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Optimal Emergency Maneuvers of
Automated Vehicles
M.O.U. 125
Zvi S hiller
Department of Mechanical, Aerospace and Nuclear Engineering
University of California Los Angeles
Los Angeles, CA 90095

June 21, 1996
Abstract

This work addresses two issues related to emergency maneuvers of au-
tonomous vehicles. The first concerns the time-optimal speeds along spec-
ified path, which can be used to design emergency maneuver. The second
concerns the computation of optimal (shortest) lane-change maneuvers for
on-line collision avoidance. To compute the time optimal trajectories, we
first solve the inverse dynamics problem. The performance limits along a
specified maneuver are then computed by minimizing the motion time along
the path, assuming free initial and final speeds. This establishes the veloc-
ity limit curve, which serves as an upper bound for any feasible trajectory,
including emergency maneuvers.

The optimal lane change maneuvers are computed by minimizing the lon-
gitudinal distance of a lane transition, assuming given initial and free final
speeds, to yield the sharpest (and shortest) dynamically feasible maneuvers.
The optimal maneuvers are used to determine the minimum distance be-

yond which an obstacle cannot be avoided, which when plotted in the phase



plane provides a valuable design tool for planning safe avoidance maneuvers.
On-line generation of emergency maneuvers is also addressed using a simple
point mass model and extrapolating from a nominal optimal maneuver. The
maneuvers computed for the point mass model and the extrapolated maneu-
vers are shown to closely correlate with the optimal maneuvers computed for
the planar bicycle model.

Keywords: vehicle dynamics, optimal control, emergency maneuvers, ob-

stacle avoidance, safety.



Optimal Emergency Maneuvers of
Automated Vehicles

MOU 125
Executive Summary

This report summarizes the two years project “Optimization tools for
Intelligent Vehicles”, MOU 125. The focus of this work was on developing
strategies for generating emergency maneuvers. The vehicle is modeled as
a planar rear-drive, front steering, vehicle, with three degrees-of-freedom in
the plane, and two control inputs: the steering angle and the rear tractive
force. The tire side forces are approximated by a piecewise linear saturation
function, and are coupled to the longitudinal force by the friction ellipse,
derived from the Dugoff model.

The emergency maneuvers were computed in two steps. First, the time-
optimal velocity profile along a specified path was maximized to yield the
vehicles performance envelope. Minimizing motion time is a suitable frame
work for computing emergency maneuvers because, in addition to minimizing
the disturbance to the traffic flow, time optimal trajectories represent the
ultimate vehicle performance between given boundary conditions, which
might be needed in true emergency conditions.

To compute the time optimal trajectories, we first solve the inverse dy-
namics problem, i.e. compute the nominal (open loop) control inputs that
would drive the vehicle along a specified path at given speeds. Parameter-

izing the path by its arc length, we derive the constraints on the vehicle%
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speeds and accelerations due to the saturation of the tire forces and path
geometry. The performance limit along a specified maneuver were then de-
termined in the form of limiting trajectories by solving an optimal control
problem that minimizes the motion time with free initial and final speeds.
The optimization problem is solved as a parameter optimization, using exact
penalty functions to account for the control constraints. The optimal tra-
jectories, which are shown to slide along the control and the geometric path
constraints, can be used for planning emergency maneuvers, and for verifying
that a given trajectory is dynamically feasible, and hence dynamically safe.

The second step was to compute optimal lane-change maneuvers for col-
lision avoidance. These maneuvers were computed by minimizing the lon-
gitudinal distance of a lane transition, assuming given initial and free final
speeds, to yield the sharpest (and shortest) dynamically feasible maneuvers.
The optimal maneuvers can be used as nominal trajectories for on-line feed-
back controllers. They can also be used to determine the minimum distance
beyond which an obstacle cannot be avoided, which when plotted in the phase
plane provides a valuable design tool for planning safe avoidance maneuvers.
This plot clearly represents the distance to the obstacle, as a function of vehi-
cle speed, beyond which a lane change maneuver should not be attempted,
but a head-on collision should be chosen instead.

On-line generation of emergency maneuvers is also addressed using a sim-
ple point mass model and extrapolating from a nominal optimal maneuver.
The maneuvers for the point mass model and the extrapolated maneuvers
are shown to closely correlate with the optimal maneuvers computed for the

planar bicycle model. They can be computed on-line, taking into account
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the vehicle actual speed and road conditions.

A 6D dynamic model was also developed for dynamic simulations of the
computed trajectories. It consists of the rigid body dynamics, suspensions,
and the tire forces, while ignoring drive train dynamics. This model was used
to test, the optimal trajectories computed in the course of this project, with
inconclusive results. Further study into the dynamic simulation was out of

scope of this two year project.
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Chapter 1

Introduction

This project has addressed two main issues related to safety and emergency
maneuvers of automated vehicles. The first is the issue of the vehicle% per-
formance envelope for motions along specified paths. Establishing the per-
formance envelope is essential for ensuring that the vehicle traverses safely
challenging maneuvers, such as tight turns and lane transitions. Automat-
ically satisfying the vehicles performance envelope will significantly reduce
accidents of passenger cars and big tracks, usually attributed to poor judg-
ment of vehicle speeds and driver fatigue while approaching a sharp turn or
changing lanes.

The second issue is obstacle avoidance at high speeds. Collision avoidance
represents a central safety issue for automated vehicles. It concerns the
avoidance of static obstacles, such as disabled vehicles and large objects
blocking the forward path. Collision can be avoided either by decelerating to

a full stop without hitting the obstacle, or by executing a timely lane-change



maneuver. A lane-change maneuver is generally more desirable since it may
least disturb the traffic flow. However, the exact maneuver might depend on
the distance to the obstacle, vehicle speed, and the traffic in the neighboring
lanes. Of particular interest are emergency lane-change maneuvers, i.e. those
that reach the vehicles performance limit.

Vehicle control has been traditionally studied for separate longitudinal or
lateral motions. Extensive studies have been conducted on the longitudinal
control problem, which concerns the control of the longitudinal speed or dis-
placement using the engine torque as the control input (Peng and Tomizuka
1990. Sheikholeslam and Desoer 1992, Godbole and Lygeros 1994). Other
studies have focused on lateral control, which concerns the control of the
yaw motion, assuming a constant longitudinal speed, using the steering an-
gle and the engine torque as the control inputs (Peng and Tomizuka 1991,
Hessburg and Tomizuka 1991, Hessburg et. al. 1991, Chee and Tomizuka
1994). Fewer studies have addressed the combined longitudinal and lateral
motion problem (Narendran and Hedrick 1993).

In (Peng and Tomizuka 1991, Hessburg and Tomizuka 1991, Hessburg et.
al. 1991), optimal preview control and a fuzzy logic controller were developed
for lane following, based on a linearized vehicle model, and considering lateral
motions only. In (Chee and Tomizuka 1994), these controllers were modified
for lane change maneuvers, and were tested in simulations for a lane change at
110 km/h. While this speed might be considered extreme, the lane transition

was rather long, lasting 6s over 180m! . In (Narendran and Hedrick 1993), a

‘In our present work, the vehicle traverses a lane change transition of 60m inless than
23



sliding mode controller was developed for lane change maneuvers, considering
a combined lateral and longitudinal vehicle model, and tested in numerical
simulations at nominal conditions.

Though satisfactory for moderate conditions, controllers based on linear
models were found ineffective for emergency maneuvers, at which simulta-
neous steering and braking are required at high lateral accelerations (Smith
and Starkey 1994). In that study, a controller for emergency maneuvers was
developed by optimizing the gains of a linear controller over the step response
of the nonlinear model. The resulting controller was tested successfully in
simulations at 30m/s (about 70 MPH) over a 60m lane transition. However:
the controller gains are path and speed specific, which hinders the applicabil-
ity of this method for general emergency maneuvers. Clearly, the emergency
maneuvering problem is far from solved, and a better understanding of the
vehicle® performance at high speeds is needed before effective controllers for
emergency conditions can be developed.

In this work, we first address the problem of emergency maneuvers in the
context. of time optimal control. Specifically, we compute time optimal tra-
jectories along specified paths for a nonlinear vehicle model, which considers
both lateral and longitudinal motions. Minimizing motion time minimizes
the disturbance to the traffic flow, in addition to establishing the ultimate
vehicles performance between given boundary conditions.

To compute time optimal trajectories, it is necessary to first solve the
inverse dynamics problem, i.e., compute the nominal (open loop) control
inputs required to traverse a specified trajectory. For this task, we consider

ground vehicles with front steering and a rear-drive (and brake), modeled



in the plane with three degrees-of-freedom, using the steering angle and the
rear tractive force as the two control variables. The vehicle is assumed to
move at given speeds along a specified path. Since this specifies only the
positions of the mass center, or two of the vehicle% three degrees-of-freedom
in the plane, the vehicle% orientation remains to be determined.

Writing the equations of motion in the body frame, it is shown that the
vehicle orientation is constrained by the moment equation, which is a second
order differential equation in the body slip angle (the angle between the
body axis and the velocity of its mass center). Numerically integrating this
equation yields the vehicle% orientation, which depends on path geometry
and on vehicle parameters and speeds. The steering angle and the tractive
force along the specified path are computed from the two force equations,
once the body slip angle along the path has been computed. The kinematic
solution for the body slip angle, assuming zero speeds and no tire slip, is also
developed, requiring the numerical integration of a first order differential
equation. It can be used to predict vehicle behavior at low speeds.

The vehicle performance limits are determined in the form of limiting
trajectories by solving an optimal control problem that minimizes the motion
time with free initial and final speeds. The optimization problem is solved
as a parameter optimization, using exact penalty functions to account for
the control constraints. This essentially maps the control constraints to the
trajectory space. The optimal trajectories, which are shown to slide along
the control and the geometric path constraints, represent the upper bounds
on vehicle® speeds. They can be used for planning emergency maneuvers,

and for verifying that a given trajectory is dynamically feasible, and hence



dynamically safe. This approach to computing the performance limits is more
constructive than previous work, which establishes the performance limits
by simulating vehicle dynamics along various maneuvers, then observing the
control inputs that result in spin or skid (Allen et. al. 1991).

We also compute optimal lane-change maneuvers that minimize the lat-
eral displacement of the lane transition, assuming given initial and free final
speeds. These are true emergency maneuvers since they minimize the reac-
tion time and the reaction distance.

The optimal maneuvers represent the sharpest feasible maneuver at a
given speed. They define the minimum cleating distance, the distance beyond
which an obstacle cannot be avoided by a lane-change maneuver at given
initial speeds. Plotting the minimum clearing distance in the phase-plane
produces a performance limit curve, which provides a valuable decision tool
for planning safe avoidance maneuvers.

The optimal maneuvers can be used as the reference input to on-line feed-
back controllers. Since the computation of the optimal maneuvers is too time
consuming for on-line applications, we propose two on-line alternatives. The
first approximates the optimal maneuvers using a simple point mass model.
The second extrapolates an emergency maneuver for a given initial speed
from a stored optimal maneuver computed for some nominal speed. Both
are shown to be computationally very efficient and to produce trajectories
that closely correlate with the optimal maneuvers computed for the planar
vehicle model.

A 6D dynamic model was developed for dynamic simulations of the com-

puted trajectories. It consists of the rigid body dynamics. suspensions, and



the tire forces, while ignoring drive train dynamics*. This model was used
to test the optimal trajectories computed in the course of this project, with
inconclusive results. Further study into the dynamic simulation was out of
scope of this two year project.

This work was summarized in (Shiller and Sundar 1995, Shiller and Sun-
dar 1996). The optimization routines, enhanced with computer graphics,
were implemented in FORTRAN and C on a Silicon Graphics workstation.

This report is organized as follows. Chapter 1 presents the computation
of the velocity limit curve along specified paths, to be used as an upper
limit for emergency maneuver. Chapter 2 presents the off-line and on-line
computation of the optimal lane change maneuvers, to be used for obstacle

avoidance. Chapter 3 presents the derivation of the 6D dynamic model.

2We found a need to develop this model since we could not use the dynamic model
used by PATH: it includes the drive train and tire dynamics, which prevented us from
specifying the rear tractive force as a control input. The source code was aso difficult to

modify to our needs.



Chapter 2

Performance Envelope

In this chapter, we present the computation of the time-optimal velocity

profiles along specified paths (Shiller and Sundar 1995).

2.1 Vehicle Model: The Bicycle Model

In selecting the vehicle model, we evaluated the complex model developed
by Lunger and adopted by Tomizuka (Peng and Tomizuka 1990). Because of
the large number of states used in this model, we decided to consider first the
planar bicycle model. It ignores the load shift due to roll and pitch, but it
accounts for the side forces of the front and rear wheels, which are nonlinear
functions of the front and rear slip angles, respectively. To practically solve
the inverse dynamics problem, we approximated the tire forces by a piece-
wise linear saturation function of the slip angle. The two control inputs are

assumed to be the front steering angle and the rear tractive/braking force.



The front wheel is assumed to provide only a side force, and no tractive force
or resistance. This model has only six independent states: the position of
the mass center in the plane, vehicle% orientation, and their time derivatives.

We first derive the kinematic relations between the slip angles of the front
and rear wheels and the steering angle of the planar bicycle model shown in
figure 2.1, with front steering and rear driving (and braking). The absolute
orientation of the vehicle in the inertial frame is ¢; the angle of the linear
velocity of its mass center is 8; the angle of the linear velocity of its mass
center, in the body frame, is «; and the steering angle of the front wheel in the

body frame is 3. All angles are positive in the counter clockwise direction.

| nstantaneous
Center

Figure 2.1: The bicycle model



Figure 2.1 shows the vehicle at a typical point along a specified path.
The velocity of the mass center coincides with the path tangent and is at an

angle @ relative to the inertial frame. Thus,
p=0-« (2.1)

For general motions, the vehicle undergoes pure rotation around some in-
stantaneous center, located at p (the instantaneous radius) from the mass
center, as shown in figure 2.1. Note that p > 0 for a counterclockwise turn,
and p < 0 for a clockwise turn.

The linear velocity of every point on the vehicle is perpendicular to the
line from that point to the instantaneous center. The angles between the
linear velocities of the rear and front wheels and their major axes are the
rear and front slip angles, a, and a;, shown in figure 2.1. Consistent with
this notation, we call a the body slip angle.

