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Abstract

Roadway elevation data is critical for a variety of transportation analyses. However, it has
been challenging to obtain such data and most roadway GIS databases do not have them.
This paper intends to address this need by proposing a method to extract roadway elevation
data from Google Earth (GE) for transportation applications. A comprehensive accuracy
assessment of the GE-extracted elevation data is conducted for the area of conterminous
USA. The GE elevation data was compared with the ground truth data from nationwide GPS
benchmarks and roadway monuments from six states in the conterminous USA. This study
also compares the GE elevation data with the elevation raster data from the U.S. Geological
Survey National Elevation Dataset (USGS NED), which is a widely used data source for
extracting roadway elevation. Mean absolute error (MAE) and root mean squared error
(RMSE) are used to assess the accuracy and the test results show MAE, RMSE and stan-
dard deviation of GE roadway elevation error are 1.32 meters, 2.27 meters and 2.27 meters,
respectively. Finally, the proposed extraction method was implemented and validated for
the following three scenarios: (1) extracting roadway elevation differentiating by directions,
(2) multi-layered roadway recognition in freeway segment and (3) slope segmentation and
grade calculation in freeway segment. The methodology validation results indicate that the
proposed extraction method can locate the extracting route accurately, recognize multi-lay-
ered roadway section, and segment the extracted route by grade automatically. Overall, it is
found that the high accuracy elevation data available from GE provide a reliable data source
for various transportation applications.

Introduction

Roadway elevation data play a critical role in a wide range of transportation analysis and
design applications including roadway geometric design, infrastructure construction, safety
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analysis, fuel consumption estimation, highway capacity analysis, and emergency evacuation
planning [1-3]. Previous research has shown that vehicle performance and fuel efficiency are
significantly affected by roadway elevation changes. The Highway Capacity Manual (HCM)
2010, for example, assigns values of heavy vehicle to passenger car equivalency factors based
on grade changes [4]. Likewise, degradation of vehicle performance and sight distance at verti-
cal alignments are often causes of recurrent congestion and vehicle collisions [5-7]. Previous
work has also identified non-linear relationships between roadway grade and fuel economy.
Boriboonsomsin and Barth [8] showed that the optimal speed in terms of fuel efficiency
changes with grade. Such findings on the relationship between roadway grade and safety, fuel
consumption, and network performance indicate that the availability and quality of roadway
elevation and grade data will be a critical consideration in the development of a next genera-
tion “green” highway design strategy that integrates life cycle maintenance, operation, safety,
and environmental cost in the planning stage.

Traditional roadway Geographic Information System (GIS) data, however, contain only
two dimensional geo-coordinates, missing the elevation information in most cases. The earli-
est method for collecting elevation data was to manually survey and draw isolines of elevation.
Over the past few decades, new data processing methods and data collection, storage, query,
and visualization technologies have significantly increased the availability and accessibility of
elevation data. Currently available datasets include the global 30 arc-second elevation
(GTOPO30) dataset [9], elevation dataset from Shuttle Radar Topography Mission (SRTM)
[10], National Elevation Dataset from the U.S. Geological Survey (USGS NED) [11], Global
Digital Elevation Model (GDEM) [12], and Light Detection and Ranging (LIDAR) [13] eleva-
tion datasets. Presently, the quality of readily available elevation data varies by source and
acquisition technology. GTOPO30 is based on several different source datasets and has vari-
able absolute vertical accuracy. The usefulness of GTOPO30 for deriving the roadway elevation
is questionable because of its low resolution and the inherent vertical uncertainty of the multi-
ple elevation data sources. The elevation data from SRTM are available at a 3 arc-second
(about 90 meter) resolution with an 80% global coverage. The USGS NED data are available at
a grid spacing of 1 arc-second (about 30 meters) for the conterminous USA, and at 1/3 and 1/9
arc-second grids (approximately 10 and 3 meters, respectively) for parts of the nation. Most of
the USGS NED data for Alaska are available at a 2-arc-second (about 60 meters) grid spacing
because only lower resolution source data exist there. The GDEM data are the most widely
covered elevation data source (from 83°N to 83°S, covering about 99% the globe) with a grid
resolution of 30 meters. A vertical accuracy study found the root mean square error (RMSE) of
GDEM data is 8.68 meters when compared against 18,000 geodetic control points in the USA
[14]. LIDAR-derived elevation data are available for some coastal states and inland states at a
resolution of 1/9 arc-second (about 3 meters).

