THE SMART CAR PROJECT:
A CASE STUDY IN COMPUTER-MEDIATED CONTROL

by
O. Daniel Gott

A project submitted to the
Faculty of the Graduate School of
State University of New York at Buffalo in partial
fulfillment of the requirements for the degree of
Master of Science

May 6, 2003



ABSTRACT

Currently successful execution of many human-in-the-loop manipulation tasks directly
depends on the operator’s skill or a programmer’s knowledge of the presumed
environment in which the task will be performed. Computer mediation of human inputs
can augment this process to: (i) permit easy and rapid incorporation of local sensory
information to augment performance, (ii) provide variable performance (precision- and
power-) assist for output motions/forces, and (iii) hierarchical distribution of control and
graceful degradation. Such mediated control has enormous potential to both reduce
operator error and permit incorporation of greater autonomy into human/robot
interaction.

We chose to examine two sets of tasks to help enhance a remote operator’s performance:
one involving precision in setting the forward velocity in the presence of variable
loads/disturbances and the other improves safety by assisting the operator to avoid
obstacles by carefully mediating the operator’s joystick inputs. The overall goal is to
endow a set of local reflexes that use local sensory information to override the user’s
input in order to enhance security, safety, and performance. In particular, we implement
and evaluate the paradigm of mediated control for remotely driving a mobile robot
system (a 1/10 scale remote control truck equipped with Basic Stamp 2 microprocessors)
that will serve as our scaled inexpensive testbed. We discuss various aspects of the
design and implementation of the Smart Car mobile platform. Beginning with the
process of selection of the mechanical platform, we will discuss our motivation and
reasoning for making several of the design choices necessary to create the testbed in the
subsequent sections. In addition, we discuss the issues pertaining to implementation of
two controllers. One for obstacle detection and the other for Wheel RPM PID control.
We present the motivation and detail of the actual implementation. We use commercial
off the shelf (COTS) hardware and integrated the whole system. Validation and
calibration is a very critical step in the whole process. While an ad-hoc solution approach
would also suffice for general demonstration purposes, we are interested in using the
Smart Car as a scaled testbed. In particular, we are also interested in obtaining
quantitative data and hence we spent considerable time validating our system. We first
calibrate the independent subsystems, which include the transmitter/receiver, sensors, and
then consider the calibration of the controller’s interaction with the entire system. A test
setup with an external reference tachometer was created to validate open and closed loop
response of the various controllers.

Such mediated control has considerable significance and application in a wide range of
applications ranging from “Smart Highway Systems” to semiautonomous exploratory
rovers.
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Checkl f OpenLoopMbde:
IF INL1O = 1 Then Check_If_Cbstacle "If pin 10 is high then the Snart Car wll
"drive in open | oop node
Al ternat e_| oopi ng:

If Pul seWdth > 750 Then Check_If_Cbstacle This is determ ned by the maxi mum
allowable tinme to pulse-in the
variable "EncTime". Another limt
wi Il be needed for the PID algorithm
to work while driving in reverse.
Used to create a 0-1-0-1 counter to
al ternate between pul sing-in
Bi t Count er =Bi t Count er +1 "EncTi me" and the PID al gorithm
I f BitCounter=1 Then Cal cul at eMeasur ed_wheel _speed

Cal cul at eDesi r ed_wheel _speed:
Check_Pul seW dt h:

If Pul seWdth > 750 Then DWS_Curve_1

If Pul seWdth > 724 Then DW5_Curve_2

If Pul seWdth > 675 Then DW5_Curve_3

If PulseWdth > 575 Then DW5_Curve_4
DWS_Curve_5: ' Desi red_wheel _speed is calculated fromthe

Desi red_wheel _speed = 965 "calibration curve in the formof y=nx+b where x in
Goto Calc_Drive "this case is the variable called "Pul sewWdth"

"pulsed in fromthe receiver

DWS_Curve_4:
Desi red_wheel _speed = 1911- ( Pul seW dt h*/ $01A5)
CGoto Calc_Drive

DWS_Curve_3:
Desi red_wheel _speed = 4786- ( Pul seW dt h*/ $05E7)
CGoto Calc_Drive

DWS_Curve_2:

Desi red_wheel _speed = 8874- ( Pul seW dt h*/ $0B8B)
CGoto Calc_Drive
DWS_Curve_1:

