Experiment 4










    
 
Position, Velocity, and Acceleration

I. Purpose  












 
The purpose of this experiment is to teach you about experimental errors that can occur in real measurements.  In particular, we want you to learn how to recognize and deal with systematic and random errors.  To make things more understandable, we have chosen an experiment where the basic physics is simple: you will use a tilted air track to study one-dimensional motion of a mass which is acted on by gravity.  We expect that you already know all about such motion, but a short review is included below.  

II. Equipment













2 meter air table

aircart and reflector


Logger Pro software




ULI



Air supply



Excel Spreadsheets 


Sonic ranger





III. References












For a review of fitting and errors, see Lyons.  If you need to review the physics of motion under constant acceleration, see practically any freshman physics textbook or the brief discussion below.

Review of One-Dimensional Motion


For an object of mass M that can only move back and forth along one direction, Newton's second law says that when a total force F is applied to the object, the object has an acceleration "a" which obeys:
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In this lab, the accelerating mass will be a cart which rides on an air track.  By tilting the air track, you can arrange so that gravity acts to push the cart down the track (see Fig. 4.1).  If the track is tilted at an angle  from the horizontal and the cart has a mass M, then gravity pushes the cart down the track with a force of magnitude 







Fg = Mg sin 

where g = 9.81 m/sec2 is the magnitude of the acceleration due to gravity.   If x is measured from the top of the track:  
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[4.1]

Equation 4.1 can be rewritten: 
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[4.2]

where 
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 is a unit vector in the direction pointing down the track.  


 Integrating equation 4.2 once with respect to time and dropping the unit vectors, gives:
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[4.3]

or more explicitly:
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[4.4]


The important thing to recognize about this equation is that dx/dt is just the magnitude of the velocity v of the object and thus the equation just says that the velocity is a linear function of the time; i.e. if you plot v versus time it will be a straight line.  Equation 4.3 can be integrated once more to yield the magnitude of the position of the object as a function of time:
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[4.5]

Notice that Equation 4.6 just says that x is a quadratic function of time; i.e. if you plot the position x versus the time t it will be a parabola.  Note at 
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Measuring Position with a Sonic Ranger and ULI







To measure the position of the cart as it moves, you will use a device called a "sonic ranger".  The sonic ranger works just like a sonar (see Figure 4.1).  A loudspeaker emits a brief pulse of sound which reflects off the cart.  The reflected sound returns to the speaker, where it is detected by means of a microphone.  The farther away the object is, the longer it takes for the sound to be reflected back to the microphone.  If it take t seconds for the sound to leave the speaker and return, then the object must be a distance of x=st/2 where s ( 340m/s is the speed of sound.  The factor of 2 arises because the sound must travel to the object and back again.  In the sonic ranger an electrical circuit measures the time t it takes for the pulse to return, and the computer then automatically computes the distance x to the object.  


Unlike a ruler, which must be read out by eye, the sonic ranger measures the distance from itself to an object and then transfers this information to a computer at a rate of up to about 40 times per second.  The data transfer is handled by a small box called the Universal Laboratory Interface or ULI which connects to the computer via a serial port.  


To run the ULI and take position measurements, you will use a software program called Logger Pro.  It’s pretty easy to get going by just pointing and clicking in the obvious places.  If you run into trouble check with your instructor. 

V. Experimental Arrangement
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Figure 4.1.  Tilted air track and sonic ranger.  Place the sonic ranger at the bottom end of the track, about 0.5 meters from the end.  The tilt angle  in radians is just the height of the step block divided by the distance between the support legs of the air track.  

A. Set up the Air track

1. Turn on the air supply and set the level to four or more.  Take a look at the air track and notice how air is being forced out of small holes along the track.  If some of these holes get partly blocked, the air flow won't be strong enough to lift the cart and the cart will tend to drag on the track.

QUESTION A1: How good does your track look ? Do you see any streaks along the track, places where a cart has been rubbing against the track, or notice places where the air flow isn't so uniform ?  Comment briefly.

2. It is helpful to have the air track approximately level prior to the start of taking data. It does not have to be perfectly level, since you will not be measuring acceleration.  Check to see whether the track is level by placing a stationary cart on the track and see whether it begins moving on its own (if the track has been purposely tilted by placing a weight under the feet, remove the weight first!).

3.  Adjust the reflector flag to be aligned perpendicular to direction of travel.  See that there is a bumper on the cart and that the cart bounces smoothly off the far end (try not to bounce it off the sonic ranger !)

B. Set up the ULI

1.  The ULI is the small box on your bench.  Turn on the ULI and check that the green light comes on at the front of the box (The power switch is on the back).

2.  Open up Logger Pro by double-clicking on the icon on the desktop.  Then go to the “File” menu and open the file called “Sonic Ranger” or “Motion Detector”.  This will set up the ULI to acquire data from the sonic ranger only, and put the vertical scale in the appropriate units for a distance measurement. 