The wheel slip angles can be derived as explicit functions of « and the

Instantaneous curvature;

—d,K+ sin o

=t il A A 2.2
a an”™| s (2.2)
aj=y—f (2.3)
where
dik+sin
= tan" L —— = 2.4
v = tan™ oot (2.4)

d, and dy are the lengths of the vehicle between the mass center and the
centers of the rear and front wheels, respectively, and «=1/p is the instan-

taneous curvature. Henceforth, we will denote p and x as the instantaneous



radius and curvature, and R and K as the radius and curvature correspond-

ing to the specified path. An equivalent representation of the slip angles, in

terms of the Cartesian coordinates, is

~d, + ycosp — Tsinp
rcosp+ysing

dyp +ycosp — Tsing
Zcosp + ysing

(2.5)

a, = tan-7 [

| - P (2.6)

Qf = tan'l[

where z and y represent the velocity of the mass center in the inertial frame.

For transient motions, the instantaneous center does not necessarily co-

incide with the center of path curvature. This can be seen by recognizing
that the instantaneous center of the rotating body satisfies

—=r=f=p=0-a, @)

where the subscript s denotes derivatives with respect to s € [0, s¢]. the path

arc length. Similarly, the center of path curvature satisfies
=K =46, (2.8)

Hence, path curvature coincides with the curvature of the rotating body if
and only if a, = 0, i.e. @ = constant. The two are identical for steady-state
motions since then the slip angle, a, is constant.

The external forces acting on the vehicle consist of the tire forces shown
in figure 2.1. The front tire generates only a side force, Fy, since the front
wheel is assumed to rotate freely. The rear tire generates both side. F,, and
longitudinal, F;, forces due to the engine torque or brakes. Treating F; as a

control input, we ignore motor and drive train dynamics. The actual engine
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input can later be computed for the resulting tractive force, using the inverse
dynamics of the tire and drive train subsystem.

We can write the equations of motion in the inertial frame, to yield:

F, cos ¢ — F, sin ¢ — Fysin(p + B) = mi (2.9)
F, sin o+ F, cos ¢+ Fycos(p + ) =my (2.10)
—d,-Fr—i-dfFf COSﬁ = I+ (2.11)

where m is the vehicle mass, and [ is its moment of inertia around the
mass center. These equations are coupled in the control inputsF; and 5. To
simplify the computation of the control inputs, we rederive the equations
of motion in the body frame, and express the moment equation around the

center of the front wheel;

F, — Fysin(f) = ma, (2.12)
F, + Fy cos(f) = ma, (2.13)
—(dy + d,)F, = I — mdya, (2.14)

where a, and a, are the projections of the absolute acceleration of the mass
center on the body frame.

This formulation partially decouples the equations of motion in terms of
the controls: the moment equation is not explicit in the controls; the force
equation in the z direction includes only ¥}, and the remaining force equation
includes both F; and 8. This formulation also makes clear that the angular
acceleration, ¢, cannot be arbitrarily specified, since F. is a state dependent

force. The moment equation (2.14) is, therefore, an equality constraint that
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eliminates one of the vehicles three degrees-of-freedom. It will be used to

compute the vehicle’ orientation along a specified path.

2.2 Tire model

We have studied several tire models, including those developed by Dugoff
(1970) and Sakai (1981). The Dugoff model is an empirical model, providing
analytical relations for the longitudinal and lateral forces as functions of the
slip angle and slip ratio. It thus accounts for the coupling between the side
and longitudinal forces, known as the friction ellipse.

The Dugoff model for a typical tire is (Dugoff 1970, Wong, 1978)?

C,s

Fr = —72—f()) (2.15)
Cotana
F, = ——I————f(/\) (2.16)
- 8
where
)= pW(l—erV/s? + tan? a)(1 — s) 2.47)
2 s+ C?tan’ .
X2 —A)for A<1
fA) = (2.18)
1 for A>1
and
F, = longitudinal force
F, = side force

‘In this section, we use a to denote the tire slip angle
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s = longitudinal slip

a = tire slip angle

C, = cornering stiffness
C, = longitudinal stiffens

W = vertical load

vehicle speed

-~
2
I

@ = coefficient of road adhesion

¢ = adhesion reduction coefficient

Figure 2.2 shows the longitudinal and side forces for various slip angles at
fixed tire parameters. These curves can be approximated by ellipses, with
major axes dependent on the slip angle:

FI 2 Fy
(Frma:r) T (Fymaz

Fymee is computed by setting the slip ratio s = 0 in (2.16), and F,,,,; is

¥ =1 (2.19)

approximated by:

C,uW(1—evy/1 + tan? a*)

C? 4+ C2? tan® o

Femaz = lim Fy = (2.20)
s—1

The Sakai model is theoretical, based on modeling of the tire/road in-
teraction (Sakai 1981). The longitudinal and side forces computed by this
model are coupled by elliptical curves which better approximate the experi-
mental data than the Dugoff model. However, the Dugoff model is simpler,
and its friction ellipse easy to compute (Maalej et. al. 1989). In addition, the
Dugoff model underestimates the actual tire forces, which might be beneficial

for computing safe emergency maneuvers.
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Figure 2.2: The Dugoff model.

Using either tire model would severely couple the equations of motion
with the tractive force, making the inverse dynamics problem difficult to
solve. For simplicity, we, therefore, ignore the friction ellipse at low slip

angles and model the lateral force by the piecewise linear saturation function

—Cha  if|a| < a”
F,={ —C,a”ifa>a" (2.21)

Cha* ifa<—a*

where o™ is the critical tire slip angle, corresponding to the maximum side
force. The tractive force, F;, is generated by the forward slip of the rear
wheel, independent of the slip angle. To account for the coupling between

the lateral and longitudinal forces, we bound the vector sum of the tractive
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and the side forces by the friction ellipse that is fixed at the critical slip angle

F, F,

z 2«1 2.22
(F;maz:) + (F;ma:c) - ( )
where Fy,_ .. and Fy,.,, are computed at the critical slip angle a=a”.

Here, the vertical load, W, is constant due to the assumption of a planar

bicycle model.

2.3 Inverse Dynamics

To solve the inverse dynamics problem: we substitute the tire model (2.21)

(only the first linear segment) into the equations of motion, to yield

F, + Cyay sin(P) = ma, (2.23)
F, — Cjay cos(fB) = may (2.24)
(ds +d.)Cra, = I —mdya, (2.25)

where C, and C; are the coefficients of the cornering stiffness of the rear and
front tires, respectively. Since both, Fy and F,, are functions of the bods
slip angle, «, it is necessary to first determine the vehicles orientation for
given path and speeds, using (2.25). We can then compute 8, using (2.24).
and Fi, using (2.23). The vehicles path and speeds are defined by the time
histories of the location, x(t), of the mass center.

The computation of « is first presented for kinematic conditions, assuming
zero slip. For curved motions, this is equivalent to assuming zero speeds, since
it is only at zero speeds that the vehicle can follow a curved path with zero

lateral tire forces.
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2.3.1 Kinematic «o

The assumption of zero slip implies that the velocities of the rear and front
wheels coincide with their major axes, or a.=ay = 0, as shown in figure 2.3.

It follows that at every point along the path
psin(a) = d, (2.26)
Using (2.7) we obtain a first order differential equation in a:

as(s) + al- sin(a(s)) = 6,(s) (2.27)

-

Note that the forcing function of (2.27) is path curvature, 8,(s).
We can solve for the kinematic «,ax, by numerically integrating (2.27),
starting at known initial conditions. We can then solve for the corresponding

steering angle, Gk, using the trigonometric relation (see figure 2.3):

d. +

7 4 tan(ay) (2.28)

tan(fy) =

The kinematic solution for a and 8 might be used as close approximations
of the transient solution at low speeds.

Note that any a other than «; would result in a nonzero rear slip angle,
a,. Assuming a counter clockwise turn, we obtain that a < ap — a, < 0,
and a > ap — a, > 0. Therefore, the vehicle will spin if o< o along a
counter clockwise turn, since then the direction of the rear force is opposite

of the instantaneous center.

16



| nstantenous
Center

Figure 2.3 Kinematic motion

2.3.2Dynamic «

To compute the dynamic (transient) a, we first represent the velocity and
acceleration of the mass center in terms of the speed and acceleration along
the path. This is done by parameterizing the path by the path arc length,
s €[0, sy}, so that any point along the specified path is represented by the
vector function x(s) = {z(s), y(s)}. D ifferentiating x once with respect to
s yields the unit tangent X,; differentiating twice yields the normal x,s of
magnitude || xs||= K, where ||-|| denotes the Euclidean norm. The
velocity, v., and acceleration, a,, of the center of mass, can be expressed in

terms of the speed, s, and acceleration, S, tangent to the path:

V. = 8Xs (2.29)

a, = §x, + §°X,, (2.30)

17



It is easy to show that the components of the absolute acceleration (2.30) in

the body frame, are:

a, = §cos(a)— §°K sin(e) (2.31)

a, =35 sin(o) + §*K cos(a) (2.32)

The angular velocity and acceleration can also be expressed in terms of the

speed and tangent acceleration:

f—& = (6, —a,)s (2.33)
0 —a=(0,—a,)s+ (0, — as,)s? (2.34)

We can now write (2.25) as a second order differential equation in a:
(dr+dy)Crar = I[(8s— )3+ (05— tss)$*)—mdy[§ sin(a)+5%0, cos(a)] (2.35)

where
—d.(0; -a,)+ sin(a)

- = tan” .

ar = tan™| cos( a) ] (2.36)

Solving for a,, yields

s = —(dy+d)en(@) 2 — ™4, 2 (@) — a2+ (S - T )6, +6

ss = s+d)o(a T TS in %2 (.5'2 7 g cos(a))fs+0;,
(2.37)

We can compute Q(s) by numerically integrating a,, from known initial
conditions, using 6 and 6,5 as the forcing functions. It is convenient to
integrate from steady-state motion along straight line segment, for which
a(s) = ay(s) = 0.

Note that 6, is defined only for continuous path curvatures. At points

where the curvature is discontinues, a, is also discontinuous. To compute

18



the discontinuity in a,, we integrate 8,;— a,s with respect to s across the

discontinuity
5+ § s ‘p s
17O —cn)ds = @) —eno)lir = @it = Tt =0 (239
This integral equals zero since ¢ and $ are continuous everywhere. Therefore,
as(s4) = as(s=) + Aby(s) (2.39)

The jump in a,is, thus, equal to the jump in 6;.

Figure 2.5 shows the dynamic « for motions at various constant speeds
along the path shown in figure 2.4. This path consists of a B-spline, which
is C? continuous. As a result, a is smooth and differentiable for all speeds.
The kinematic «, shown in figure 2.5 as a dotted line, was computed using
(2.27).
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Figure 2.4: A B spline path
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Path Distance, s [m]

Figure 2.5: Dynamic « for various speeds along the B spline path

Figure 2.7 shows the dynamic « for the path shown in figure 2.6. con-
sisting of two straight line segments, connected by a circular arc. Clearly,
the curvature along this path is discontinuous across the junctions between
the straight lines and the circular arc. At these points, a; (the slope of «)
is also discontinuous, as can be seen in figure 2.7. Here, a exhibits a typical
response of an under-damped second order system as it oscillates, following
each step in the curvature. These oscillations depend on the vehicle speed,
as can be explained by substituting into (2.37) s = 0, assuming small a and
a,, and considering a straight line path (6, = 6,5 = 0), to yield:

C.d.(dy + d,)CY + Cr(ds + dy)
Is? Is?

ass

a=0 (2.40)

Clearly, (2.40)epresents a second order system in « with a damping ratio,
¢, inversely proportional to $:

‘= \/c Ld2(d; + d,)
4]s?

(2.41)

Therefore, « would oscillate as a result of a nonzero forcing function or

nonzero initial conditions. The higher the speed, the larger the oscillations,
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as we have observed. Also, the damping ratio is proportional to d,, the

distance of the mass center from the rear axle. Therefore, the closer the

center of mass to the front axlegbhe mepe-damped the oscillations.

Figure 2.6: A Circular turn

12F /19 m/s

9

6 15 m/s
3

0

'l e,

a3 10\ 20 0 40 5P

6 B 4
*k v, ‘?’\10 ms

Path Distance, s [m]

Figure 2.7: Dynamic a along the circular arc
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2.3.3 Steady-State «

To gain insights into the behavior of the dynamic a, we investigate steady-
state motions along a circular arc, along which « and §, are constant. With

these assumptions, (2.35) reduces to

—md; 526,
ar _ A +dC. 4)C. cos() (2.42)
where
o, = tan-1[=drfs  sin0), (2.43)

cos(a)
To solve for the steady-state «, we intersect (2.42) and (2.43), as shown
schematically in figure 2.8 for two values of s along a counter clockwise turn
(6; = « > 0). For nonzero s, (2.42) is a cosine with an amplitude proportional
to $?, whereas (2.43) is close to a straight line, crossing the horizontal axis at
ay. For this turn, as s increases, the amplitude of the cosine curve increases,
moving the intersection point left of a,. Therefore, « decreases with speed
along the counter clockwise turn, changing from a positive value (the rear
wheel inside the curve) at low speeds to a negative value (the rear wheel
outside the curve) at high speeds, as shown in figure 2.9. Also shown in
figure 2.9 is the steady-state 3, which is discussed next.

Driving at a negative a, referred to as ““drifting a car through a bend”, is
common in competitive driving of rear-driven cars (Frere 1992). This type of
driving is better observed on loose or slippery ground since the amplitude of
the cosine in (2.42) is inversely proportional to the cornering stiffens, C,. A
lower stiffens, or a larger amplitude, makes the variations in a with respect

to s more pronounced.
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Figure 2.8: Solving for the steady-state «

2.3.4 Computing /g

Once a is known, we can use (2.13) to solve for the steering angle: 3. Rewrit-

ing (2.13) and using (2.32), yields

- Crer = Cf(t“"‘l[éf‘%s%@l — B) cos(B) = m(s sin(@) + $K cos(a))
(2.44)

To solve for 83, we rewrite (2.44) as
(a1 — B) cos(B) = a, (2.45)

where
: _1 45K + sin{a)

a; = tan —__cos('a) ] (2.46)
a; = ——%a, - %(5 sin(a) + $2K cos(a)) (2.47)

Plotting both sides of (2.45) reveals two possible solutions in the range g8 =

[—7/2,7 /2], as shown in figure 2.10 for a; = 0.1. We choose the solution that
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Figure 2.9: Steady-state «and § along a counter clockwise turn

ensures continuity of 3, starting from known initial conditions (8 = 0 along
an initial straight line segment). Figure 2.10 also reveals that a solution for 3
might not exist for a too high or too low ay. The trajectory must, therefore,

satisfy at all s € [0, s¢] two constraints of the form

a3 — G2mazx S 0 (248)
— az + A2min < 0 (249)
where
mazr = - COs 2.50
a2 ﬁe[—glr:aa‘z)fﬁma:](al ﬂ) (B) ( )
Qomin = (a1 — B) cos(B) (2.51)

min
BE[—ﬁma: .Bmaz]
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in order to be dynamically feasible, and Bm., represents the physical limit

on the steering angle due to the steering mechanism:

1Bl < Brmaz- (2.52)

A trajectory segment might be infeasible if the acceleration component paral-
lel to the y body axis, ay, is too high, either because of a too high acceleration,
speed, or path curvature.

