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Physics 2204
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Introduction to Frames of Reference and Relative motion (1 dimensional non-accelerated)

Part 1 - Background

Start by defining frame of reference: 
a frame of reference is a place from which motion is observed.
Suppose you are standing beside the road watching two vehicles--a dump truck and a tow truck--passing by. The tow truck travels 15 m/s to the left, and the dump truck 10 m/s to the right.
Note that at the beginning, the drivers of the vehicles are sitting directly over the zero position on the ruler.  At the end of each motion, ask yourself "over what point are the drivers sitting now?" 

Questions:  

1. What was the velocity of the tow truck? (include direction) 

2. What was the velocity of the dump truck? (include direction)

 The tow truck has traveled 25 m/s to the left.
Questions:

3. What was the velocity of the tow truck this time? (include direction) 

4. Why should your answer be different from the one you obtained in part (1)? 

5. Why does it make sense to say   "the motion of the tow truck, as viewed from the roadside frame of reference is different from the motion of the tow truck, as viewed from the dump truck frame of reference?"  

The dump truck, though moving to the right, appears to the tow truck driver to be moving to the left at the velocity of 25 m/s.
 Questions:

6. What was the velocity of the dump truck? (include direction)  

7. Recall your answers for the speeds of the dump truck and the tow truck, as viewed from the roadside. Find a relation between these velocities and your answer to part (6). 

 Have you ever had an experience something like this?  You are sitting in a vehicle (a bus or a train is good) and looking out the window at another vehicle very close to yours.  Suddenly you feel that your vehicle is moving forward. However, after a second or two, you realize that your vehicle is not moving at all.  Instead it is the other vehicle that is backing up!  If one of your friends is standing on the road looking at both vehicles, there is no way that she would have been fooled.  Right away she would be able to tell which vehicle was moving. Why is that?  The answer has to with your frame of reference and with your friend's frame of reference. 
Before we go on, let us define frame of reference: 
a frame of reference is a place from which motion is observed. 
Your frame of reference was the vehicle you were sitting in.  You assumed, at least momentarily, that your vehicle was at rest, and you viewed all motion from your reference point.  On the other hand, your friend's frame of reference is the surface of the earth where she is standing.  From her reference point she says that your vehicle stayed at rest while the other moved backwards. 
Are you tempted to say that your friend's frame of reference is "better" or more valid than yours?  DON'T say that.  They are both equally valid, especially as far as physics is concerned.  Let us have a look at another example.  Consider this: 
You are on a train watching a ping pong ball bounce on a table.  Does it go straight up and down in a vertical line? Answer: YES, otherwise it would miss the table on the return trip.  Next ask the driver to drive at a fixed speed down a straight track (there should be no sudden turns or braking) while you bounce the ball up and down.  Because the train is moving when you toss it up, does the ball go flying back over your shoulder?  Answer: Of course NOT.  It would be really amusing to see such a thing;  it would also be annoying to someone sitting behind you if that happened.  OK, then, what does the ball do?   Answer:  it goes up, up, up past your nose and down, down, down onto the table in exactly the same manner as before. From other experiences you know that you would have no trouble bouncing the ball in this manner even though the train is moving. From the frame of reference of the train you see the ball going straight up and down exactly as it did before the car started. We are not finished yet...
Next we put your friend outside the train, some distance into the field on one side of the road.  We will even give your friend binoculars so that she can watch you bounce the ball as you ride by. Suppose that on the other side of the road there is a fence with posts driven into the ground, and your friend can see the posts through the car as you drive by.  She sees you bounce the ball into the air just as you pass post 1.  While the ball is in the air, you, the train, and the ball race towards post 2.  Just as you pass post 2, the ball arrives back on the table. It bounces into the air and back again as the car passes post 3.  What does your friend see?  Answer:  from your friend's frame of reference the ball is not going straight up and down.  Instead it is moving in an arc or trajectory.  It appears as though the table is moving forward, and the ball is bouncing in the same direction 

From all of this we must conclude that whenever we are asked in physics to describe the motion of an object, our response must be "relative to what frame of reference"?   
Alright, enough theory! Now for a few examples you can see how this is applied.


Example 1 
An ant travels 10 cm to the right on a plate relative to the plate as a disgusted picnicker pushes the plate a distance of 40 cm to the right relative to the earth. What is the displacement of the ant with respect to the earth? 
Solution. 
Method I:  The doing it in your head method 
Probably you have the answer already.  You can reason like this: if the ant crawls 10 cm to the right on the plate, and then if the plate is pushed an additional 40 cm to the right, the ant will altogether move 50 cm to the right. (relative to the earth). 

  
Method II: The vector diagram method 
Before we draw the vectors, we will introduce some neat shorthand (using the bold font convention for vectors): 
adp           the displacement of the ant with respect to the plate 
pde           the displacement of the plate with respect to the earth 
ade           the displacement of the ant with respect to the earth. 
 

