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NC STATE  UNIVERSITY Project Background
AIS Gene Library Based Real-Time Resource Allocation on Time-Sensitive Large-

Scale Multi-Rate Systems

Artificial Immune System

“Adaptive systems, inspired by theoretical 

immunology and observed immune functions, 

principles and models, which are applied to problem 

solving.”

- L.N. de Castro, J. Timmis

• A representation for the components of the system.

• A set of mechanisms to evaluate the interaction of individuals with the 

environment and each other. The environment is usually simulated by a 

set of input stimuli, one or more fitness function(s), or other means.

• Procedures of adaptation that govern the dynamics of the system, i.e., 

how its behavior varies over time.

Basics of artificial immune systems

NC STATE  UNIVERSITY Project Background

Final Goal

•Integrated systems using different types of information from distributed 

sensors, communicate by networks to assist and warn drivers of 

potentially hazardous situations

Simulation by Matlab/Simulink

Closed-Loop Transportation Simulation 

by Robots
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NC STATE  UNIVERSITY

Simulink  model

Dynamics model

Stateflow

Quadratic Curve Path-tracking Controller

Result

Project Background

NC STATE  UNIVERSITY

States defined by stateflow

Drive Robot follows the lane autonomously when no 

other robots are in front of it.(Normal, Drunk)  

Follow
Robot slows down or stops when detects 

another robot in front to avoid collision.

Stop Robot stops for 1~2 seconds at the stop.

Wait
If detects another robot  with higher priority at 

the cross, robot waits until the former leaves. 

Project Background
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NC STATE  UNIVERSITY Objectives

Real Transportation Simulation

• emulate common traffic scenarios and implement low-

level control on the platform below

Lane B
Lane A

NC STATE  UNIVERSITY Objectives

1

Design and 

complete the 

construction of 

robots. Modify the 

platform in iSpace

to facilitate line 

tracking.
.

2

Calibrate the light 

and ultrasonic 

sensors. Implement 

the line-tracking 

algorithm. 

3

Implement the drive 

and stop states  

defined by 

Matlab/Simulink 

program.

4

Locate vehicles in 

front of the current 

vehicle. Implement 

the follow and wait 

states.

Work in Steps
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NC STATE  UNIVERSITY Hardware & Software

Hardware

Lego Mindstorms NXT is a line of programmable robotics/construction toys, manufactured by 

the Lego Group. it comes in a kit containing many pieces including sensors and cables.

What we use include but not limit to

•NXT brick

•Interactive Servo Motor

•Ultrasonic Sensor

•Light Sensor

NC STATE  UNIVERSITY Hardware & Software

Bluetooth wireless 

communication

USB 2.0 

communication

LCD display &

Loudspeaker

Four input ports &

Three output ports

Atmel® 32-bit ARM® processor,

AT91SAM7S256

Atmel® 8-bit AVR processor, 

ATmega48

itle

NXT brick
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NC STATE  UNIVERSITY Hardware & Software

Interactive Servo Motors

Light Sensor

Ultrasonic Sensor

Built-in rotation Sensor,  not so accurate, 

in my point of view

Measures distance in centimeters from 0 to 255, 

with a precision of +/- 3cm

Measures light level, obtains gray value

NC STATE  UNIVERSITY Hardware & Software

Our robots

Lego Company has 

provides many  robot 

designs, but none 

equipped with 

rotatable ultrasonic 

sensor, which is a vital 

function in our project

Lego Robots Our Robots

Therefore our own special 

robots are designed and 

completed. An extra motor

is applied to drive the 

ultrasonic sensor. A flat

board is mounted on the 

back of the robot for 

better sensing.
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NC STATE  UNIVERSITY Hardware & Software

NC STATE  UNIVERSITY Hardware & Software

•Outer loop & inner 

loop

•Black lane for 

tracking

•Red stop mark 

•Green branch mark

•Specified loop 

direction 
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NC STATE  UNIVERSITY Hardware & Software

Software

•Programming Software

Bricx Command Center supports programming the LEGO Mindstorms NXT brick using Not 

eXactly C (NXC)

•Programming Language

Not eXactly C (NXC) is a high level language, similar to C, built on top of the NBC 

compiler. It can also be used to program the NXT brick. 

NC STATE  UNIVERSITY Algorithms & Programming

Four basic states: drive, follow, stop and wait

Branch point state and crossing state

Remote control

Priorities
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NC STATE  UNIVERSITY Algorithms & Programming

Drive state

Line following is based  

on the PID controller 

using three light sensors 

to “see” the black line in 

the middle of the lane 

line

Robot follows the lane autonomously when no other robots  are in front of it.

