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Reminders 
• Check BBVista site for the course regularly 
• Also: https://www.cs.drexel.edu/~santi/teaching/2014/CS387-680/intro.html 

• Some people have not given me their preferences for 
papers yet 



Outline 
• Movement Basics 
• Aiming  
•  Jumping 
• Basic Steering Behaviors 
• Steering Behaviors on Vehicles 
• Composite Steering Behaviors 
• Project 1 

•  (Chapter 3 of Millington’s and Funge book) 
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? 

Controlling a character 
using AI involves at least 
2 main processes: 
 
-  Decision Making 
-  Control 



Game AI Architecture 

AI 

World 
Interface 

(perception) 

Strategy 

Decision Making 

Movement 



Game AI Architecture 

AI 

World 
Interface 

(perception) 

Strategy 

Decision Making 

Movement 

Recall, we said that 
strategy is typically only 
used in games where 

the AI controls groups of 
units 
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Decision Making 

Movement 

Decision Making in this 
case would determine 
that we can reach the 

goal with 3 jumps 
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Decision Making 

Movement 

Movement is in charge 
of the low level control, 

determining when 
exactly to jump.  



Movement in 2D 

Decision Making 

Movement 

Or course Mario didn’t have this kind of 
advanced AI!!! This is just an example. 
But if you want to build an agent for the 
Infinite Mario competition, this kind of 
two layer architecture might be useful 
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Decision Making 

Movement 

In car racing games, Decision 
Making is typically hard coded. 

The game designers create a set 
of waypoints in the track (or in the 
track pieces), and cars go to them 

in order. 



Movement in Racing Games 

Decision Making 

Movement 

Movement is in charge of driving 
the car to each of the waypoints, 

avoiding opponents, braking, 
accelerating, turning, etc. 



Basics of 2D Movement 
• Game programming and movement AI involves a lot of 

(but simple) geometry, trigonometry and physics 

• Even if most games look 3D, most AIs actually only 
perform 2D calculations (on “the floor”) 



Coordinate Convention 

y 

x z 

•  Y is up 
•  Horizontal games (e.g. 

Mario) use X and Y 
•  Top-view 2D games use X 

and Z 
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Aiming 
•  Two different problems: 

•  Prediction: determining where a projectile will land: 
•  Determining if a flying bullet is going to hit a character or not 
•  Determining where to run in a sports game to catch the ball 
•  Etc. 

•  Aiming: throw (shoot) a projectile to hit the desired spot 



Projectile Prediction 

? 



Projectile Prediction 
• High-school Physics J 

3.5 Predicting Physics 121

In each case, we are doing AI not based on the character’s own movement (although that may
be a factor), but on the basis of other characters’ or objects’ movement.

By far, the most common requirement for predicting movement is for aiming and shooting
firearms. This involves the solution of ballistic equations: the so-called “Firing Solution.” In this
section we will first look at firing solutions and the mathematics behind them. We will then look at
the broader requirements of predicting trajectories and a method of iteratively predicting objects
with complex movement patterns.

3.5.1 Aiming and Shooting

Firearms, and their fantasy counterparts, are a key feature of game design. In almost any game
you choose to think of, the characters can wield some variety of projectile weapon. In a fantasy
game it might be a crossbow or fireball spell, and in a science fiction (sci-fi) game it could be a
disrupter or phaser.

This puts two common requirements on the AI. Characters should be able to shoot accurately,
and they should be able to respond to incoming fire. The second requirement is often omitted,
since the projectiles from many firearms and sci-fi weapons move too fast for anyone to be able
to react to. When faced with weapons such as rocket-propelled grenades (RPGs) or mortars,
however, the lack of reaction can appear unintelligent.

Regardless of whether a character is giving or receiving fire, it needs to understand the likely
trajectory of a weapon. For fast-moving projectiles over small distances, this can be approximated
by a straight line, so older games tended to use simple straight line tests for shooting. With the
introduction of increasingly complex physics simulation, however, shooting along a straight line
to your targets is likely to result in your bullets landing in the dirt at their feet. Predicting correct
trajectories is now a core part of the AI in shooters.

3.5.2 Projectile Trajectory

A moving projectile under gravity will follow a curved trajectory. In the absence of any air
resistance or other interference, the curve will be part of a parabola, as shown in Figure 3.45.

The projectile moves according to the formula:

p⃗t = p⃗0 + u⃗smt + g⃗ t 2

2
, [3.2]

Figure 3.45 Parabolic arc
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Newton’s equation tells us how it 
moves over time. But, where 

would it land? 



Landing Spot Prediction 
• Estimate the time at which it will reach a certain altitude 

(the ground level:      ) 

122 Chapter 3 Movement

where p⃗t is its position (in three dimensions) at time t , p⃗0 is the firing position (again in three
dimensions), sm is the muzzle velocity (the speed at which the projectile left the weapon—it
is not strictly a velocity because it is not a vector), u⃗ is the direction the weapon was fired in
(a normalized 3D vector), t is the length of time since the shot was fired, and g⃗ is the acceleration
due to gravity. The notation x⃗ denotes that x is a vector. Others values are scalar.

It is worth noting that although the acceleration due to gravity on Earth is

g⃗ =
! 0

−9.81
0

"

ms−2

(i.e., 9.81 ms−2 in the down direction), this can look too slow in a game environment. Physics
middleware vendors such as Havok recommend using a value around double that for games,
although some tweaking is needed to get the exact look.

The simplest thing we can do with the trajectory equations is to determine if a character will
be hit by an incoming projectile. This is a fairly fundamental requirement of any character in a
shooter with slow-moving projectiles (such as grenades).

We will split this into two elements: determining where a projectile will land and determining
if its trajectory will touch the character.

Predicting a Landing Spot

The AI should determine where an incoming grenade will land and then move quickly away from
that point (using a flee steering behavior, for example, or a more complex compound steering
system that takes into account escape routes). If there’s enough time, an AI character might move
toward the grenade point as fast as possible (using arrive, perhaps) and then intercept and throw
back the ticking grenade, forcing the player to pull the grenade pin and hold it for just the right
length of time.

We can determine where a grenade will land by solving the projectile equation for a fixed value
of py (i.e., the height). If we know the current velocity of the grenade and its current position,
we can solve for just the y component of the position and get the time at which the grenade will
reach a known height (i.e., the height of the floor on which the character is standing):

ti =
−uy sm ±

#
u2

y s2
m − 2gy(py0 − pyt )

gy
, [3.3]

where pyi is the position of impact, and ti is the time at which this occurs. There may be zero, one,
or two solutions to this equation. If there are zero solutions, then the projectile never reaches the
target height; it is always below it. If there is one solution, then the projectile reaches the target
height at the peak of its trajectory. Otherwise, the projectile reaches the height once on the way
up and once on the way down. We are interested in the solution when the projectile is descending,
which will be the greater time value (since whatever goes up will later come down). If this time
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value is less than zero, then the projectile has already passed the target height and won’t reach
it again.

The time ti from Equation 3.3 can be substituted into Equation 3.2 to get the complete position
of impact:

p⃗i =
!px0 + ux smti + 1

2 gx t 2
i

pyi

pz0 + uz smti + 1
2 gz t 2

i

"

, [3.4]

which further simplifies, if (as it normally does) gravity only acts in the down direction, to:

p⃗i =
!px0 + ux smti

pyi

pz0 + uz smti

"

.

For grenades, we could compare the time to impact with the known length of the grenade fuse
to determine whether it is safer to run from or catch and return the grenade.

Note that this analysis does not deal with the situation where the ground level is rapidly
changing. If the character is on a ledge or walkway, for example, the grenade may miss impacting
at its height entirely and sail down the gap behind it. We can use the result of Equation 3.4 to
check if the impact point is valid.

For outdoor levels with rapidly fluctuating terrain, we can also use the equation iteratively,
generating (x, z) coordinates with Equation 3.4 and then feeding the py coordinate of the impact
point back into the equation, until the resulting (x, z) values stabilize. There is no guarantee that
they will ever stabilize, but in most cases they do. In practice, however, high explosive projectiles
typically damage a large area, so inaccuracies in the impact point prediction are difficult to spot
when the character is running away.

The final point to note about incoming hit prediction is that the floor height of the character
is not normally the height at which the character catches. If the character is intending to catch the
incoming object (as it will in most sports games, for example), it should use a target height value
at around chest height. Otherwise, it will appear to maneuver in such a way that the incoming
object drops at its feet.

3.5.3 The Firing Solution

To hit a target at a given point E⃗ , we need to solve Equation 3.2. In most cases we know the firing
point S⃗ (i.e., S⃗ ≡ p⃗0), the muzzle velocity sm , and the acceleration due to gravity g⃗ ; we’d like to
find just u⃗, the direction to fire in (although finding the time to collision can also be useful for
deciding if a slow-moving shot is worth it).

Archers and grenade throwers can change the velocity of the projectile as they fire (i.e., they
select an sm value), but most weapons have a fixed value for sm . We will assume, however, that
characters who can select a velocity will always try to get the projectile to its target in the shortest
time possible. In this case they will always choose the highest possible velocity.



Landing Spot Prediction 
• Now substituting time in the original equation we get the 

landing spot: 
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The final point to note about incoming hit prediction is that the floor height of the character
is not normally the height at which the character catches. If the character is intending to catch the
incoming object (as it will in most sports games, for example), it should use a target height value
at around chest height. Otherwise, it will appear to maneuver in such a way that the incoming
object drops at its feet.

3.5.3 The Firing Solution

To hit a target at a given point E⃗ , we need to solve Equation 3.2. In most cases we know the firing
point S⃗ (i.e., S⃗ ≡ p⃗0), the muzzle velocity sm , and the acceleration due to gravity g⃗ ; we’d like to
find just u⃗, the direction to fire in (although finding the time to collision can also be useful for
deciding if a slow-moving shot is worth it).

Archers and grenade throwers can change the velocity of the projectile as they fire (i.e., they
select an sm value), but most weapons have a fixed value for sm . We will assume, however, that
characters who can select a velocity will always try to get the projectile to its target in the shortest
time possible. In this case they will always choose the highest possible velocity.
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value is less than zero, then the projectile has already passed the target height and won’t reach
it again.

