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· Materials
1 
handheld GPS receiver

· Objectives
1. To introduce GPS technology and use it to traverse over a path
2. To relate GPS use to traditional methods of land surveying, such as to find the area of a parcel of land
3. To compare the error in current GPS technology to traditional engineering methods

· Background
During the Cold War in the 1980s the United States Department of Defense decided that it needed a more accurate way of targeting and locating sites on the globe with better accuracy and stealth than previously available.  The answer was GPS, the Global Positioning System, which utilizes 24 satellites and their ground stations to calculate positions anywhere on the globe.  

GPS uses radio signals from at least three satellites to geometrically triangulate positions.  In three dimensions on a spherical object such as the Earth, at least three satellites are needed to locate a point.  In order to triangulate the positions, a GPS receiver measures distance using the travel time of radio signals.  To measure travel time, GPS needs very accurate timing, which it achieves by each satellite having an atomically accurate clock.  Along with distance, receivers need to know exactly where the satellites are in space. High orbits and careful monitoring from ground stations help with this.  Finally, receivers must correct for any delays that a signal experiences as it travels through the Earth’s multi-layered atmosphere. 

Once a position is found in space, a way of expressing it in terms of a map is needed.  Latitude and longitude are used to meet this need.  Latitude gauges how far north or south a point is from the Earth’s equator, while longitude measures how far east or west a point is from an Earth meridian, like the equator except a vertical line. The Greenwich meridian in England is the meridian used in North America. Thus all longitude measurements in the U.S. are given as “West”.

GPS receivers are the instruments used in recording position measurements.  They commonly output latitude and longitude coordinates in addition to other information (e.g., elevation).  Latitude and longitude are given in degrees and minutes measured as shown in Figures 1 and 2, respectively.
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Conversion of latitude and longitude measurements from degrees to feet are a function of the physical dimensions of the Earth.  The Earth has a diameter of 12683 km (7926.7 mi) at the equator and 12640 km (7900 mi) at the poles. Therefore, the length of 1° of latitude at the equator will be different than the length of 1° of latitude at the north pole (365, 235 ft vs. 364, 005 ft, respectively. At a latitude of 40°, the distance for 1° of latitude is about 364, 560 ft. The conversion of a difference in two latitudes recorded as degrees to a distance in feet (see Fig. 1) is as follows, where L is the latitudinal distance in degrees:
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(1)

The length around the globe at any latitude can be considered a circle (see Fig. 2). The circumference of the circle will depend on the latitude. Therefore, for conversions of longitudinal distances from degrees to feet (or meters), it is necessary to account for the latitude.  A circumference of a circle on the surface of the Earth would depend on the latitude.  For example, Figure 2 shows that the circumference is greatest at the equator (2R) and decreases to zero at the poles.  At any latitude  (in degrees), the radius of the circle for a constant latitude is:


r = Rcos
(2)
Therefore, the circumference of the circle is 2r, so the length of 1 degree of longitude is:


1( longitude = 2r = 2Rcos
(3)

360 360

Given that the mean radius of the Earth is 3,959 miles, then the 1-degree of for a longitudinal arc at the latitude  is 69.098cos.  For a longitudinal arc of length G degrees, the longitudinal distance dG in feet is:


dG = G*cos*(69.0976)(5,280 ft/mi) = 364,835*G*cos
(4)
To compute the distance between two GPS points, the differences in latitude and longitude between the two points can yield a right-triangle relationship. Where dL and dG are the differences in latitude and longitude between the two points, respectively, the distance D between the two GPS points is given as follows:
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Equations 1 and 4 provide the input to Eq. 5. To illustrate assume satellite readings on two points give the following values of latitude and longitude: 
point
Latitude
Longitude
A

39.215

76.804

B

39.287

76.719

Equation 1 gives the latitudinal distance as:


dL = 364, 560 (39.287 – 39.215) = 26248 ft




       (6)
Equations 4 gives the longitudinal distance as: 


dG = 364835(76.804 - 76.719) cos[0.5(39.215 + 39.287)] =24014 ft

       (7)

Therefore, the separation distance computed with Eq. 5 is:
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· Preparation: GPS Accuracy Assessment 
The purpose of this analysis is to decide the size of the triangle necessary to provide reasonable accuracy. Based on the relative errors, which are expected to drop as the area increases, the triangle to use with the GPS instrument can be selected. Obviously, the smaller the error, the better, but if space is limited, it may be necessary to use a triangle that is smaller than necessary to give reasonable accuracy. The accuracy estimates should be considered in assessing the accuracy of future area computed with the GIS.

Every GPS instrument provides a different level of accuracy. To ensure that measurements required to complete this activity are sufficiently accurate to demonstrate GPS usage, the activity outlined below should be conducted. A surveyor’s tape measure of 100 ft or 25 m will be required.