NC STATE  UNIVERSITY Algorithms & Programming

Why PID controller?

•Comparing to other simple algorithms, PID controller with finely tuned 

factors makes the robot moves more smoothly.

•It is able to discover a deviation in the line soon enough, so that the robot can 

adapt in time

•Also PID control is more robust to the disturbance, avoiding oscillation

•It can ignore the differences caused by the motors when follow the direct 

line.    
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NC STATE  UNIVERSITY Algorithms & Programming

PID controller theory

A proportional–integral–derivative controller (PID controller) is a generic 

control loop feedback mechanism (controller) systems, calculating an "error" value 

as the difference between a measured process variable and a desired setpoint (from 

the light sensor). 

Discrete implementation of PID

•error = setpoint - actual_position

•integral = integral + (error*dt)

•derivative = (error - previous_error)/dt

•output = (Kproportional*error) + (Kintegral*integral) +(Kderivative*derivative)

•previous_error = error

•“dt” determines the responsiveness of the PID controller 

NC STATE  UNIVERSITY Algorithms & Programming

Configuration of light sensors

The actual values at present and the initial set value are crucial to the effect of the 

control. The configuration of the sensors are shown below 

•Only the middle light sensor is complete 

in the lane so that only error from the middle 

sensor is the input of PID controller

•Errors from the other sensors determine the 

direction that the robot will turn to 

if((errorR<0)&&(errorR<errorL)) – Turn right

if((errorL<0)&&(errorR>errorL) – Turn Left
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NC STATE  UNIVERSITY Algorithms & Programming

Improvements & Modifications of PID

•Integral-windup refers to the situation in a PID controller where a large change in 

setpoint occurs (ALWAYS POSITIVE HERE) and the integral terms accumulates a 

significant error during the rise (windup), thus overshooting and continuing to increase 

as this accumulated error is unwound. The specific problem is the excess overshooting.

Solution

Clear up the integral every ten seconds 

•Feed-forward is a term describing an element or pathway within a control system 

which passes a controlling signal from a source in the control system's external 

environment. Here it means the motor has a basic speed (reference speed) that is not 

effected by the errors. The output from PID controller is added to or minuses the feed-

forward to adjust the robot’s direction.

NC STATE  UNIVERSITY Algorithms & Programming

•Gain scheduling uses the error as the scheduling variables, to determine what region 

(direct lane, mild curve or sharp curve) the robot is currently in and to enable the 

appropriate PID controller with different PID parameters and reference speeds available 

(and automatically plugged into the controller). 

Direct lane Mild curve Sharp curve
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NC STATE  UNIVERSITY Algorithms & Programming

Compensation 
In the tracking closed-loop control, the motor is open-loop controlled, which 

means the output from controller is directly given to the motor without 

feedback. Each motor has different features due to manufacturing error

•Compensation is added to the input of motors to make the right  and left 

turning the same

•Output of the PID controller is  multiplied by a coefficient to adjust the 

algorithm to both the sharp turning and the smooth turning in the road 

scenario   

NC STATE  UNIVERSITY Algorithms & Programming

Follow state

Robot slows down or stops when detects another robot in front to avoid collision.

The program incorporates periodic readings from ultrasonic sensor, which can locate 

vehicles in front of the current vehicle

if(15<distance <30) – Slow down

if(distance <15) – Stop
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NC STATE  UNIVERSITY Algorithms & Programming

Stop state

Robot stops for 1~2 seconds at the stop, which has a red mark, recognized by light 

sensors .

Although the light sensors can not distinguish 

different colors. The gray value of red & green 

have small difference from that of  white &black  

Gray value      <35           35~50       50~60         

NC STATE  UNIVERSITY Algorithms & Programming

Wait state

Wait state follows the stop state. If detects another robot with higher priority at the 

cross, robot waits until the former leaves. 

In wait state, the robot stays still,  the ultrasonic turns to directions that other robots 

will come, if it detects others, wait; otherwise,  it moves on.
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NC STATE  UNIVERSITY Algorithms & Programming

Branch point state

Branch point state is active when the robot recognizes the branch mark by the 

light sensors.

•The robot will decide whether to go 

straight forward or make a turn 

according to the loop ID

•If the robot chooses to turn left, it will 

activate the stop state and the wait state 

first, avoiding collision.

NC STATE  UNIVERSITY Algorithms & Programming

Crossing state

Lanes are crossed at certain points, which will confuse the light sensors when the 

robot is tracking the lane. All the three sensors detect black at the crossing.