Although many sources of elevation data are available at very low costs, methods to acquire
public roadway elevation data on a large-scale based on these resources are currently lacking.
With more than 200 million downloads since its release in June 2005 [15], Google Earth (GE)
has recently been recognized for its potential to significantly improve the visualization and dis-
semination of scientific data [16-18]. The elevation of any points, including the multilayered
bridges in some metropolitan areas, can be acquired with GE or its Application Programming
Interface (API). Up to this point, Google has been unwilling to release detailed information
regarding the accuracy of the archive, though some previous research work has addressed this
issue on a limited scale. For example, Potere [15] evaluated the horizontal positional accuracy
of GE’s imagery archive. Benker et al. [19] tested the horizontal and vertical positional accu-
racy of the GE terrain model in the Big Bend region, Texas, USA. This study intends to con-
duct a comprehensive assessment of GE elevation accuracy in the area of conterminous USA
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to examine whether GE elevation data is a valuable resource for transportation applications,
and to develop the methods for bulk acquisition of public roadway elevation and grade data
from GE.

The reminder of this paper is organized as follows: Section 2 describes the method for bulk
data acquisition of roadway elevation and grade from GE, including the lower level road in
multi-layered roadway sections. Section 3 investigates the GE elevation accuracy by comparing
to the ground truth elevation data from GPS benchmarks and roadway monuments. Section 4
implements and validates the proposed roadway elevation extraction method. Section 5 pro-
vides the conclusion and recommendations for future research.

Roadway elevation extraction method
Method overview

To extract the roadway elevation and grade, a Google Earth Elevation Data Extraction System
(GEEDES) was developed at the Smart Transportation Applications and Research Laboratory
(STAR Lab) of the University of Washington using the GE API. The GE API only allows third-
party applications to acquire the elevation at any points displayed on the GE application rela-
tive coordinates (see Fig 1). This is addressed in GEEDES with the following operation steps:

1. Determine GE viewbox parameters based on the start/end points and geometric informa-
tion of the segment of interest;

2. Convert the latitude and longitude coordinates (widely used in roadway GIS) of sampling
points into the GE form relative coordinates and extract the raw elevation data;

3. Multi-layered roadway recognition and data correction; and

4. Slope segmentation and grade calculation.

GE viewbox parameters determination

The purpose of calculating GE viewbox parameters is to ensure the extracting routes are
displayed in the GE form. The major viewbox parameters are the focus centre location
O[LOy,,LAf] in longitude and latitude format and the range of viewpoint r. The equations to

& Google Earth o @=
T —— (1)

(47.655387,-122.312091)

)
(0,0)
9 (47.655387,-122.312091,33.39m)
Latitude and Longitude Coordinates (-0.767,-0.005) 3D Coordinates with Elevation
@
(-1,-1) Google Earth Coordinates

Fig 1. Sketch of Google Earth coordinates and coordinate transformation procedure.

https://doi.org/10.1371/journal.pone.0175756.9001
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calculate O[LO,,LA,] and r are:

LO_, + LO,
Lof — min + max
C ? (1)
LA .+ LA
LAf — min —"_ max
‘ 2
maX[f(LOmim LAmim LOmax’ LAmin) |f(LOmin7 LAmin’ Lomim LAmax)] (2)
r =
2 -tan(0/2)

where LOy. and LA, are the longitude and latitude of GE viewbox focus centre location O.
LOmin and LO,, . represent the minimum and maximum value of longitude of all the sam-
pling points on the extracting route. LA ;, and LA, represent the minimum and maxi-
mum value of latitude of all the sampling points on the extracting route. 0 indicates the
camera angle of the GE viewbox, which is a fixed parameter predefined in GE. fis the func-
tion to calculate the distance between two points in latitude and longitude coordinates.
Great-circle distance is a method known from spherical geometry [20] to calculate the dis-
tance between two points on a curved surface like the earth, but it has a significant drawback
in that rounding error may be present when two points are located close to each other [21].
In this study, the Haversine-formula [20] has been used in the distance calculation function f
to improve numerical stability:

LA — LA, LO, — LO,
f(LO,, LA, LO,, LA;) = RE x 2arcsin | 4 [sin® (’) + cos(LA,)cos(LA,)sin’ <]> (3)

2 2

where LO;, LA;, LO; and LA; are the longitude and latitude of any two points i and j, and RE
is the radius of the earth.

Coordinate transformation and raw elevation data extraction

By setting the GE viewbox parameters to O[LOg,LA¢] and r, the entire extracting routes
can be displayed in the GE form for extracting elevation. In the GE form box, the coordinate
values of the lower-left corner, centre and upper-right corner are [-1,-1], [0,0] and [1,1] as
shown in Fig 1. The locations of all the other points displayed in the GE form box are repre-
sented by the decimals between [-1,-1] to [1,1]. Considering the resolution of the GE view-
box, the displayed area in the GE form for extraction should not be very large and can be
regarded as a plane. Therefore the location [x;,y;] of each sampling point i in the GE form
relative coordinates can be converted from the longitude and latitude by Eqs 4 and 5:

f(LO, LA, LO,,LA,)  LO,—LO,

fer 2Y%
X, = X (4)
f(ro,, LA, LOg, LAfC) ILO, — LOfC|

. f(LO, LA, 1O, LA,) LA, — LA, -
"~ f(LO,, LA, LO,, LA,) ~ |LA, — LA]

ur? fer

where LO,,, and LA, represent the longitude and latitude of the upper-right corner in the
GE form; LO; and LA, represent the longitude and latitude of each sampling point i; the ele-
vation of point i then can be acquired by calling the “GetPointOnTerrainFromScreen-
Coords(x;, y;)” function in the GE APL
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(d) Example of elevation extraction result

