was delivered to MoDOT
in 2015: (1) the user can change the allowable daily working hours, and (2) the user can change
the speed at which striping vehicles travel while striping and deadheading. This report describes
a new what-if functionality: (3) the user can elect to remove the requirement to stripe edge lines
on two-lane undirected road segments. These what-if analyses can be used to determine the
impact of such changes on system outputs such as the number of days required to complete
striping operations, the total distance traveled, etc. See Figure 3.32 for a visual representation of
these three types of what-if analyses.
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WHAT IF |

Enter daily working hours

Cancel |

DEADHEADING AND STRIPING SPEED

Enter deadheading and striping speed (milesfhour):

Deadheading speed from/to maintenance shed (Default=30 miles/hour):

Deadheading speed from one road segment to another(Default=35 miles/hour):

Striping speed for Undivided road segments(Default=8 miles/hour):

Striping speed for Divided road segments(Default=10 miles/hour):

OK | Cancel |
WHAT IF-REMOVE EDGELINE STRIPING

Do ywouwant to remove edgeline stnping for 2-lane undirected
roads?

> |

Figure 3.32 — Performing what-if analyses

Based upon discussions with MoDOT staff, one new what-if analyses that was of interest
included potentially removing the edge line striping requirement for two-lane undirected road
segments. These segments would receive a centerline stripe only. Because the striper can paint
two lines at one time, when edge lines are included on such road segments, two passes of the
striping equipment are necessary (one in each direction) to stripe the road segment. By removing
the edge line striping requirement, only one pass of the striping equipment is necessary, reducing
the total miles that need to be traveled by the striping crew.

Note that MoDOT currently has some two-lane roads with no edge lines. Figure 3.33 presents an
extract from the spreadsheet that MoDOT previously used to track the annual progress of striping
operations. In this spreadsheet, roads that have no entry in the White E/L column are roads that
do not have edge lines and thus require only the yellow centerline to be striped.
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Figure 3.33 — Identification of segments that have centerline only

When the user selects YES from the WHAT IF-REMOVE EDGELINE STRIPING window, all
two-lane undirected road segments have the edge line striping requirement removed. The user
can then run the model and see how the total striping days and total distance traveled are
changed in the new solution. Note that the user would need to have saved the outputs from an
identical run in which the edge line striping requirement was not removed in order to determine
the extent of the savings achieved.

Other what-if capabilities could be generated in the future, should MoDOT so request.
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4. CONCLUSIONS

Road line striping operations generate a significant workload for MoDOT. The requirement for
each road striping crew to replenish its stock of paint and other consumable items from a bulk
storage facility, and the possible requirement of traveling unrequired roads to reach the roads that
need striping, generate the potential for inefficiencies in the form of “deadhead miles” that road
striping crew vehicles must travel while not actively applying pavement markings.

In an earlier report (McGarvey et al. 2015), we developed an optimization-based decision
support tool, which implements genetic algorithm techniques to identify a minimum-distance
striping schedule that satisfies the requirements of MoDOT striping operations. The research
presented in this updated report describes our improvements to the model, limiting locations at
which striping crews can turn around, adding new what-if capabilities to the model, and
improving the model outputs, replacing the text-only outputs that were generated by the previous
model with output visualization, including maps and turn-by-turn directions for striping crews.

Despite the fact that some factors remain unrepresented in the model (e.g., highway ramps
requiring striping), the current results of our model can be used to help MoDOT more quickly
calculate a striping schedule and dynamically respond to unexpected conditions such as schedule
disruptions that occur due to weather or construction delays like chip seal operations not
completed on the scheduled date. While MoDOT does not have records from which a
comparison between the current and proposed system can be evaluated, the advantage of the
genetic algorithm is apparent in the alleviation in time and effort dedicated to manually
developing a striping schedule. Assuming MoDOT is able to manually calculate an optimal
striping schedule to minimize the total distance traveled, the task still represents an exceedingly
lengthy and laborious one. As such, this model provides an ability to significantly reduce the
effort necessary to produce said striping schedule as well as test what-if scenarios examining the
impact of changing resource levels, policies, etc.

The inefficiencies due to deadhead miles are manifested not only in additional, unnecessary
miles traveled by road striping crews, but also in the required capacity for road striping crews
and equipment. Were a more-efficient utilization of road striping equipment possible, MoDOT
could potentially reduce costs by reducing its inventory of road striping assets, without reducing
the frequency with which it reapplies pavement markings to Missouri highways. In this regard,
the what-if capabilities of our model could be useful beyond solely the creation of striping
operation schedules.
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