The time ti from Equation 3.3 can be substituted into Equation 3.2 to get the complete position
of impact:

p⃗i =
!px0 + ux smti + 1

2 gx t 2
i

pyi

pz0 + uz smti + 1
2 gz t 2

i

"

, [3.4]

which further simplifies, if (as it normally does) gravity only acts in the down direction, to:
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For grenades, we could compare the time to impact with the known length of the grenade fuse
to determine whether it is safer to run from or catch and return the grenade.

Note that this analysis does not deal with the situation where the ground level is rapidly
changing. If the character is on a ledge or walkway, for example, the grenade may miss impacting
at its height entirely and sail down the gap behind it. We can use the result of Equation 3.4 to
check if the impact point is valid.

For outdoor levels with rapidly fluctuating terrain, we can also use the equation iteratively,
generating (x, z) coordinates with Equation 3.4 and then feeding the py coordinate of the impact
point back into the equation, until the resulting (x, z) values stabilize. There is no guarantee that
they will ever stabilize, but in most cases they do. In practice, however, high explosive projectiles
typically damage a large area, so inaccuracies in the impact point prediction are difficult to spot
when the character is running away.

The final point to note about incoming hit prediction is that the floor height of the character
is not normally the height at which the character catches. If the character is intending to catch the
incoming object (as it will in most sports games, for example), it should use a target height value
at around chest height. Otherwise, it will appear to maneuver in such a way that the incoming
object drops at its feet.

3.5.3 The Firing Solution

To hit a target at a given point E⃗ , we need to solve Equation 3.2. In most cases we know the firing
point S⃗ (i.e., S⃗ ≡ p⃗0), the muzzle velocity sm , and the acceleration due to gravity g⃗ ; we’d like to
find just u⃗, the direction to fire in (although finding the time to collision can also be useful for
deciding if a slow-moving shot is worth it).

Archers and grenade throwers can change the velocity of the projectile as they fire (i.e., they
select an sm value), but most weapons have a fixed value for sm . We will assume, however, that
characters who can select a velocity will always try to get the projectile to its target in the shortest
time possible. In this case they will always choose the highest possible velocity.

Rocket blast radius 



Landing Spot Prediction 
• Now substituting time in the original equation we get the 

landing spot: 

3.5 Predicting Physics 123

value is less than zero, then the projectile has already passed the target height and won’t reach
it again.

The time ti from Equation 3.3 can be substituted into Equation 3.2 to get the complete position
of impact:

p⃗i =
!px0 + ux smti + 1

2 gx t 2
i

pyi

pz0 + uz smti + 1
2 gz t 2

i

"

, [3.4]

which further simplifies, if (as it normally does) gravity only acts in the down direction, to:

p⃗i =
!px0 + ux smti

pyi

pz0 + uz smti

"

.

For grenades, we could compare the time to impact with the known length of the grenade fuse
to determine whether it is safer to run from or catch and return the grenade.

Note that this analysis does not deal with the situation where the ground level is rapidly
changing. If the character is on a ledge or walkway, for example, the grenade may miss impacting
at its height entirely and sail down the gap behind it. We can use the result of Equation 3.4 to
check if the impact point is valid.

For outdoor levels with rapidly fluctuating terrain, we can also use the equation iteratively,
generating (x, z) coordinates with Equation 3.4 and then feeding the py coordinate of the impact
point back into the equation, until the resulting (x, z) values stabilize. There is no guarantee that
they will ever stabilize, but in most cases they do. In practice, however, high explosive projectiles
typically damage a large area, so inaccuracies in the impact point prediction are difficult to spot
when the character is running away.

The final point to note about incoming hit prediction is that the floor height of the character
is not normally the height at which the character catches. If the character is intending to catch the
incoming object (as it will in most sports games, for example), it should use a target height value
at around chest height. Otherwise, it will appear to maneuver in such a way that the incoming
object drops at its feet.

3.5.3 The Firing Solution

To hit a target at a given point E⃗ , we need to solve Equation 3.2. In most cases we know the firing
point S⃗ (i.e., S⃗ ≡ p⃗0), the muzzle velocity sm , and the acceleration due to gravity g⃗ ; we’d like to
find just u⃗, the direction to fire in (although finding the time to collision can also be useful for
deciding if a slow-moving shot is worth it).

Archers and grenade throwers can change the velocity of the projectile as they fire (i.e., they
select an sm value), but most weapons have a fixed value for sm . We will assume, however, that
characters who can select a velocity will always try to get the projectile to its target in the shortest
time possible. In this case they will always choose the highest possible velocity.

Rocket blast radius 

If the distance we have to travel to 
get out of the blast radius is too 
long for our moving speed, then 
there is no point (although the AI 

should try, to make it look realistic) 



Prediction with Complex Physics 
• What if there is Drag? (water, wind) 
• Magnetic effects? 
• Rotation and lift effects? (e.g. baseball) 

• Movement equations get complex: 
•  Impossible or very difficult to solve directly 

• Solution:  
•  Simulation 



Prediction with Complex Physics 
• Offer the physics engine simulation capability to the AI 

•  The AI can (through the Physics engine API), internally 
simulate the effect of different actions 

•  For example: 
•  Simulate the trajectory of a projectile until it lands 
•  This can tell the AI the landing spot without equation solving 

• Simple and can handle arbitrarily complex physics, but 
CPU consuming (needs to run multiple simulations) 



Aiming 
• How can the AI aim to hit a target? 

? 
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In each case, we are doing AI not based on the character’s own movement (although that may
be a factor), but on the basis of other characters’ or objects’ movement.

By far, the most common requirement for predicting movement is for aiming and shooting
firearms. This involves the solution of ballistic equations: the so-called “Firing Solution.” In this
section we will first look at firing solutions and the mathematics behind them. We will then look at
the broader requirements of predicting trajectories and a method of iteratively predicting objects
with complex movement patterns.

3.5.1 Aiming and Shooting

Firearms, and their fantasy counterparts, are a key feature of game design. In almost any game
you choose to think of, the characters can wield some variety of projectile weapon. In a fantasy
game it might be a crossbow or fireball spell, and in a science fiction (sci-fi) game it could be a
disrupter or phaser.

This puts two common requirements on the AI. Characters should be able to shoot accurately,
and they should be able to respond to incoming fire. The second requirement is often omitted,
since the projectiles from many firearms and sci-fi weapons move too fast for anyone to be able
to react to. When faced with weapons such as rocket-propelled grenades (RPGs) or mortars,
however, the lack of reaction can appear unintelligent.

Regardless of whether a character is giving or receiving fire, it needs to understand the likely
trajectory of a weapon. For fast-moving projectiles over small distances, this can be approximated
by a straight line, so older games tended to use simple straight line tests for shooting. With the
introduction of increasingly complex physics simulation, however, shooting along a straight line
to your targets is likely to result in your bullets landing in the dirt at their feet. Predicting correct
trajectories is now a core part of the AI in shooters.

3.5.2 Projectile Trajectory

A moving projectile under gravity will follow a curved trajectory. In the absence of any air
resistance or other interference, the curve will be part of a parabola, as shown in Figure 3.45.

The projectile moves according to the formula:

p⃗t = p⃗0 + u⃗smt + g⃗ t 2

2
, [3.2]

Figure 3.45 Parabolic arc
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disrupter or phaser.

This puts two common requirements on the AI. Characters should be able to shoot accurately,
and they should be able to respond to incoming fire. The second requirement is often omitted,
since the projectiles from many firearms and sci-fi weapons move too fast for anyone to be able
to react to. When faced with weapons such as rocket-propelled grenades (RPGs) or mortars,
however, the lack of reaction can appear unintelligent.

Regardless of whether a character is giving or receiving fire, it needs to understand the likely
trajectory of a weapon. For fast-moving projectiles over small distances, this can be approximated
by a straight line, so older games tended to use simple straight line tests for shooting. With the
introduction of increasingly complex physics simulation, however, shooting along a straight line
to your targets is likely to result in your bullets landing in the dirt at their feet. Predicting correct
trajectories is now a core part of the AI in shooters.
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In an indoor environment with many obstacles (such as barricades, joists, and columns), it
might be advantageous for a character to throw its grenade more slowly so that it arches over
obstacles. Dealing with obstacles in this way gets to be very complex and is best solved by a trial
and error process, trying different sm values (normally trials are limited to a few fixed values:
“throw fast,” “throw slow,” and “drop,” for example). For the purpose of this book, we’ll assume
that sm is constant and known in advance.

The quadratic Equation 3.2 has vector coefficients. Add the requirement that the firing vector
should be normalized,

|u⃗| = 1,

and we have four equations in four unknowns:
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These can be solved to find the firing direction and the projectile’s time to target. First, we get
an expression for ti :
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where !⃗ is the vector from the start point to the end point, given by !⃗ = E⃗ − S⃗. This is a quartic
in ti , with no odd powers. We can therefore use the quadratic equation formula to solve for t 2

i and
take the square root of the result. Doing this, we get
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which gives us two real-valued solutions for time, of which a maximum of two may be positive.
Note that we should strictly take into account the two negative solutions also (replacing the
positive sign with a negative sign before the first square root). We omit these because solutions
with a negative time are entirely equivalent to aiming in exactly the opposite direction to get a
solution in positive time.

There are no solutions if:
!
g⃗ .!⃗ + s2

m

"2
< |g⃗ |2|!⃗|2.

In this case the target point cannot be hit with the given muzzle velocity from the start point.
If there is one solution, then we know the end point is at the absolute limit of the given firing
capabilities. Usually, however, there will be two solutions, with different arcs to the target. This is
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value is less than zero, then the projectile has already passed the target height and won’t reach
it again.

The time ti from Equation 3.3 can be substituted into Equation 3.2 to get the complete position
of impact:
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which further simplifies, if (as it normally does) gravity only acts in the down direction, to:
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For grenades, we could compare the time to impact with the known length of the grenade fuse
to determine whether it is safer to run from or catch and return the grenade.

Note that this analysis does not deal with the situation where the ground level is rapidly
changing. If the character is on a ledge or walkway, for example, the grenade may miss impacting
at its height entirely and sail down the gap behind it. We can use the result of Equation 3.4 to
check if the impact point is valid.

For outdoor levels with rapidly fluctuating terrain, we can also use the equation iteratively,
generating (x, z) coordinates with Equation 3.4 and then feeding the py coordinate of the impact
point back into the equation, until the resulting (x, z) values stabilize. There is no guarantee that
they will ever stabilize, but in most cases they do. In practice, however, high explosive projectiles
typically damage a large area, so inaccuracies in the impact point prediction are difficult to spot
when the character is running away.