Fig 2. Example of exception data in roadway elevation extraction.
https://doi.org/10.1371/journal.pone.0175756.9002

Multi-layered roadway recognition and data correction

The method developed above can extract the elevation of any point by the given longitude and
latitude. However, this method has a significant limitation that, as shown in Fig 2, only the top
layer elevations can be measured, and the extracted roadway elevation is affected by overlap-
ping infrastructure such as interchanges, multilayered roadways, or multideck bridges. Eleva-
tions of lower layer roadways, tunnels, and sheltered roadways cannot be directly measured
using the aforementioned method. In addition to the overhead infrastructure, road surface
and traffic conditions at the time of measurement may also cause errors as illustrated in Fig 2
(c). It is necessary to further process the elevation data to eliminate errors induced by surface
sheltering and estimate the elevation for the roadways that cannot be directly acquired.

In GEEDES, the sampling points of the extracting routes are evenly distributed along the
routes at a predefined resolution. The prevailing feature of the errors caused by overlapping
infrastructure is that the elevation along the lower layer route suddenly steps upward to the ele-
vation of top layer in the overlapping segment, and then falls back to lower layer elevation at
the end of overlap. Based on this characteristic, the following method has been developed to
recognize the overlapping area: first, AE; and ¢; are defined in Eqs 6 and 7, describing the eleva-
tion difference and variation trend between each sampling point i and its previous one.

AEi =E —E_, (6)
1, AE >0
=<0, AE,=0 (7)
-1, AE <0

where E; represents the elevation of sampling point i ordering by the distance from the starting
point of extracting route. The method assumes that the infrastructure overlapping will not
occur at the starting or ending section of the extracting route, and compares all the subsequent
sampling points iteratively by the following procedure to find the overlapping areas and cor-
rect the elevation:
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1. Check for new overlapping segment by elevation change of sampling point [i]:
If (|AE; | > a), then go to step 2); else proceed to step 1) for sampling point [i+1].

2. Check if previous segment [i] is on overlapping segment:
If F,,, = false, then go to step 3); else go to step 4).

3. Start new overlapping area beginning at segment [i]:
Set Lygre =i

i

& i—j
__ Jj=i-N

Set Ae =————

Set F,, = true

Proceed to step 1) for sampling point [i+1].

4. Check whether end of overlapping segment is reached:
If (f1gtare X t; < 0 and |Ae X (i—Iyps) + Efare—Ei| < ), then go to step 5); else proceed to
step 1) for sampling point [i+1].

5. Set index of overlapping ending point (I,,,4): Lonq = i,
Set F,,, = false
Replace the elevation of sampling point between I,,, and I,,,; by linear interpolation
Proceed to step 1 for sampling point [i+1].

where « is the threshold to determine whether a jump occurs and 3 is the threshold to deter-
mine whether the overlapping segment has ended; F,,, is a flag variable indicating whether the
current point is within the overlapping segment; Ae is the grade of the segment immediately
before the overlapping segment; and n is number of sampling points utilized to calculate Ae,
which is determined by the sampling resolution.

Slope segmentation and grade calculation

Slope length and roadway grade rather than the elevation of a single sampling point are useful
for some transportation applications (i.e., fuel consumption calculation, eco-routing, etc.).
Using the point elevation data obtained by the proposed extraction and correction method,
this sub-section aims to develop an approach to segment the extracted route by recognizing
roadway grade changes and calculate the slope length and grade. The basis for recognizing
roadway grade changes in this study is similar to the method of multi-layered roadway recog-
nition proposed in the previous sub-section. A rolling space interval is utilized to check
whether a grade change occurs. The rolling space interval’s slope angle relative to the horizon-
tal plane can be calculated by:

- Ei+n - Ej
Z arctan(-————)
= (i+n—j)xR n_ o _m .
¢, = n ’ (7 2 9; 2) ( )
Aq)sturtj = q)i - (pstart (9)
A(pi,i—l =¢ =9y (10)

where ¢; is the slope angle for the rolling space interval starting from sampling point i and # is
the number of sampling points contained in the rolling space interval. R is the horizontal dis-
tance between two successive sampling points, which is determined by the sampling
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resolution. @,,, is the slope angle for the starting space interval of every new segment. A@g,,+;
indicates the slope angle difference between rolling space interval i and the slope of the starting
space interval. Ag;; ; indicates the slope angle difference between rolling space interval i and
its previous one. The detailed procedure to segment the extracted route by grade is described
below:

1. Check slope angle change of rolling space interval [i]:
if (|A@stare,i | > v and F, = False), then go to step 2); else check rolling space interval [i+1]
in stepl).