This solution for 8 is valid only if the resulting |as| < a}. Otherwise, we

set the front lateral tire force, FY%, in (2.13) to its maximum value
Fy = F} = —Cyajsign(ay) (2.53)

and solve for 3, using:

-1

- - -2
T arsign(ay) [Fr(a)+m(3sin a+ §°K cos a)] (2.54)

cos B =

Fwhere v was defined in (2.4), and sign(.) is the signum function. Obviously,
the right hand side of (2.54) should be in the interval [-1, 1] for a solution
to exist. This in turn imposes a constraint on s and s, as discussed later.
Alternatively, we can constrain 8 so that |a;| does not exceed aj.

Figure 2.9 shows the steady-state steering angle at various speeds along
a counter clockwise turn of 10m radius. For this vehicle, the steering angle
stays close to its kinematic value, B =22.1°, until about 31m/s, then it
drops gradually to about 12" at 50m/s. It is interesting to note that the
constraints (2.48) and (2.49) were not active for the steady-state solution at

any speed, whereas these constraints were active at relatively low speeds for
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Figure 2.10: Typical curve of y =(z—a)cos(z) with a=0.1.

the transient solutions. This suggests that the steady-state steeringangleis
a poor approximarion of the actual steering angle during extreme conditions.

Figures 2.11 and 2.12 show the steering angles for various constant speeds
along the paths shown in figures 2.4 and 2.6, respectively. For the B-spline
path (figure 2.11). one of the constraints (2.48) and (2.49) was violated for
speeds exceeding 16m/s, whereas for the circular turn (figure 2.12), this
occurred above 20m/s. The other constraint on £,(2.52), was not imposed
in these computations.

Note the discontinuities and oscillations in f in figure 2.12 due to the
discontinuities in path curvature, as compared to the smooth £ at all speeds
in figure 2.11. Because of the dynamics of the steering actuator, it would
actually be impossible to follow the circular path at all but the lowest speeds.
This strongly siegests that sharp transitions between straight and curved
road segments are undesirable.

Once S has been computed for the entire path, the tractive force, Fi,is

computed from the remaining equation of motion (2.12), subject to (2.19).
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Figure 2.11: Dynamic S for various speeds along the B-spline path

Experience shows that it is generally difficult to plan a high speed velocity
profile along a curved path without violating the steering angle constraint,
mainly due to the oscillatory nature of a. It is therefore useful to transform
the control constraints to the phase plane, s —s, to produce upper bounds
on vehicle speeds along the path, then plan dynamically feasible, and hence

safe, trajectories in that plane, as discussed next.

2.4 Velocity and acceleration constraints

In planning emergency maneuvers, it is essential to avoid exceeding the tire
force limits to prevent spin or skid. This can be done by mapping the tire
force constraints to constraints on the vehicle speed and acceleration, of the
form

gmin S s S §maz‘ (255)
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Figure 2.12: Dynamic S along the circular path

5 < Smac (2.56)

then using these bounds to verify that a given velocity profile along the path
is indeed dynamically feasible.

The bounds on the acceleration, Smez and S,in, are computed by, respec-
tively, maximizing or minimizing s over F; and 3, at any given (s, $,a.as).
Considering first the constraints on 3, we substitute (2.47) into (2.48) and

(2.49), to yield, respectively, for a > 0:

1

§> ,1 [—$°K cosa — —(Crar + Ctazmaz)] (2.57)
sin a m
1

5 < _1 [-§°K cosa — —(Cray + Cragmin)] (2.58)
sin o m

Using the condition that the right hand side of (2.54) is within the interval
[-1, 1] yields for a >0

. 1
§ < -
m Ssin «

[F (@) — ms*K cos a + Cyaj] (2.59)
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, 1
s> -

msimnoa

[Fi(a) — m&®K cosa — Cyaj) (2.60)

and vice versa for a < 0.
Now, assuming constant upper and lower limits on F; due to the maximum

engine torque and the maximum braking force
thin S Ft S thax (261)

we obtain, considering the force equation (2.12),

1 .
5 < [m&%K sin a— Fy{a)sin B+ Fimaz) (2.62)
M Ccos &
1 .
§> [m&2K sin a— Fy(a)sin B+ Finin) (2.63)
™m cos o

Considering the friction ellipse (2.19), we obtain:

§< L (A1 = Fry + Cy(y - B)sin p+ mé’K sina]  (2.64)
mcos a Q

! [—Ay/1 - (—13)2 + Cs(y — B)sin B + mé*K sin a} 2.65

~ mcosa B At (2.65)

§>

Thus, 8maz is computed by evaluating (2.58) and (2.59), maximizing (2.62)
and (2.64) over B, and selecting the lower of those values. The lower bound,
Smin is computed similarly, using (2.57),(2.60),(2.63), and (2.65), and se-
lecting the higher of those values. It is interesting to note that the bounds on
& are nonlinear in B, but linear in the bounds on F;. Therefore, maximizing
or minimizing $ is achieved by maximizing or minimizing F;, respectively, if
none of the constraints on B, Fy, and F, are active.

We assumed that the upper bounds are higher than the lower bounds on

3. This might not always be the case, giving rise to constraints on s. The
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upper bound on s can be determined by computing the lowest value of s for
which the upper bound on § for any one of the constraints is equal to the
lower bound of the same constraint.

The bounds on the speed and acceleration apply locally to every point
along the velocity profile. However, these bounds cannot guarantee that a
trajectory, starting from a feasible initial state, is indeed feasible along the
entire path. It is, therefore, useful to determine the set of initial conditions
that yield feasible trajectories. This is done by computing the velocity limit
curve, which serves as an upper bound on $ at any given s, assuming a(0) =

as(0) = 0.

2.5 Velocity Limit Curve

To compute the velocity limit curve along a specified path, we solve the
following optimization problem, formulated in terms of path arc length, s,
and its time derivatives. Denoting x = {s, $}7,and u =3, we have:

t

minJ = | Idt (2.66)
uelU

with free final time, subject to system dynamics

B =z, (2.67)
i, = U (2.68)

subject to control constraints (2.55)
Umin(%, ¥) S U S Umaz(X, ¥) (2.69)
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the boundary conditions

s = so, s{ty) = sg
yl(O) = 0
yz(O) = 0

where y = {a, &} are auxiliary variables. satisfying

%1
Y2

and

= ¥
- (d:Cran — dyCyl = 8) cos B) + bt 7

_1ds(0 = 1) + 1, sin(y1)

-t
To= Iy COS Yy !
—d.(6 - :
a, = tan™'[ (0= 4) + 2, sm(yl)l
Ty COS Yy

(2.70)
(2.71)

(2.72)

(2.73)

(2.74)

The boundary conditions on y assume that the vehicle is tangent to the path

at the initial time. Vehicle speeds at the initial and final times, however, are

unspecified to ensure that the fastest velocity profile is being selected.

2.6 Specified path optimization

The optimization of the vehicle% motion along a specified path is identical to

the computation of the velocity profile, except that the initial speed is now

specified. The optimal velocity profile is expected to stay below the velocity

limit curve so as to satisfy the tire force and engine torque constraints.
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A practical solution to this optimization problem is to represent the veloc-
ity profile along the path by a B-spline, then minimize the motion time, aug-
mented with penalty functions on the control constraints. This transforms

the optimization problem (2.66) to the following parameter optimization:
ty
minJ = J 1dt (2.75)

subject to the same constraints as problem (2.66), where a = {a1, a2, ..,a,}
represents the variable control points of the velocity profile.

It is easy to show that the optimal control of this optimization problem
is bang-bang, i.e. s is either maximized or minimized at all times, since the

Hamiltonian, H, is affine in the control:
H=1+ /\1.’132 + /\QU (276)

where A;and A, are the two co-state variables. Following similar arguments
as in (Shiller and Lu 1992),itcan be shown that since, excluding singular
arcs, A, # 0, the Hamiltonian (3.12) is minimized only by maximizing or
minimizing u =s. This is similar to the structure of the optimal control of
general robotic manipulators (Shiller and Lu 1992), except that here we have
no systematic way to compute the switching points.

We developed an optimization routine, enhanced with interactive com-
puter graphics, that computes the time optimal velocity profile along any
given path. The path can be generated interactively by moving the control
points on the screen, or generated from a data file of the control points. The
initial velocity profile is also generated interactively, or from a data file. Once

the velocity profile has been selected, the program computes the kinematic
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Table 2.1: Parameters of the planar vehicle
| |
df m{d, m|m Kl|g | Kgm?C, N/rad C; N/rad

2 2 1,550 3,100 80,000 80,000

Q’} ay ﬂmat tha.‘z: N thin N[A N B N

10| 10| 50~ 3,000 -6,000 (6,000 |5,000

and dynamic steering along the path. The vehicle can then be moved interac-
tively along the path for a visual comparison of the kinematic and dynamic
solutions. An on-line dynamic simulation is also available for numerically
verifying the correctness of the optimal solution. The evaluation of the ve-
hicles motions along a specified path is relatively fast, requiring only a few
seconds. The computation of the velocity limit curve takes about an hour

on an old Silicon Graphics 4D-70.

2.7 Example

In this example, we consider the path shown in figure 2.13, and the ve-
hicle parameters given in table 1. The path consists of a cubic B-spline,
represented by 8 control points. The curvature along this path is continuous,
as shown in figure 2.14. The points of highest curvature are at s = 62m and
S =79m.

First, the velocity limit curve for this maneuver was computed by solving
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Figure 2.13: Path for lane change maneuver

the optimization problem (2.66), using a parameter optimization. Represent-
ing the velocity profile by a B-spline with 11 control points resulted in the
velocity limit curve shown in figure 2.15, and in the corresponding tractive
force shown in figure 2.16. The body slip angle and the steering angle are
shown in figures 2.18 and 2.19, respectively. The transient steering angle
deviates notably from the kinematic steering during the turns.

The velocity limit curve represents the highest speeds at which the vehicle
can safely traverse this maneuver, with a motion time of 4.3s. The tangen-
tial acceleration, s, along the velocity limit curve is shown in figure 2.17.
For the case shown, the vehicle slows down at the maximum deceleration
of 3.9m/s%. It then switches gradually to the maximum acceleration, which
reaches 1.9m/s. The almost bang-bang structure of the tangential accel-
eration is expected, as concluded from (3.12). However, the switch from
maximum deceleration to maximum acceleration is gradual due to the con-
tinuous representation of the velocity profile, which is C? continuous. It is
evident from figure 2.16 that the constraints on the tractive force (2.61) are

dominant along most of the path, except during the transition between the
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Figure 2.14: Curvature along the lane change maneuver

two peaks in the curvature where (2.22) is active at the points of highest
curvature. No other constraint is active between these points due to the C?
representation of the velocity profile.

Solving (2.66) with the additional constraint that the wvehicle speed re-
mains constant throughout the maneuver, resulted in the maximum constant
speed of 27.9m/s, and a motion time of 4.7s from start to finish. For this
case, the maximum constant speed touches the velocity limit curve at its
lower point, as shown in figure 2.15. The active constraint in this case is the
friction ellipse (2.22), which is active at s = 81lm. The tire slip angles, shown
in figure 2.20, are far from their critical values of 10°, due to the conservative
parameters chosen to represent the friction ellipse.

Interestingly, moving at a constant speed along this path does not require
braking. The tractive force is positive during both left and right turns be-

cause the vehicle points inward during each turn, as seen from the slip angle
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Figure 2.15: Velocity profiles for the lane change maneuver

shown in figure 2.18. Hence, a positive tractive force would have a positive
component in the direction of the centripetal acceleration, and thus aid in

traversing the turn.
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Figure 2.16: Tractive force for velocity limit and maximum constant speed
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Figure 2.17: Acceleration limit for lane change maneuver
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Figure 2.18: Slip angle for maximum constant speed along the lane change

maneuver
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Figure 2.19: Steering angle for maximum constant speed along the lane

change maneuver
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Figure 2.20: Tire slip angles for maximum constant speed along the lane

change maneuver
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Chapter 3

Optimal Lane-Change

Maneuvers

This chapter presents the computation of optimal lane-change maneuvers for
collision avoidance. We use the same bicycle model as before, except that this
model is not transformed to path coordinates (arc length and speed) since
the optimization problem here is formulated as an unconstrained parameter
optimization between given and free boundary conditions, with no relation

to the specified path problem.

3.1 Emergency Lane-Change Maneuver

A typical emergency lane-change maneuver is shown in figure 3.1, where a
vehicle, moving at some initial speed, &g, avoids an obstacle that is blocking

its forward path. In the context of this project, the optimal maneuver for
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collision avoidance is one that avoids the obstacle from the closest distance,
or, equivalently, that minimizes the distance traveled in the current lane.
This maneuver is computed by minimizing the longitudinal displacement
of the entire lane transition, subject to vehicle dynamics and constraints
on the steering angle and the tire forces, as is formulated in the following

optimization problem.
Clearing distance
\

———>

|
!
|
|

Figure 3.1: Lane-change maneuver

3.1.1 Problem Formulation

Denoting x ={z,%,¥,¥,9,%}%,and u = {F;, B}T, we solve the following

optimization problem:
minJ = a1(t7) = /0” 22(%,u, 8)dt (3.1)
with free final time, ty, subject to system dynamics (2.9)
Ty = I3 (3.2)
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)
T3
T4
Ts

Ze

E(UI cos x5 — [, sin X5 — Fysin(zs + uz))
T4

1 .

;n—(F, cos z5 + uy Sin 5 + Fy cos(zs + up))
Tg

%(—d,F, + dF cos uy)

the boundary conditions

z1(0) = 0
72(0) = 2o
z3(ty) = ya
z4(0) = z4(ty) = 0
z5(0) = z6(0) = zs(ty) = x&f) =0

and the control constraints

gl(u) Uy — Bma:v S O
92(11) = Pmin —u2 <0
F,
gs(xu) - (F—) + (F—)-1<0
TTMAT ymazx
) =

94(U1

= Uy — Uimaz S 0

(3.3
(3.4
(3.5
(3.6

(3.7

(3.8)
(3.9)
(3.10)

(3.11)

where y4 is the distance between the centers of adjacent lanes, and, using

(2.5), (2.6) and (2.21)

Fy

F,

-1 dyzg + X4 C0S X5 — z45in X5
T9 COS T5+ T4SIN s
—d,T¢ + T4COST5 — ToSin T
Tg COS I5 + x4SiN x5

—Cf(ta

[- u)

]-

—C,tan™!|
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The constraint (3.11) is due to the maximum tractive force, %imar, generated
by the maximum engine torque. This constraint applies only to a positive
force since the negative force, generated by the brakes, is bounded by the

friction ellipse (3.10).