The final point to note about incoming hit prediction is that the floor height of the character
is not normally the height at which the character catches. If the character is intending to catch the
incoming object (as it will in most sports games, for example), it should use a target height value
at around chest height. Otherwise, it will appear to maneuver in such a way that the incoming
object drops at its feet.

3.5.3 The Firing Solution

To hit a target at a given point E⃗ , we need to solve Equation 3.2. In most cases we know the firing
point S⃗ (i.e., S⃗ ≡ p⃗0), the muzzle velocity sm , and the acceleration due to gravity g⃗ ; we’d like to
find just u⃗, the direction to fire in (although finding the time to collision can also be useful for
deciding if a slow-moving shot is worth it).

Archers and grenade throwers can change the velocity of the projectile as they fire (i.e., they
select an sm value), but most weapons have a fixed value for sm . We will assume, however, that
characters who can select a velocity will always try to get the projectile to its target in the shortest
time possible. In this case they will always choose the highest possible velocity.
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In each case, we are doing AI not based on the character’s own movement (although that may
be a factor), but on the basis of other characters’ or objects’ movement.

By far, the most common requirement for predicting movement is for aiming and shooting
firearms. This involves the solution of ballistic equations: the so-called “Firing Solution.” In this
section we will first look at firing solutions and the mathematics behind them. We will then look at
the broader requirements of predicting trajectories and a method of iteratively predicting objects
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and they should be able to respond to incoming fire. The second requirement is often omitted,
since the projectiles from many firearms and sci-fi weapons move too fast for anyone to be able
to react to. When faced with weapons such as rocket-propelled grenades (RPGs) or mortars,
however, the lack of reaction can appear unintelligent.

Regardless of whether a character is giving or receiving fire, it needs to understand the likely
trajectory of a weapon. For fast-moving projectiles over small distances, this can be approximated
by a straight line, so older games tended to use simple straight line tests for shooting. With the
introduction of increasingly complex physics simulation, however, shooting along a straight line
to your targets is likely to result in your bullets landing in the dirt at their feet. Predicting correct
trajectories is now a core part of the AI in shooters.

3.5.2 Projectile Trajectory

A moving projectile under gravity will follow a curved trajectory. In the absence of any air
resistance or other interference, the curve will be part of a parabola, as shown in Figure 3.45.
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In an indoor environment with many obstacles (such as barricades, joists, and columns), it
might be advantageous for a character to throw its grenade more slowly so that it arches over
obstacles. Dealing with obstacles in this way gets to be very complex and is best solved by a trial
and error process, trying different sm values (normally trials are limited to a few fixed values:
“throw fast,” “throw slow,” and “drop,” for example). For the purpose of this book, we’ll assume
that sm is constant and known in advance.

The quadratic Equation 3.2 has vector coefficients. Add the requirement that the firing vector
should be normalized,

|u⃗| = 1,

and we have four equations in four unknowns:
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which gives us two real-valued solutions for time, of which a maximum of two may be positive.
Note that we should strictly take into account the two negative solutions also (replacing the
positive sign with a negative sign before the first square root). We omit these because solutions
with a negative time are entirely equivalent to aiming in exactly the opposite direction to get a
solution in positive time.

There are no solutions if:
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In this case the target point cannot be hit with the given muzzle velocity from the start point.
If there is one solution, then we know the end point is at the absolute limit of the given firing
capabilities. Usually, however, there will be two solutions, with different arcs to the target. This is
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value is less than zero, then the projectile has already passed the target height and won’t reach
it again.

The time ti from Equation 3.3 can be substituted into Equation 3.2 to get the complete position
of impact:
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which further simplifies, if (as it normally does) gravity only acts in the down direction, to:
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For grenades, we could compare the time to impact with the known length of the grenade fuse
to determine whether it is safer to run from or catch and return the grenade.

Note that this analysis does not deal with the situation where the ground level is rapidly
changing. If the character is on a ledge or walkway, for example, the grenade may miss impacting
at its height entirely and sail down the gap behind it. We can use the result of Equation 3.4 to
check if the impact point is valid.

For outdoor levels with rapidly fluctuating terrain, we can also use the equation iteratively,
generating (x, z) coordinates with Equation 3.4 and then feeding the py coordinate of the impact
point back into the equation, until the resulting (x, z) values stabilize. There is no guarantee that
they will ever stabilize, but in most cases they do. In practice, however, high explosive projectiles
typically damage a large area, so inaccuracies in the impact point prediction are difficult to spot
when the character is running away.

The final point to note about incoming hit prediction is that the floor height of the character
is not normally the height at which the character catches. If the character is intending to catch the
incoming object (as it will in most sports games, for example), it should use a target height value
at around chest height. Otherwise, it will appear to maneuver in such a way that the incoming
object drops at its feet.

3.5.3 The Firing Solution

To hit a target at a given point E⃗ , we need to solve Equation 3.2. In most cases we know the firing
point S⃗ (i.e., S⃗ ≡ p⃗0), the muzzle velocity sm , and the acceleration due to gravity g⃗ ; we’d like to
find just u⃗, the direction to fire in (although finding the time to collision can also be useful for
deciding if a slow-moving shot is worth it).

Archers and grenade throwers can change the velocity of the projectile as they fire (i.e., they
select an sm value), but most weapons have a fixed value for sm . We will assume, however, that
characters who can select a velocity will always try to get the projectile to its target in the shortest
time possible. In this case they will always choose the highest possible velocity.

4 unknowns and 
only 3 equations! 

 
We need an 
additional 
constraint 
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In each case, we are doing AI not based on the character’s own movement (although that may
be a factor), but on the basis of other characters’ or objects’ movement.

By far, the most common requirement for predicting movement is for aiming and shooting
firearms. This involves the solution of ballistic equations: the so-called “Firing Solution.” In this
section we will first look at firing solutions and the mathematics behind them. We will then look at
the broader requirements of predicting trajectories and a method of iteratively predicting objects
with complex movement patterns.
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Firearms, and their fantasy counterparts, are a key feature of game design. In almost any game
you choose to think of, the characters can wield some variety of projectile weapon. In a fantasy
game it might be a crossbow or fireball spell, and in a science fiction (sci-fi) game it could be a
disrupter or phaser.

This puts two common requirements on the AI. Characters should be able to shoot accurately,
and they should be able to respond to incoming fire. The second requirement is often omitted,
since the projectiles from many firearms and sci-fi weapons move too fast for anyone to be able
to react to. When faced with weapons such as rocket-propelled grenades (RPGs) or mortars,
however, the lack of reaction can appear unintelligent.

Regardless of whether a character is giving or receiving fire, it needs to understand the likely
trajectory of a weapon. For fast-moving projectiles over small distances, this can be approximated
by a straight line, so older games tended to use simple straight line tests for shooting. With the
introduction of increasingly complex physics simulation, however, shooting along a straight line
to your targets is likely to result in your bullets landing in the dirt at their feet. Predicting correct
trajectories is now a core part of the AI in shooters.

3.5.2 Projectile Trajectory
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resistance or other interference, the curve will be part of a parabola, as shown in Figure 3.45.
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value is less than zero, then the projectile has already passed the target height and won’t reach
it again.

The time ti from Equation 3.3 can be substituted into Equation 3.2 to get the complete position
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For grenades, we could compare the time to impact with the known length of the grenade fuse
to determine whether it is safer to run from or catch and return the grenade.

Note that this analysis does not deal with the situation where the ground level is rapidly
changing. If the character is on a ledge or walkway, for example, the grenade may miss impacting
at its height entirely and sail down the gap behind it. We can use the result of Equation 3.4 to
check if the impact point is valid.

For outdoor levels with rapidly fluctuating terrain, we can also use the equation iteratively,
generating (x, z) coordinates with Equation 3.4 and then feeding the py coordinate of the impact
point back into the equation, until the resulting (x, z) values stabilize. There is no guarantee that
they will ever stabilize, but in most cases they do. In practice, however, high explosive projectiles
typically damage a large area, so inaccuracies in the impact point prediction are difficult to spot
when the character is running away.

The final point to note about incoming hit prediction is that the floor height of the character
is not normally the height at which the character catches. If the character is intending to catch the
incoming object (as it will in most sports games, for example), it should use a target height value
at around chest height. Otherwise, it will appear to maneuver in such a way that the incoming
object drops at its feet.

3.5.3 The Firing Solution

To hit a target at a given point E⃗ , we need to solve Equation 3.2. In most cases we know the firing
point S⃗ (i.e., S⃗ ≡ p⃗0), the muzzle velocity sm , and the acceleration due to gravity g⃗ ; we’d like to
find just u⃗, the direction to fire in (although finding the time to collision can also be useful for
deciding if a slow-moving shot is worth it).

Archers and grenade throwers can change the velocity of the projectile as they fire (i.e., they
select an sm value), but most weapons have a fixed value for sm . We will assume, however, that
characters who can select a velocity will always try to get the projectile to its target in the shortest
time possible. In this case they will always choose the highest possible velocity.
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In an indoor environment with many obstacles (such as barricades, joists, and columns), it
might be advantageous for a character to throw its grenade more slowly so that it arches over
obstacles. Dealing with obstacles in this way gets to be very complex and is best solved by a trial
and error process, trying different sm values (normally trials are limited to a few fixed values:
“throw fast,” “throw slow,” and “drop,” for example). For the purpose of this book, we’ll assume
that sm is constant and known in advance.

The quadratic Equation 3.2 has vector coefficients. Add the requirement that the firing vector
should be normalized,

|u⃗| = 1,

and we have four equations in four unknowns:
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These can be solved to find the firing direction and the projectile’s time to target. First, we get
an expression for ti :
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where !⃗ is the vector from the start point to the end point, given by !⃗ = E⃗ − S⃗. This is a quartic
in ti , with no odd powers. We can therefore use the quadratic equation formula to solve for t 2

i and
take the square root of the result. Doing this, we get
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which gives us two real-valued solutions for time, of which a maximum of two may be positive.
Note that we should strictly take into account the two negative solutions also (replacing the
positive sign with a negative sign before the first square root). We omit these because solutions
with a negative time are entirely equivalent to aiming in exactly the opposite direction to get a
solution in positive time.

There are no solutions if:
!
g⃗ .!⃗ + s2

m

"2
< |g⃗ |2|!⃗|2.