2. Set Fy = True, proceed to step 3) for rolling space interval [i+1].

3. Check for end of constant grade segment:
If (JA@; ;1 | < ), go to step 4); else proceed to step 3) for rolling space interval [i+1].

4. Begin new constant grade segment:
Set Lo = i—1
Set Fy = false
Set Pstart = Pi-1,
Setk=k +1I
Proceed to step 1) for space interval [i+1].

where k is the constant grade segment index, ¥ is the threshold to determine whether an obvi-
ous slope angle change occurs, ¢ is the threshold to determine whether the rolling space inter-
val enters a new segment with consistent grade, and F, is a flag variable to indicate whether the
rolling space interval enters variable slope section. For any segment between segmentation
points I and I k15, the length and grade can be calculated by Eq 11 through Eq 13:

Iseg‘k—lfl E _ E
L= Z R x cos(arctan(%)) (11)

J=Lseg

Iseg.k+1

>4

J=seg k

) (12)

=t
g = tan(-

seg.k+1 - Iseg,k

E —E
j Lseg k T

-_— —— < 0. <
(j - Iseg,k) X R)’ ( 2 ¢]

where Ly is the length of segment k, gi is the grade of segment k, and ¢; is the slope angle at
sampling point j in segment k.

I

) (13)

¢; = arctan(

GE elevation accuracy assessment
Reference data

With the extraction method proposed in this study, the applicability of the GE elevation for
transportation applications depends on the accuracy of the original GE elevation data. This
section aims to conduct a comprehensive assessment for the accuracy of GE’s original eleva-
tion data. Two datasets are utilized as ground truth data to examine the accuracy of the eleva-
tion data extracted from the GE. The first is the “GPS on Bench Markers” dataset of geodetic
control points (http://www.ngs.noaa.gov/GEOID/GPSonBM09/) from the National Geodetic
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Survey (NGS). This set of points has millimetre to centimetre-level accuracies and covers the
conterminous USA on a broad range of topographies (see Fig 3(a))[11]. To assess GE’s eleva-
tion accuracy for transportation use, roadway monuments directly adjacent to the roadways of
interest are utilized as the second source of ground truth data. Roadway monuments data are
provided by transportation agencies such as state DOTs, and also with the centimetre-level
accuracy on both horizontal and vertical position. The GE elevation data used for comparison
was extracted during April 15th~25th, 2014.

Accuracy assessment indicators

In this study, common statistical indicators and statistical test such as Mean Absolute Error
(MAE) standard deviation (Std. Dev), Root Mean Square Error (RMSE) and Mann-Whitney
U Test are considered. Absolute vertical accuracy can also be expressed in terms of an error
interval at a percentile, in many cases 95%, which is also referred to as “boundary of error
interval at 95%” (BE 95). The accuracy assessment indicators used in this study can be calcu-
lated by Eq 14 through Eq 18:

MAE="“"_ (14)

u="-1_— (15)

StdDev. =\ (16)

(17)

BE95 = u % 1.96 x Std.Dev. (18)

where N is the number of observations, v; is the ground truth elevation at point i, ¥, is the mea-
sured elevation value, u is the mean error for all observations, and 1.96 is the value of the stan-
dard normal distribution z-statistic at cuamulative probability = 97.5%.

GE vs. GPS benchmarks

This study compared the elevation extracted from GE with 20131 GPS benchmarks in the con-
terminous USA. These benchmarks cover many types of land cover including developed city,
forest, wetland, etc. The coverage of GPS benchmarks is shown in Fig 3(a). The spatial distri-
bution of the different levels of GE elevation error measured relative to the GPS benchmark
data are shown in Fig 3(a) through 3(g).

Summary statistics of the measured GE elevation errors are presented in Table 1. In general,
the MAE of GE elevation is 10.72 meters, the measured RMSE for GE elevation is 22.31 meters.
In the comparison to GPS benchmarks, GE elevation exhibits a BE95 of +43.72 meters.
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Fig 3. Sampling points distributions in the continuous USA on different GE elevation error levels.

https://doi.org/10.1371/journal.pone.0175756.9003

Another important descriptor of vertical accuracy is the mean error, or bias, which indicates if
the GE elevation has an overall vertical offset (either positive or negative) from the true ground
level. In this assessment, the ME of GE elevation is 0.13 meters, indicating that GE does not
have a significant bias. Fig 4 describes the error distribution pattern along the latitude and lon-
gitude in the conterminous USA, indicating that the GE elevation accuracy varies by the
location.
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Table 1. Error statistics of the accuracy assessment vs. GPS benchmarks.

