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Kinematics in Motion

Physics is the study of how the universe and the physical objects inside it behave. One of

the things that many physical objects do is move; kinematics is the study of the movement

of physical objects and is one of the basic tenants of physics. In this lesson, we’re going to

use math to make predictions about movement.

Motivating Example
Your pet dog Rufus has gone missing! The last time you saw him leave the house was at

4:00pm. It is now 8:30pm on the same day and he hasn’t come home yet. You know that

when Rufus walks, he is about 1.5 times as fast as you. You also know that you can walk

approximately 5 meters in 5 seconds. If Rufus walks in a straight line, he will be as far away

from your house as possible. What is the maximum distance Rufus can be from your house

in meters? In kilometers? (Rufus walks at a constant speed).

This max distance is the radius r of the circle (centred at your house) inside which the search

party will look for Rufus. What is the area of this circle?

Area of a circle = π × r × r = πr2 See Activity #6 for solution

Vectors and Scalars
What do you think about when you hear the word “size”? Most likely it’s a large object or

a small object. The word size seems to imply something about how big something is. So

which would you say is “bigger”: 4 km or 18 km? 15 seconds or 15 minutes? The speed

of a bike or the speed of a train? All of these things have a property that we call “size” or

“magnitude”. That is, they are quantifiable: we can assign a number to them and compare

that quantity to other quantifiable things. 15 minutes is longer or “bigger” than 15 seconds,

in a sense. Let’s try something different: which quantity is “bigger”; 5 m to the left or 5 m

to the right? Trick question! They both have the same size, but they are different − they

have different directions.

1



A vector is a quantity with both a size and a direction, whereas a scalar is a quantity with

only a size. For example, 5 m would be a scalar quantity because it has a size associated

with it − 5 m is 5 m long. On the other hand, 5 m to the right is a vector quantity because

there is both a size and a direction associated with it.

Exercises: Describe the following quantities using vector or scalar values as appropriate.

1. I need to travel to a bookstore that is East of my house and about a kilometer away.

1 km [East]

2. Toronto is about 120 km from Waterloo.

Toronto is 120 km [East] of Waterloo (or just 120 km if you didn’t have a map)

3. Frank waited for an hour before his friend showed up.

1 hour (note: time is always a scalar)

4. That car was going 40 km/h over the speed limit!

40 km/h (note: “over the speed limit” is not a direction)

5. The ball fell at 10 m/s

10 m/s [down]

Displacement
The term displacement refers to the separation between a starting point and an ending

point. For example, if I stand at point A and walk for 5 meters in a straight line to point

C, then the size of my displacement is 5 meters (Figure 1):

But be careful: displacement is NOT the same as distance. For example, if I walked from

Point A for 3 meters to Point B and then I kept walking for 4 more meters to Point C, then

the distance I moved would be 3 m + 4 m = 7 m. However, the size of my displacement

would still be 5 m (Figure 2).

Think of it this way: if I draw a straight line from the place where I started moving directly
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to the place where I stopped moving, then the length of that line would be the size of my

displacement. On the other hand, the distance I moved would be the length of the path that

I actually walked. In both figures above, the displacement is drawn with a green arrow and

the distance is drawn with a dotted black line.

The other difference between displacement and distance is that displacement is a vector

quantity and distance is a scalar quantity. Assume up is North. Looking at Figure 1, we

could say that my displacement was 5 m [Northeast] and that my distance moved was 5 m.

The arrow for displacement denotes which direction I was traveling in − I started at Point

A and went to Point C. If I had instead traveled from Point C to Point A, the arrow would

point in the opposite direction and my displacement would be 5 m [Southwest]. The distance

I traveled is still 5 m. Notice: the size of my displacement is only equal to my distance if I

travel in a straight line.

Example 1:

Frodo travels from home (green dot) to work

as a jeweler (blue dot) everyday for 400 m

along the spiral shape shown. If every square

is 10 m long, what is his displacement? How

far away is his home from his workplace?