In this case the target point cannot be hit with the given muzzle velocity from the start point.
If there is one solution, then we know the end point is at the absolute limit of the given firing
capabilities. Usually, however, there will be two solutions, with different arcs to the target. This is

Let’s assume we 
cannot control the 

strength of the 
rocket launcher, 
thus, we are only 
interested in the 

direction 



Aiming 
• Resolving the previous equation system, we obtain: 

• where: 

• And thus: 
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Aiming 
• Substituting  time, we obtain (recall that       is the 

launching speed): 
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Figure 3.46 Two possible firing solutions

illustrated in Figure 3.46. We will almost always choose the lower arc, which has the smaller time
value, since it gives the target less time to react to the incoming projectile and produces a shorter
arc that is less likely to hit obstacles (especially the ceiling).

We might want to choose the longer arc if we are firing over a wall, such as in a castle-strategy
game.

With the appropriate ti value selected, we can determine the firing vector using the equation:

u⃗ = 2!⃗ − g⃗ t 2
i

2smti
. [3.5]

The intermediate derivations of these equations are left as an exercise.
This is admittedly a mess to look at, but can be easily implemented as follows:

1 def calculateFiringSolution(start, end, muzzle_v, gravity):
2

3 # Calculate the vector from the target back to the start
4 delta = start - end
5

6 # Calculate the real-valued a,b,c coefficients of a conventional
7 # quadratic equation
8 a = gravity * gravity
9 b = -4 * (gravity * delta + muzzle_v*muzzle_v)

10 c = 4 * delta * delta
11

12 # Check for no real solutions
13 if 4*a*c > b*b: return None
14

15 # Find the candidate times
16 time0 = sqrt((-b + sqrt(b*b-4*a*c)) / (2*a))
17 time1 = sqrt((-b - sqrt(b*b-4*a*c)) / (2*a))
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In each case, we are doing AI not based on the character’s own movement (although that may
be a factor), but on the basis of other characters’ or objects’ movement.

By far, the most common requirement for predicting movement is for aiming and shooting
firearms. This involves the solution of ballistic equations: the so-called “Firing Solution.” In this
section we will first look at firing solutions and the mathematics behind them. We will then look at
the broader requirements of predicting trajectories and a method of iteratively predicting objects
with complex movement patterns.

3.5.1 Aiming and Shooting

Firearms, and their fantasy counterparts, are a key feature of game design. In almost any game
you choose to think of, the characters can wield some variety of projectile weapon. In a fantasy
game it might be a crossbow or fireball spell, and in a science fiction (sci-fi) game it could be a
disrupter or phaser.

This puts two common requirements on the AI. Characters should be able to shoot accurately,
and they should be able to respond to incoming fire. The second requirement is often omitted,
since the projectiles from many firearms and sci-fi weapons move too fast for anyone to be able
to react to. When faced with weapons such as rocket-propelled grenades (RPGs) or mortars,
however, the lack of reaction can appear unintelligent.

Regardless of whether a character is giving or receiving fire, it needs to understand the likely
trajectory of a weapon. For fast-moving projectiles over small distances, this can be approximated
by a straight line, so older games tended to use simple straight line tests for shooting. With the
introduction of increasingly complex physics simulation, however, shooting along a straight line
to your targets is likely to result in your bullets landing in the dirt at their feet. Predicting correct
trajectories is now a core part of the AI in shooters.

3.5.2 Projectile Trajectory

A moving projectile under gravity will follow a curved trajectory. In the absence of any air
resistance or other interference, the curve will be part of a parabola, as shown in Figure 3.45.

The projectile moves according to the formula:

p⃗t = p⃗0 + u⃗smt + g⃗ t 2

2
, [3.2]

Figure 3.45 Parabolic arc
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Aiming with Complex Physics 
• Equations quickly become unsolvable for physics that are 

more complex than the simple Newtonian equations 
described here 

•  For complex physics, there is only one solution: 
•  Iterative targeting 
•  Use Newtonian physics (what we just described) to have an initial 

guess 
•  Use the Physics engine to try different trajectories, adjusting each 

time until the target is hit 



Example of Predictive and Non-predictive 
Aiming 

https://www.youtube.com/watch?v=CMOPip2DjQA&feature=youtu.be 
 



Physics in Games 
• You don’t need to remember the equations themselves 

• But you must remember which problems can be solved, 
and remember that there was an equation for it (so that 
you can quickly go look it up) 

•  It is very important that you understand the principles 
behind the equations, so that can code solutions to these 
problems, and modify the equations according to the 
needs of your game 



Outline 
• Movement Basics 
• Aiming 
•  Jumping 
• Basic Steering Behaviors 
• Steering Behaviors on Vehicles 
• Composite Steering Behaviors 
• Project 1 



Jumping 
• Why it is important: 

•  http://www.youtube.com/watch?
v=lw9G-8gL5o0&feature=player_embedded (from second 45) 

• Enemies are typically very bad at jumping in games: 
•  Jumping is a hard problem! 
•  Specially in complex 3D geometries 



Jumping: Jump Points 
•  Jumping is hard. In Game AI, when something is hard, the 

solution is always hardcoding! 

•  Jump points provide an easy way to hardcoding jumping 

• A Jump point: 
•  Location in the map specially marked by the game designer 
•  Location from where it makes sense to attempt a jump 
•  It is marked with constraints in the minimum / maximum speed 

required for the jump 



Jump Points 
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3.6.1 Jump Points

The simplest support for jumps puts the onus on the level designer. Locations in the game
level are labeled as being jump points. These regions need to be manually placed. If charac-
ters can move at many different speeds, then jump points also have an associated minimum
velocity set. This is the velocity at which a character needs to be traveling in order to make
the jump.

Depending on the implementation, characters either may seek to get as near their target
velocity as possible or may simply check that the component of their velocity in the correct
direction is sufficiently large.

Figure 3.49 shows two walkways with a jump point placed at their nearest point. A character
that wishes to jump between the walkways needs to have enough velocity heading toward the
other platform to make the jump. The jump point has been given a minimum velocity in the
direction of the other platform.

In this case it doesn’t make sense for a character to try to make a run up in that exact direction.
The character should be allowed to have any velocity with a sufficiently large component in the
correct direction, as shown in Figure 3.50.

If the structure of the landing area is a little different, however, the same strategy would result
in disaster. In Figure 3.51 the same run up has disastrous results.

Jump point

Jump point

Minimum jump velocity

Figure 3.49 Jump points between walkways

• Defined at map creation 
time 

• Each jump point defined as: 
•  Area 
•  Direction of jump 
•  Minimum velocity 

•  If a character is in the area 
and its velocity along the 
direction of jump is higher 
than the minimum, the jump 
will be successful 



Jump Points 

• Easy to implement 
• Need to encode more information if jump is hard 

(maximum and minimum velocities in different directions) 
• Bug-prone and hard to debug 
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Jump point Jump point Jump point

Figure 3.52 Three cases of difficult jump points

likely to fail. To avoid this being obvious to the player, some restrictions on the level structure
are commonly imposed, reducing the number of risky jumps that the player can make, but AI
characters choose not to. This is typical of many aspects of AI development: the capabilities of
the AI put natural restrictions on the layout of the game’s levels. Or, put another way, the level
designers have to avoid exposing weaknesses in the AI.

3.6.2 Landing Pads

A better alternative is to combine jump points with landing pads. A landing pad is another region
of the level, very much like the jump point. Each jump point is paired with a landing pad. We can
then simplify the data needed in the jump point. Rather than require the level designer to set up
the required velocity, we can leave that up to the character.

When the character determines that it will make a jump, it adds an extra processing step.
Using trajectory prediction code similar to that provided in the previous section, the character
calculates the velocity required to land exactly on the landing pad when taking off from the
jump point. The character can then use this calculation as the basis of its velocity matching
algorithm.

This approach is significantly less prone to error. Because the character is calculating the
velocity needed, it will not be prone to accuracy errors in setting up the jump point. It also
benefits from allowing characters to take into account their own physics when determining how
to jump. If characters are heavily laden with weapons, they may not be able to jump up so high.
In this case they will need to have a higher velocity to carry themselves over the gap. Calculating
the jump trajectory allows them to get the exact approach velocity they need.



Jumping: Jump Points/Landing Pads 
•  Jump points are hard to debug in complex maps (each of 

them has to be defined by hand) 
• Better approach for complex maps: landing pads 

•  Idea: 
•  Annotate the map with jump point and landing pads (they might be 

different objects or not) 
•  Only allow jumps from the marked jump points but: 
•  Let the AI do the calculations of the minimum/maximum speeds 

required for each jump 



Jumping: Jump Points/Landing Pads 
•  Defined at map creation time 

•  Each jump point/landing pad 
only defined by an area 

•  The rest of parameters will be 
figured out by the AI 

•  Given a map with lots of jump 
points/landing pads, the AI 
analyzes it and for the pairs 
that are close enough, figures 
out the minimum/maximum 
speeds, and other restrictions 
for successful jumping 

Jump Point/ 
Landing Pad 

Jump Point/ 
Landing Pad 



Speed of Jump 
• Given a starting and ending 

position, and a given initial 
jump speed (the vertical 
speed at the beginning of the 
jump) 

Jump Point/ 
Landing Pad 

Jump Point/ 
Landing Pad 
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value is less than zero, then the projectile has already passed the target height and won’t reach
it again.

The time ti from Equation 3.3 can be substituted into Equation 3.2 to get the complete position
of impact:

p⃗i =
!px0 + ux smti + 1

2 gx t 2
i

pyi

pz0 + uz smti + 1
2 gz t 2

i

"

, [3.4]

which further simplifies, if (as it normally does) gravity only acts in the down direction, to:

p⃗i =
!px0 + ux smti

pyi

pz0 + uz smti

"

.

For grenades, we could compare the time to impact with the known length of the grenade fuse
to determine whether it is safer to run from or catch and return the grenade.

Note that this analysis does not deal with the situation where the ground level is rapidly
changing. If the character is on a ledge or walkway, for example, the grenade may miss impacting
at its height entirely and sail down the gap behind it. We can use the result of Equation 3.4 to
check if the impact point is valid.