Sample Size 20131
Min. AE(m) 0.00
Max. AE(m) 198.79
MAE(m) 10.72
ME(m) 0.13
Std. Dev.(m) 22.31
RMSE(m) 22.31
BE95(m) +43.72

https://doi.org/10.1371/journal.pone.0175756.t001

GE vs. roadway monuments

The comparison above shows the GE elevation accuracy on a national wide scale. However,
for transportation applications, the elevation accuracy along roadways is a more informative
measure of how trustworthy GE elevation data is. To address this issue, this study compared
the extracted GE elevation with the roadway monuments data from California (CA), New
York (NY), Texas (TX), Washington (WA), Wyoming (WY) and Minnesota (MN) State. The
roadway monuments data have the centimetre-level accuracy on both horizontal and vertical
positions. The results shown in Fig 5 indicate that the MAE of GE elevation is 1.32 meters and
the RMSE is 2.27 meters, which is a significant improvement over the GPS benchmarks com-
parison. The results obtained for each state shown in Table 2 indicate that the accuracy of GE
elevation along the roadway does not vary significantly by location (states).

To test whether GE elevation accuracy varies between different roadway types, this study
explored the GE elevation error by looking into the roadway monuments data from Washington
State categorized by the route code (see Fig 6). Three interstate freeways and five state highways
are involved in this assessment. The results of each route shown in Table 3 indicate that the
accuracy of GE elevation does not vary significantly between different routes and facility types.

GE vs. other digital elevation model (DEM)

As mentioned in the introduction section, there are several other data sources providing global
or regional DEMs. The USGS NED is one of the well-known DEMs covering the United States
nationwide. The data in USGS NED are available at a grid spacing of 1 arc-second (about 30
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Fig 4. Error distributions by latitude and longitude.
https://doi.org/10.1371/journal.pone.0175756.g004
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Fig 5. Frequency histogram of GE elevation error vs. roadway monuments.

https://doi.org/10.1371/journal.pone.0175756.g005

meters) for the conterminous USA, and at 1/3 and 1/9 arc-second grids (approximately 10 and
3 meters, respectively) for parts of the nation. The research team conducted a local study that
compared the elevation data extracted from Google Earth and USGS NED with the WSDOT
monuments data (centimetre-level accuracy) along I-5 in Washington State. The comparison
result shown in Fig 7(a) suggests that the elevation data extracted from Google Earth is at least
as accurate as the 1/9 arc-second resolution USGS NED data, in which the mean error of GE
elevation data is 0.97m smaller and the t-test statistic is 2.55; and Fig 7(b) suggests that the
accuracy of the 1/3 arc-second resolution USGS NED data is significantly lower than that of
the Google Earth elevation data, in which the mean error of GE elevation data is 3.84m smaller
and the t-test statistic is 7.94. Based on this, Google Earth should be considered a valuable
source of nationwide roadway elevation data, with coverage including the areas in which only
1/3 arc-second resolution data are available from USGS NED.

Implementation and validation

Through the above analysis and tests, this study demonstrated that GE is a valuable elevation
data source for transportation applications. This section implements and validates the extrac-
tion method developed in this study. Three scenarios are selected to test the performance of
coordinates transformation method, multi-layered roadway recognition, and slope segmenta-
tion by grade calculations.

Table 2. Error statistics of the accuracy assessment vs. roadway monuments.
State Sample Size Min. AE(m) Max. AE(m) MAE(m) Std. Dev.(m) RMSE(m) BE95(m) |Mann-Whitney U Test (p value)

CA 431 0 19.98 1.46 2.33 2.35 +4.56 0.94*
NY 214 0 13.33 1.67 2.43 2.57 +4.77 0.65
X 576 0 18.22 1.12 2.09 2.14 +4.20 0.99
WA 1270 0 18.82 1.67 2.79 2.81 +5.46 0.81
WY 117 0.08 19.1 2.22 2.88 3.04 +5.64 0.93
MN 1254 0 18.26 0.88 1.36 1.39 +2.68 0.94
ALL 3862 0 19.98 1.32 2.27 2.27 +4.45 0.93

* P-value is larger than 0.05, and we fail to reject the null hypothesis that two elevation datasets are equal.

https://doi.org/10.1371/journal.pone.0175756.t002
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Fig 6. Sampling points distribution along roadways in Washington State.

https://doi.org/10.1371/journal.pone.0175756.9006

Scenario 1: Extracting roadway elevation differentiating by directions

Since the GE and general roadway GIS use different coordinates system, the performance of
coordinate transformation method proposed in this study is essential to ensure the accuracy of
extracted elevation results. For testing, a freeway segment with different subgrade elevation on
the two directions is selected as shown in Fig 8(a). The longitude and latitude of the starting
and ending points for each direction at the roadway centerline are input into the coordinate
transformation method. Fig 8(b) shows the location of converted sampling points, which are
appropriately located on the roadway centerline. By acquiring the elevation of converted sam-
pling points through the GE API, the roadway surface elevation can be extracted as shown in
Fig 8(c). This demonstrates that the proposed extraction method is capable of differentiating
roadway surface elevation by direction, indicating that the extraction method can locate the
extracting route accurately with GE.