3.1.2 Structure of Optimal Control

It is easy to show that the optimal control for this problem is bang-bang in £}

since system dynamics, and hence the Hamiltonian, H, are affine in u;= Fy:

H = T2 +)\1$2 +/\3274 +/\5176 +
A2 A

( —r—n—cos z5+£sinx5)ul + h(A,x,uy) (3.12)
where A\;,7 =1....,6, are the co-state variables, and h(A, x, u3) is a nonlinear
function of x and us. Excluding singular arcs, the Hamiltonian (3.12) is
minimized by either maximizing or minimizing u;. The optimal uy (the
steering angle) is calculated from H,, = 0. Note that this is also the structure

of the equivalent time optimal control problem.

3.1.3 Trajectory Optimization

The optimization problem (3.1) is reformulated as a parameter optimiza-
tion. Representing the trajectory, x(t), by a finite set of parameters, a =

{ay,as,...,a}, transforms (3.1) to

xrgn J = z(ty(a)) (3.13)
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subject to the same constraints as (3.1). 0 nce the optimal trajectory has been
found, the optimal controls are computed using inverse dynamics (Section
2.3).

For the problem treated here, the path is represented by the control points
of a cubic B-spline, and the velocity profile along the path is represented by
a set of discrete points. The control constraints are appended to the cost
function using penalty functions.

Problem (3.13) can be solved using standard gradient methods. The
gradient, though, needs to be computed numerically since the cost function
is not explicit in the optimization parameters.

Formulating the optimization problem as a parameter optimization over
parameters associated with the trajectory, rather than the controls, was re-
cently introduced by Seywald (1994) as Differential Inclusions, and by Bryson
(1995) as Inverse Dynamic Optimization. A similar approach was previously
used for optimizing robot motions (Shiller and Dubowsky, 1989).

This optimization scheme is computationally more efficient than tradi-
tional variational methods since it does not require co-states, state con-
straints can be easily considered (transformed to constraints on the param-
eters), and boundary conditions are easily satisfied. In addition, this op-
timization scheme can be terminated (if computation time is bounded) to
produce sub-optimal but feasible solutions, which is not the case with vari-
ational methods that must satisfy necessary optimality conditions (Bryson

and Ho, 1975).
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3.2 Minimum Clearing Distance

In addition to being used as reference trajectories for on-line feedback con-
trollers, the optimal maneuvers obtained by solving (3.1) can be used to de-
termine the minimum cleating distance, which is the distance beyond which
an obstacle cannot be avoided for given initial speeds.

The minimum clearing distance, z.(Zg), is defined as:
z.(To) = min x (3.14)

where x is the distance between the vehicle and obstacle, subject to the
condition

A(t,20)N B(x) = 0, t€[0,ts],z > 0 (3.15)

where A(t,zo) represents the volume swept by the moving vehicle along the
optimal trajectory at time %, and B(x) represents the volume occupied by
the static obstacle, positioned in the current lane at a distance x from the
vehicle.

The minimum cleating distance can be computed by determining the
point at which a vertex of the vehicle moving along the optimal trajectory
intersects a vertex of the static obstacle, as shown in figure 3.2.

For a left lane transition, the points of concern are the front right corner of
the moving vehicle and the rear left corner of the obstacle. Let the optimal
trajectory be x(t,zo) = {z(¢, %o), y(t, Zo), @(t, To)}. Then, the time, t., at
which the two vertices coinside is the time when the y coordinate of the front

right corner of the vehicle passes through y = b/2 (assuming the vehicle and
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obstacle are of identical geometries):

b b
y(te, 2o) + dj sin ga(tc,iro)—-z- cos p(tc,Zo) = 3 (3.16)
The minimum clearing distance, z.(Zo), is then
) b .
z.(20) = z(te, £o) + dy cos (t.) + = SIN @(t.) (3.17)

2

where b is the vehicles width.

Plotting Z¢ cs. z.(&o) for the optimal maneuvers, computed for various
initial speeds, produces a curve in the phase plane z— x, as shown schemat-
ically in figure 3.3. This curve marks the boundary of the vehicle% states
(position and speed) from which an obstacle can be avoided. States right of
the curve are avoidable, whereas states left of the curve are not.

It is useful to add the stopping distance curve, representing states in the
phase-plane from which the vehicle can decelerate to a full stop and just
touch the obstacle, using the maximum deceleration, as shown schematically

in figure 3.3. The stopping distance is simply computed by:
T = V2&mint (3.18)

where Z,i, is the maximum longitudinal deceleration, which depends on the
vehicle weight and road conditions.

These curves can assist in planning an avoidance maneuver. For exam-
ple, detecting the obstacle at a speed and distance corresponding to Region I,
leaves sufficient time for a full stop, or for a relaxed lane transition. Detecting
the obstacle in Region Il (for example, point a) leaves a lane transition or a

head-on collision as the only options. An avoidance maneuver in Region Il

46



may consist of a relaxed” maneuver from point a. Alternatively, the avoidance
maneuver may consist of a deceleration, until hitting the clearing distance
curve, then an optimal maneuver corresponding to a lower speed (point b).
The preferred maneuver depends on the congestion in the neighboring lanes.
The deceleration-and-optimal maneuver would allow the longest time in the
current lane. Crossing the clearing distance curve into Region Il (for exam-
ple, point c¢) eliminates the lane-change option. The best strategy then is to
stay in the current lane, decelerate at the maximum deceleration, and brace
for a head-on collision at a lower speed (point d). Attempting a lane transi-
tion from points in Region Il may result either in an off-center collision, or
loss of control. Either is generally more dangerous than a head-on collision,
for which the vehicle is better designed to sustain.

In addition to assisting in planning collision-avoidance maneuvers, the
clearing distance curve can be used to specify the minimum range of collision-
avoidance sensors. Clearly, any collision-avoidance sensor must have a mini-

mum range outside of Region Il

3.3 On-line approximation of emergency ma-
neuvers

The optimization of a lane change maneuver is computationally too expen-

sive for on-line applications. One approach to overcome the computational

9n the contest of this work, a relaxed maneuver is one that satisfies criteria not essential

for safety, such as ride comfort
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Figure 3.2: Calculating the minimum clearing distance

burden is to use a table look-up of precomputed optimal maneuvers, tabu-
lated for various initial speeds and road conditions. To reduce the resolution
of the table look-up with respect to the initial speed, we propose to extrap-
olate maneuvers from a nominal optimal maneuver. Another approach is to
approximate the optimal maneuvers using a simple point mass model. This
may not produce an optimal maneuver, but it can account for the actual ini-
tial speed, vehicle parameters, and road conditions. In the following, we first
discuss the point mass model, and then present the extrapolation method,

which is based on insights gained from the point mass model.

3.3.1 The Point Mass Model

The point mass model consists of a point mass, forced by two independent

perpendicular forces, as shown in figure 3.4. The optimal lane-change ma-
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Distance to obstacle

Figure 3.3: The minimum clearing distance in the phase-plane

neuver for this system is computed by solving the following optimization
problem

min J = z(ty) (3.19)

where 1y is free, subject to system dynamics

F;
) == (3.20)
m
y(t) = & (3.21)
m
the control constraints
|Fz| £ Femaz (3.22)
|Fyl < Fymas (3.23)
and boundary conditions
z(0) = o (3.24)
z = free (3.25)
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y(0) = z(0) =0, (3.26)
y(ts) = va (3.27)
y(0)=y(ts) =0 (3.28)

where y4 is the distance between the centers of adjacent lanes.

Problem (3.19) consists of two separate problems that are coupled by the
boundary conditions. The first problem is to minimize the motion distance
in the z direction for t€[0,%4]. The final time, t;, is determined by the
motion in the y direction. Since z; is minimized if ¢; is minimized (assuming
z > 0), the motion in the y direction should be of minimum time. The
optimal control in the y direction is, therefore, bang-bang with one switch at
t= % The motion in the z direction minimizes z;, which is equivalent to
minimizing z:

min J = 2(4,) = /Ot’ adt (3.29)
The optimal control for problem (3.29) is thus the maximum braking force.

Integrating the optimal control twice with respect to time yields analytical

expressions for z(t) and y(t) as functions of the initial speed ¢, the vehicle

mass, m, and the actuator constraints:

. ]-Fzma.a:
x(t) = .’Eot - E-n-’l,_—tz (330)
Vhmesy2 <y <y

y(t) = m (3.31)

2\/yatimest — Jhemart? _yy L <t <ty

where
myd

ty =2 3.32
f Fyma:c ( )
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. ]-F.‘L‘mar

2 (3.33)

It is assumed that £(t) > 0 for all t€ [0, {s]. To ensure forward motion, we

may restrict the initial speed or reduce [, SO that

Fxmaa:
ro > t .
To m f (3 34)

The optimal maneuvers for the point mass model can be easily computed
using (3.30) and (3.31) for any given initial speed. The actuator limits,
Frmar and Fymar, Ccan be chosen conservatively to ensure that the resulting
maneuver is dynamically feasible. The smaller the force limit, the longer the
maneuver. This optimization scheme can be used to produce maneuvers with
specified terminal times, or be modified to maximize ride comfort by adding

jerk constraints.

Yd

F

X

m
>
X0
A

Figure 3.4: The point mass model
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3.3.2 Extrapolating from a Nominal Maneuver

The insights gained for the point mass model can be used to approximate
maneuvers from an optimal maneuver computed for a nominal initial speed.
This is based on the observation that the motion in the x direction for the
point mass model is linear in z(0). The final time, ¢;, is determined by
the motion in the y direction, independent of #(0). It follows that the
optimal trajectory Xo(1(0),t) (for the point mass model), corresponding
to the initial speed z;(0), can be extrapolated from the optimal trajectory

xo(t) = {zo(t),yo(t)} corresponding to the initial speed &o(0):

yi(?) yo(t) (3.35)
21(1(0),8) = zo(t) + (£1(0) — #0(0))t (3.36)

Thus, the optimal trajectory for the point mass model at any initial speed
can be easily extrapolated, using (3.35) and (3.36), from a single optimal
trajectory.

To verify that this extrapolation is indeed valid for the bicycle model, we

use (3.36) to define the variable z(t):

z(t) = x;(jg’)t)_ ;;‘B()t) ,t €10,4] (3.37)

For the point mass model, z(t) is linear in t (z(t) = t). The linearity of z(t)

for a specific family of maneuvers can be used as a quality measure of the
extrapolated maneuvers, computed using (3.35) and (3.36), as demonstrated

in the following examples.
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3.4 Examples

The optimization of the lane-change maneuvers was implemented on a Silicon
Graphics workstation for the planar bicycle model, using the parameters

given in Table 1.

3.4.1 Optimal Maneuvers

Using 12 control points to represent the path, and 7 points to represent the
velocity profile, resulted in the optimal maneuvers shown in figure 3.5. As is
evident from figure 3.5, the higher the speed, the longer the maneuver. The
total motion time for these maneuvers, though, changed little with the initial
speeds (2.6s at 20m/s to 2.3s at 50m/s). The optimal velocity profiles for
these maneuvers are shown in figure 3.6. The active constraint in all optimal
maneuvers was the friction ellipse (3.10).

Figure 3.i shows the optimal steering angles along three maneuvers, nor-
malized with respect to the total path distance. Generally, the higher the
speeds, the smaller and more oscillatory the steering angle.

Figure 3.S shows the actual cleating distance curve for the optimal ma-
neuvers shown in figure 3.5. It is roughly a straight line (the slight deviations
may be due to small numerical errors). This line was computed for maneu-
vers from 50m/s down to 10m/s. It was extrapolated for lower speeds, as
shown by the dashed line in figure 3.8. The slope of this line for this case is
almost Is-1, however, this slope depends on the vehicle and road parameters.

The clearing distance curve is significantly different from the hyperbolic

stopping distance curve shown in figure 3.8 for &, = 3.87m/s%. The dif-
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y (m]

Figure 3.5: Optimal lane change maneuvers

ference between the two curves clearly demonstrates the advantage of the
optimal maneuvers over a full stop at high speeds. For example, a vehi-
cle traveling at 30m/s(108 Km/h) requires 116m for a full stop, whereas it
requires only 30m for an optimal lane-change maneuver.

The time in the current lane may be maximized by decelerating as soon as
the obstacle is detected, until reaching the clearing distance curve at a lower
speed. For example, detecting the obstacle from a distance of 80m at 30m/s
(leaving no option for a full stop) and maintaining the current speed would
allow 1.6s before the vehicle must execute an optimal maneuver. Decelerating
at the maximum deceleration would extend the time in the current lane to
2.3s before reaching the clearing distance at21m/s, an increase of 40%. The
extra time can be used for communication with the neighboring vehicles and

coordination of the lane transition.
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Figure 3.6: Velocity profiles along optimal lane change maneuvers

Table 3.1: Parameters of the planar vehicle

d;[m]d. [m] m [Ke]|l [Kg-m?] C, [N/rad] Cy[N/rad]

2 2 1,550 3,100 80,000 80,000

3.4.2 Approximated Maneuvers-Point Mass Model

Computing the optimal maneuvers for the point mass model, using the major
axes of the friction ellipse as the force limits, resulted in the approrimated
maneuvers shown in figure 3.9. These maneuvers are remarkably close to the
optimal maneuvers computed for the nonlinear bicycle model. The velocity
profiles of the point mass model are steeper (higher deceleration) than those

for the bicycle model, as can be seen in figure 3.10. It is interesting to compare
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Figure 3.7: Steering angle along optimal maneuvers
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the total motion times for the optimal and the approximated maneuvers. For
the approximated maneuvers, it is constant, at 2.08s, independently of the
initial speed, whereas for the optimal maneuver it varies little from 2.3 for
50m/s to 2.6s for 20m/s. The optimal maneuvers are slightly longer due
to the lower deceleration during the turns. This suggests that the point
mass model can be used to closely approximate the paths of the lane change
maneuvers. The velocity profile along the path can be computed using the

method presented in (Shiller and Sundar, 1995), which is generally simpler
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Figure 3.8: Minimum cleating distance for the optimal maneuvers of figure 5

and computationally more efficient than the optimization of the entire lane-

change maneuver.