Desi red_wheel _speed = 5614- ( Pul seW dt h*/ $0732)
CGoto Calc_Drive

B o T L

"*xxxxxxxx Calculate Drive Using PID Control

Calc_Drive:
"Rxxxkkkxxx Calcul ate Error
ErrorCal c:
Err = (Desired_wheel _speed - Measured_wheel _speed) ' Cal cul ate RPM error

' If Pul seWdth > Neutral Pul seWdth Then Reverse_Direction
Rever se_Direction_Return:
IF Err =0 Then SetError 'IF ABS Err < 20 Then SetError 'This may inprove the
‘steady state error by
' preventing
‘oscillation

"xxxxkkkkxxx pProportional Drive

PropCal c:
P = (Err * Kp) "Prop err = Err * Kp.
"rxxxkkkkxx |Integral Drive - Sign Adjusted
IntCalc:
Ei = E + Err "Accunul ate err each tine
Int Count = IntCount + 1 "Add to counter for reset tinme
IF IntCount < Ti Then | ntDone "Not at reset count? -- done

I F Ei.bit15=0 Then Ei _positive
I F Ei.bit15=1 Then Ei _negative

Ei _positive:
Ei =Ei / Ti "Find average error over tinme
Got o Avg_Ei _Done

Ei _negati ve:
Ei=-((ABS E)/Ti) "Find average error over time
Got o Avg_Ei _Done

Avg_Ei _Done:
Ei = E * Ki "Int err = (integral err) * Ki
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I =1 + E "Add error to total int.

IntCount = 0 "Reset int. counter and accunul at or
Ei =0
| nt Done:
' Rxxxxkxkxxx DERI VATI VE DRI VE
DerivCal c:
D= (Err-LastErr) * Kd ' Cal cul ate anpbunt of derivative drive
"based on the difference of l|ast error
Set Error:
LastErr = Err "Store current error for next deriv calc

tkxkxkxkxx*x Drive the TXT- Robot

Cal c_Control _PW
Drive = P+ 1 + D
I'F Drive.bit15=0 Then Drive_positive
I'F Drive.bit15=1 Then Drive_negative

Drive_positive: "Cal culate total POSITIVE drive.

Drive = (P + 1 + D)/1000 " Then divide by 1000 so that each gain, Kp,
Goto DriveDone "Ki, and Kd are are in thousandths.
Drive_negati ve: ' Cal cul ate total NEGATIVE drive.

Drive = -(ABS (P + | + D)/1000) ' Then divide by 1000 so that each gain, Kp,
Goto DriveDone "Ki, and Kd are are in thousandths.

Dri veDone:

Desi red_wheel _speed = Desired_wheel _speed + Last_Drive + Drive
Last _Drive = Last_Drive + Drive

CheckDesi red_wheel _speed:
| F Desired_wheel _speed. bit15=0 Then Desired_wheel _speed_POCSI Tl VE
I F Desired_wheel _speed. bit15=1 Then Desired_wheel _speed_NEGATI VE

Desi r ed_wheel _speed_POSI Tl VE: "Using the
| f Desired_wheel _speed < 218 Then PW Curve_1p ' Desi red_wheel _speed
I f Desired_wheel _speed < 507 Then PW Curve_2p 'Pul seWdth allows us to
| f Desired_wheel _speed < 802 Then PW Curve_3p ‘calculate the pulse width
I f Desired_wheel _speed < 965 Then PW Curve_4p ‘"that will control the robot

PW Cur ve_5p:
Pul sewdth = 500
CGot o Control _PW Done

PW Curve_4p:
Pul seWdth = (1917-Desi red_wheel _speed)*/ $009B
CGot o Control _PW Done

PW Cur ve_3p:
Pul seWdth = (4825-Desired_wheel _speed)*/ $002B
Goto Control _PW Done

PW Cur ve_2p:
Pul seWdth = (8948-Desired_wheel _speed)*/ $0016
CGoto Control _PW Done

PW Curve_1p:
Pul seWdth = (5554-Desi red_wheel _speed)*/ $0024
CGoto Control _PW Done

Desi r ed_wheel _speed_NEGATI VE: '"This is only needed if
I f Desired_wheel _speed < 218 Then PW Curve_1n ' Desi red_wheel _speed is
| f Desired_wheel _speed < 507 Then PW Curve_2n ' negative
I f Desired_wheel _speed < 802 Then PW Curve_3n
| f Desired_wheel _speed < 965 Then PW Curve_4n