Table 3. Error statistics of the accuracy assessment among different routes in Washington State.

Route
I-5
1-405
1-90
S-101
S-12
S-2
S-20
S-97
ALL

Sample Size

443
43
176
138
69
137
222
42
1270

Min. AE(m)

0
0
0.07

0.01
0.02

0.01
0

Max. AE(m) | MAE(m) | Std.Dev.(m) | RMSE(m) BE95(m) | Mann-Whitney U Test (p value)

11.34 1.65 2.77 2.89 +5.43 0.64*
13.52 1.44 2.72 2.74 +5.34 0.88
10.25 2.09 2.9 2.9 +5.68 0.94
18.82 1.28 3.04 3.07 +5.96 0.69
12.89 1.44 2.5 2.52 +4.90 0.92
10.23 2.08 2.81 2.85 +5.50 0.97
18.32 1.39 2.39 2.4 +4.69 0.99
11.44 2.15 2.93 3.34 +5.74 0.9
18.82 1.67 2.79 2.81 +5.46 0.81

* P-value is larger than 0.05, and we fail to reject the null hypothesis that two elevation datasets are equal.

https://doi.org/10.1371/journal.pone.0175756.t003
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Fig 7. Error comparison between GE and USGS NED.
https://doi.org/10.1371/journal.pone.0175756.9007

For transportation applications, the precision of elevation data is another important factor
in addition to the absolute accuracy. Even if the overall accuracy of elevation data source is
low, the extracted data can still be used if the elevations of sampling points are precise to each
other along a certain roadway segment. In this scenario, the extracted segments are both in the
constant grade sections, thus the extracted elevations of the sampling points are compared
with the elevation on the ideal straight-lines connecting the starting and ending points of these
segments. The mean of the differences is 0.06m and 0.03m for the northbound and

(b) Converted sampling points location (top
view)

w
o

H
|
\
|

Elevation(m)

—
(=3

0 Distance(m) 100
—+—Northbound ——Southbound

(c) Elevation output differentiated by directions
Fig 8. Extracting roadway elevation differentiating by directions.
https://doi.org/10.1371/journal.pone.0175756.g008
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southbound respectively, indicating that the precision of GE elevation data along roadways is
satisfactory.

Scenario 2: Multi-layered roadway recognition in freeway segment

To test the performance of multi-layered roadway recognition method, we chose the Interstate
Freeway No.5 southbound in the downtown area of Portland, OR, which contains 17 overlap-
ping segments including interchanges and a double layer bridge. The horizontal distance
between two successive sampling points (sampling resolution) is 5m, and the thresholds were
set as follows: & = 1m, = 5m and N = 5. The recognition results are shown in Fig 9. Fig 9(a)

(a) Overpass
80
" @ “
g 40

0 1000 2000 3000 4000 5000 6000 7000
Horizontal Distance(m)
——Raw Elevation —— Corrected Elevation
(d) Multi-layered roadway recognition result output
0.05
0.04
0.03
0.02
g 0.01 . ., - . —_—
0 P S— ] - —ats —. .,
G - e-a —aa, . e
-0.01 S — .
-0.02 .
-0.03 e
-0.04
-0.05
0 1000 2000 3000 4000 5000 6000 7000
Horizontal Distance(m)
= Segmentation point ——Grade

(e) Slope segmentation and grade calculation result output

Fig 9. Multi-layered roadway recognition and slope segmentation along I-5 southbound in Portland, OR.
https://doi.org/10.1371/journal.pone.0175756.g009
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shows a situation where the desired roadway is covered by an overpass, marked as (a) in Fig 9
(d). Fig 9(b) and 9(c) show cases with an interchange and double layer bridge respectively,
which are marked as (b) and (c) in Fig 9(d) accordingly. From Fig 9(a) through 9(d), it is clear
that all the overlapping segments were identified by the proposed methodology.

Scenario 3: Slope segmentation and grade calculation in freeway
segment

In this scenario, we chose the roadway segment described in Scenario 2 to test the performance
of slope segmentation and grade calculation method. Based on the corrected elevation data,
the extracted route can be divided into several segments by slope grade as shown in Fig 9(e). In
Fig 9(e), it is clear that the locations of segmentation points are consistent with the roadway
grade changes shown in Fig 9(d), indicating that the proposed segmentation method works
well with the elevation data acquired from GE.