3.4.3 Extrapolated Maneuvers

Computing (3.37) for the optimal maneuvers of the bicycle model (figure 3.5),
using the maneuver for £(0)=45m/s as the nominal trajectory, resulted in
the curves shown in figure 3.11. These curves deviate only slightly from
the straight line of the point mass model, suggesting the validity of the
extrapolation scheme.

Figure 3.12 shows the maneuvers extrapolated, using (3.35) and (3.36),
from the optimal trajectory for £(0)=45m/s. They are remarkably close
to the optimal maneuvers, as are their velocity profiles, shown in figure 3.13.

The closer the initial speed to 45m/s, the better the approximation. This
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Figure 3.9: Optimal (solid) and approximated (dashed) maneuvers

confirms that the optimal maneuvers can indeed be extrapolated on-line from

a few optimal maneuvers: optimized for low, moderate, or high speeds.
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Velocity Profiles

Figure 3.10: Velocity profiles of optimal (solid) and approximated (dashed)

maneuvers
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Figure 3.11: Difference between optimal and nominal maneuvers
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Chapter 4

6D Dynamic Model

Here we derive the equations of motion of a vehicle, modeled as a rigid body
moving on a horizontal plane, as shown in figure 4.1. The vehicle is suspended
on four springs, which are connected four wheels. The springs represent the
suspension and tire compliance. The forces are generated between the tires
and ground, transfered without losses (assuming massless and frictionless
wheels) to the wheel axis.

We define an inertial frame O, and a body frame C, as shown in figure 4.1.
The generalized coordiantes are chosen as {z, y, z} in the inretial frame, and
the three Euler angles {y, ¥, ¢}, corresponding to first rotation around the
z axis, producing the frame A , then rotation around the y axis, producing
frame B, and finally rotation around the z axis, producing the frame C, as
shown in figure 4.2.

Deriving the equations of motion using Lagrange’s formulation, we first
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Figure 4.1: The vehicle and external forces

derive the total kinetic energy of the moving body in the form

B = 5" M(q)d (4.1)

where M(Q) is the equivalent inertia matrix, ¢ is the vector of the generalized

coordiantes, and ¢ is the vector of the generalized velocities (time derivatives

of the generalized coordiantes).

Denoting the potential energy E,, the equations of motion can be derived

z zZ

Figure 4.2: Rotation axes and rotated coordiante frames
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directly from M(q) and E,, using:

Q=Mq@+ cad) - %” (4.2)

where @ is the vector of generlized forces, and ¢(g, ¢) is the vector of cen-

trifugal and Coriolis forces, with a typical element ¢;(g, ¢):

cilg, 9) = 47 Cilg)d (4.3)
where
Ci(q) = 2 ;;(Q) - %%Eq) (4.4)
where M;(q) is the ith row of M(q).
4.1 Kinetic Energy
The kinetic energy of a moving rigid body is
B, = %m(ﬁ Pt 4 %wCTIcwC (4.5)

where w, is the absolute rotation, expressed in the body frame (frame C in
figure 77), and I, is the moment of inertia in the body frame.

We now rewrite the rotational part of the kinetic energy in the form
(4.1). The principal moments of inertia are assumed to coincide with the

body frame, hence:

I, 0 0
0 0 I,
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The absolute angular velocity is the sum of the angular velocities around
each axis:

We = Wy + Wy + Wy (4.7)
where the angular velocity around an individual axis is denoted by the rota-
tion angle. The angular velocity around each individual axis can be derived
in terms of the generalized coordinates, and projected to the body frame.

Starting with the rotation around the z axis:

1
Wwre= 1[0 ¢ (48)
0

The rotation around the y axis, projected to the body frame, is:

! 0 0
w,=TE@) |V} | =0 cos(¢) sin(e) || 4 | =] cos(¢) |4
"o i —sn(0g) cos(0) | | © —sin(g)

where TZ denotes the rotation matrix from frame B to frame C.

The rotation around the z axis, projected to the body frame, is:

—sin(¥)
w, = T&($, %) = | cos(sh)sin(¢) | ¢ (4.10)
cos(¢) cos(¢)
where T# is the rotation matrix from frame A to frame C:
1 0 0 cos(¢) 0 —sin(¢)
Té(¢,9) = TE($)T5 () = 0 cos(¢)  sin(g) 0 1 0

0 —sin(¢) cos(¢) sin(¢) 0 cos(¢))
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cos(%) 0 —sin( )
sin(a) sin(y) cos(¢) sin(¢) cos(y)
cos($) sin(y) —sin(¢) cos(¢) cos(v))

Summing the angular velocities due to the rotations around the individual

axes yields the absolute angular velocity expressed in the body frame:

¢ —sin()¢
we=w; +wy +wr = | cos(¢)h + cos(vh) sin(¢)p (4.12)
— sin(@)d + cos(¢) cos(d)¢

Rewriting the absolute angular velocity in terms of the generalized coor-
dinates yields:
¢
we=Jg=J| ¢ (4.13)
@

where J is the Jacobian from the rotation axes to the body frame:

1 0 — sin(v)
J=10 cos(¢) cos(t)sin(g) (4.14)
0 —sin(¢) cos(t)cos(¢d)

Subsituting w, into the rotational part of the kinetic energy in (4.5) yields:

é é
1 .. . .
@ @
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where

I, 0 —sin( )1,
M, = 0 cos(¢)?1, + sin(¢)?I, cos(1) sin(¢) cos(@)(Iy — I.)
—sin(y)l; cos(y) sin(¢) cos(¢)(Ly — L) sin(4)2L, + cos(9)*(sin(¢)*1y + cos(4)*I:)
(4.16)

The matrix M, is the rotational part of the equivalent inertia matrix, M,
which consists of two nonzero rectangular blocks:

[ ]
m 00

0mO0 0

M= (4.17)
60 m

0[]

We are ready to derive the Corolis terms.

4.2 Coriolis Terms

Using (4.4), we obtain:

C, = L0O 0O (4.18)

1 T

(==l
<
o

0
c, = Lo oo (4.19)
0
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(4.20)
c; = L8 88
0 0 0
Cy = 0 cos(e) sin(@)(Iy ~ I,) cos(¥)(cos(2¢)(I, — I,) — L) (4.21)
0 0 sin(¢) cos(¢) cos(¥)X(I; — I)
0 2 sin(@)cos(¢)(I.—1I) cos(¥)(cos(2¢)(Iy — L) + Iz)
Cs =10 0 0 (4122)
0 0 sin(¢) cos()(— I + sin(¢)?1, + (cos(¢))?I.)
0 cos P cos(2¢)(I, — I.) 2 sin ¢ cos ¢ cos? (I, - I,)
Ce = |- cos¢l, sin(¢)singcosd(f,—1,) 2 siny cosp(I;—sin® ¢l —cos? ¢l;)
0 0 0
(4.23)

4.3 Potential Energy

The potential energy of the vehicle is due to gravity only (the forces generated

by the suspension springs will be treated separetly):

E, = mgz (4.24)
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4.4 The Equations of Motion

Using (4.2), we can now write the right hand side of the equations of motion:

Qs =

Qe =

+ o+ o+ o+

mi (4.25)
mij (4.26)
mz— mg (4.27)

I ¢ —sin($)I; $
cos(®) sin(¢)(Ly — Iz)lbz + cos(¥)(cos(2¢0)(I: — I,,)) — I,.)¢ v
sin() cos(®) cos(¢)2(I; — I)¢* (4.28)

(cos(®)’Iy + sin($)?L. )4 + cos(¥) sin(¢) cos(¢)(Ly — I, )
2 sin(¢) cos(¢)(I ~ Iy)é % + cos(¢)(cos(20)(I, — L) + L) ¢

sin(¥) cos(¥)(~ Iz + sin(¢)?l, + cos(¢)* L)@ (4.29)
— sin(%)1z6 + cos($) sin(4) cos(¢)(I, — L)

(sin(¥)* Iz + cos(¥)*(sin(¢)* I + cos(¢)’L.))¢

cos(p)(— Iz + cos(2¢)(Iy — L))

sin(1) sin(@) cos(#)(Iz — I,)%* + 2 sin(4) cos(¢) cos(¥) (I, — I,)pd

2 sin(y) cos(9)(Iz — sin(¢)? Ly, — cos()2 1) (4.30)
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4.5 Generalized Forces

We now derive the left hand side of (4.2) in terms of the external forces
acting on the body. These forces consist of the longitudinal (tractive) and
lateral forces developed by the rear tire, the lateral forces developed by the
front tire, and the spring forces. The tire forces are assumed to be parallel
to the horizonal plane of the inertial frame; the spring forces are assumed to
be parallel to the z axis of the inertial frame.

The total exteral forces in the A (ground) frame are:

Fir + Fy — sin(B8)(Fyr + Fp1)
Fa= | Fr + Fu+ cos(B)(Fyr + Fri) (4.31)
Fopr + Fopp+ Forp + Fiop
The generalized forces corresponding to the translational motion are the pro-
jections of the total external forces on the directions of the generalized co-
ordiantes. The generalized forces are thus obtained by projecting F} into

frame O:

Qu = cos(P)(Fir + Fu — sin(B)(Fyr + Fp1)) — sin()(Fyr + Fyi + cos(8)(Fy, + Fy))
(4.32)
Q2 = sin(@)(Fir + Fu—sin(B)(Fsr + Fp1)) + cos(p)( Frrt Fr + cos(B)(Fyr + Fyp1))
(4.33)

Q3 = Eeprt Foi t Forr t Font (4.34)

The generalized forces corresponding to the rotational motion are derived

by projecting the total external moment exerted on the body to the individual
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axes of rotation corresponding to the generalized coordiantes.

Total moment due to tire forces in the inertial frame is:

(Fzﬂ + Fzrl)l - (Fz_fr + Fzr'r)l
MO = \ (szf + FZﬂ)df - (Fzrr + Fzrl)dr

—(Frl + Frr)dr + COS(B)(Ff,- + Ffl)df + lSln(j)(Fjl - Ffr)
(4.35)

Projecting Mo to the individual axes of rotation yields:

Qqa = cos(P)cos(P)(Frgi + Fort = Fopr — Fape ) + cos(¥) sin(p)(dg (Fopr + Fopi)
- d (Fzrr + Fzrl)) + Sin("/))dr (Frl + Frr) - Sln(¢) C05(5)df (Fjr - Ffl)
+ sin(y) Sin(,@)l(Ff., + Fﬂ) (4.36)
Qs = Sin(cp)l(sz,. + Forr — szl - Fzrl) (4'37)

+ COS(‘P)(d_f (sz'r + szl) — de(Forr + Fzrl))
(4.38)

Qs = —(Fu+ For)dr + cos(B)(Fgr + Fp)dy + Isin(B8)(Fp — Fy,) (4.39)

Note that the numbering of the generlized forces corresponds to the order

of the genealized coordiantes.

46 Tire Forces

cos ¥ sin ¢l
2

Fui = k(z+h—sinpd, {22509

F.;y = k(z+ h —singd; — — cos ¢ cos ¢h) + — (4.40)

SEE

— cos 1 cos ¢ph) + e (4.41)
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cos ¢ sin ¢l
2
cos v sin ¢l

F.or = k(z+ h—sinyd, - — cos 9 cos ¢h) + _12/_ (4.42)

. |24
Fzrl = k(z + h — Sin ¢dr + — COS ’Qb COSs ¢h) + Z (443)

The side forces are determined from the tire slip angles, assumed to be

equal for the right and left tires

Fyr = —Coay (4.44)
Fil=—-Coay (4.45)
Fir=-Caa, (4.46)
Fl=—Csa, (4.47)

where

o =tan_l[—d,<,'o+3]cos<p—:'vsincp

i ZCosy + ysing

tam) f¢+ycosga—z'sin<p]_ﬂ
Zcosw+ysing

(4.48)

af::

(4.49)

This completes the derivation of all the elements in (4.2). For dynamic

simulations, it remains to invert (4.2) to

§= M) Q- clg.d)+ %%) (4.50)
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Chapter 5

sSummary

In this project, we have developed methods for generating emergency ma-
neuvers for automated vehicles, considering a planar nonlinear vehicle model
with three degrees-of-freedom, and two control inputs: the front steering
angle and the rear tractive force. We considered two main approaches: 1)
generating emergency maneuvers by computing the time optimal velocity
profile along a specified path, so as to minimize reaction time, while ensuring
that the maneuver is dynamically feasible, and hence safe, and 2) generating
the shortest lane change maneuvers for obstacle avoidance.

Although considering only a simple planar vehicle model, this work pro-
vides invaluable insights into the dynamic behavior of ground vehicles, which
might not be apparent when using separate lateral and longitudinal models.

This work is summarized in (Shiller and Sundar 1995, Shiller and Sundar
1996), and is implemented in a computer program on a Silicon Graphics

workstation with interactive graphics.



5.1 Time-Optimal Maneuvers

To assist in evaluating the dynamic feasibility of a given maneuver, we es-
tablish the upper bounds on vehicle performance by solving the time optimal

control problem along the specified path with free boundary speeds. This
yields the velocity limit curve in the phase plane, s — $, which serves as an
upper bound on all feasible velocity profiles. Emergency maneuvers can thus
be generated from any initial conditions by selecting a velocity profile that
does not cross, but slides along, the velocity limit curve.

Dynamic analysis of the vehicle’s performance shows significant devia-
tions between the steady-state and transient motions. It is shown that the
steering angle reaches an upper limit, derived from one of the force equations,
during transient motions at relatively low speeds, whereas this limit is gener-
ally not active during steady-state motions. This suggests that steady-state
information is inapplicable for preview control schemes at extreme condi-
tions. The transient steering angle is shown to be discontinuous, following
discontinuities in path curvature, and hence dynamically infeasible, consid-
ering the nonzero dynamics of the steering actuator. The transient steering
is also shown to oscillate due to the oscillatory nature of the body slip angle,
which depends on the vehicle speed.

The use of the velocity limit curve for generating emergency maneuvers is
demonstrated for a lane change at a constant speed. Independently comput-
ing the highest constant speed maneuver that does not violate the control
constraints resulted in a trajectory that is tangent to the lowest point of

the velocity limit curve. Obviously, this maneuver could have been selected
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without any computation simply by searching over the velocity limit curve.
Other potential maneuvers, starting at higher speeds, can be generated by
cruising at a constant speed, or accelerating, until hitting the velocity limit

curve, then sliding along the velocity limit until completing the lane change.