PW Cur ve_5n:
Pul seWdth = 500
Cot o Control _PW Done

PW Cur ve_4n:
Pul seWdth = -(ABS (1917-Desi red_wheel _speed) */ $009B)
Cot o Control _PW Done

PW Cur ve_3n:
Pul seWdth = -(ABS (4825-Desired_wheel _speed) */ $002B)
Cot o Control _PW Done

PW Cur ve_2n:
Pul seWdth = - (ABS (8948- Desired_wheel _speed) */ $0016)
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CGot o Control _PW Done

! PW Curve_1n:
' Pul seWdth = - (ABS (5554- Desired_wheel _speed) */ $0024)
' CGot o Control _PW Done

Cont r ol _PW Done:

Pul seWdth = Pul seWdth MAX Neutral Pul seWdth 'This should actual be 1000 in order
"for the PID to work i n REVERSE

Pul seWdth = Pul seWdth M N 500 ' This should actual be 500 in order
"for the PID to work in REVERSE
Check_I| f _(nbstacl e:
IF IN14 = 0 Then Drive_Robot "If pin 14 is LONthen allow forward
'notion of Smart Car
"If pin 14 is HHGH then only allow
'reverse notion of Smart Car

Pul seWdth = Pul seWdth M N Neutral Pul seWdth

Dri ve_Robot :
PULSQUT 3, Pul seW dth
' SERQUT sPi n, Baud, [ "DATA, TI ME,", SDEC EncTine,",", SDEC Measured_wheel _speed,",",
' SbeC Err,",", SDEC P,",", SDEC I,",", SDEC D,",", SDEC Desired_wheel _speed,",", SDEC
' Pul seW dt h, CR]
CGoto Main

End
Bl S V] o1 =T I e

Cal cul at eMeasur ed_wheel _speed:
PULSIN 12, 1, EncTi ne "This is actually Pin 13 on the LONER BS2 connect ed
"to Pin 12 on the UPPER BS2. Measures the tine the
" photoreflector sees the black stripe in 2us units.

Cal c_wheel _speed:
Check_EncTi ne:
If EncTinme > 2185 Then Check_|f_Obstacle

Measur ed_wheel _speed CANNOT be
Negati ve

If EncTinme > 647 Then MAS_Curve_1
If EncTine > 485 Then MAS_Curve_2

MAS_Cur ve_3:

Measur ed_wheel _speed = 1670- (EncTi me*/ $0214) ' Measured wheel speed in RPM

PAUSE 4 Thi s pause hel ps keep the del ay
CGot 0o CheckDesi red_wheel _speed around 20ms between out goi ng pul ses

MAS_Curve_2:

Measur ed_wheel _speed = 1163- (EncTi me*/ $0104) ' Measured wheel speed in RPM

PAUSE 4 Thi s pause hel ps keep the del ay
Got o CheckDesi red_wheel _speed around 20ns bet ween out goi ng pul ses

MAS_Cur ve_1:
Measur ed_wheel _speed = 717- ( EncTi me*/ $0054) ' Measur ed wheel speed in RPM
PAUSE 2 ' Thi s pause hel ps keep the del ay

CGot o CheckDesi red_wheel _speed around 20ms between out goi ng pul ses
Set Neutral :

Pul seWwdth = Neutral Pul seWdth
Got o Neutral Return

CheckNeutral UpperLimt:

If Neutral UpperLimt > Pul seWdth Then SetNeutral 'This creates a deadband
CGoto Neutral Return
' These are summed because in reverse
t he Measured_wheel _speed should be

Reverse_Direction:

'negative. | amassuming that the
Err = (Desired_wheel _speed + Measured_wheel _speed) 'robot is going backwards when the
CGoto Reverse_Direction_Return "pul se width is > Neutral Pul seWdth

C.2 Obstacle Detection Program
' {$STAWP BS2}

'File: Qostacle Avoi dance. BS2

' This program uses Sharp GP2D02 infrared rangers to detect obstacles and

44



stop the Smart Car only allow ng

Witten by: Dan Cott

t he operator to reverse.

