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KinematicsKinematics
Kinematics, a part of classical mechanics:
Describes motion in terms of space and time  
Ignores the agent that caused that motion

Describe the moving object as a particle
A particle is a point-like object – that is, an 
object with mass but having infinitesimal size
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PositionPosition

The motion of a particle 
is completely known if 
the particle’s position in 
space is known at all time

A particle’s position is 
the location of the particle 
with respect to a chosen  
reference point

Time-position graph
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Vector QuantitiesVector Quantities
Vector quantities are completely described by: 
magnitude (size) 
direction
Represented by an arrow  
Head of the arrow represents the direction
Length represents its magnitude

Generally printed in boldface type,    b

Same or different?

b

Use an arrow!
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Scalar QuantitiesScalar Quantities

Scalar quantities are completely 
described by magnitude only
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DisplacementDisplacement
Defines the change in position
xf a final position
xi an initial position

Represented as Δx (if horizontal) or 
Δy (if vertical)

Vector quantity
+ or – is generally sufficient to indicate direction  

for one-dimensional motion

Units are meters (m) in SI, centimeters (cm) in 
cgs or  feet (ft) in US Customary

if xxx −≡Δ
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DisplacementsDisplacements

if xxx −=Δ
> 0

< 0
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DistanceDistance

Distance is the length of a path 
followed by a particle
Gray-blue line shows the distance
Red line shows the displacement
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VelocityVelocity
It takes time for an object to undergo 
a displacement
The average velocity of a particle is the 
particle’s displacement Δx divided by the 
time interval Δt during which that 
displacement occurs:

t
xx

t
xv if

x
Δ
−

=
Δ
Δ

≡
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Velocity, contVelocity, cont

Direction will be the same as the direction 
of the displacement (time interval is always 
positive, Δt >0)

+ or - is sufficient
Units of velocity are m/s (SI), cm/s (cgs) or 
ft/s (US Cust.)

Other units may be given in a problem, but 
generally will need to be converted to these
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SpeedSpeed
Speed is a scalar quantity
The average speed of a particle is the total 
distance traveled divided by the total time 
interval required to travel that distance:

Average speed = total distance/total time

Same units as velocity 
May be, but is not necessarily, the magnitude 
of the velocity
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Quick QuizQuick Quiz
A football player receives a 
kickoff at his own goal, runs 
downfield to within inches of a 
touchdown, and then reverses 
direction to race backward until 
he is tackled at the exact location 
where he first caught the ball.
During this run, what is 

(a) total distance he travels
(b) his displacement 
(c) his average velocity in the x

direction?
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Instantaneous VelocityInstantaneous Velocity
The instantaneous velocity vx equals the limiting 
value of the ratio Δx/Δt as Δt approaches zero: 

dt
dx

t
xv

tx =
Δ
Δ

≡
→Δ 0

lim

This limit is called  the derivative of x 
with respect to t
The instantaneous velocity can be 
positive, negative or zero



14

Graphical Interpretation of VelocityGraphical Interpretation of Velocity

Velocity can be 
determined from a 
position-time graph

Average velocity
equals the slope of 
the line joining the 
initial and final 
positions
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Graphical Interpretation Graphical Interpretation 
of Velocityof Velocity

average velocity

instantaneous velocity
Instantaneous velocity
is the slope of the 
tangent to the curve at 
the time of interest

Instantaneous speed is 
the magnitude of the 
instantaneous velocity 
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AccelerationAcceleration

Changing velocity means the 
acceleration is present

if

xixfx
x tt

vv
t

va
−
−

=
Δ
Δ

≡

The average acceleration of the particle is defined as 
a change in velocity divided by the time interval 
during which that change occurs:

Dimension: [L/T2]
Units: m/s2 (SI), cm/s2 (cgm), ft/s2 (US Customary)
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Average AccelerationAverage Acceleration

Vector quantity
When the sign of the velocity and 
acceleration are the same (either positive 
or negative), then the speed is increasing
When the sign of the velocity and 
acceleration are in the opposite directions,  
the speed is decreasing
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Instantaneous AccelerationInstantaneous Acceleration
The instantaneous acceleration is the limit of the 
average acceleration as Δt approaches zero: 

dt
dv

t
va xx

tx =
Δ
Δ

≡
→Δ 0

lim

Instantaneous acceleration:  the derivative of the 
velocity with respect to time

2

2

dt
xd

dt
dx

dt
d

dt
dva x

x =⎟
⎠
⎞

⎜
⎝
⎛==

The acceleration equals the second derivative of x
with respect to time
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Graphical Interpretation of Graphical Interpretation of 
AccelerationAcceleration

Average acceleration:
the slope of the line 
connecting the initial and 
final velocities  

Instantaneous acceleration: 
the slope of the tangent to 
the curve  
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Graphical Relationship betweenGraphical Relationship between
vvxx and and aaxx

At each instant, the 
acceleration ax ?