•In the crossing state, the program will 

force the robot to turn a slight distance 

via PID control module of motors

•Used light sensors, loop ID and state 

variable to enable the crossing state, 

avoiding turning while the robot is 

going straight  
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NC STATE  UNIVERSITY Algorithms & Programming

Remote control 

In the project, we use one control NXT brick to start and stop the four robots simultaneously 

NXTs can communicate with each other via Bluetooth in Master-Slave mode. The NXT 

that starts the connection is called Master, and can have up to three Slave NXTs 

connected.

Robot2

Control NXT2

Robot1 Robot4Robot3

Control NXT1

NC STATE  UNIVERSITY Algorithms & Programming

Loop ID 

Loop ID is sent to each robot when it is started to identify the loop. With the loop ID, 

the robot is able to locate itself which stop & branch it is at. 

•Outer loop straight        two stops

•Outer loop turn             one stop & one branch

•Inner loop-straight        two stops     

•Inner loop-turn             one stop & one branch
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NC STATE  UNIVERSITY Algorithms & Programming

Priorities

How to implement priority?

Priority is set to each robot at the certain points where several robots meet and have a 

potential possibility to collide. Therefore priority identify the order of the robot to pass 

to avoid accidents 

Priority is achieved based on the location of the robot instead of the robot itself,  which 

means: 

•The priority of each robot is different at different location

•Combing pre-determined moving direction,  loop ID & state variable, the 

robot can exactly know which stop & branch it is at

•Define the behavior at each stop &branch, the priority is guaranteed

NC STATE  UNIVERSITY Algorithms & Programming

Priority: 1>2>3
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NC STATE  UNIVERSITY Algorithms & Programming

Drive state
Follow state

1

Stop state
Wait state

Branch state

Crossing state

2

If distance<30cm

If light sensors 

recognize red 

mark

Loop ID ==4||==2

Turning

If light sensors 

recognize green 

mark

Loop ID ==2

Loop ID ==4

Turning

Go straight

Loop ID 

==1||==3If distance<30cm

If all light 

sensors detect 

black

Loop ID 

==2||Former 

state = branch

Turning

If receives 

loop ID

Stateflow

NC STATE  UNIVERSITY Conclusions

Achievements

•Design and complete the construction of robots. Modify the road scenarios

•Implement the robot lane tracking

•Implement the states that defines the behaviors of the robots

•Achieve the priorities of the robots to avoid accidents

• Use all errors from light sensors to improve tracking

• Implement lane changing

•  …

Future improvements
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NC STATE  UNIVERSITY

NC STATE  UNIVERSITY Algorithms & Programming

Manual tuning

Step 2

Step 3

Step 1

Set the Kintegral

and Kderivative

values to zero. 

Increase 

Kproportional until 

the robot finds the 

line after it run of 

the line.

Then Kproportional

is set at about half 

that value. Increase 

Kintegral until the 

robot goes back on 

the line.

Kderivative is 

increased, if 

necessary, so the 

robot will quickly 

go back to normal 

driving, after it has 

returned to the line. 
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NC STATE  UNIVERSITY Algorithms & Programming

Kproportional - straight forward reaction. Larger values mean faster 

response. An excessively large proportional gain will lead to process 

instability and oscillation.

Kintegral - improves the accuracy. Larger values imply steady state errors 

are eliminated more quickly. However, any negative error integrated must 

be integrated away by positive error before reaching steady state.

Kderivative - improves the controller speed. Larger values decrease 

overshoot, but slow down transient response and may lead to instability 

due to signal noise amplification in the differentiation of the error.

NC STATE  UNIVERSITY Algorithms & Programming

Since both the wait state and the follow state depends on ultrasonic 

sensors to start transition, they might conflict with each other. We should 

determine the state by force.  

Solution

Once the stop 

state activated, 

the follow 

state will not 

be activated  

When the wait 

state is active 

after the stop 

state, read the 

ultrasonic 

sensor after the 

sensor turns by 

a angle

If no robots 

are detected, 

the robot turns 

and return to 

the drive state
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NC STATE  UNIVERSITY Project Background
Artificial Immune System

“Adaptive systems, inspired by theoretical immunology and observed immune 

functions, principles and models, which are applied to problem solving.”

- L.N. de Castro, J. Timmis

• A representation for the components of the system.

• A set of mechanisms to evaluate the interaction of individuals with the 

environment and each other. The environment is usually simulated by a 

set of input stimuli, one or more fitness function(s), or other means.

• Procedures of adaptation that govern the dynamics of the system, i.e., 

how its behavior varies over time.

Basics of artificial immune systems