A suitable scale for the vectors is 1 cm : 5 cm.  (Let 1 cm represent 5 cm).  In adding two vectors we make sure that the tail of the second falls on the tip of the first.  To determine the result of adding two vectors, we draw the RESULTANT  vector (in this case ade) from the tail of the first to the tip of the second.  This is illustrated in Figure 2  below.  As with Method I, once again we have the displacement of the ant with respect to the earth to be 50 cm to the right.
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Method III:  Vector Algebra Method
In this method we use the "short-hand" introduced in method II.    Before we write the short-hand again, look at this "long-hand": 
The displacement of the ant with respect to the earth EQUALS the displacement of the ant with respect to the plate PLUS the displacement of the plate with respect to the earth. 
In short-hand, this becomes 
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You need a little trick to remind yourself which subscript goes where, otherwise this will drive you crazy.  Here is the trick:  Look at the subscripts on the LEFT HAND SIDE of the equation.  What are they?  Answer: a and e.  Where do these subscripts appear on THE RIGHT HAND SIDE?  Answer: on the extreme left and extreme right.  What do you notice about the subscripts "in the middle" of the right hand side?  Answer: they are both the same (they are p's).   Before we practice this trick by writing another equation, let us find the displacement of the ant by Method III: 
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Once again we have the displacement of the ant with respect to the earth to be 50 cm to the right.

Now we will practice the trick of writing vector algebra equations.  Write the following three terms in an equation: 
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Remember: the subscripts on the left-hand side must be the same as the extreme left and extreme right subscripts on the right-hand side.  The subscripts "in the middle" of the right-hand side must be identical. 
With a little fiddling around you will conclude that the equation is: 
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Can you see that the "s" and "w" on the left-hand side are the same as the extreme left and right of the right-hand side?  Can you see that the two subscripts "in the middle" of the right-hand side are identical?  That's how it's done.  
Example 2

As a disgusted picnicker pushes a plate at 30 cm to the left relative to the earth, it is noticed that the ant's displacement relative to the earth was only 20 cm to the left.  This could only occur if the ant was walking on the plate as the plate was being pushed.  Determine the ant's displacement relative to the plate.  
Solution. 
This exercise may be done with either of the three methods explained in exercise #1.  The method used below is the algebraic method.  You should try the other two methods as well. 
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The solution tells us that while the plate was being pushed to the left, the ant crawled 10 cm to the right with respect to the plate.
Example 3

A Cadillac is traveling northward at 100 km/hr relative to the earth.  A motorcycle is traveling northward at 80 km/hr relative to the earth.  Determine 
(i)  the velocity of the Cadillac with respect to the motorcycle; 
(ii)  the velocity of the motorcycle with respect to the Cadillac. 
It might help to visualize the car and the motorcycle to be close to each other.  To answer part (i) you must visualize yourself on the motorcycle.  Let's suppose you are just behind the Cadillac.  What do you see the Cadillac doing?  Answer: Pulling away from you.  Is it pulling away at 100 km/hr?  No, because you are also moving at 80 km/hr.  So, how fast is the Cadillac pulling away from the motorcycle? Answer: at 20 km/hr.  In which direction?  Answer: northward.  Now we can answer part (i):  What is the velocity of the Cadillac with respect to the motorcycle?  Answer: 20 km/hr northward.  Before we leave part (i), would the answer be different if your motorcycle were ahead of the Cadillac?  To answer that question think about these: Is the Cadillac gaining on you?  Yes. Is it gaining at 100 km/hr?  No, because the motorcycle is not stopped--it is also moving, but slower, at 80 km/hr.  So, the Cadillac is gaining slowly.  If you are on the motorcycle, you see the Cadillac coming at you.  At what velocity?  20 km/hr northward!! 
To answer part (ii) picture yourself in the Cadillac. If you like, you can picture the Cadillac to be ahead of the motorcycle.  What do you notice? Answer: the motor cycle is falling behind.  The distance between it and you becomes greater and greater. Now imagine that the Cadillac is actually at rest.  How fast is the motorcycle falling behind or "moving away from you?"  Answer: at 20 km/hr.  Which way? Well, since you are going north, and since the motorcycle is "moving further and further back" all the time, the direction of motion for the cycle relative to the Cadillac must be south.  At last we can answer part (ii): what is the velocity of the motorcycle with respect to the Cadillac? 
Answer: 20 km/hr southward. 
Would the answer be any different if the Cadillac were behind the motorcycle?  No, because in this case the Cadillac would "gain" on the motorcycle.  In other words, imagining yourself in the Cadillac to be at rest, you would see the motorcycle coming at you at 20 km/hr southward. 
It has taken a lot of writing to answer a short question (you probably saw the answer right away in any case). Well, as you might suspect, if you can't solve the exercise mentally, there is the neat way that we have already described:  vector algebra.  Let's use it on the Cadillac and motorcycle. 
  