We draw a straight arrow pointing from the

starting point to the ending point to repre-

sent Frodo’s displacement. Because of his

starting and ending points, the size of his

displacement also represents the distance be-

tween his home and workplace. Looking at

the grid, we see that the displacement arrow

falls along the length of two squares, each

which measures 10 m. In addition, the ar-

row points West. So Frodo’s displacement

is 10 m + 10 m = 20 m [West] and the

distance between his home and workplace is

20 m. On the other hand, the distance that

Frodo travels is 400 m.
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Velocity
We can describe how fast something is moving by stating its velocity. Like displacement,

velocity is also a vector and so it has both a size and a direction. Therefore, if we are

describing velocity, we must state both how fast something is going and which direction it

is traveling. Speed is the scalar counterpart of velocity: it states only how fast something

is going and not the direction.

The units of velocity and speed are a unit of length over a unit of time. For instance:

m/s, km/h, and km/s are all examples of velocity and speed units. Velocity is displacement

divided by time, whereas speed is distance divided by time.

In other words, v =
d

t
. If v represents the average velocity, then d is the displacement.

If instead v stands for the average speed of an object, d is the total distance. t is always

time. Note: average speed = size of average velocity only if distance = size of displacement.

Example 1:

During his travels, Frodo measures and graphs his

movement over a few seconds. According to the

graph, what was Frodo’s velocity 3 seconds after he

started moving?

At 3 seconds, Frodo’s is displaced 12 m [West].

So his velocity is
12 m [West]

3 s
or 4 m/s [West].

Example 2:

What is the average velocity of a car that moved

40 km East and 80 km West in 2 hours?

What is its average speed?

Let each square on the grid be 10 km long. Starting at the green dot, let’s draw an arrow

that spans 40 km East on our diagram:
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Then, from our new starting point (indicated with a black dot), we move 80 km West. This

is indicated by the red arrow:

Since velocity is displacement/time, we have to determine the displacement of the car. From

our diagram, we see that the starting point (green) and the ending point (blue) are sepa-

rated by 40 km [West]. So after the car has moved 40 km [East] and then 80 km [West], its

resultant displacement is 40 km [West].

So the average velocity of the car is
40 km [West]

2 hrs
= 20 km/hr [West].

On the other hand, average speed is distance over time. The distance traveled by the car is

40 km + 80 km = 120 km. So the car’s average speed is 120 km / 2 hrs = 60 km/hr

Exercises :

1. A school bus is driving through its route. Two stops are 500 m apart. What is the

average speed of the school bus if it takes 50 seconds to get from one stop to the next?

Average speed = 500 m / 50 s = 10 m/s

2. Samwise is trucking down Highway 95 to reach Frodo 5 miles away. How fast was he

going if he gets there in 40 minutes?

5 miles / 40 minutes = 0.125 miles / minute or 7.5 mph

3. If Rufus walked 50 km [Northeast] of your house before turning around and going

Southwest for 20 km, what was his average velocity? What was his average speed?

Assume Rufus was moving from 4pm to 8:30pm.

There is 4 hours and 30 minutes between 4pm and 8:30pm. We need that in one unit

to do calculations, so we convert it to hours – 4hrs 30min = 4.5hrs.

His displacement is 50 km - 20 km so he ends up displaced 30 km [Northeast] since he

traveled longer in that direction. The distance Rufus travels is 50 km + 20 km = 70

km in total.

So his average velocity is 30 km [NE] / 4.5 hrs = 6.67 km/hr [NE] and his average speed

is 70 km / 4.5 hrs = 15.56 km/hr. Some other units: Avg velocity = 0.01 km/min

[NE] = 1.85 m/s [NE] and avg speed = 0.026 km / min = 4.32 m/s
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Acceleration
The term acceleration refers to how fast an object’s velocity is changing. It is a vector

quantity and has standard units m/s2 = m/s/s (“metres per second per second”). For ex-

ample, if a boat’s acceleration is 20 m/s2 [East], then that boat’s velocity is changing by

20 m/s [E] every second. If it starts at rest (velocity = 0 m/s) then after one second it will be

moving 20 m/s [East]. After 2 seconds, it will be moving 40 m/s [East]. After 3 seconds, it

will be moving 60 m/s [East], and so on. We will only be dealing with average acceleration.

We say that v1 = 0 m/s is the boat’s initial velocity. If the boat stops after 3 seconds and

has acceleration 20 m/s2 [East], then we say v2 = 60 [East] m/s is the boat’s final velocity.