3.  We'd like the computer to take data at 10 times per second (a lot faster than you can do by hand).  To do this, find the DATA COLLECTION menu and click on "Sampling ". Set the sampling speed at 10 samples/sec. This should be fast enough.

4.  In the graph window set the maximum time value to be about 15 seconds. (Do this by clicking on the last number on the time axis and changing that number to 15 ).  You can also effect this change by changing “Experimental Length” in the “Sampling” pop up window.

5.  In the graph window set the range along the y-axis to about 0 to 2 meters (Do this by clicking on the last number on the position axis and changing that number to 0, and then clicking on the first number along the position axis and changing that number to 2 ). 

6.  You will be copying data from Logger Pro to Excel by cutting and pasting columns.  It’s important to be sure that Logger Pro is displaying the data with an adequate number of significant digits.  This can be done under the menu called “Data”.  Choose at least 4 significant digits.

C. Set up and Calibrate the Sonic Ranger

1. Attach the Sonic Ranger to the end of the air track.  

2. To measure some positions, find the COLLECT button on the toolbar and click on it.  After a delay of a few seconds, you should hear the sonic ranger start sending out clicks and you should see the results being plotted on your screen.  To stop collecting data, just click on the STOP button (it replaces the COLLECT button when data is being collected).

3. Now send a cart down the track by giving it a push and check that the ranger is faithfully recording its position.  You may find that the sonic ranger loses the cart when it gets too far away or too close.  If this happens:



  -    Check that the cart's reflector face is perpendicular to the direction of motion.

· With the program running and the cart in motion, try turning the speaker a little bit from one side to the other and see if the range plot improves.    Also try tilting the speaker about a horizontal axis.

4. The ranger can only get accurate readings if the cart is more than about 0.5 m away, so don't worry if you can't get accurate readings if the cart is too close to the ranger.

QUESTION C1: What should the distance versus time data look like in these circumstances?
5. At this point, you should determine the accuracy of the sonic ranger (i.e. how close is the cart's true position to the position which the ranger reports)  This process is called calibration.   To do this, turn off the air supply and set the cart some distance from the sonic ranger.  Using the scale on the track, try putting the leading edge of the cart at about the 0.7 m mark and then hit the ZERO button.  This sets the rangers origin at 0.7 m on the airtrack.  Now move the cart to the 1.0 m position. Set the maximum time value to be about 1 second. (Do this by clicking on the last number on the time axis and changing that number to 1).

6.  After you have examined your data on the screen and are satisfied that it looks OK, repeat this for five different locations, spanning the length of the track.    We are assuming that the scale on the track is the more reliable measure of the carts position and so we are going to use it as the standard with which we compare the sonic ranger.   Copy and paste the position and time data into sheet 2 of the workbook.     

7. Since you recorded data at 10 samples per second for 1 second at each position of the glider, you have 10 distance measurements at each position. Calculate the average distance, the standard deviation of the distance and the standard deviation of the average distance for the measurements at each location.   If we use the reading of the position on the scale fixed to the airtrack as our “y” variable and the distance measured by the sonic ranger as our “x” variable, then if the sonic ranger is completely accurate, the slope of the graph of “y” versus “x” will be 1.  By using the macro in the spreadsheet file LinFit.xls find the slope of the resulting line.  The uncertainties in “y” will be the uncertainties in the readings of the scale on the airtrack.   The uncertainties in “x” will be the standard deviation of the average distance.  (Note, this may seem a bit backwards: the measurement we are using as our “standard” has less precision than the sonic ranger, but we think it is more accurate.  Also, it gives you the calibration of the sonic ranger in a form that you can use directly).  The output of LinFit.xls will give you the slope and its uncertainty and the intercept and its uncertainty.   The percentage by which the slope deviates from 1 is the percentage accuracy of the ranger.  

8. Copy and paste the output tables from LinFit to your workbook on sheet 2.

QUESTION C2: Based on the value of reduced given by LinFit, determine the probability of achieving that value of 2 , P(2,), using the Excel function CHIDIST.  Is your linear fit a good fit?   If it is not what does it mean? 
PLOT C1: Make a graph of the position from the airtrack scale vs. distance measured by the sonic ranger.  Plot only the symbols without joining the points with a line.   Put error bars on your data points. Use the values of the fitting parameters to plot your fitted line as a line without symbols on your data plot.

9.
When you use LinFit in the calibration process you are assuming that any systematic error that the sonic ranger makes is linear.   Although the ranger may get the distance wrong, we assume that it gets all the distances wrong by the same constant factor.   Finding this constant factor enables us to correct the sonic ranger measurements for this systematic error.   Of course the slope given by LinFit has an uncertainty and therefore there is an uncertainty in our correction for the systematic error.   It is important that we keep this uncertainty from the systematic error correction in our uncertainty evaluations. 