For outdoor levels with rapidly fluctuating terrain, we can also use the equation iteratively,
generating (x, z) coordinates with Equation 3.4 and then feeding the py coordinate of the impact
point back into the equation, until the resulting (x, z) values stabilize. There is no guarantee that
they will ever stabilize, but in most cases they do. In practice, however, high explosive projectiles
typically damage a large area, so inaccuracies in the impact point prediction are difficult to spot
when the character is running away.

The final point to note about incoming hit prediction is that the floor height of the character
is not normally the height at which the character catches. If the character is intending to catch the
incoming object (as it will in most sports games, for example), it should use a target height value
at around chest height. Otherwise, it will appear to maneuver in such a way that the incoming
object drops at its feet.

3.5.3 The Firing Solution

To hit a target at a given point E⃗ , we need to solve Equation 3.2. In most cases we know the firing
point S⃗ (i.e., S⃗ ≡ p⃗0), the muzzle velocity sm , and the acceleration due to gravity g⃗ ; we’d like to
find just u⃗, the direction to fire in (although finding the time to collision can also be useful for
deciding if a slow-moving shot is worth it).

Archers and grenade throwers can change the velocity of the projectile as they fire (i.e., they
select an sm value), but most weapons have a fixed value for sm . We will assume, however, that
characters who can select a velocity will always try to get the projectile to its target in the shortest
time possible. In this case they will always choose the highest possible velocity.
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In an indoor environment with many obstacles (such as barricades, joists, and columns), it
might be advantageous for a character to throw its grenade more slowly so that it arches over
obstacles. Dealing with obstacles in this way gets to be very complex and is best solved by a trial
and error process, trying different sm values (normally trials are limited to a few fixed values:
“throw fast,” “throw slow,” and “drop,” for example). For the purpose of this book, we’ll assume
that sm is constant and known in advance.

The quadratic Equation 3.2 has vector coefficients. Add the requirement that the firing vector
should be normalized,

|u⃗| = 1,

and we have four equations in four unknowns:

Ex = Sx + ux smti + 1

2
gx t 2

i ,

Ey = Sy + uy smti + 1

2
gy t 2

i ,

Ez = Sz + uz smti + 1

2
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1 = u2
x + u2

y + u2
z .

These can be solved to find the firing direction and the projectile’s time to target. First, we get
an expression for ti :

|g⃗ |2t 4
i − 4

!
g⃗ .!⃗ + s2

m

"
t 2
i + 4|!⃗|2 = 0,

where !⃗ is the vector from the start point to the end point, given by !⃗ = E⃗ − S⃗. This is a quartic
in ti , with no odd powers. We can therefore use the quadratic equation formula to solve for t 2

i and
take the square root of the result. Doing this, we get

ti = +2

#$$% g⃗ .!⃗ + s2
m ±

&
( g⃗ .!⃗ + s2

m)2 − |g⃗ |2|!⃗|2

2|g⃗ |2
,

which gives us two real-valued solutions for time, of which a maximum of two may be positive.
Note that we should strictly take into account the two negative solutions also (replacing the
positive sign with a negative sign before the first square root). We omit these because solutions
with a negative time are entirely equivalent to aiming in exactly the opposite direction to get a
solution in positive time.

There are no solutions if:
!
g⃗ .!⃗ + s2

m

"2
< |g⃗ |2|!⃗|2.

In this case the target point cannot be hit with the given muzzle velocity from the start point.
If there is one solution, then we know the end point is at the absolute limit of the given firing
capabilities. Usually, however, there will be two solutions, with different arcs to the target. This is
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The Trajectory Calculation

The trajectory calculation is slightly different to the firing solution discussed previously. In the
current case we know the start point S, the end point E , the gravity g , and the y component of
velocity vy . We don’t know the time t or the x and z components of velocity. We therefore have
three equations in three unknowns:

Ex = Sx + vx t ,

Ey = Sy + vy t + 1

2
gy t 2,

Ez = Sz + vz t .

We have assumed here that gravity is acting in the vertical direction only and that the known
jump velocity is also only in the vertical direction. To support other gravity directions, we would
need to allow the maximum jump velocity not only to be just in the y-direction but also to have
an arbitrary vector. The equations above would then have to be rewritten in terms of both the
jump vector to find and the known jump velocity vector. This causes significant problems in the
mathematics that are best avoided, especially since the vast majority of cases require y-direction
jumps only, exactly as shown here.

We have also assumed that there is no drag during the trajectory. This is the most common
situation. Drag is usually non-existent or negligible for these calculations. If you need to include
drag for your game, then replace these equations with those given in Section 3.5.4; solving them
will be correspondingly more difficult.

We can solve the system of equations to give:

t =
−vy ±

!
2g (Ey − Sy) + v2

y

g
[3.8]

and then

vx = Ex − Sx

t

and

vz = Ez − Sz

t
.

Equation 3.8 has two solutions. We’d ideally like to achieve the jump in the fastest time
possible, so we want to use the smaller of the two values. Unfortunately, this value might give us
an impossible launch velocity, so we need to check and use the higher value if necessary.

We can now implement a jumping steering behavior to use a jump point and landing pad.
This behavior is given a jump point when it is created and tries to achieve the jump. If the jump
is not feasible, it will have no effect, and no acceleration will be requested.



Speed of Jump 
• Given a starting and ending 

position, and a given initial 
jump speed (the vertical 
speed at the beginning of the 
jump) 

Jump Point/ 
Landing Pad 

Jump Point/ 
Landing Pad 
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value is less than zero, then the projectile has already passed the target height and won’t reach
it again.

The time ti from Equation 3.3 can be substituted into Equation 3.2 to get the complete position
of impact:

p⃗i =
!px0 + ux smti + 1

2 gx t 2
i

pyi

pz0 + uz smti + 1
2 gz t 2

i

"

, [3.4]

which further simplifies, if (as it normally does) gravity only acts in the down direction, to:

p⃗i =
!px0 + ux smti

pyi

pz0 + uz smti

"

.

For grenades, we could compare the time to impact with the known length of the grenade fuse
to determine whether it is safer to run from or catch and return the grenade.

Note that this analysis does not deal with the situation where the ground level is rapidly
changing. If the character is on a ledge or walkway, for example, the grenade may miss impacting
at its height entirely and sail down the gap behind it. We can use the result of Equation 3.4 to
check if the impact point is valid.

For outdoor levels with rapidly fluctuating terrain, we can also use the equation iteratively,
generating (x, z) coordinates with Equation 3.4 and then feeding the py coordinate of the impact
point back into the equation, until the resulting (x, z) values stabilize. There is no guarantee that
they will ever stabilize, but in most cases they do. In practice, however, high explosive projectiles
typically damage a large area, so inaccuracies in the impact point prediction are difficult to spot
when the character is running away.

The final point to note about incoming hit prediction is that the floor height of the character
is not normally the height at which the character catches. If the character is intending to catch the
incoming object (as it will in most sports games, for example), it should use a target height value
at around chest height. Otherwise, it will appear to maneuver in such a way that the incoming
object drops at its feet.

3.5.3 The Firing Solution

To hit a target at a given point E⃗ , we need to solve Equation 3.2. In most cases we know the firing
point S⃗ (i.e., S⃗ ≡ p⃗0), the muzzle velocity sm , and the acceleration due to gravity g⃗ ; we’d like to
find just u⃗, the direction to fire in (although finding the time to collision can also be useful for
deciding if a slow-moving shot is worth it).

Archers and grenade throwers can change the velocity of the projectile as they fire (i.e., they
select an sm value), but most weapons have a fixed value for sm . We will assume, however, that
characters who can select a velocity will always try to get the projectile to its target in the shortest
time possible. In this case they will always choose the highest possible velocity.
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In an indoor environment with many obstacles (such as barricades, joists, and columns), it
might be advantageous for a character to throw its grenade more slowly so that it arches over
obstacles. Dealing with obstacles in this way gets to be very complex and is best solved by a trial
and error process, trying different sm values (normally trials are limited to a few fixed values:
“throw fast,” “throw slow,” and “drop,” for example). For the purpose of this book, we’ll assume
that sm is constant and known in advance.

The quadratic Equation 3.2 has vector coefficients. Add the requirement that the firing vector
should be normalized,

|u⃗| = 1,

and we have four equations in four unknowns:

Ex = Sx + ux smti + 1

2
gx t 2

i ,

Ey = Sy + uy smti + 1

2
gy t 2

i ,

Ez = Sz + uz smti + 1

2
gz t 2

i ,

1 = u2
x + u2

y + u2
z .

These can be solved to find the firing direction and the projectile’s time to target. First, we get
an expression for ti :

|g⃗ |2t 4
i − 4

!
g⃗ .!⃗ + s2

m

"
t 2
i + 4|!⃗|2 = 0,

where !⃗ is the vector from the start point to the end point, given by !⃗ = E⃗ − S⃗. This is a quartic
in ti , with no odd powers. We can therefore use the quadratic equation formula to solve for t 2

i and
take the square root of the result. Doing this, we get

ti = +2

#$$% g⃗ .!⃗ + s2
m ±

&
( g⃗ .!⃗ + s2

m)2 − |g⃗ |2|!⃗|2

2|g⃗ |2
,

which gives us two real-valued solutions for time, of which a maximum of two may be positive.
Note that we should strictly take into account the two negative solutions also (replacing the
positive sign with a negative sign before the first square root). We omit these because solutions
with a negative time are entirely equivalent to aiming in exactly the opposite direction to get a
solution in positive time.

There are no solutions if:
!
g⃗ .!⃗ + s2

m

"2
< |g⃗ |2|!⃗|2.

In this case the target point cannot be hit with the given muzzle velocity from the start point.
If there is one solution, then we know the end point is at the absolute limit of the given firing
capabilities. Usually, however, there will be two solutions, with different arcs to the target. This is
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The Trajectory Calculation

The trajectory calculation is slightly different to the firing solution discussed previously. In the
current case we know the start point S, the end point E , the gravity g , and the y component of
velocity vy . We don’t know the time t or the x and z components of velocity. We therefore have
three equations in three unknowns:

Ex = Sx + vx t ,

Ey = Sy + vy t + 1

2
gy t 2,

Ez = Sz + vz t .

We have assumed here that gravity is acting in the vertical direction only and that the known
jump velocity is also only in the vertical direction. To support other gravity directions, we would
need to allow the maximum jump velocity not only to be just in the y-direction but also to have
an arbitrary vector. The equations above would then have to be rewritten in terms of both the
jump vector to find and the known jump velocity vector. This causes significant problems in the
mathematics that are best avoided, especially since the vast majority of cases require y-direction
jumps only, exactly as shown here.