5.2 Obstacle Avoidance

Optimal emergency maneuvers for obstacle avoidance are computed by min-
imizing the longitudinal distance of the lane transition. This produces the
sharpest feasible maneuvers for given initial speeds, representing the upper
bound on the vehicle’s ability to avoid an obstacle at given initial speeds. The
distance to the closest avoidable obstacle, depicted by the clearing distance
curve, is shown to be linear with respect to the initial speed for the optimal
maneuvers, compared to the hyperbolic curve for the distance to a full stop.
This clearly demonstrates the advantage of the optimal lane transition over
a full stop at high speeds.

The clearing distance curve was shown as a valuable design tool for plan-
ning safe avoidance maneuvers. It allows to maximize the time from the
detection of the obstacle to the time when a lane change maneuver must be
executed. It was shown that the maximum time spent in the current lane is
achieved by decelerating at the maximum deceleration as soon as the obsta-
cle is detected, until reaching the clearing distance. Maximizing the time in
the current lane might be necessary for communicating with the neighboring
vehicles and for ensuring that a space is open in the neighboring lane for

the maneuvering vehicle. The clearing distance curve can also be used as a
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bench-mark for evaluating other avoidance maneuvers, and for specifying the
minimum range of obstacle detection sensors.

On-line computation of emergency maneuvers was also presented. We
proposed two methods: the first is based on a simple point mass model, and
the second is based on extrapolating maneuvers from an optimal maneuver,
computed at some nominal initial speed. Both approaches are computation-
ally very efficient, and both are shown to closely approximate the paths of
the optimal maneuvers. The point mass model might require an adjustment
of the velocity profile. These maneuvers can be used as reference inputs to

on-line feedback controllers.

5.3 6D Dynamic Simulations

We attempted to validate the maneuvers generated by both methods in dy-
namic simulations of the 6D (3D with rotations) rigid body model and thus
evaluate the significance of the unmodeled load shift. Unfortunately, these
simulations did not agree well with our nominal trajectories, although the
dynamic simulations using the planar model were quite close. This can be
attributed either to the unmodeled dynamics, or to modeling (more likely
programming) errors. Further investigation into this issue was out of the

initial scope for this project, and hence was not pursued.
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Optimal Emergency Maneuvers of
Automated Vehicles
M.O.U. 125
Software
Zvi Shiller and Satish Sundar
Department of Mechanical, Aerospace and Nuclear Engineering
University of California Los Angeles
Los Angeles, CA 90095

The following is a hardcopy of the software developed during this project.
These files make the "vehicle” program, which optimizes the motions of a
ground vehicle (a bicycle model) along specified paths and between given
boundary conditions.

The inputs are the control points of a B spline describing the path (this is
used as the initial guess for the path optimization), and the vehicle parame-
ters. The output is generated by a menu driven interface, which allows at the
lowest level to compute inverse dynamics along a specified path and speci-
fied speeds (compute the control inputs for the specified trajectory). These
speeds may be either constant, or specified by a B spline. The next step is to
generate the velocity limit curve, which maximizes the feasible speeds along
the given path. The next and last step is to optimize the path between given
boundary conditions.

The program was developed on a Silicon Graphics 4D-70 (system 3.0). It

might need some small modifications to run on newer SGI machines.



# Makefile for conpilation /éZVQLdacéa

+ PATH proj ect

CFLAGS
CLI BS
30BJS = vehicle.0 win.o bspline.o algeb.o drw_terrain.o gclpt_w.o \

dynami cs. 0 runge.o runge 2.0 runge 3.0 conpute-al pha.0 conpute-steering.0 \
simulate.0 runge 4.0 bspiine vel.o opt_trajectory.o btopar.o get_time.o\
patsh.o sinulatel2.0 runge_sim.o simulate_3.0 runge_sim 3.0 bspline_w.o |
limitc.o get-opt-tine-alonggath.o BSPLINE.o BSPLINE vel.o BSPLINE_w.o \
dugoff.o runge_dugoff.o

-Z9 -0

vehi cl e: $(30BJS)
f77 ${(CFLAGS) -o vehicle $(30BJS) $(CLIBS)

vehicle. O . vehicle.c

w n. 0 :Win.c

bspline.o : bspline.f
algeb.o : algeb.f
drw_terrain.o : drw_terrain.c
gcl pt_w.o : gclpt_wec
dynamics.o : dynamics.c
runge.o runge. c
runge_2.0 : runge_2.c
runge_3.0 i runge_3.cC

conput e- al pha. 0 : compute-alpha.c
conmput e-steering.0 : conmpute-steering.c
sinulate. O : simulate.c
runge_ 4.0 : runge_4.c
bspline vel.o bspline vel.f
opt-trajectory.0 : opt-trajectory-c
btopar.o : btopar.c
get-time.0 : get-time.c
patsh.o : patsh.f
sinulate 2.0 . : sinulate_2.c
runge sim.o ! runge_sim.cC
simulate_3.0 simulate-3.c
runge_sim_3.0 : runge_sim 3.c
bspline w.o : bspline_w.f
limitc.o : limitc.c
get-opt-tine-along-path.0 : get-opt-time-alonggath.c
BSPLINE.o : BSPLINE.f

BSPLI NE vel.o : BSPLINE vel.f
BSPLINE w.o : BSPLI NE- w. f
dugoff.o : dugoff.c

runge_dugoff.o ¢ runge_dugoff.c



/*

*ﬁyogran1 programto test the single Iink nanipulator
*history:

*/

#include <gl.h>

#i ncl ude <device.h>

#i ncl ude <stdio.h>
#incl ude <math.h>

#incl ude "runge.h"

#i ncl ude "limitc.h"
#include "objects.h"
#define sqr(x) ((x)*(x))

#define abs(x) ( ((x)>=0.0) ? (%) : =(x))
#define norm(x,y) sqrt(sqr(x)+sqr(y))
#define PI 3.141592654

struct P {int winposi[4][10]:/*screen coords of the w ndows*/'
| oat wincoord[6]}(10):/* linmts on the |ocal coordinate
systens of the w ndows*/
int wingid(10]:; /*w ndow i ds*/
int nwin; /*total number of w ndows opened*/
} winpar ;
struct q {int centid;} id;/*stores the id of the centre w ndow/
struct r {int ppos([4]:} blnk;/*screen coordinates of the currently
bl ank w ndow*/
struct u {float angx,angy, dx,dy; int px,py:} gr

struct w {float -11,12,13,xc,yc,zc;} wdim;

struct y (float pos:;} motion;/*number Of the point at which the robot
is being drawn*/

struct s3 {int pos;} curr; /*nunber of point at which the robot is being
di spl ayed by pressing the ESC key*/

[*rotation about the z axes*/
float ang_z;

[*introduced for the acceleration |ines*/
/**

struct dyn par { float mas([2],1c[2],11(2]),inrt[2]1,q(2],amp[2];} di mensions_;
**/
float s([500],x[500]({2],xs[500][2],xss[500]1(2);/*time oOptim zati on declns*/
fl oat vel s[1000]),vel x[1000][2],vel xs[1000]}([2],vel xss{1000] [2]:
/*for the velocity profile alogn the path*/
float accel s[1000]; /*the acceleration sdd(s) along the path*/
float velpro s[1000], velpro_sd([1000], velpro_sdd[1000];
struct t {int nconp; float conp(20][2]:} bz_;
struct tw {int nconp; float conp(20]([2]:} bzw_:
struct tv {int nconv;, float conv{20](2]:} bzvel_;
int PATH NO
int VEL PATH NO;
float tinme;

/[*for the bspline representing the path slope*/

fl oat sangle[500],xangle(500] [2],xangles([500] (2],xangless{500]1(2];
/*initial value of theta*/

float init_point[2];

/*actual value of theta to check the accuracy of the path integration*/
float theta actual({500];

/* car dimensions x/
struct vehicle (float mass, Ic
t

d, alpha, alpha-f, alpha-r, Ft, Beta, fnr, fnf,
wi dt h, wheel -1ength, wheel-wid

I"]; } car;



struct paths {float theta[500],theta_s([500],theta_ss[500]);} path;
struct paths2 ifloat alpha[500],alpha_s[500),alpha ss[500];} pdyn;
struct forces {float beta[1000], drive[1000]), dis[1000}; int np:} force;

/*index of the current car position*/
int curr_pos_of-car;

/*constant velocity of car*/
float constant-velocity-of-car:

/*store flag for runge 2*/
int store-flag-for-runge-2;

/*to store the time along a given path*/
float time_along path[1000];

/*flag to select path type*/
int path-type; /*0 for theta-s as bspline, 1 for x-s as bspline*/

int vel type; /*0 for sdd-s as bspline, 1 for sd-s as bspline*/

/*accel eration or velocity profile when the switch is made in vel. type*/
float vel profile at_switch[400][2];

/*theta profile when the switch is made in path type*/

float pos_profile at_switch{400][2];

i nt pos_profile_no;

[*upper and lower limts on the steering angle*/
fl oat Beta_nmax, Beta mn;

/*desired initial and final thetas*/
float slope_O_desired, slope.f_desired;

[*current integer increnent*/
i nt current _int_increnent;

/*to simulate using different nodel s*/

extern int nodel -flag; /*0 for saturation node
1 and 2 for dugoff nodel */
main ()
{
FILE *fin;
FI LE *fout:;

| ong xm nvp, Xmaxvp, ym nvp, ymaxvp

id,wkcel,winyz,wintor,limitc,

optcel, torgcel,winl,win2,win3,win4, sphw, sphw2,timcel,blank_id,xwl, xw2 ;
long tfrear, alrear;
float xminwin,xmaxwin,yminwin,ymaxwin, zminwin, zmaxwin;

short val; /*value of qeued device*/

char c; [*exit letter*/

Matrix m /*matrix for transformation*/

| ong gwin,cent_win,curr_id,menu ; /*w ndow decl arations*/

int i,cent_pos[4],temp pos[4],flag,sign; /*w ndow decl arations*/
int id menu;/*number Oof pop up nenu itent/

int cell-no: /*w ndow id nunber*/

long ier; /*error flag*/

int j,k; /*indices*/

int limc_flag; /*flag to plot limt curve*/

/*integration routines */



fl oat get quantity at s():
[*to test subroutines*/

float test-angle, test_C, test-force;
float £ fn():

/******************************************************************************/

/* read the path type: */
/* 0 --> represent theta(s) using Bspline */
/* 1 --> represent x(s) usi ng Bspline */

/******************************************************************************/
fin=fopen("path_type.dat","z");

fscanf(fin, "sd",spath_type) ;

fclose(fin);

/******************************************************************************/

/* read the velocity type: */
/* 0 --> represent sdd(s) using Bspline */
/* 1 --> represent sd(s) using Bspline */

/******************************************************************************/
fin=fopen("vel type.dat","zr"):;

fscanf(fin, "sd",s&vel type):

fclose(fin);

/***************************************************************************/

/* read the control points representing theta along the path */
/***************************************************************************/
fin=fopen("bj_theta.inp", "r"):

fscanf (fin, "%d", &bz_.nconp):;

for (i=1;i<=bz_.nconp;++i) fscanf (fin, "%f %£f",&bz_.conp{i-1][0],&bz_.conp[i-1](1]):
fclose(fin);

/***************************************************************************/
/* read the control points representing the path in the workspace */

/***************************************************************************/
fin=fopen ("bw_space.inp","r");

fscanf (fin, "%d", &¢bzw .nconp):

for(i=1;i<=bzw_.ncon§;++i)fscanf(fin,"%f $f",&bzw_.conp[i-1}1{0],&bzw_.conp[i-1]{1])
fclose(fin);

/***************************************************************************/
/* read the initial point */
/***************************************************************************/
fin=fopen("init_point.inp", "x");

fscanf(fin, "% %f",&init_point[0],&init point(1l]);:

fclose(fin):

/***************************************************************************/

/* read the constant velocity at which vehicle travels */
/***************************************************************************/

fin=fopen("constant_velocity of car.inp","r");
fscanf(fin, "$f",&constant_velocity of_ car);
fclose(fin):

/***************************************************************************/

/* read the dynam c paraneters of the car */
/* mass = mass of car */
/* lc = nonent of inertia about CG */
/* d = half length of the bod */
/* wi dt h= width of body and whee */
/* wheel -1 ength= |l ength of the wheel */
/* wheel width= length of the wheel */

/********************;******************************************************/



fin=fopen("car.dimensions","r"); .
fscanf(fin, "s£ % % % 9% %f",s&car.mass, &car.lc, é&car.d, &car.w dth, &car.wheel_ 1
fclose(fin):;

/*check car di nmensions*/

printf("car.mass = $f\n", car.nass);

printf(“car.Ic = %f\n", car.lc);

printf(“car.d = %£f\n", car.d);

printf("car.width = %£f\n", car.wi dth);
printf("car.wheel_length = %f\n", car.wheel_length):
printf("car.wheel_width = %$f\n", car.wheel width);

/*****************************************************************************/

/* read the control points representing the velocity profile along */
/* the path */

/*****************************************************************************/

fin = fopen("vel profile.inp", "z");

fscanf(fin, "%d",&bzvel .nconv);

for(i=1;i<=bzvel .nconv;++i)fscanf (fin,"%f %f",&bzvel_.conv[i—l][0],&bzvel_.conv[i-
fclose(fin):

/*****************************************************************************/

/* read the desired initial and final values of theta for the path */
/* as a fraction of PI (for convenience) */
/*****************************************************************************/
fin = fopen("desired slopes.inp","r"):

fscanf(fin, "$f %£f",sslope. O. desired, &slope-f .desired);

fclose(fin);

sIope_O_desired

sl ope. 0. desired*Pl;
sl ope_f_desired

sl ope. f_ desired*Pl

/*****************************************************************************/
/* defi ne the [imts on the steerin */

angl e
/************* ***t************* *****g***9***********************************/

Beta max = PI/3.0;
Betamin = -pI/3.0;

/*define the curr position of the car*/
curr_pos_of_car = 1;

car.Beta = 0.0; /*3*P1/2;*/

car. al pha = pdyn.alpha[0]; /*PI/6.0;*/

/*initially no central w ndow/
cent_win=0;

[*initialize*/
c ="'5s";

/************************

| oner textport W ndow
**********************/

textport (5,1000,5,200):;
foreground()
W npar.nmn = 1,

/*****************************

oordi nates of the central w ndow
*******************************/

blnk.ppos([0] = 10;
blnk.ppos{1l] = 855;
blnk.ppos([2] = 175;
blnk.ppos(3] = 1020;