QUESTION C3: How accurate is the sonic ranger at reporting distance? Give a number in meters or percentage and explain briefly how you found it.

10. You can also check the precision of the sonic ranger (i.e. how much fluctuation there is in the distance the sonic ranger reports). You can find the precision at each position by calculating the standard deviation of the distance at each location taken with the glider stationary.

QUESTION C4: What is the precision with which the sonic ranger can report distance? Give number in meters.   As the precision is unlikely to be the same at each position, what single value should you quote in answer to this question?

D. Take some Data

1 In Logger Pro,  set the maximum time value to be about 15 seconds. (Do this by clicking on the last number on the time axis and changing that number to 15 ). 

2. Place the 100 gram weight under the single leg of the aitrack.   Now turn the air supply back on and use the sonic ranger to measure the position of the cart while it goes up and comes back down the inclined air track. In order to get a reasonable measurement, start with the cart at the top of the track. Then release it, letting it bounce off the end. You will use the data after the bounce. 

3. After you acquire some data, take a careful look at it on the screen.  If you are satisfied with your data, raise your hand and show your instructor.
E. Quick Check











QUESTION E1: Does your data look the way you expected? Comment briefly.

F. Analysis Part 1











1. After you have examined your data on the screen and are satisfied that it looks OK.   Copy and paste the position and time data into sheet 3 of the Excel workbook.     

2.  It would be nice to have position coordinates that did not have the systematic error introduced      by the sonic ranger .   Your calibration of the sonic ranger can help here.  The calibration produced a fit of the form 
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, where xsr is the position as measured by the sonic ranger and xs is the position as measure on the airtrack scale.    You can get the corrected position coordinates by using the equation above to adjust your data.

PLOT F1: Make a graph of the Corrected Position vs. Time.  Plot only the symbols without joining the points with a line.   Put error bars on your data points.  This plot should look almost exactly the same as it did on the Logger Pro display. 

4.  Add titles and units to the x and y axes.  

5.  Open the Excel spreadsheet ParaFit.xls.   Copy and paste the time and the corrected position data for the motion after the first bounce off the bottom into the appropriate cells on sheet 1 of the workbook.   The uncertainties in “x” will be left blank as we will assume that the uncertainties in the time measurement are negligible.   The uncertainty in “y” needs to be deduced.

QUESTION F1:  If the equation giving you the corrected position is 
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, what is the uncertainty in the corrected position?   Use propagation of errors, assuming that x is a function of three quantities: a1 , xsr  and a0 .   Show your instructor your result.

6. Use your propagation of error result to calculate the uncertainties in the corrected positions, i.e. in “y”.    Your result should be :  
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.   The first term on the right hand side incorporates the uncertainty in the correction for the systematic error, the second term incorporates the uncertainty associated with the finite precision of the sonic ranger distance measurement and the third term incorporates the uncertainty associated with zeroing of the sonic ranger.

7.  Run the ParaFit macro to obtain the fitting parameters and their uncertainties.  

9. Use the values of the fitting parameters to plot your fitted parabola as a line without symbols on your first graph of position versus time. 

     QUESTION F2: Does the fit look reasonable to your eye? 

QUESTION F3: Based on the value of Reduced 2, what is P(2,) ?  Is your fit good ?

 


 - Does the data fit the parabola well, with only random differences ?





 - If not, what is wrong ?





 - How can we tell where something goes wrong ?





 - What would be a good thing to check ?  





 - How could you check the different parts of the experiment ?

G. Analysis Part 2: Examining the Errors








When an experiment shows a large discrepancy with theory, its a good idea to check everything you did.  By all means perform some additional tests on the equipment and check the equations you used for the theory.  If that doesn't turn up anything, you need to check the analysis more carefully.  If the theory and data look like they are in pretty good agreement to your eye when you plot them, but 2 shows a large discrepancy, that means that the deviations are too small to see on the plot, but larger than your experimental uncertainty.

1. Calculate the 2 term for each position.

    2.   To see what is going on, try plotting the 2 terms.

PLOTS G1 and G2: Make a plot showing the 2 terms as a function of time.  Make another plot showing the 2 terms as a function of position.

Show your plots to your instructor.

 QUESTION G1: Do your difference plots look OK?  Are the differences random (scattered in an unpredictable fashion about the theory) or systematic (repeatedly different from the theory)?

Before Leaving the Lab, make sure you e-mail a copy of your spreadsheets to your TA.

VI. Homework











Due by Friday at 6 PM.  Turn in by e-mail to your TA. 

1. Explain the difference between accuracy and precision.

2. Define systematic and random errors. Give an example of each from this experiment.
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