1. Lay out a straight line that is approximately 100 ft long. Drive stakes into the ground for these two points; the tops of the stakes should be flush with the ground. These will be referred to as points A and B. This will be the base of a triangle, L. Make the actual measurement and record the value on Form I.
2. Mark a third point at the halfway point on the line of step 1. A stake should be driven here. This will be point C.
3. From the halfway point measure distances of approximately 100 ft, 200 ft, 300 ft, and 400 ft perpendicular to the triangle baseline of step 1. These lengths are the heights of four different triangles, denoted as h. Measure the actual heights and record the values on Form I. Using the end points of the baseline and each of the four points measured off in this step as a third point of a triangle, four triangles are formed. These four points are labeled C1, C2, C3, and C4. Compute the area of each of these triangles by measuring the baseline length L and the heights h; the area is 0.5 hL. These are referred to as the true areas. For exact measurements of L and h, the true areas (AT) are 5000, 10000, 15000, and 20000 ft2. However, actual measurements of L and h should be made and the actual areas computed.
4. Using the GPS without turning it off, measure the coordinates of the two ends of the baseline and each of the four points that define the heights of the four triangles.

5. Turn off the GPS, and then turn it back on. Again, identify the coordinates of the six positions.

6. Repeat step 5.

This procedure yields four independent sets of coordinates from which the areas of four triangles can be computed and compared to the true areas (AT). The relative errors of the GPS estimated areas are computed by:
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       (9)
where Ai = area computed with GPS measurements for triangle i, ATi = true area of triangle i, as computed from the measured lengths. If the errors are significant, it may be necessary to take additional GPS readings.

Note: the same procedure can be followed for polygons other than a triangle.
· Pre-Laboratory Questions
1. What are three current civilian uses of GPS today?  What do you suppose (or know) to be some current government uses of GPS?

2. Why might the government want to regulate use of GPS?  What could the government do if they wanted to regulate GPS in some fashion?

3. If one looks at a flat map of the Earth, the latitude and longitude lines intersect to form a grid.  Why are the longitude lines curved?  Does this mean 1 degree of longitude is longer or shorter in distance as you approach one of the Earth’s poles?

4. Two flies are sitting on a spinning globe of the Earth, one on the equator and one on the site of New York (latitude = ~ 41(N).  In one spin of the globe, which fly travels the greater distance?  Why?

5. Assume that the diameter of the Earth is 7,918 miles.  If Christopher Columbus, while sailing across the Atlantic, had traveled west following the equator, how far would he have traveled if he traveled 1/10 of the length of the equator?  15( of arc?

6. If a satellite is 100 miles above the surface of the Earth (diameter = 7918, miles) and is traveling at a speed of 16,000 miles per hour (with respect to the Earth’s surface), how long does it take for one orbit?  How far does it travel in 8 hrs and 40 minutes?

7. You have two 360( protractors, one 8 inches in diameter and the other 5 inches.  What are the lengths of a 15-degree arc on the circumferences of the two protractors?

· Experimental Procedure
This lab uses teams of two people.  One person should administer the GPS receiver and one person should act as a recorder.  The roles should switch in between experiments so that both team members have a chance to operate the GPS receiver.

Experiment A: Mapping a Triangle

1. Go outside and turn on the GPS unit.  While the receiver is searching for satellites, read the appropriate Appendix (attached) to familiarize yourself with the receiver’s functions and how to operate it.

2. Once the unit has acquired all four satellites, go to one of the three corners of the triangle. 

3.
Create a waypoint on the GPS receiver, naming this as waypoint 1A.  Record the latitude and longitude on Worksheet A. 

4. Follow the course to the other two vertices of the triangle and mark these as waypoints 1B and 1C.  Record the latitude and longitude of each point. 

5.
Turn the GPS unit off.

6. Turn the GPS unit back on.  While it is acquiring satellites you can perform the calculations on Worksheet A.

7. Once the GPS is active,  follow along the same triangular course, marking the first waypoint as 2A that was previously 1A in Experiment 1.

8. Mark points 2B and 2C, which correspond to points 1B and 1C of Experiment 1, respectively.

9. Record the latitude and longitude coordinates of each point on Worksheet A.

Experiment B: Navigation with a GPS 

1. Locate the START position for the path.

2. Turn on the GPS unit and hit the GO TO key. Record the coordinates of the START point in columns 2 and 3 of Worksheet B. Three points have been programmed into the GPS memory. Select point 3A from the list of stored waypoints.

3. A compass and the coordinates of the point should appear on the screen. Orient the compass on the screen of the GPS receiver so that north and south are relatively in the correct direction. [Note: to orient the compass on the screen, use the fact that the sun rises in the east and sets in the west.]

4. Once oriented, follow the arrow on the compass to waypoint 3A. A display on the screen will indicate the distance between the receiver and the waypoint.