/*************************



define w ndows
************************/

/*--- #1l:workcell and robot----*/

xmnvp = 865;

Xxmaxvp = 1065;

ym nvp = 820;

ymaxvp = 1020;

xmnwmn = -1.0; /*=-10.0;%/ /*=2.000:*/

xmaxwin = 135; /%31.0:%*/ /*10.0;%/ /*20.0:;*/ /*120.00;*/ /*60.0;*/ /*15.0:*/ /*50.0t
yn1nmﬁn = -15.5; /*=10.0:*/ /*=2.0;%/ /*=7.5;*%/ /*=2.000;*/

ymaxw n = 15.5; /*10.0;*/ /*20.0;*/ /*120.00;*/ /*60.0;*/ /*7.5;%/ /*2.00;*/
zmnwin = -5 000

zmaxwi n = 5. 000;

defwin("single 1link",&winl, &éxminvp, &éxmaxvp, éyminvp, &ymaxvp, &xminwin, &xmaxwin, éyminw:
doubl ebuf f er o;

overlay(2);

gconfig() :

[*=—= #2:--- */

xm nvp = 1075;

xmaxvp = 1275;

ym nvp = 820;

ymaxvp = 1020;

xmnwn = -0. 20;

xmaxwin = 135.0; /*40.0:;%/ /*120.0;*/ /*15.0;*/ /*50.0;*/ /*old 4.2%/
ymnwn = -0.1*pI; /*-1.2*PI;*/ /*-0.2;%/
ymaxwin = 0.1*PI; /*1.2*PI;*/

zmnwin = -5, 0:

zmaxwin = 5.0;

defwin (“velocity - time", &winyz, &xminvp, &xmaxvp, &yminvp, &ymaxvp, &xminwin, &§xmaxwin, &:
doubl ebuf f er o;

overlay(2);
gconfig() -
/*¥=—— #3;--- %/
xmnvp = 865;
xmaxvp = 1065;
ym nvp = 610
ymaxvp = 810
xmnwn = 0;
Xmaxwi n = 4;
ymnwn = -4;
ymaxwi n = 4;
zmnwn = -1.0;
zmaxwin = 1.0;

defwin("acceleration - tine" ,swinyz, &xminvp, &xmaxvp, §yminvp, &§ymaxvp, &xminwin, &xmaxw:
doubl ebuf f er o;

overlay(2);

gconfig() ;

/*---— X4: test potentials---- */

xm nvp = 1075;

xmaxvp = 1275;

ym nvp = 610

ymaxvp = 810;

xmnwn = -2.0;

xmaxwin = 135.0; /*40.0;*/ /*120.0;*/
ymnwin = -5.500

ymaxwin = 75.0; /*45.0;%/ /*35.000;*/
zmnwn = -5.0;

zmaxwin = 5.0;

defwin ("actuator - di stance", glimitc, &xminvp, &éxmaxvp, &yminvp, &ymaxvp, &xminwin, &xmaxt
doubl ebuf f er o;

overlay(2);

gconfig() -



/*-——= X5: th7 vs th8 ~---x/

xm nvp = 865;
xmaxvp = 1065;
ym nvp = 400;
ymaxvp = 600;
xmnwn = -4.0;
xmaxwi n = 9. 0;
ymnwn = -4.0;
ymaxwin = 4.0;
zmnwin = -5.0;
zmaxwin = 5.0

gefgfné"F%&optcel,&xminvp,&xmaxvp,&yminvp,&ymaxvp,&xminwin,&xmaxwin,&yminwin,&ymaxw.
oupbl epurTter o,

overlay(2);
gconfig() ;
[*=em— 6 ==X/
xm nvp = 1075;
xmaxvp = 1275:
ym nvp = 400;
ymaxvp = 600;
xmnmwn = -0.1;

xmaxwi n = 135.0; /*40.0;*/ /*800.0;%/ /***40.0;%**/ /*120.0:%x,; /x50.0;*/ /*50.0%/

ymnwin = -0.3; /%-2.0;%/ /***x-0Q 2;%*x%/ [*-5.0;, */
ymaxwin = 0.3; /*2.0;%/ /***0,2;%*x/ /*5.0; */
zmnwn = -5.0;

zmaxwin = 5.0

defwin("",&timcel, &xminvp, &xmaxvp, &yminvp, &§ymaxvp, &éxminwin, §xmaxwin, syminwin, &ymaxw.
doubl ebuf f er o;

overlay(2);

gconfig()

[*=m—m T ————x/

xm nvp = 865;

xmaxvp = 1065;

ymnvp = 190;

ymaxvp = 390;

xmnwn = -2.0;

Xmaxwi n 135.0; /*40.0;*/ /*800.0;*/ /***40.0;***/ /*120.0;*/
ymnwin = -pP1/2.0 -0.1 ; /*=5.0;*/

ymaxwin = p1/2.0 + 0.1 ; /*5.0:*/
zmnwn = -5.0;

zmaxwin = 5.0

defwin("limitc", &win3, §xminvp, &xmaxvp, &yminvp, &ymaxvp, &xminwin, &xmaxwin, &yminwin, &y
doubl ebuf f er o;

overlay(2):

gconfig() :

/*-— #8: optimal actuator torques/joint accelerations-- */
xm nvp = 1075;

xmexvp = 1275;

ymnvp = 190;

ymaxvp = 390;

xmnwmn = -2.0;

xmaxwin = 135.0; /*40.0;*/ /*800.0;%/ /***40.0;*x**/
ymnwin = -6100.0

ymaxwi n = 6100. 0;

zmnwin = -5.0;

zmaxwin = 5.0

defwin("limitc", &win4, &xminvp, &xmaxvp, &yminvp, &éymaxvp, &xminwin, &§xmaxwin, §yminwin, &y
doubl ebuf f er o;

overlay(2);

gconfig()

[*mmmm 49 ——m=%/



xmnvp = 865;

xmaxvp = 1065;

ym nvp = 10;

ymaxvp = 180;

xmnwn = -2.0

xmaxwin = 135.0; /*40.0;*/ /*800.0;*%/ /***40.0;***/ /*120.0;*/
ymnwin = -6100 ; /f-5. O */

ymaxwi n = 6100 ,/*5 0:%/

zmnwmn = -5.0;

zmaxwi n = 5.0;
defWin("llmltc“,&tfrear,&xminvp,&xmaxvp,&yminvp,&ymaxvp,&xminwin,&xmaxwin,&yminwinp
doublebuffer ()

overlay(2);

/*=— #10~- */
xmnvp = 1075;
xmaxvp = 1275;

ym nvp = 10;
ymaxvp = 180;
xmnwn = -2.0;
xmaxwin = 135.0; /*40.0;*/ /*800.0;%/ /***4(Q.0; ***/
ymnwin = -6100.0
ymaxwi n = 6100.0
zmnwin = -5.0
zmaxwin = 5. 0;

defwin("limitc", &alrear, &xminvp, &§xmaxvp, &yminvp, &ymaxvp, &xminwin, &xmaxwin, éyminwin, .
doublebuffer():

overlay(2);

gconfig () ;

curr.pos =1; /*draw the robot at the initial position*/ _
nmotion.pos= -3.35; /*to draw the notion dials for the initial point*/

[ *define menus*/
menu =defpup ("menu %t |OPTARM1 |OPTARM2 |Save Path Data|Test Runge-Kutta]Integrate al p)

/[*initial cursor positions*/
gr.dx=blnk.ppos[0]+25;
gr.dy=blnk.ppos[0]+25;
gr.angx=0.0;

gr.angy=0.0;

/**'k**********************************
deflne workcell di nensi ons and centr?

* % % **t ER R R I b I I I S I S I R I b I I S I
wdim.11=4.00;

wdim.12=4.000;

wdim.13=6.000;

wdim.xc=0.0;

wdim.yc=0.0;

wdim.z¢c=0.0;

/*generate the path profile*/
generate_path_profile(path_type):;

/*generate velocity profile*/
generate_velocity profile():

/*store the path in two files for matlba plotting*/

fout = fopen("pathx out.mat","w") ;

for (i=1:;i<=PATH | NO-1;++i) fprlntf(fout,"%f\n“,x[l 11[01):
fclose(fout);

fout = fopen("pathy out.mat","w");
for (i=1;i<=PATH NO-1; ++i) fprlntf(fout,"%f\n",x[:. 11(1));

[ *near-index= find-nearest(gr.px,gr.py); */



fclose(fout);

/* draw the vehicle and path*/
drw_theta(2);

/* draw the vehicle and path*/
drw_path w(l);

/*plot the steering angles and driving forces in w ndow 7*/
current-int-increnment = 1;
plot_steer_and drive_forces(current_int_increment,7):

/* queue the nouse buttons and ESC key */
qdevi ce( LEFTMOUSE) ;

qdevi ce( Rl GHTMOUSE) ;

qdevi ce(M DDLEMOUSE) ;

qdevice (ESCKEY) ;

[*initialize flag*/
store_flag for runge 2 = 0;

while(c=="s")
{
switch(gread(&val))

case LEFTMOUSE:
gr.px=getvaluator (MOUSEX} ;
gr.py=getvaluator (MOUSEY) ;
getwin (&gr.px, &gr.py, &gwin);

if ((gwin==5) || (gwin==7))
{
while (getbutton (LEFTMOUSE) )

/*get the cursor screen coodinates*/
gr. px=get val uat or ( MOUSEX) ;
gr.py=getvaluator (MOUSEY) ;

cell-no = gwn;

/*rotbox(&cell no): */

}

}

i f (gwin==2)/*change control pts in trnasform space*/
{

[ *near-index= find-nearest(gr.px,gr.py); */

gr. px=get val uat or ( MOUSEX) ;

gr. py=get val uat or ( MOUSEY) ;

whi | e( get butt on( LEFTMOUSE) )

{

gr. px=get val uat or ( MOUSEX) ;
gr.py=getvaluator (MOUSEY) ;
gclpt_w{gwin);
bspline2 (&PATH_NO,sangle,xangle,xangles,xangless, &éier) ;
generate_path _profile(path_type):
generate_velocity profile():
drw _path_w(l);
drw_theta(2):
}
}

if (gw n==4)/*change control pts for velocity profile*/
“/*near_index= find_nearest(gr.px,gr.py); */

gr.px=getvaluator (MOUSEX) :
gr. py=get val uat or ( MOUSEY) :



whi | e( get butt on( LEFTMOUSE) )
{

gr .px=getvaluator (MOUSEX) ;
gr. py=get val uat or ( MOUSEY) ;
gclpt_w(gwin);
generate velocity profile():;
}
}

i f (gwin==1)/*change control pts in trnasform space*/
{

[ *near-index= find-nearest(gr.px,agr.py); */

gr . px=get val uat or ( MOUSEX) ;

ar. Py=getval uat or ( MOUSEY) ;

whi | e( get but t on( LEFTMOUSE) )

gr. px=get val uat or E NQJSE@ ;
gr. py=get val uat or ( MOUSEY) ;
gclpt_w(gwin);
generate_path profile(path_type):
generate_velocity profile();
drw_path_w(l);
drw_theta(2);

}

}

br eak;

case ESCKEY:
whi | e( get but t on( ESCKEY) )
{

if (curr_pos_of car == PATH NO currgos-of-car = 1,
el se curr_pos _Of car = currgos-of-car + 1,
drw_path w(l);

}

br eak:

/************************************************

if the mddle nmouse button is clicked
********‘k*************************************/
case M DDLEMOUSE:

gr.px = getval uat or ( MOUSEX) ;

gr.py = getvaluator (MOUSEY):;

getwin (&gr.px, &9r.py, &gwin) ;

flag =0

if (gwin>0)

{
winset(winpqr.wingid[gwin—l]);
curr_id = gw n,

if (cent_win==0)

{
cent_win = gwin;/*gwin i S central w ndow*/

for (i=1;i<=4;++1i)
{
cent _pos([i-1]= winpar.winposi[i~-1] [gwin-1];/*save coordi nates of current c:
winpar.winposi[i-1][gwin-1]=blnk.ppos(i-1];

drawmode (OVERDRAW) ;
color (BLACK) ;
clear():

drawmode (NORMALDRAW) ;



swapbuffers():;

winposition (blnk.ppos(0],blnk.ppos(1l]),blnk.ppos(2],blnk.ppos(3]);
reshapeviewport () ;
color (BLACK) ;
clear () ;
swapbuf f er so;
flag =1;
gwin =0
}
if (flag==1) break;

if (cent_win>0)

{

if (cent_win==gwin)
{
cent_win=0;

drawmode (OVERDRAW) ;
col or (BLACK) ;

clear():

drawmode (NORMALDRAW) ;
swapbuf f er so;

winposition (cent_pos[0],cent_pos[1l],cent_pos{2],cent-pos {3]);
reshapeviewport():

color (BLACK) ;

clear ()

swapbuf f er so;

for(i=1;i<=4;++i)

{

winpar.winposi[i-1][gwin-1]=cent pos{i-1];
cent pos[i-1]=blnk.ppos{i-11];

}
flag = 1;
gwin =0

if (flag ==1) break;

if (cent_win!=gwin)

{
winset (winpar.wingid{cent_win-1});

drawmode (OVERDRAW) ;
color (BLACK) ;
clear():;

drawmode (NORMALDRAW) ;
swapbuf f er so;

winposition(cent_pos{0],cent pos[l],cent_pos([2],cent_pos[3]):
reshapeviewport () ;

col or (BLACK) ;

clear ()

swapbuf f er so;

for(i=1;i<=4;++i)
{
winpar.winposi[i-1][cent_win-1l]=cent_pos[i-1];
cent_pos[i-1]=blnk.ppos(i-1];
}
cent_win = gwn;



/* while(!getbutton (ESCKEY)):;*/

winset (winpar.wingid{gwin-11};
dr awnode( OVERDRAW ;

color (BLACK) ;

clear():; .

dr awnode( NORVALDRAW ;
swapbuffers():

winposition(cent_pos[0],cent_pos{1l],cent_pos(2],cent_pos(3]);
reshapeviewport () ;

col or ( BLACK) ;

clear():

swapbuffers ()

for(i=1;i<=4;++1i)
{
temp pos [i-|] = winpar.winposi(i-1] {gwin-1};
winpar .winposi(i-1] [gwin-1]=cent_pos([i-1]:
cent_pos([i-l]=temp_pos[i-1l] :
}

gwin = 0;

}

}
flag =0;
gw n =0;