Conclusion and future work

This paper aims at evaluating Google Earth as a possible elevation data source for transporta-
tion applications. A method for extracting roadway elevation data from GE was developed.
The elevation extraction method includes GE viewbox parameters determination, Coordinate
transformation, Multi-layered roadway recognition and data correction, and Slope segmenta-
tion and grade calculation. To understand the accuracy of GE elevation data, a comprehensive
accuracy assessment on GE elevation data was conducted in the area of conterminous USA.
First, the GE elevation data was compared with the ground truth data from nationwide GPS
benchmarks and six states’ roadway monuments in the conterminous USA. Then, the accuracy
assessment also compared GE elevation with the elevation raster data from USGS NED.
Finally, the proposed extraction method was implemented and validated in three scenarios
including (1) Extracting roadway elevation differentiating by directions, (2) Multi-layered
roadway recognition in freeway segment and (3) Slope segmentation and grade calculation in
freeway segment. The following conclusions can be drawn from the testing and validation
results:

1. The accuracy of elevation data from GE is better along roadways compared to other eleva-
tion data sources in the conterminous USA, with MAE, RMSE, and GE roadway elevation
error standard deviation of 1.32m,2.27m and 2.27m respectively;

2. Google Earth elevation data is a valuable resource for transportation applications. The pre-
cision of GE elevation data along roadways is satisfactory, and there is no evidence showing
the accuracy of GE roadway elevation varies significantly between states or route types; and

3. The proposed extraction methods can locate the extracting route accurately, and can recog-
nize multi-layered roadway section and segment the extracted route by grade
automatically.

There are a few points deserve discussions. First, Google Earth records elevation informa-
tion on the ground surface. Thus, under some circumstances, Google Earth elevation data may
be inaccurate where a roadway is under an overhead structure or a roadway is within a tunnel.
The roadway grade design guidelines from the American Association of State Highway and
Transportation Officials’ (AASHTO) A Policy on Geometric Design of Highways and Streets
[22] can be considered to identify the abnormal elevation values. Second, it is useful to develop
some procedures to automatically correct the abnormal elevation data and ensure the elevation
data quality from Google Earth. For example, a moving average method can be used to smooth
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the sudden spike and dip of curves. Third, for large-scale data extraction from Google Earth, it
is necessary to design a roadway network geo-database and extract elevation information auto-
matically[23].

Future research may continue our investigation along the following four directions: First,
the extraction method itself can be improved by testing the accuracy of corrected multi-layered
roadway elevation and the calculated grade, and by tuning of the thresholds used in the
method to make them suitable for different roadway types. Second, applications of the GE ele-
vation data and extraction method can be investigated such as testing elevation change effects
on vehicle fuel efficiency, assessing the impacts of elevation change on congestion under short-
est travel time and most energy efficient route choice alternatives, and exploring the influence
of elevation change on the choice of non-motorized travel modes. Third, elevation data may
be combined with the GIS data on an online and easy to access platform to support various
transportation analyses on roadway networks. Fourth, it is useful to develop a data cleaning
method (e.g., a moving average method) for obtaining more accurate roadway elevation data
from Google Earth [24].

Supporting information

S1 File. Analysis data.zip contains data and analysis results for this study.
(Z1P)

Acknowledgments

The authors appreciate the funding support from the Federal Highway Administration
(FHWA), the Pacific Northwest Transportation Consortium (PacTrans), USDOT University
Transportation Center for Federal Region 10, the National Natural Science Foundation of
China (grant no. 51608386), and Shanghai Sailing Program (grant no. 16YF1411900). This
study would not have been possible without their financial supports.

Author Contributions
Conceptualization: YSW YHW.

Data curation: YSW YJZ KH JJT.

Formal analysis: YSW YJZ KH BJP.

Funding acquisition: YHW Y]JZ.

Investigation: YSW YJZ KH.

Methodology: YSW JJT.

Project administration: YSW YHW.

Resources: YSW YHW.

Software: YSW YJZ KH.

Supervision: YSW YJZ YHW.

Validation: YSW YJZ KH.

Writing - original draft: YSW YJZ KH YHW JJT.
Writing - review & editing: YSW YJZ KH YHW JJT BJP.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175756  April 26, 2017 16/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0175756.s001
https://doi.org/10.1371/journal.pone.0175756

@° PLOS | ONE

Google Earth elevation data extraction and accuracy assessment for transportation applications

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

Chen Z, Zhang Y, Lv J, Zou Y (2014) Model for Optimization of Ecodriving at Signalized Intersections.
Transportation Research Record: Journal of the Transportation Research Board: 54—62.

Ma X, Wu Y-J, Wang Y (2011) DRIVE Net: E-science transportation platform for data sharing, visualiza-
tion, modeling, and analysis. Transportation Research Record: Journal of the Transportation Research
Board: 37—49.