The slope of the line 
tangent to the vx vs t!
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Graphical Relationships between      Graphical Relationships between      
xx, , vvxx and and aaxx

The position of an 
object moving along 
the x axis varies with 
the time as in Fig. (a)
vx(t) ?
ax(t) ??
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Motion Diagrams:Motion Diagrams:
Relationship between Velocity Relationship between Velocity 

and Accelerationand Acceleration

Uniform velocity (shown by red arrows 
maintaining the same size) 
Acceleration equals zero
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Motion Diagrams:Motion Diagrams:
Relationship between Velocity Relationship between Velocity 

and Accelerationand Acceleration

Velocity and acceleration are in the same direction
Acceleration is uniform (blue arrows maintain the same 
length)
Velocity is increasing (red arrows are getting longer)
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Motion Diagrams:Motion Diagrams:
Relationship between Velocity Relationship between Velocity 

and Accelerationand Acceleration

Acceleration and velocity are in opposite directions
Acceleration is uniform (blue arrows maintain the same 
length)
Velocity is decreasing (red arrows are getting shorter)
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Quick QuizQuick Quiz

Which of the following is true?
(a) If a car is traveling eastward, its 
acceleration is eastward 
(b) If a car is slowing down, its acceleration 
must be negative
(c) A particle with constant acceleration can 
never stop
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OneOne--Dimensional Motion with Dimensional Motion with 
Constant AccelerationConstant Acceleration

ot
vv

a xixf
x −

−
= tavv xxixf +=

Determine the object’s velocity at any 
time t
Graph vx(t) is a straight line:      
positive slope -- positive acceleration, 
negative slope – negative acceleration
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ax= const

The average velocity is the arithmetic mean 
of the initial velocity and final velocity

2
xfxi

x

vv
v

+
=

t
vv

tvxxx xfxi
xif 2

+
==−=Δ

Gives displacement as a function of velocity Gives displacement as a function of velocity 
and timeand time
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ax= const

Gives the final position 
in terms of the velocity 
and acceleration 

2

2
1 tatvxx xxiif ++=

A position-time graph 
for motion at constant 
acceleration is a 
parabola

( )tvvxx xfxiif ++=
2
1

tavv xxixf +=
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ax= const

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
++=

x

xixf
xfxiif a

vv
vvxx

2
1

Provides the final velocity in terms of the 
acceleration and the displacement

( )ifxxixf xxavv −+= 222

t=

x

xixf
i a

vv
x

2

22 −
+=
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Velocity is constant and position changes 
linearly with time

tvxx xif +=

OneOne--Dimensional Uniform MotionDimensional Uniform Motion

ax= 0 xxixf vvv ==
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Quick QuizQuick Quiz

Match each velocity-
time graph on the left 
with the acceleration-
time graphs on the 
right that best describes 
the motion



32
Fig. 2.Table 2, p.38
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All objects moving under the influence of 
only gravity are said to be in free fall
All objects falling near the earth’s       
surface fall with a constant acceleration
Galileo originated our present ideas about 
free fall from his inclined planes
The acceleration is called the acceleration
due to gravity, and indicated by g

Free FallFree Fall

Galileo Galilei
1564-1642
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Acceleration due to GravityAcceleration due to Gravity

Symbolized by g
g = 9.8 m/s²
g is always directed downward,
toward the center of the Earth
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Freely Falling ObjectsFreely Falling Objects
A freely falling object is any object moving freely 
under the influence of gravity, regardless of its 
initial motion
Objects thrown upward or downward and those 
released from the rest are all falling freely once 
they are released
Any freely falling object experiences an 
acceleration directed downward, regardless of its 
initial motion
All equations for objects moving with constant 
acceleration can be applied
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Quick QuizQuick Quiz
Which values represent 
the ball’s vertical 
velocity and acceleration 
at points A, C and E?

0,80.9)(

0,0)(
80.9,0)(

80.9,0)(

2

2

2

=−=

==

==

−==

yy

yy

yy

yy

asmvd

avc
smavb

smava
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Kinematic Equations Derived Kinematic Equations Derived 
from Calculusfrom Calculus

Displacement = area under the vx-t graph

n
n

x tvx Δ=Δ ∑

dttv

tvx

f

i

n

t

t x

n
nxnt

∫

∑

=

=Δ=Δ
→Δ

)(

lim
0

Find the position if the 
velocity is known as a 
function of time
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Uniform MotionUniform Motion

vx= vxi= constant

tvdtv

dttvx

x

t

tx

t

t x

f

i

f

i

Δ=

==Δ

∫

∫ )(

The displacement of the particle during the time 
interval Δt is equal to the area of the rectangle
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Motion with Constant Motion with Constant 
AccelerationAcceleration

ax= constant

2

2
1

)(

tadtta

dttadttvx

x

t

tx

t

t x

t

t x

f

i

f

i

f

i

Δ==

==Δ

∫

∫∫

The displacement of the particle during the time 
interval Δt is equal to the area of the triangle



40

Kinematic EquationsKinematic Equations

For case in which acceleration is constant:

∫=−

=

t

xixfx

x
x

dtavv

dt
vda

0

( ) tatadtavv xx

t

xixfx =−==− ∫ 0
0
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Kinematic Equations, contKinematic Equations, cont

Because 

∫=−⇒=
t

xifx dtvxx
dt
dxv

0
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ProblemProblem--Solving Solving 
StrategyStrategy
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Solving ProblemSolving Problem

Read the problem
identify type of problem, principle involved

Draw a diagram
include appropriate values and coordinate 
system
some types of problems require very specific 
types of diagrams
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Solving Problem, contSolving Problem, cont

Visualize the problem
Identify information

identify the principle involved
list the data (given information)
indicate the unknown (what you are looking for)
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Solving Problem, contSolving Problem, cont
Choose equation(s)

based on the principle, choose an equation or 
set of equations to apply to the problem
solve for the unknown

Solve the equation(s)
substitute the data into the equation
! include units !



46

Solving Problem, finalSolving Problem, final
Evaluate the answer

find the numerical result
! determine the units of the result !

Check the answer
are the units correct for the quantity 
being found?
does the answer seem reasonable?  

– check order of magnitude

are signs appropriate and meaningful?