Given:
 cve  = velocity of Cadillac relative to earth 
mve = velocity of motorcycle relative to earth        

cvm = ?,      mvc = ? 
To answer part (i) we set up an equation from the first three givens (remember your mnemonic aid). North is + . 
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In the above solution we omitted the units for simplicity.  Now we put them in to get the answer: the velocity of the Cadillac relative to the motorcycle is 20 km/hr northward.  
Next, find the velocity of the motorcycle relative to the cadillac.  Again, North is taken to be positive. This solution below tells us that the velocity of the motorcycle relative to the Cadillac is 20 km/hr SOUTHWARD: 
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Did you notice that the two relative velocities have the same "size" but are in opposite directions?  One is 20 km/hr North while the other is 20 km/hr South.
Example 4 
A river boat can travel at 4 m/s with respect to the water. The river current travels at 3 m/s. What will be the velocity of the boat relative to the earth when the boat travels downstream?  In other words, how fast would you see the boat moving if you were standing on the river bank? 
Solution 
You are already saying "This is some easy. The answer is 7 m/s DOWNSTREAM because the current is sort of "helping" the boat."  Now if you think about it for a while it will make more sense: we can conclude that when the velocity of the object and the velocity of the medium are in the same direction, we add the velocities algebraically. (In this example the medium is the water.) 
Even though we have figured out the answer, we should still solve it by the vector diagram method for practice.  A suitable scale is 1 cm:1 m/s.  Let downstream be to the right.  The vector diagram is shown below.  In the diagram bvw is the velocity of the boat relative to the water. wve is the velocity of the water with respect to the earth.  Remember this: to get the velocity of the boat with respect to the earth (bv e) we draw the resultant vector from the tail of the first vector to the tip of the last.  A measurement of bv e gives 7.0 cm, and, using our scale of 1 cm:1 m/s, we get bve = 7.0 m/s to the right or downstream. 
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Example 5 
From the information given in sample above, what will be the velocity of the boat relative to the earth when the boat travels upstream? 
Solution. 
Once again this is one you can do mentally.  In this case the current is against the boat.  The velocity of the boat will be 1 m/s upstream.  Just as with Objective #1, we will check this answer by drawing a vector diagram..  We just have to be careful to make one vector negative because they are in opposite directions.  Even though we already know the answer, we will do it with a vector diagram.  There is no need to change the scale.  Since we already said that the river runs to the right, the boat vector must be directed to the left.  See how, in the picture below, the tail of the water current vector starts at the tip of the boat vector and is drawn in the opposite direction.  As before, the resultant vector (the velocity of the boat with respect to the earth) is drawn from the tail of the first vector (the boat vector) to the tip of the second vector.  On measuring bve we find it to be  -1.0 cm or, from our scale, -1.0 m/s or 1.0 m/s upstream. 
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A closing note: Notice that in examples 4 and 5 we were very careful NOT to say that the current was "forcing" the boat in any way. This is NOT ABOUT force, rather it's about frames of reference. The boat is simply moving relative to some water which is moving relative to the Earth. 'nuff said!
Assigned activities
Answer all of the following questions.
1. Someone in a car is tossing an apple up and down. The motion, viewed    from two frames of reference, is shown below. Write a few sentences to   describe why the two observers see different things. 
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2.  A goose is flying South at 30 km/hr with respect to the earth.  A hunter is driving due North at 60 km/hr with respect to the earth.  Determine:

(a)the velocity of the goose with respect to the hunter   
(b)the velocity of the hunter with respect to the goose

3.  A wild life crew are on a moose counting expedition when they spot a herd 4.0 km due West and running directly away from the helicopter at 10 m/s West with respect to the earth.  The helicopter follows the herd at 42 m/s West with respect to the earth.   

(a)  What is the velocity of the helicopter relative to the moose?   (b)  What is the velocity of the moose relative to the helicopter?   (c)  How long will it take the helicopter to reach the spot where the herd was first seen?   (d)  How long from the time of first sighting will it take the helicopter to catch the herd?

  4.  An ant crawls a distance of 10 cm to the right on a plate (relative to the   plate) as a disgusted picnicker pushes the plate a distance of 40 cm to the   left (relative to the earth).  Determine the displacement of the ant with   respect to the earth.  (Even though you can do this mentally, you should   practice Method II and Method III as well.)

     5.  A canoe is paddled downstream with a speed of 1.0 m/s relative to the   water.  The river current has an average speed of 1.5 m/s.  A fly is walking   on the canoe at a speed of 0.5 m/s relative to the canoe.  Determine the fly's  velocity relative to the river bank if it walks...    towards the front of the canoe   towards the back of the canoe. (It will likely be easier to do this one mentally.)

  6.  You are in a car traveling at 13.0 m/s toward the North. A snowmobile   located in front of you is also going North but at 7.2 m/s. Relative to a   passenger on the snowmobile, what is your velocity.    Watch out—this is a bit tricky! 