We have also assumed that there is no drag during the trajectory. This is the most common
situation. Drag is usually non-existent or negligible for these calculations. If you need to include
drag for your game, then replace these equations with those given in Section 3.5.4; solving them
will be correspondingly more difficult.

We can solve the system of equations to give:

t =
−vy ±

!
2g (Ey − Sy) + v2

y

g
[3.8]

and then

vx = Ex − Sx

t

and

vz = Ez − Sz

t
.

Equation 3.8 has two solutions. We’d ideally like to achieve the jump in the fastest time
possible, so we want to use the smaller of the two values. Unfortunately, this value might give us
an impossible launch velocity, so we need to check and use the higher value if necessary.

We can now implement a jumping steering behavior to use a jump point and landing pad.
This behavior is given a jump point when it is created and tries to achieve the jump. If the jump
is not feasible, it will have no effect, and no acceleration will be requested.



Speed of Jump 
• We first compute the time it will take to complete the jump 

(based on the y positions of start and end): 

• And then substitute to obtain the speed in x and z: 
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three equations in three unknowns:
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We have assumed here that gravity is acting in the vertical direction only and that the known
jump velocity is also only in the vertical direction. To support other gravity directions, we would
need to allow the maximum jump velocity not only to be just in the y-direction but also to have
an arbitrary vector. The equations above would then have to be rewritten in terms of both the
jump vector to find and the known jump velocity vector. This causes significant problems in the
mathematics that are best avoided, especially since the vast majority of cases require y-direction
jumps only, exactly as shown here.

We have also assumed that there is no drag during the trajectory. This is the most common
situation. Drag is usually non-existent or negligible for these calculations. If you need to include
drag for your game, then replace these equations with those given in Section 3.5.4; solving them
will be correspondingly more difficult.

We can solve the system of equations to give:
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and then
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Equation 3.8 has two solutions. We’d ideally like to achieve the jump in the fastest time
possible, so we want to use the smaller of the two values. Unfortunately, this value might give us
an impossible launch velocity, so we need to check and use the higher value if necessary.

We can now implement a jumping steering behavior to use a jump point and landing pad.
This behavior is given a jump point when it is created and tries to achieve the jump. If the jump
is not feasible, it will have no effect, and no acceleration will be requested.
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The trajectory calculation is slightly different to the firing solution discussed previously. In the
current case we know the start point S, the end point E , the gravity g , and the y component of
velocity vy . We don’t know the time t or the x and z components of velocity. We therefore have
three equations in three unknowns:

Ex = Sx + vx t ,
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We have assumed here that gravity is acting in the vertical direction only and that the known
jump velocity is also only in the vertical direction. To support other gravity directions, we would
need to allow the maximum jump velocity not only to be just in the y-direction but also to have
an arbitrary vector. The equations above would then have to be rewritten in terms of both the
jump vector to find and the known jump velocity vector. This causes significant problems in the
mathematics that are best avoided, especially since the vast majority of cases require y-direction
jumps only, exactly as shown here.

We have also assumed that there is no drag during the trajectory. This is the most common
situation. Drag is usually non-existent or negligible for these calculations. If you need to include
drag for your game, then replace these equations with those given in Section 3.5.4; solving them
will be correspondingly more difficult.

We can solve the system of equations to give:
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and then
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Equation 3.8 has two solutions. We’d ideally like to achieve the jump in the fastest time
possible, so we want to use the smaller of the two values. Unfortunately, this value might give us
an impossible launch velocity, so we need to check and use the higher value if necessary.

We can now implement a jumping steering behavior to use a jump point and landing pad.
This behavior is given a jump point when it is created and tries to achieve the jump. If the jump
is not feasible, it will have no effect, and no acceleration will be requested.
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velocity vy . We don’t know the time t or the x and z components of velocity. We therefore have
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We have assumed here that gravity is acting in the vertical direction only and that the known
jump velocity is also only in the vertical direction. To support other gravity directions, we would
need to allow the maximum jump velocity not only to be just in the y-direction but also to have
an arbitrary vector. The equations above would then have to be rewritten in terms of both the
jump vector to find and the known jump velocity vector. This causes significant problems in the
mathematics that are best avoided, especially since the vast majority of cases require y-direction
jumps only, exactly as shown here.
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drag for your game, then replace these equations with those given in Section 3.5.4; solving them
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Equation 3.8 has two solutions. We’d ideally like to achieve the jump in the fastest time
possible, so we want to use the smaller of the two values. Unfortunately, this value might give us
an impossible launch velocity, so we need to check and use the higher value if necessary.

We can now implement a jumping steering behavior to use a jump point and landing pad.
This behavior is given a jump point when it is created and tries to achieve the jump. If the jump
is not feasible, it will have no effect, and no acceleration will be requested.
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pads 

•  During game play, if the AI wants 
to jump from one to the other, it 
will know exactly at which speed 
it needs to move to perform the 
jump 

•  This approach is much more 
robust, since we don’t need to 
debug each jump point 
separately 
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value is less than zero, then the projectile has already passed the target height and won’t reach
it again.

The time ti from Equation 3.3 can be substituted into Equation 3.2 to get the complete position
of impact:

p⃗i =
!px0 + ux smti + 1

2 gx t 2
i

pyi

pz0 + uz smti + 1
2 gz t 2

i

"

, [3.4]

which further simplifies, if (as it normally does) gravity only acts in the down direction, to:

p⃗i =
!px0 + ux smti

pyi

pz0 + uz smti

"

.

For grenades, we could compare the time to impact with the known length of the grenade fuse
to determine whether it is safer to run from or catch and return the grenade.

Note that this analysis does not deal with the situation where the ground level is rapidly
changing. If the character is on a ledge or walkway, for example, the grenade may miss impacting
at its height entirely and sail down the gap behind it. We can use the result of Equation 3.4 to
check if the impact point is valid.

For outdoor levels with rapidly fluctuating terrain, we can also use the equation iteratively,
generating (x, z) coordinates with Equation 3.4 and then feeding the py coordinate of the impact
point back into the equation, until the resulting (x, z) values stabilize. There is no guarantee that
they will ever stabilize, but in most cases they do. In practice, however, high explosive projectiles
typically damage a large area, so inaccuracies in the impact point prediction are difficult to spot
when the character is running away.

The final point to note about incoming hit prediction is that the floor height of the character
is not normally the height at which the character catches. If the character is intending to catch the
incoming object (as it will in most sports games, for example), it should use a target height value
at around chest height. Otherwise, it will appear to maneuver in such a way that the incoming
object drops at its feet.

3.5.3 The Firing Solution

To hit a target at a given point E⃗ , we need to solve Equation 3.2. In most cases we know the firing
point S⃗ (i.e., S⃗ ≡ p⃗0), the muzzle velocity sm , and the acceleration due to gravity g⃗ ; we’d like to
find just u⃗, the direction to fire in (although finding the time to collision can also be useful for
deciding if a slow-moving shot is worth it).

Archers and grenade throwers can change the velocity of the projectile as they fire (i.e., they
select an sm value), but most weapons have a fixed value for sm . We will assume, however, that
characters who can select a velocity will always try to get the projectile to its target in the shortest
time possible. In this case they will always choose the highest possible velocity.
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In an indoor environment with many obstacles (such as barricades, joists, and columns), it
might be advantageous for a character to throw its grenade more slowly so that it arches over
obstacles. Dealing with obstacles in this way gets to be very complex and is best solved by a trial
and error process, trying different sm values (normally trials are limited to a few fixed values:
“throw fast,” “throw slow,” and “drop,” for example). For the purpose of this book, we’ll assume
that sm is constant and known in advance.

The quadratic Equation 3.2 has vector coefficients. Add the requirement that the firing vector
should be normalized,

|u⃗| = 1,

and we have four equations in four unknowns:

Ex = Sx + ux smti + 1

2
gx t 2

i ,

Ey = Sy + uy smti + 1

2
gy t 2

i ,

Ez = Sz + uz smti + 1

2
gz t 2

i ,

1 = u2
x + u2

y + u2
z .

These can be solved to find the firing direction and the projectile’s time to target. First, we get
an expression for ti :

|g⃗ |2t 4
i − 4

!
g⃗ .!⃗ + s2

m

"
t 2
i + 4|!⃗|2 = 0,

where !⃗ is the vector from the start point to the end point, given by !⃗ = E⃗ − S⃗. This is a quartic
in ti , with no odd powers. We can therefore use the quadratic equation formula to solve for t 2

i and
take the square root of the result. Doing this, we get

ti = +2
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m)2 − |g⃗ |2|!⃗|2
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,

which gives us two real-valued solutions for time, of which a maximum of two may be positive.
Note that we should strictly take into account the two negative solutions also (replacing the
positive sign with a negative sign before the first square root). We omit these because solutions
with a negative time are entirely equivalent to aiming in exactly the opposite direction to get a
solution in positive time.

There are no solutions if:
!
g⃗ .!⃗ + s2

m

"2
< |g⃗ |2|!⃗|2.

In this case the target point cannot be hit with the given muzzle velocity from the start point.
If there is one solution, then we know the end point is at the absolute limit of the given firing
capabilities. Usually, however, there will be two solutions, with different arcs to the target. This is

(vx,vy) 



Jumping: Beyond Jump Points 
• What happens in games where users can create maps? 

Do they have to define the jump pads? 
•  Have you ever seen a game where players create maps AND the 

enemies do jumps? 

•  In principle, a map could be preprocessed and jumping 
points/landing pads automatically detected: 
•  Time consuming 

• Game AI: if there is an easy way to make the character 
look intelligent, do it! No need to have real AI (in this case, 
no need to let the AI really figure out it can or not jump) 



Outline 
• Movement Basics 
• Aiming 
•  Jumping 
• Basic Steering Behaviors 
• Steering Behaviors on Vehicles 
• Composite Steering Behaviors 
• Project 1 



Game AI Architecture 

AI 

World 
Interface 

(perception) 

Strategy 

Decision Making 

Movement 
Steering behaviors 

executed in this module 



Steering Behaviors 
• Basic building blocks for continuous movement 

• Whole family of steering behaviors (we will cover only the 
most important ones) 

• Widespread use among commercial computer games 



Steering Behaviors: Uses 



Steering Behaviors: Uses 

Decision Making 

Movement 

? 