Example 1:

Frodo’s eagle carries him from Tower 1 to Tower 2. If the eagle starts at rest and has accel-

eration 12 m/s2 [Northeast], how fast is his eagle flying after 4 seconds?

http://movie-screencaps.com/lord-rings-two-
towers-2002/133/

Since it starts at rest, the eagle’s initial ve-

locity is v1 = 0 m/s. Because its acceleration

is 12 m/s2 [Northeast], its velocity will in-

crease by 12 m/s [Northeast] every second.

So after one second, the eagle is going 12

m/s [Northeast]. After 2 seconds it is going

an additional 12 m/s faster: so after 2 sec-

onds it is going 12 + 12 = 2 × 12 = 24 m/s

[Northeast]. After 3 seconds, it is going 3 ×
12 = 36 m/s [Northeast]. After 4 seconds it

is going 4 × 12 = 48 m/s [Northeast].

Example 2:

On the other hand, Gandalf’s eagle starts with a velocity of 4 m/s [East] and lands 12 sec-

onds later with a final velocity of 96 m/s [East]. How fast was Gandalf’s eagle accelerating?

The change in the eagle’s velocity is 96 m/s [East] - 4 m/s [East] = 92 m/s [East]. So over

12 seconds, the eagle’s velocity changes by 92 m/s [East]. If we divide by the total time we

can figure out how fast the velocity was changing per second :

92 m/s [East]

12 s
= 23 m/s2 [East]

The size of its velocity is changing by 23 m/s per second. Hence the units are m/s/s = m/s2.

So Gandalf’s eagle is accelerating at 23 m/s2 [East].
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Exercises :

1. What is the acceleration of a car that travels in a straight line at a constant speed?

The acceleration is zero. There is no change in direction and no change in speed.

Therefore, there is no acceleration.

2. A ball is dropped from the top of a building. After 2 seconds, its velocity is measured

to be 19.6 m/s. Calculate its acceleration. Hint: “dropped” means it started from rest.

Acceleration is 19.6 m/s ö 2 seconds = 9.8 m/s2 [down]

* 3. You are traveling in a car that is moving at a velocity of 20 m/s [North]. Suddenly, a

car 10 meters in front of you slams on its brakes. At that moment, you also slam on

your brakes and slow to 5 m/s. Calculate the acceleration if it took 2 seconds to slow

your car down. You can use negative numbers if you know them.

Hint: If you are slowing down, you are accelerating in the direction opposite to your

motion.

acceleration =
final velocity− initial velocity

time passed

=
5 m/s [N]− 20 m/s [N]

2 seconds

=
−15 m/s [N]

2s

= − 7.5 m/s2 [N] or 7.5 m/s2 [S]

Notice above that I wrote acceleration using the direction [S]. This is because I am

physically moving [N] and I am slowing down so my acceleration will be in the direction

opposite to [N] (that is, my acceleration is in the direction [S]).

Without negative numbers: difference in velocity is 15 m/s.

Time passed is 2 seconds. Acceleration is
15 m/s

2 s
[S] (direction opposite to motion)

Therefore, acceleration is 7.5 m/s2 [S]
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Exponents & Square Roots
Just like multiplication is used to represent repeated addition, exponents are used to repre-

sent repeated multiplication:

0 2× 0

2 2× 1

2 + 2 2× 2

2 + 2 + 2 2× 3

2 + 2 + 2 + 2 2× 4

1 20

2 21

2× 2 22

2× 2× 2 23

2× 2× 2× 2 24

Table on the right: the number in large font is the base and the number in small font is the

exponent.

Notice that 2× 0 is not the same as 20. This is because 0 is the additive identity and 1 is

the multiplicative identity: when you add zero to something, it’s value doesn’t change,

and when you multiply something by 1, it’s value doesn’t change. Since multiplication rep-

resents repeated addition, 2 × 0 will give you the additive identity 0 and since exponents

represent repeated multiplication, 20 gives you the multiplicative identity 1.

Having an exponent of 2 is special: it is called the square. For example, 22 = 2 × 2 = 4

is the square of two. The square root of a number A is the number B that needs to be

squared to get number A. For example, 2 is the square root of 4:
√

4 = 2 because you have

to multiply 2 by itself to get 4. The symbol
√

is the square root symbol.

The Pythagorean Theorem
In any given right angle triangle where c is the length of the side opposite to the right

angle and a and b are the length of the remaining two sides of the triangle, we have the

relationship: a2 + b2 = c2. This relationship is known as the Pythagorean theorem. From

it, we see that c is always the longest side of any right angle triangle. We can use this

theorem to determine any side length of a right angle triangle when we are given the lengths

of the remaining two sides. This relationship is one of the most important ideas in math and

physics.