" Date: 3/25/03

--[Variabl@s] -----ccmmmmcmmere e e e e e r e s

Neut r al Pul seW dt h CON
k VAR
DistL VAR
Di stR VAR
Di stM VAR
not cal i brated)

St eeri ngPul seW dt h VAR
Switch VAR

%91000000
%91000000

Mai n:
GOSUB St eer Smar t Car

CheckSwi t ch:
PULSIN 10, 1, Switch

770

Byt e
Byt e

Byt e
Byt e

Wor d
Wor d

"This is the center pulse width for neutral
(units of 2us)

I ndex vari abl e

Left infrared ranger distance (raw data not

cal i brated)

Ri ght infrared ranger distance (raw data

not cali brated)

M ddl e infrared ranger distance (raw data

Pul se width sent to the Basic Stanp 2

Pul se width sent to choose to run the
systemin open | oop or closed | oop node

If the pulse width is LESS than

"Neutral Pul seWdth" the systemw |l be
closed loop. |If the pulse width i s GREATER
than "Neutral Pul seWdth" the systemwi |l be
open | oop

e R R 4 =) R

"Set pin 3 lowinitially
"Set pin 4 lowinitially
"Set pin 7 lowinitially
"Set pin 11 lowinitially

"Pin 13 on the UPPER BS2 is connected to pin 10 on the
' LONER BS2

I'F Switch > Neutral Pul seWdth Then OpenLoop

LOW 8

'Make pin 8 LONto operate in closed | oop node

"Pin 10 on the UPPER BS2 is connected to pin 8 on the

' LONER BS2

Checkl nf r ar edRanger s:
M ddl el nf r ar edRanger :
HGH 7
PAUSE 3
LOW 7
FOR k=1 TO 70
PAUSE 1

I F IN5=1 THEN Check_Di stM

NEXT

Check_Di st M
SHI FTIN 5,7, 2,[distm 8]
PAUSE 1

| F DistM>= 90 THEN St opSmart Car

GOSUB St eer Smar t Car

Left | nfraredRanger:
H GH 3
PAUSE 3
LOW 3
FOR k=1 TO 70
PAUSE 1
I'F IN1=1 THEN Check_Di stL
NEXT
Check_Di st L:
SHI FTIN 1,3,2,[distl\8]
PAUSE 1

GOSUB St eer Smar t Car

Ri ght I nfrar edRanger :
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H GH 11

PAUSE 3
LOW 11
FOR k=1 TO 70
PAUSE 1
I'F I1N9=1 THEN Check_Di stR
NEXT
Check_Di stR
SH FTIN 9, 11, 2, [di str\ 8]
PAUSE 1
LOW 4 '"Make pin 4 LONto signal that there is NO obstacle in
"front of the Smart Car
"Pin 14 on the UPPER BS2 is connected to pin 4 on the
' LONER BS2
GOTO Mai n
END
B S 1T 1 e 1V | A =TS I I e
OpenLoop:
H GH 8 'Make pin 8 HHGH to operate in closed | oop node
GOTO Mai n ' Repl ace GOTO Main with GOTO Checkl nfraredRangers to all ow

"the obstacle detection and steering
"mediation to work while in OPEN LOOP node.

St opSmart Car :

H GH 4 "Make pin 4 HHGH to signal that there IS an obstacle in
GOTO Mai n "front of the Smart Car
St eer Smart Car :
PULSIN 6, 1, St eeri ngPul seW dt h "Pin 5 on the UPPER BS2 is connected to pin 6 on the
' LOVNER BS2

CheckLi m tLeft Steering:
IF DistL >= 90 THEN Li m t Steeri ngLeft

CheckLi m t Ri ght St eeri ng:
IF DistR >= 100 THEN Li m tSteeringRi ght

Medi at eSt eeri ng:
PULSQUT 2, St eeri ngPul seW dt h "Pin 7 on the UPPER BS2 is connected to pin 2 on the
' LONER BS2 Pul se out the same signal being sent by
"the operator. There is no nediated control
RETURN "for steering commands.

LimtSteeringLeft:
St eeri ngPul seWdth = SteeringPul sewdth M N Neutral Pul seWdth
Cot o CheckLim t Ri ght Steering

Li m t St eeri ngRi ght:

St eeringPul seWdth = SteeringPul seWdth MAX Neutral Pul seW dt h
CGot o Medi ateSt eering
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