Steering Behaviors: Uses 

Decision Making 

Movement 

In car racing games, Decision 
Making is typically hard coded. 

The game designers create a set 
of waypoints in the track (or in the 
track pieces), and cars go to them 

in order. 



Steering Behaviors: Uses 

Decision Making 

Movement 

Movement is in charge of driving 
the car to each of the waypoints, 

avoiding opponents, braking, 
accelerating, turning, etc. 



Steering Behaviors: Uses 
• Not just racing games 

• Any games with vehicles (helicopters, tanks, planes, 
boats) 

• Or even characters moving in a 3D environment 
(continuous movement) with inertia (e.g. sports games) 
•  Most FPS games just assume there is no inertia and characters 

can move in any direction at any time (bad physics J) 



Why Steering Behaviors? 
•  The alternative is to use kinematic movement: ignore 

inertia and acceleration (Pac-Man style) 

•  Just move the character to the right direction 

• Useful for simple or non-realistic games 

• E.g.: you can move Pac-Man in any direction without 
inertia 



Basic Steering Behaviors 
• Seek  
•  Flee 
• Arrive 
• Align 
• Velocity Matching 



Steering Behaviors 
• Defined as methods that return the acceleration that the 

body/vehicle needs to have during the next execution 
frame: 
•  Input: position, orientation, speed, target 
•  Output: acceleration 

•  They are executed once per game cycle 

• Some return linear acceleration (e.g. accelerate north at 
3m/s2), some return angular acceleration (e.g. turn right at 
2rad/s2) 



Seek 
• Move towards a (potentially moving) target 

Target 



Seek 
• Move towards a (potentially moving) target 

Target 

Difference 
D = E - S 

S: Start 
coordinates E: End 

coordinates 

V: Current 
Speed 



Seek 
Seek(character, E) 
D = E - character.position 
ND = D / |D|   
A = ND * maxAcceleration 
Return A 



Seek 
Seek(character, E) 
D = E - character.position 
ND = D / |D|   
A = ND * maxAcceleration 
Return A 

Target 

character.position E: End 
coordinates 

character.velocity 



Seek 
Seek(character, E) 
D = E - character.position 
ND = D / |D|   
A = ND * maxAcceleration 
Return A 

Target 

character.position E: End 
coordinates 

character.velocity 

Difference 
D = E – character.position 



Seek 
Seek(character, E) 
D = E - character.position 
ND = D / |D|   
A = ND * maxAcceleration 
Return A 

Target 

character.position E: End 
coordinates 

character.velocity 

ND 



Seek 
Seek(character, E) 
D = E - character.position 
ND = D / |D|   
A = ND * maxAcceleration 
Return A 

Target 

character.position E: End 
coordinates 

character.velocity 

A 

|D| = sqrt(D.x*D.x + D.y*D.y) 



Seek 
Seek(character, E) 
D = E - character.position 
ND = D / |D|   
A = ND * maxAcceleration 
Return A 

Target 

character.position 
E: End 

coordinates 

character.velocity 

A 



Seek 
Seek(character, E) 
D = E - character.position 
ND = D / |D|   
A = ND * maxAcceleration 
Return A 

Target 

character.position 

E: End 
coordinates 

character.velocity 

A 



Seek 
Seek(character, E) 
D = E - character.position 
ND = D / |D|   
A = ND * maxAcceleration 
Return A 

Target 

character.position 

E: End 
coordinates 

character.velocity 

A 



Physics Code 
In the game engine, there would be something like: 
 
UpdateCharacter(character, timeDelta) 

 A = character.getAI().cycle(timeDelta); 
 character.position += character.velocity*timeDelta; 
 character.velocity+= A*timeDelta; 



Physics Code 
In the game engine, there would be something like: 
 
UpdateCharacter(character, timeDelta) 

 A = character.getAI().cycle(timeDelta); 
 character.position += character.velocity*timeDelta; 
 character.velocity+= A*timeDelta; 

Inside here you will have your call 
to “SEEK” 



Seek 
•  The most basic Steering Behavior 
• Use to realistically make a character/vehicle move 

towards a target 

•  If you were to implement movement by directly moving the 
character towards the end point (without steering 
behaviors), you might have characters that make 90 
degree turns instantly (physically impossible) 



Flee 
• Move away from a (potentially moving) target 

Target 



Flee 
Seek(character, E) 
D = E - character.position 
ND = D / |D|   
A = ND * maxAcceleration 
Return A 

Flee(character, E) 
D = E - character.position 
ND = D / |D|   
A = - ND * maxAcceleration 
Return A 



Arrive 
• Seek is good for pursuing a moving object, but not for 

arriving at spots. This is what Seek would do: 

• Orbit around the target (since it reaches it at full speed) 

Target 



Arrive 
• Arrive would do this: 

• Decelerate when arriving at the target, to stop right on the 
spot 

Target 



Arrive 
•  Idea: 

•  Define two radii around the target point 
•  Small radius: define the target (to make the job easier) 
•  Big radius: define the area of deceleration 

Target 



Arrive 
Arrive(character, E, targetRadius, slowRadius, time) 
D = E - character.position 
Length = |D|   
If Length<targetRadius Return (0,0,0) 
If Length>slowRadius then targetSpeed = maxSpeed 
        else targetSpeed = maxSpeed * distance/slowRadius 
targetVelocity = (D/|D|)*targetSpeed 
A = (targetVelociy – character.velocity)/time 
If |A|>maxAcceleration then A = (A/|A|)*maxAcceleration 
Return A 



Arrive 
•  Arrive(character, E, targetRadius, slowRadius, time) 
•  D = E - character.position 
•  Length = |D|   
•  If Length<targetRadius Return (0,0,0) 
•  If Length>slowRadius then targetSpeed = maxSpeed 
•          else targetSpeed = maxSpeed * distance/slowRadius 
•  targetVelocity = (D/|D|)*targetSpeed 
•  A = (targetVelociy – character.velocity)/time 
•  If |A|>maxAcceleration then A = (A/|A|)*maxAcceleration 
•  Return A 

Target 
character.position 

character.velocity 



Arrive 
•  Arrive(character, E, targetRadius, slowRadius, time) 
•  D = E - character.position 
•  Length = |D|   
•  If Length<targetRadius Return (0,0,0) 
•  If Length>slowRadius then targetSpeed = maxSpeed 
•          else targetSpeed = maxSpeed * distance/slowRadius 
•  targetVelocity = (D/|D|)*targetSpeed 
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Arrive 
• Most of the times targetRadius (the small one) is not 

needed 

•  It can prevent errors in cases of high speeds, low frame 
rates or low maximum acceleration 

 



Align 
•  Try to match the orientation of the character with that of 

the target 
•  Identical to “arrive”, but dealing with angles instead of with 

positions: 
•  Instead of two radii, we have two intervals (targetInterval, 

slowInterval) 
•  Rather than linear acceleration, we have angular acceleration and 

speed 

Target 



Align 
•  Tried to match the orientation of the character with that of 

the target 
•  Identical to “arrive”, but dealing with angles instead of with 

positions: 
•  Instead of two radii, we have two intervals (targetInterval, 

slowInterval) 
•  Rather than linear acceleration, we have angular acceleration and 

speed 

Target 

Target (0.7 rad) 



Align 
Align(character, E, targetInterval, slowInterval, time) 
rotation = E – character.angle 
rotationAmount= |D|   
If rotationAmount<targetInterval Return 0 
If rotationAmount>slowInterval then targetRotation = maxRotation 
        else targetRotation = maxRotation* rotationAmount/slowInterval 
targetRotation = targetRotation * (rotation / rotationAmount) 
AA = (targetRotation – character.angularvelocity)/time 
If |AA|>maxAngulatAcc then AA = (AA/|AA|)*maxAngulatAcc  
Return AA 



Velocity Matching 
• Not very useful by itself, but can be combined with others 

to defined useful steering behaviors 

• Can be defined by simplifying “Arrive” 



Matching Velocity 
MatchingVelocity(character, targetVelocity, time) 
A = (targetVelociy – character.velocity)/time 
If |A|>maxAcceleration then A = (A/|A|)*maxAcceleration 
Return A 



Basic Steering Behaviors 
• Seek  
•  Flee 
• Arrive 
• Align 
• Velocity Matching 
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•  Jumping 
• Basic Steering Behaviors 
• Steering Behaviors on Vehicles 
• Composite Steering Behaviors 
• Project 1 



Steering Behaviors in Vehicles  
• As defined so far, steering behaviors assume: 

•  Character/vehicle under control can exert a force at an arbitrary 
angle 

•  The direction of movement is independent of the direction being 
faced 

• None of those assumptions are satisfied by vehicles 

• Are Steering behaviors still useful then? 



Motor Control Layer 
• Steering Behaviors generate the “desired accelerations”. 

An underlying “motor layer” translates that into commands 
like “accelerate, brake, turn right, turn left”: 

AI 

World 
Interface 

(perception) 

Strategy 

Decision Making 

Movement 

Steering 
Behaviors 

Motor 
Control 



Motor Control Layer 
•  Two approaches: 

•  Output Filtering (simple) 
•  Capability-sensitive steering (complex) 



Output Filtering 
•  Idea:  

•  Use the steering behavior to produce an acceleration request 
•  Project the request onto the accelerations that the vehicle at hand 

can perform, and ignore the rest 

Steering Request: Vehicle capabilities: Projection: 



Output Filtering 
• Very simple idea 
• Sometimes produces suboptimal results 
•  It works most of the times! Some times it does not: 

What would happen here? 



Output Filtering 
• Very simple idea 
• Sometimes produces suboptimal results 
•  It works most of the times! Some times it does not: 

If a car is still and the steering 
behavior wants to move 

perpendicularly, this will translate 
to only rotation and no 

acceleration (and he car will stand 
still forever) 



Output Filtering 
• Very simple idea 
• Sometimes produces suboptimal results 
•  It works most of the times! Some times it does not: 

This could be treated as a special 
case (since it’s a very unlikely 

situation anyway) 

Example results: 
https://www.youtube.com/watch?v=Mh1E4Bdwxkk 



Exercise: 
• Consider the following situation: 

•  Vehicle is a car that can: 
•  Accelerate forward at 5m/s2 
•  Accelerate backwards at 2m/s2 

•  Accelerate turning right/left at 1rad/s2 

•  Position of the car: (10,0,20) 
•  Car is currently moving at velocity: (10,0,10), angular velocity: 0 
•  Steering behavior returns A = (1,0,-10) 
•  Time interval 0.1s 

• Apply output filtering to determine what the car should do: 
•  Decisions: accelerate/nothing/brake, turn left/nothing/right 



Exercise: 

20 

10 

V = (10,0,10) 

A = (1,0,-10) 

•  Linear acceleration: 
•  Projection of A onto the 

capabilities: 
•  Direction vector: (√2/2,0, √2/2) 
•  Projection of A:  √2/2 + 0 - 5√2 = 

•  -6.363961 
•  The car can do: -2, 0, or 5 
•  The closest to -6.36 is -2: brake! 