Example 1:

I walk 12 km East and 5 km North before coming to a stop. What is my displacement from

my original position?
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I can draw the diagram above to represent my movement. The orange arrow represents my

displacement. The directions North and East are perpendicular (at 90 degrees) to each

other. Therefore, the diagram representing my distance and displacement shows a right

angled triangle. I label the side opposite my right angle c. The length of this side is also

the size of my displacement. I label the other two sides as well: the base of the triangle is

the b in the Pythagorean theorem, and in this example it represents the distance I walked

East. The height of the triangle is a and it represents the distance I walked North. I can

now solve for c using the Pythagorean theorem to find the size of my displacement.

c2 = a2 + b2

c2 = 52 + 122

c2 = (5× 5) + (12× 12)

c2 = 25 + 144

c2 = 169

I have solved this equation to find the value of c2, but I don’t want that - I want the value

of c. To get rid of a square, I have to take the square root of both sides of this equation
[
c

is the square root of c2 because you have to multiply c by itself (c × c) to get c2
]
. Taking

the square root of both sides, I get:
√
c2 =

√
169

c =
√

169

The square root sign “undoes” the square just like subtraction undoes addition. Now, what

is the square root of 169? In other words, what number do you multiply by itself to get 169?

The answer is 13 since 13× 13 = 169. So:

c =
√

169 = 13

The side of the triangle across from the right angle has length 13. So the size of my dis-

placement is 13 km. From my diagram, I see that I moved in the Northeast direction. So

my displacement is 13 km [Northeast].
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Exercises :

1. Jack Dagoon skateboards along the same path every day, causing a ruckus: watching

from a police helicopter above, you see him travel 8 km to your right and then 15

km up before stopping. What is Jack’s displacement from home? (You can describe

direction any way that you like or make “up” N/S/E or W).

I decided to make “up” North. As we can see from the diagram, c represents the

straight line from Jack’s house to the place he ended up. So the length of the side c

will be the size of Jack’s displacement. I use the Pythagorean theorem to solve for c:

c2 = a2 + b2

= 82 + 152

= 84 + 225

c2 = 289

=⇒
√
c2 =

√
289

c =
√

289 = 17

From the diagram, we see that the direction of Jack’s displacement is Northeast, so

we say that Jack’s displacement from home is 17 km [NE].
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2. The helicopter tries to follow Jack in pursuit but has to divert to avoid hitting a

seagull. If it travels 8000 m West and was displaced 17 km Southwest, how far did it

move North/South? Note: you cannot add quantities with different units!

Since Jack moved West and was eventually displaced Southwest, he must also have

moved South by some amount. We can see this in the diagram. Before we can make

any calculations, we have to ensure that all of our information is in the same units. I

will convert 8000 m to 8 km. Now I can use the Pythagorean theorem to solve for the

length of side a to find out how far he moved South.

c2 = a2 + b2

172 = a2 + 82

289 = a2 + 64

=⇒ a2 = 289− 64

a2 = 225

=⇒
√
a2 =

√
225

a =
√

225 = 15

Notice that to get a2 on the left hand side of the equation, I subtracted 64 from

both sides of the equation. See the Dynamics lesson on more information on solving

equations if you had trouble with this problem.

So the helicopter was diverted 15 km [S]. It is in the units km just like all the other

measurements are now.
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* 3. In order to trick the cops, Jack builds a robotic version of himself that makes a series

of movements in this order:

(a) 1 km East

(b) 1 km North

(c) 3 km East

(d) 2 km North

(e) 1 km West

(f) 1 km North

What is the robot’s displacement?

I draw a straight line from my starting point to my ending point to represent my

displacement and create a right angle triangle where my displacement side is side c

(opposite to the right angle). It is very helpful to draw a diagram like the one above

when solving questions like this. I calculate that side a is 4 km long and side b is 3

km long and I use the Pythagorean theorem to solve for side c:

c2 = a2 + b2

c2 = 42 + 32 = 16 + 9 = 25

=⇒
√
c2 =

√
25

c =
√

25 = 5

So the robot’s displacement is 5 km [NE] (look at diagram for direction).
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Activities

1. One car travels East at 35 km/h and briefly passes a truck that is also moving at

35 km/h. Do the vehicles have equal velocity?