ZouY, Tang J, Wu L, Henrickson K, Wang Y Quantile analysis of factors influencing the time taken to
clear road traffic incidents. Proceedings of the Institution of Civil Engineers—Transport 0: 1-9.

Manual HC (2010) HCM2010. Transportation Research Board, National Research Council, Washing-
ton, DC.

Kim J-K, Wang Y, Ulfarsson GF (2007) Modeling the probability of freeway rear-end crash occurrence.
Journal of transportation engineering 133: 11-19.

Kockelman KK, Ma J. Freeway speeds and speed variations preceding crashes, within and across
lanes; 2010.

Zou Y, Zhang Y, Lord D (2013) Application of finite mixture of negative binomial regression models with
varying weight parameters for vehicle crash data analysis. Accident Analysis & Prevention 50: 1042—
1051.

Boriboonsomsin K, Barth M (2009) Impacts of road grade on fuel consumption and carbon dioxide emis-
sions evidenced by use of advanced navigation systems. Transportation Research Record: Journal of
the Transportation Research Board: 21-30.

Becker J, Sandwell D, Smith W, Braud J, Binder B, Depner J, et al. (2009) Global bathymetry and eleva-
tion data at 30 arc seconds resolution: SRTM30_PLUS. Marine Geodesy 32: 355-371.

Farr TG, Rosen PA, Caro E, Crippen R, Duren R, Hensley S, et al. (2007) The shuttle radar topography
mission. Reviews of geophysics 45.

Gesch DB, Oimoen MJ, Evans GA (2014) Accuracy assessment of the US Geological Survey National
Elevation Dataset, and comparison with other large-area elevation datasets: SRTM and ASTER. US
Geological Survey. 2331-1258 2331-1258.

Tachikawa T, Hato M, Kaku M, Iwasaki A. Characteristics of ASTER GDEM version 2; 2011.
IEEE. pp. 3657-3660.

Reutebuch SE, Andersen H-E, McGaughey RJ (2005) Light detection and ranging (LIDAR): an emerg-
ing tool for multiple resource inventory. Journal of Forestry 103: 286—292.

Meyer D, Tachikawa T, Abrams M, Crippen R, Krieger T, Gesch D, et al. (2012) Summary of the valida-
tion of the second version of the ASTER GDEM. ISPRS-International Archives of the Photogrammetry,
Remote Sensing and Spatial Information Sciences: 291-293.

Potere D (2008) Horizontal positional accuracy of Google Earth’s high-resolution imagery archive. Sen-
sors 8:7973-7981. https://doi.org/10.3390/s8127973 PMID: 27873970

Butler D (2006) Virtual globes: The web-wide world. Nature 439: 776—-778. https://doi.org/10.1038/
439776a PMID: 16482123

Sheppard SR, Cizek P (2009) The ethics of Google Earth: Crossing thresholds from spatial data to land-
scape visualisation. Journal of environmental management 90: 2102—2117. https://doi.org/10.1016/j.
jenvman.2007.09.012 PMID: 18599184

Yu L, Gong P (2012) Google Earth as a virtual globe tool for Earth science applications at the global
scale: progress and perspectives. International Journal of Remote Sensing 33: 3966—-3986.

Benker SC, Langford RP, Pavlis TL (2011) Positional accuracy of the Google Earth terrain model
derived from stratigraphic unconformities in the Big Bend region, Texas, USA. Geocarto International
26:291-303.

Shumaker B, Sinnott R (1984) Astronomical computing: 1. Computing under the open sky. 2. Virtues of
the haversine. Sky and telescope 68: 158—159.

Geiger P, Pryss R, Schickler M, Reichert M (2013) Engineering an advanced location-based aug-
mented reality engine for smart mobile devices.

Manual HS (2010) American association of state highway and transportation officials (AASHTO).
Washington, DC 10.

Ma X, Wang Y (2014) Development of a data-driven platform for transit performance measures using
smart card and GPS data. Journal of Transportation Engineering 140: 04014063.

TangJ, LiuF, Zou 'Y, Zhang W, Wang Y (2017) An Improved Fuzzy Neural Network for Traffic Speed
Prediction Considering Periodic Characteristic. IEEE Transactions on Intelligent Transportation Sys-
tems PP: 1-11.

PLOS ONE | https://doi.org/10.1371/journal.pone.0175756  April 26, 2017 17/17


https://doi.org/10.3390/s8127973
http://www.ncbi.nlm.nih.gov/pubmed/27873970
https://doi.org/10.1038/439776a
https://doi.org/10.1038/439776a
http://www.ncbi.nlm.nih.gov/pubmed/16482123
https://doi.org/10.1016/j.jenvman.2007.09.012
https://doi.org/10.1016/j.jenvman.2007.09.012
http://www.ncbi.nlm.nih.gov/pubmed/18599184
https://doi.org/10.1371/journal.pone.0175756