5. Upon arrival at the point indicated as the waypoint by the receiver (i.e., when the distance = 0.00), record the coordinates and elevation of the waypoint in columns 5, 6, and 10 on Worksheet B.

6. Now look around the waypoint until you find the pathway marker. Move to the marker and in column 9 of Worksheet B record the distance shown on the screen of the receiver; this is a measure of the error in the position.

7. Repeat steps 4 to 6 for waypoints 3B and 3C.

· Computational Analyses
Note: Do not round off numbers when making the computations on Worksheet A. The accuracy of your calculations is especially sensitive to the number of decimal places carried in the computations
1. Each latitude and longitude recorded on Worksheet A is given in degrees plus an amount of minutes.  Convert each measurement in minutes to degrees and add to the existing degrees.  Record the total degrees in the designated spot, where Lx and Gx are the total latitude and longitude, respectively, in degrees.

2. On Worksheet A perform all calculations for finding the area of the triangle in Experiments A. Make sure the calculator is in degrees mode and not radians.

3. The instructor will give the actual measurements of the triangle upon conclusion of the activity.  Record these values in Worksheet A.

4. Using the actual measurements and the data from the two GPS trials, perform the error calculations in Worksheet A.

· Post-Laboratory Questions
1. Looking at the error analysis in Worksheet A, what would you estimate to be the error in plus or minus feet from a waypoint?
2. If a civil engineer wanted to put a building on the triangular area in Experiments A and B, do you think the GPS readings would provide sufficient accuracy for the engineer to use it?

3. Using the elevation readings taken in Experiment B, give the order of points in which water would likely drain to, starting with the highest elevation to the lowest.  Based on the accuracy of the previous experiments, do you feel the GPS receiver could estimate this drainage well enough?
4. Derive equation (4) for the planet Mars (diameter = 4,194 miles).
5. An explorer on Mars starts at latitude (L) of 24(N and a longitude (G) of 125(W.  The explorer moves west one degree of longitude, north 2.5( of latitude, and 1.5( of longitude west.  How far has the explorer traveled?
6. Using the coordinates of the START point and waypoint 3, determine the straight-line distance between them, Then compute the distance traversed in moving between the four points. Find the ratio of the distance traveled to the straight-line distance. This is a measure of the eccentricity of the path taken.

7. Compute the average error from the three errors. Also compute the relative error (error divided by the distance) for each of the three path sections.

8. Using the elevations and the distances, compute the slopes of each section of the pathway. What is the average slope?
L = __________ ft = length of baseline = distance between points A and B

	(1)
	
	(2)
	
	(3)
	
	(15)
	
	(16)

	point
	
	distance in (ft)

pt C to pt Ci
	
	True

area (ft2)
	
	GPS

area (ft2)
	
	Relative Error in area (ft2)

	C1
	
	
	
	
	
	
	
	

	C2
	
	
	
	
	
	
	
	

	C3
	
	
	
	
	
	
	
	

	C4
	
	
	
	
	
	
	
	



_____________
(2)    measured value (hi) 
(3)    Ai = 0.5 Lhi
(15)  0.5*d*di
(16)  [(15) – (3)/15 * 100%]
	(4)
	
	(5)
	
	(6)
	
	(7)
	
	(8)
	
	(9)
	
	(10)
	
	(11)
	
	(12)
	
	(13)
	
	(14)

	
	
	Latitude
	
	Longitude
	
	
	
	Change in
	
	Distance

(ft)

	point
	
	deg
	
	min
	
	degrees
	
	deg
	
	min
	
	degrees
	
	Points
	
	Lat
	
	Long
	
	

	A
	
	
	
	
	
	
	
	
	
	
	
	
	
	A, B 
	
	
	
	
	
	d = 

	B
	
	
	
	
	
	
	
	
	
	
	
	
	
	C, C1
	
	
	
	
	
	d1 = 

	C
	
	
	
	
	
	
	
	
	
	
	
	
	
	C, C2
	
	
	
	
	
	d2 =

	C1
	
	
	
	
	
	
	
	
	
	
	
	
	
	C, C3
	
	
	
	
	
	d3 = 

	C2
	
	
	
	
	
	
	
	
	
	
	
	
	
	C, C4
	
	
	
	
	
	d4 = 

	C3
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	C4
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


___________
(5), (6), (8), (9): GPS readings 

(7):
(5) + ((6)/60)

(10):
(8) +((9)/60)

(12):
use appropriate values from column (7) 

(13):
use appropriate values from column (10)

(14):
use Eq. (5)
WORKSHEET A
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)

	Point
	Reading
	Latitude
	Longitude

	
	
	deg.
	min.
	degrees
	Average
	deg.
	min.
	degrees
	Average

	A
	1
	
	
	
	LA =
	
	
	
	GA = 

	
	2
	
	
	
	
	
	
	
	