If the car does not stay by the side of the truck (they only briefly pass each other)

then the vehicles must be moving in opposite directions. So no, they do not have equal

velocities. Another acceptable answer: I have not given you the direction of the truck’s

movement. Without its direction, you cannot tell if the vehicles have equal velocities.

2. If I travel 40 km [East] for 30 minutes and 28 km [West] for 50 minutes, what was

my average speed and what was my average velocity? What was my displacement and

what was the distance that I travelled?

displacement: 40 km [E] + 28 km [W] = 40 km [E] - 28 km [E] = 12 km [E]

distance: 40 km + 28 km = 68 km (no directions!)

average velocity:
12 km [E]

80 min
= 0.15 km/min [E]

average speed:
68 km

80 min
= 0.85 km/min

3. If I am sailing on the Pacific ocean with an initial velocity of 18 m/s [East] and I

gradually speed up for 30 seconds until my final constant velocity is 24 m/s [North],

what was my average acceleration during those 30 seconds?

Hint: Average acceleration is the change in average velocity over time.

Hint Hint: Because East and North are not collinear, you will have to use the

Pythagorean theorem
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I use the Pythagorean Theorem to solve for side c:

c2 = a2 + b2

c2 = 242 + 182

c2 = 576 + 324 = 900

=⇒
√
c2 =

√
900

c =
√

900 = 30

Since everything is in the same units, side c will be 30 m/s “long”. So the total change

in average velocity is 30 m/s [NE] (since I sail East then end up going North, my total

velocity must be in the direction Northeast as you can see from the diagram).

Now, it took me 30 seconds to change speeds so my acceleration will be the change in

total average velocity over time:

acceleration =
30 m/s [NE]

30 sec

= 1
m

s2
[NE]

4. Describe a situation in which you can accelerate even though your speed doesn’t change.

This would be the case if I was going in a circle without changing speed. Since my

direction would constantly be changing, so would my acceleration and velocity which

are vector quantities.

5. Your town has just been raided by a horde of 13th century Mongols! As the chief

physicist of your town, the sheriff asks you to keep track of where the horde is headed.

You begin taking observations on the Mongols’ movements in the table below:

Distance from town (kilometres) Time (seconds)

0 0

5 10

10 20

15 30

20 40

25 50

First, fill out the missing information. Then, for the purposes of rallying troops to

fight against the invaders, graph the information above in a distance versus time graph

so that everyone can see how quickly the Mongols are moving. What is the horde’s
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average velocity?

(Hint: consider how you would describe the Mongols’ direction of movement instinc-

tively. There are more ways to describe direction than N/E/S/W).

First, notice that the size of the displacement will be equal to the distance since the

Mongols are traveling in a straight line. So the average velocity will be the same as

the average speed: 25 km / 50 sec = 0.5 km/s with the addition of a direction. I can

describe the direction as [away from town]. So the Mongols’ velocity is 0.5 km/s [away

from town]. A graph of their movement is below:

6. Find Rufus! (work through the Motivating Example on top of page 1)

Hint: rearrange v = d/t to find distance.

First, find the time interval � 4:00pm to 8:30pm is 4 hours, 30 mins. We have to

write that with a single unit in order to do calculations with it. Convert to 4.5 hrs.

Next, we need to find Rufus’s speed (since I haven’t given you the direction, you can’t

find his velocity). Your speed is 5 m / 5 sec = 1 m/s. Rufus is 1.5 times faster than

you, so he would be able to walk 1.5 m/s.

Since our time interval is in hours, we need to convert it to seconds because we have

average speed in m/s. 4.5 hrs ×60× 60 = 16,200 seconds.

Finally, notice that size of displacement = distance because Rufus is walking in a

straight line. We can use the formula v = d/t where v is Rufus’ average speed and t is

the time passed to solve for the size of Rufus’ displacement/distance from your home:
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v = d/t

1.5 m/s =
d

16, 200 seconds

We multiply both sides by 16,200 (see Dynamics lesson) to get that distance = 24,300

metres. We can write that as 24.3 km. So the maximum distance that Rufus can be

from your house is 24.3 km. That means the search party will have to search a circle

with radius 24.3 km and an area of π×24.3 km×24.3 km = 1855 km2 since they don’t

know which direction Rufus walked in.
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