Exercise: 

20 

10 

V = (10,0,10) 

A = (1,0,-10) 

•  Angular acceleration: 
•  Angle between V and A 
•  2 steps: 

•  1) raw angle: V . A = |V||A|cos(alpha) 
•  Alpha = arccos(V.A/|V||A|) = 
•  Alpha = arccos(-0.045) = 1.6158 

•  2) determine whether it’s left or right 
•  Find line equation passing by car, in V 

direction: 
•  X - Z – 10 = 0 
•  Substitute (car.position + A): 
•  (10+1) – (20-10) – 10 
•  -9 -> right hand side (positive means left 

hand side) 
•  We need to turn “right” 1.6158 radians 
•  The car can turn -1rad/s2 , 0 or 1rad/

s2 during 0.1seconds 
•  Turn right is the one that will get us 

closest! 

alpha 



Capability-Sensing Steering 
• Define specific steering behaviors for each vehicle 

• No standard algorithms 

• One possible approach: 
•  If there is a limited set of commands: try all of them and select the 

one that gets us closer to the target 



Outline 
• Movement Basics 
• Aiming 
•  Jumping 
• Basic Steering Behaviors 
• Steering Behaviors on Vehicles 
• Composite Steering Behaviors 
• Project 1 



Composite Steering Behaviors 
• Pursue and Evade 
•  Face 
•  Looking where you are going 
• Wander 
• Path Following 
• Separation 
• Collision Avoidance 
• Obstacle/Wall Avoidance 

• General Combination 
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Pursue 
• Pursue a moving target 
•  Idea: 

•  Rather than move towards where the target is (like in “seek”): 
•  Estimate where the target will be in the future and then move there 

• Pursue uses “seek” as a subroutine 



Pursue 
Pursue(character, target, maxtime) 
time = (target.position – character.position)/maxspeed 
If time > maxtime then time = maxtime 
prediction = target.position + target.velocity*time 
A = seek(character,prediction) 
Return A 
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Chasing character

Pursue
route

Seek route

Figure 3.12 Seek and pursue

Pseudo-Code

The pursue behavior derives from seek, calculates a surrogate target, and then delegates to seek to
perform the steering calculation:

1 class Pursue (Seek):
2

3 # Holds the maximum prediction time
4 maxPrediction
5

6 # OVERRIDES the target data in seek (in other words
7 # this class has two bits of data called target:
8 # Seek.target is the superclass target which
9 # will be automatically calculated and shouldn’t

10 # be set, and Pursue.target is the target we’re
11 # pursuing).
12 target
13

14 # ... Other data is derived from the superclass ...
15

16 def getSteering():
17

18 # 1. Calculate the target to delegate to seek
19



Evade 
• Evade moving target 

• Same as pursue, but this time we delegate to “flee” rather 
than to “seek” (useful in some domains, but not for your 
project 1) 



Path Following 
•  Follow a continuous path (this one is useful for project 1!) 

•  Idea: 
•  1) Estimate the closest point in the path to the character 
•  2) Compute a point that is slightly further ahead than the character 

in the path 
•  3) Delegate to “seek” 



Path Following 
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Data Structures and Interfaces

We’ve used the same asVector function as earlier to get a vector form of the orientation.

Performance

The algorithm is O(1) in both memory and time.

3.3.12 Path Following

So far we’ve seen behaviors that take a single target or no target at all. Path following is a steering
behavior that takes a whole path as a target. A character with path following behavior should
move along the path in one direction.

Path following, as it is usually implemented, is a delegated behavior. It calculates the position
of a target based on the current character location and the shape of the path. It then hands its
target off to seek. There is no need to use arrive, because the target should always be moving along
the path. We shouldn’t need to worry about the character catching up with it.

The target position is calculated in two stages. First, the current character position is mapped
to the nearest point along the path. This may be a complex process, especially if the path is
curved or made up of many line segments. Second, a target is selected which is further along
the path than the mapped point by a fixed distance. To change the direction of motion along
the path, we can change the sign of this distance. Figure 3.15 shows this in action. The current
path location is shown, along with the target point a little way farther along. This approach

Seek output

Nearest point
on the path

Target

Figure 3.15 Path following behavior



Path Following 
•  The 2 complex steps are: 

•  1) Determine the closest point in the path to the character 
•  In PTSP this is not needed, since the path calculated to reach the closest 

point always starts in the character 

•  2) Determine a point that is further along the path 
•  In PTSP you can use the next point in the path returned by A* (of a point that 

is n steps ahead) 



Collision Avoidance 
• Avoid collision with other vehicles/characters in the game  

•  Idea:  
•  1) detect if a possible collision might happen 
•  2) Delegate to “evade” if collision possible 
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The cone check can be carried out using a dot product:

1 if orientation.asVector() . direction > coneThreshold:
2 # do the evasion
3 else:
4 # return no steering

where direction is the direction between the behavior’s character and the potential collision. The
coneThreshold value is the cosine of the cone half-angle, as shown in Figure 3.20.

If there are several characters in the cone, then the behavior needs to avoid them all. It is often
sufficient to find the average position and speed of all characters in the cone and evade that target.
Alternatively, the closest character in the cone can be found and the rest ignored.

Unfortunately, this approach, while simple to implement, doesn’t work well with more than
a handful of characters. The character does not take into account whether it will actually collide
but instead has a “panic” reaction to even coming close. Figure 3.21 shows a simple situation
where the character will never collide, but our naive collision avoidance approach will still take
action.

Figure 3.22 shows another problem situation. Here the characters will collide, but neither
will take evasive action because they will not have the other in their cone until the moment of
collision.

A better solution works out whether or not the characters will collide if they keep to their cur-
rent velocity. This involves working out the closest approach of the two characters and determining
if the distance at this point is less than some threshold radius. This is illustrated in Figure 3.23.

Note that the closest approach will not normally be the same as the point where the future
trajectories cross. The characters may be moving at very different velocities, and so are likely to
reach the same point at different times. We simply can’t see if their paths will cross to check if the
characters will collide. Instead, we have to find the moment that they are at their closest, use this
to derive their separation, and check if they collide.

Ignored character

Character to avoid

Half-angle of the cone

Figure 3.20 Separation cones for collision avoidance



Collision Avoidance 
• Previous idea is easy to implement, but fails in many 

occasions 

• Solution, use the same technique as for “pursue”, use the 
current speed of the characters to predict where will they 
be 
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Future path
without avoidance

Future path
without avoidance

Never close enough
to collide

Character to avoid

Figure 3.21 Two in-cone characters who will not collide

Collision

Figure 3.22 Two out-of-cone characters who will collide

Position of
B at closest

Position of
A at closest

Character B

Character A

Closest
distance

Figure 3.23 Collision avoidance using collision prediction



Wall Avoidance 
•  Idea: 

•  Detect if at the current speed and direction there will be a collision 
to a wall 

•  If yes, then find a safe target and use “seek” to go there 
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3.3.15 Obstacle and Wall Avoidance

The collision avoidance behavior assumes that targets are spherical. It is interested in avoiding
getting too close to the center point of the target.

This can also be applied to any obstacle in the game that is easily represented by a bounding
sphere. Crates, barrels, and small objects can be avoided simply this way.

More complex obstacles cannot be easily represented in this way. The bounding sphere of a
large object, such as a staircase, can fill a room. We certainly don’t want characters sticking to the
outside of the room just to avoid a staircase in the corner. By far the most common obstacles in
the game, walls, cannot be simply represented by bounding spheres at all.

The obstacle and wall avoidance behavior uses a different approach to avoiding collisions. The
moving character casts one or more rays out in the direction of its motion. If these rays collide
with an obstacle, then a target is created that will avoid the collision, and the character does a
basic seek on this target. Typically, the rays are not infinite. They extend a short distance ahead of
the character (usually a distance corresponding to a few seconds of movement).

Figure 3.24 shows a character casting a single ray that collides with a wall. The point and
normal of the collision with the wall are used to create a target location at a fixed distance from
the surface.

Pseudo-Code

1 class ObstacleAvoidance (Seek):
2

3 # Holds a collision detector
4 collisionDetector
5

6 # Holds the minimum distance to a wall (i.e., how far
7 # to avoid collision) should be greater than the
8 # radius of the character.

Collision
point

normal

Single ray cast
Collision

Figure 3.24 Collision ray avoiding a wall



Wall Avoidance 
•  This can be useful for project 1 

•  Typically collision detection is done using a “ray” and 
testing if it collides with any wall 

•  If this is complex, an easy way is: 
•  Test if there is a wall in the 10 – 30 pixels ahead (just be checking if 

there are wall pixels or not in those points, in the case of the PTSP) 
•  Try to find a point that is 5 – 10 pixels away from the collision point 

and close to the path: use “seek” to go there. To find this pixel you 
can just search in 4 or 8 possible directions 



Combining Steering Behaviors 
• What if you want to combine path-following + evade? (for 

example) 
•  Blending: 

•  Run each steering behavior separately 
•  Average their outputs 
•  You can use priorities(weights): each steering behavior outputs a priority 

in addition to the acceleration, which is used to blend: 
•  No point on averaging with 0 each time you have a collision avoidance that 

returns nothing 

•  Arbitration 
•  Define the conditions under which each steering behavior takes control, 

and select only one or a subset at a time 
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• Movement Basics 
• Aiming 
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• Steering Behaviors on Vehicles 
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• Project 1 



Project 1: Steering Behaviors 
•  Implement steering behaviors (explained today) 
• Game Engine: 

•  PTSP (Java) 

• Competition: 
•  http://www.ptsp-game.net/index.php 
•  (if you are interested) 

 
 