	B
	1
	
	
	
	LB =
	
	
	
	GB = 

	
	2
	
	
	
	
	
	
	
	

	C
	1
	
	
	
	LC =
	
	
	
	GC = 

	
	2
	
	
	
	
	
	
	
	


(3), (4), (7), (8)
data entry

(5)
(3) + [(4)/60.0]
(6)
average of two readings in column (5) for the point

(9)
(7) + [(8)/60.0]
(10)
average of two readings in column (9) for the point 

	(11)
	(12)
	(13)
	(14)
	(15)

	SIDE
	dL i-j
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_____________________= S= 0.5 (DAB + DAC + DBC)
(13)
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WORKSHEET B 

	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	(9)
	(10)

	Point
	Stored Coordinates
	Distance
	Actual Coordinates
	Errors
	Elevation

	
	North 
	South 
	
	North 
	South 
	North 
	South 
	Distance
	

	START
	
	
	
	
	
	
	
	
	

	A
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	B
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	C
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	


(2), (3)
Read from machine 
(4)

Measured with a surveyor’s tape

(5), (6)
Read from machine 

(7)

Column (2) minus column (5)
(8)

Column (3) minus column (6)

(9)

Read from machine

(10)

Read from machine
Appendix 1: Garmin GPS 12

I. Marking a Waypoint (Experiments 1 and 2)

1. Turn on the receiver using the red light bulb button on the right side.

2. Wait for at least 4 satellites to be acquired (4 vertical bars will appear at the bottom, unit will no longer say “Acquiring Satellites” at the top).

3. Use the Page key to scroll to the Position screen (has a ruler-type compass at top).

4. Walk to the desired location of waypoint and use the Page key to scroll to the Main Menu screen.

5. On the Main Menu screen, use the Enter key to select the Waypoint option.

6. Once on the Waypoint screen, if the screen is blank, use arrow pad to scroll to top, where the name of the waypoint goes.  If the screen has a waypoint on it, scroll to “New?” and press enter – screen should go blank.

7. Hit Enter on this line and use arrow keys to select appropriate name of waypoint.

8. Once name is finished, hold the receiver directly on point to be marked, hit enter, and the waypoint is stored.

9. Use Page to scroll to Main Menu and use the “Waypoint List” option to view any waypoint that need to be recorded.  Note: Altitude is the same as elevation for our purposes.

10. To turn off receiver, hold the red bulb button until it powers off.

II. Navigation to a Known Waypoint (Experiment 3)

1. Have the receiver on and with satellites acquired.

2. Hit the GOTO key and a Waypoint list should appear.

3. Scroll down to waypoint name that navigation is needed and press Enter.

4. A compass screen will appear – orient the compass appropriately and follow where the arrow points until the distance (DST) is about 0.00 miles.

5. Once at the correct point, press the Page key until at the Position screen.  This is will display the coordinates and altitude (elevation) of the waypoint.

6. Record any needed information about the waypoint.

7. To turn off receiver, hold the red bulb button until it powers off.

Appendix 2: Garmin Etrex

I. Marking a Waypoint (Experiments 1 and 2)

1. Turn on the receiver – power (PWR) button is on right side.

2. Wait for it to locate all satellites (it will stop telling you to wait).

3. Use the Page button on top of right side to scroll between screens.

4. Scroll to the “Menu” screen, scroll up/down on Menu screen with arrows on left side.

5. Walk to desired location and hold receiver where waypoint is to be marked.

6. On Menu screen, hit Enter (left side of unit) on the “Mark” option.

7. The elevation, latitude, and longitude are listed in that order on the bottom of the Mark Waypoint screen.

8. Change the name of the waypoint by scrolling up and hitting Enter on the default name on the flag.

9. Once on the Edit Waypoint screen, hit Enter to edit and scroll for desired name.

10. When name is correct, select Ok.

11. On Mark Waypoint screen, select Ok to mark waypoint (record beforehand).

12. To view the waypoint, on the Menu screen select “Waypoints” option for a menu of all marked waypoints.

13. To turn off the unit, hold PWR until screen is blank.

II. Navigation to a Known Waypoint (Experiment 3)

1. Once unit is on go to the Menu screen and Enter on the Waypoints option.

2. Scroll to A-D option and hit Enter.

3. Scroll down to waypoint name that navigation is needed and press Enter.

4. On this new “Review Waypoint” screen, hit Enter on the GOTO option.

5. A compass screen will appear – orient the compass appropriately.

6. Navigate to the point with the compass always oriented – the distance away from the waypoint is listed at the bottom of the screen (you may need to scroll to get the distance).

7. When the distance is about 0.00 miles, use the arrow keys on left side of receiver to scroll to coordinate and elevation screens, which will appear underneath the compass.

8. Record any desired information about the waypoint.

9. To turn off the unit, hold PWR until screen is blank.
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