/************************************/

/* redraw in the new cell positions */
/************************************/

generate_path profile(path_type):

drw_theta(2);

drw_path_w(1l);

generate-vel ocitygrofile():
plot_steer_and drive forces(current_int_increment,7):;
plot_simul results(); /*sinulation results*/
callobj(simul_alpha);

br eak;

case Rl GHTMOUSE:
id_menu = dopup(nenu);

if (id_menu==1) {
generate_velocity profile():
/*mak_path(x,PATH_NO);
gen_path_data (PATH_NO, x, s,XS,Xss);
opt pat hsub- ( &PATH NQ, s, X, XS, XSS, & i nme) ;
*/

/*

for (i=1;i<=PATH_NO;++i)printf ("tt (%d)=%f\n", 1,
trjet_.tt [i-1]):

*/

/*

drw_single_link(1l}):
plotm_(trjct_.tt,trjct_.sd,PATH_NO,2):;
plotm (trjct_ .tt,trjct_.aco,PATH NO,3):;
plot. 2 (s,trject_.tor,1,PATH NO,4);

*]

}



i f(id_menu==2){}

if (id_menu==3) {/*save the path data*/
fin=fopen ("init_point.out","w");
fprintf(fin,"$f 0§ “,init_point[0],init_point[1]);
fclose(fin);

fin=fopen ("bj_theta.out","w");

fprlntf(fln,"%d\n" bz .nconp);

for (i=1;i<=bz_.nconp; ++i )fprintf(fin,"% %%
"bz_.conp[i-1]1[0],bz_ .conp[i- 1101

fclose(fin);

fin = fopen("vel profile.out", "w");

fprintf(fin, "%d\n",bzvel . nconv);

for (i=1;i<=bzvel_.nconv; ++1)fpr1ntf(f1n,“%f of -,
bzvel _. conv([i-1]T0},bzvel .conv[i-1]{1]);
fclose(£fin);

fin=fopen (*bw_space.out","w") ;

fprintf (£in,"%d\n",bzw_.nconp);

for (i=1;i<=bzw_ nconp,++1)fpr1ntf(f1n “sf o v,
bzw_ conp[i-1]1[0],bzw_.conp[i-1][1])

fclose(fin});

fin=fopen ("constant_velocity_of_car.out", W'y
fprintf(fin, "$f",constant_ velocity of car):
fclose(fin);

}

i f(id_menu==4) {/*testing runge-kutta integration*/

/*|n|t|aI|zat|on*/

fin = fopen("runge initial.inp","r"):;
fscanf(fin,"%f % % % % %4v,
&t0,&tfinal, &x0([0],&x0[1],&tol, &trace);

fclose(fin);

printf("trace = %d\n",trace);

xJ d = init_point[0]:

x0{1] = init point{l]:;

printf("x0 = %f,%f\n", x0[0], x0[1]):
tfinal= s[PATH _NO-1];

printf(“tfinal = %f\n", tfinal);
getchar():

runge(tO tfinal,x0,tol,trace, tout,yout,&points,&er);

i f(id_menu==5){/*testing run%e kutta integration for alpha*/
[*initialization*
cprrent_}nt_anreﬁent = 1
fin = fopen("runge alpha.inp","r");
fscanf(fin, "$f %-% % % sdv,
&t02,&tfinal2,&x02[0],&x02(1],&t0l2, &trace2);
fclose(fin);
printf("trace = %d\n",trace2):

/*x02[0]) = - VA alphagc» /
/*x02{1] = 0 * ; alpha-s(O*/
/*x02[1] = -51n(x02[0])/car.d - path.theta s(0]; */

printf("x02 = %f,%f\n", x02{0], x02({1]):
tfinal2= s[PATH_NO-1]:

printf("tfinal2 = %f\n", tfinal2);
getchar ()

store_flag-for _runge_2 = 1;
runge_2(t02, tfinal2,x02,tol2,trace2, tout2, yout2,&npoints2



[ *conput e al pha for graphics*/

get alpha_along_path{():

[*conput e the steering angle*/

find path_steer_angles(current_int_increment):’

pl ot=steer-and drive forces(current_int_increment,7);

runge_ 3(t02,tfinal2,x02,tol2, trace2, tout2,yout2,&npoints2

}
if (id_menu==6) {
printf("testing f_£fn\n"):;
scanf ("$£f", & est-angl e);
scanf ("$£f", &test_C);
test_force = f_fn(test_angle,test_C);
printf ("angle,c,force = %£f, %£, $£\n", test-angle, test_C,te
printf ("testing get_quantlty\n")
scanf ("$£f", &test-angle);
printf ("angle = %$f\n", 180*get quantity at_s("the",test_ang.
printf ("angles = %f\n", get_quantity_at s("ths",test _angle)
printf("angless = $£\n", get-quantity at_s("tss",test_angle
printf("sd = %f\n", get-quantity-at-sT"sdv", test-angle) ):
printf("sdd = $£f\n", get_quantity_at_s(“sdd",test_angle));
}
if (id_menu==7)simulate();
if (id menu==8) {
printf("type of nodel = 2\n"):
scanf ("%d", &odel -fl ag) ;
simulate_2();
}
if (id_menu==9)simulate 3();
if (id _menu==10) {
/*read initial conditions for runge-kutta integration*/
fin = fopen("runge_alpha.inp","r");
fscanf(fin, "s£ % % % % sd,
&t02,&tfinal2, &x02{0),&x02({1],6&t0l2, &trace);
fclose(fin);
printf(“trace = %d\n",trace2);

printf("x02 = %f,%f\n", x02(0], x02(1}]);
tfinal2= s[PATH_NO-1];

printf("tfinal2 = $£f\n", tfinal2);
getchar ()

opt_trajectory(“vel");
}
if (id_menu==11) {
/*read initial conditions for runge-kutta integration*/
fin = fopen ("runge_alpha.inp","r"):
fscanf(fin, »s£ 9% 96 9% 9 sdv,
&t02,&tfina12,&x02[0],&x02[1],&tol2,&trace2);
fclose(fin);
printf (“trace = %d\n",trace2);

printf("x02 = %£,%£\n", x02(0], x02(1]);
tfinal2= s{PATH_NO-1];

printf("tfinal2 = %f\n", tfinal2);
getchar():

/[ *set nmodel type to use dugoff ellipse*/
model -flag = 2;
opt_trajectory("env");

}

if (id_menu==12) {

/*read initial conditions for runge-kutta integration*/
fin = fopen(“runge alpha.inp","r");
fscanf(fin, "$f 3£ &£ % 9% %4",
&t02,&tfinal2,&x02([0], &xOZ[l],&tolZ,&traceZ);
fclose(fin);



printf("trace = %d\n",trace2);

printf("x02 = %£,%£\n", x02[0], x02(1]);
tfinal2= s[PATH_NO-1]}:;

printf("tfinal2 = %£f\n", tfinal2);
getchar ()

/*opt_trajectory("pth");*/
/*opt_trajectory("pt2");*/
opt_trajectory("pt3"):
}
if (id_menu==13) {
/*read initial conditions for runge-kutta integration*/
fin = fopen("runge alpha.inp","r");
fscanf (fin,"%f %9 % % % s4av,
&t02,&tfinal2, &x02{0],&x02 (1), &t0l2, &tracel);
fclose(fin); -
printf("trace = %d\n",trace2);

printf("x02 = %f,%f\n", x02[0]), x02[1]):
tfinal2= s[PATH_NO-1]:

printf ("tfinal2 = %f\n", tfinal2);
getchar () ;

opt_trajectory("trj"):
}
if (id_menu==14) {
/*read initial conditions for runge-kutta integration*/
fin = fopen("runge_al pha. inp", "r") ;
fscanf(fin, "%£f $f $£f % % %4,
&t02,&tfinal2, &x02[0),&x02[1), &t012, &trace?);
fclose(fin);
printf ("trace = %d\n",trace2);

printf("x02 = %f,%f\n", x02(0}, x02[1]);
tfinal2= s[PATH_NO-1):

printf("tfinal2 = %£f\n", tfinal2);
getchar();

/*opt_trajectory("TRJ"); */
opt_trajectory(“TR2");
}
if (id_menu==15) {
path-type = ( (path type==1) ? 0 : 1 );
/ *make sure both representations have
sane initial point*/
if (path-type==0
{
init_point [0]
init_point (1]

bzw_.conp{0] [0];
bzw_.conp(0] [1];
}
el se
{

bzw_.conp[0] [0]

bzw_.conp[0] [1]

init_point [0];
init_point[1]}:

}
pos_profile no = PATH NO
for (i=1;i<=pos_profile no;++i)
{pos profile at switch[i-1][0) = s[i-1];
pos_profile_at_switch{i-1] {1] = path.thetal{i-11;}
}
if (id_menu==16) {
vel_type = ( (vel_type==1) ? 0 1)
/*make sure both representations have
same initial velocity*/
if (vel type==0)



constant _vel ocity-of-car = bzvel_ .conv{0] [I];
for (i=1;i<=VEL_PATH_NO;++i)/*0ld vel type=1*/
{vel profile_at_switch[i-1]){0] = velpro_s{i-1]:;
vel profile at_switch{[i-1] (1] = velpro sd[i-1];}
}
el se

bzvel _. conv([0] [1] = constant velocity _of-car
for(i=1;i<=VEL PATH NO;++i)/*old vel_ type=0*/
{vel profile_at_switch[i-1] [0] = velpro_s[i-1];
vel profile at_switch[i-1] [1] = velpro_sdd[i-1]; }

}
if (id_menu==17) {
/*read initial conditions for runge_kutta integration*/
fin = fopen("runge_alpha.inp","r");
fscanf(fin, "s£ % % % % %d“,
&t02,&tfinal2, &x02(0),&x02([1},6&t0l2, &trace2):;
fclose(fin);
printf(*trace = %d\n",trace2);

printf(*x02 = %£,%£f\n", x02{0]), x02[ 11):
tfinal2= s[PATH_NO-1}:

printf("tfinal2 = %f\n%, tfinal2),
getchar () ;

opt_trajectory("cvl") ;

}
if (id_menu==18) {
/ *conput e kinematic beta*/
[ *conput e al pha-r along the path*/
[ *conput e al pha-f al ong the path*/

[

if (id_menu==19)c = 't';
break ;

}

greset ():

1

/*****

exit
*****/

gexit () ;

/***********************************

restore textport to centre of screen
Khkkkkkkkkkkkkk Kk kh kA KK RRRX AKX AK KR KA K /

textport (20,1250,200,1000) ;
}

/***************************************************************/
/* find angle made with x-axis by a vector */

/***************************************************************/
float anglex( x, y ) /*returns angle between -pi and pi*/
float x, v;

{
fl oat gamm;

if (abs(x) < 0.000001 )



if ( y>0.0)
gamma = PI/2;
el se
gamma = 3*PI/2;

if ( x>0.0)

g?nna = (float)atan ((double) (abs(y)/abs(x))):
|

(y >=0.0)
ganma = gammag;
el se
ganma = 2*PI - ganmg;

}

if ( x <0.0)
{
gamma = (float)atan((double) (abs(y)/abs(x)));
If (y>0.0)
gamma = Pl - gamms,;
el se
gamma = Pl + gammms;
}

/*modi fication to make angle |ie betwee -180 and 180*/
if ( (gamma>PI) && (gamma<=2*PI) ) gamma = gamma - 2*PI;

/**printf ("anglex = % \n", 180*gamma/PI); **/
return(gamma) ;

:oat anglex_2( X, Yy ) /*returns angle between 0 and 2*pi*/
oat x,Y;

if ( abs(x) < 0.000001 )
{
if (y>=0.0)
gamm = PI/2;
el se
gamma

3*PI/2;
}

if ( x>0.0)
{
ganmma = (float)atan((double) (abs(y)/abs(x)));
If (y>0.0)
ganma = ganms,;
el se
ganma = 2*PI - ganmm,
}

if ((x <0.0)

\
gamma = (float)atan((double) (abs(y)/abs(x})):
if (y>0.0)
gamma = PI - gammg,
el se
gamma = Pl + gammms;
}

/**printf ("anglex = % \n", 180*gamma/PI); **/
return (gamma) ;

}



real -char (s, | en,x)

char s[1;

int len;

float x;

{

Int i,3,k,c,n,m,negative=0;

if (x<0.)
{
negative=1l;
X = -X;
}

i-0;

n=m=(int) X

do {
s[i++] = n%10 + 70°;
} while ((n/=10) >0);:

if (negative) s{i++]='-;

/*reverse the interger part
for (3=0,k=1i~1; j<k; j++,k--)
{
c=s[ j}:
s[jl=s(k}:
slkl=c;
}

if (len '=0 s[i++)=".";
X=X- M

[ *deci mal part*/
for (j=0; j<len; j++)
{
x=x*10;
n=(int) x;
s{i++]="0'+n;

X=X-n;
}
s[i]="\0";

}

*/



/****************************************************************************

LABORATORY FOR ROBOTI CS AND AUTOMATION,MANE, UCLA, 1990
program defwn.c
function: programto open a 3-d box at the screen coordinates
(xm nvp, xmaxvp, ym nvp, ymaxvp) with limts on the coordinate axes specified by:
§xninmﬁn,anXMAn; for the x axis
ym nwi n,ymaxwin) for the y axis
(zm nwin, zmaxwi n) for the z axes
created: june 1990
hi story:
**************************************************************************/
#i ncl ude <gl.h>
#i ncl ude <device.h>
struct p (int winposi[4]([10);/*positions of the wi ndows in screen
coor di nat es*/
float wincoord[6](10];/*limits on the box coordi nate axes*/
int wingid([10}; /*wi ndow ids*/
int nwin;, /*nunber of wi ndows */
} winpar ;

defwin(wint,id, xminvp, xmaxvp, yminvp, ymaxvp, xminwin, xmaxwin, yminwin, ymaxwin, zminwij
char wint[] ;
| ong *Xm nvp, *xmaxvp, *yminvp, *ymaxvp, *id;
fl oat *xminwin, *xmaxwin, *yminwin, *ymaxwin, *zminwin, *zmaxwin;

/*************************************

store the wi ndow positions and | ocal

coor di nat es

*************************************/
winpar .winposi{0] [winpar.nwin-1] = *Xmnvp ;
winpar.winposi[l) [winpar.nwin-1] = *Xmaxvp ;
winpar.winposi(2] [winpar.nwin-1] = *yminvp :
winpar.winposi (3] [winpar.nwin-1] = *ymaxvp :
winpar.wincoord{0] {winpar.nwin-1] = *Xnmi nwi n;
winpar.wincoord{1l] [winpar.nwin-1] = *Xnmaxw n;

winpar.wincoord[2] [winpar.nwin-1] = *yminwin;
winpar.wincoord([3] [winpar.nwin-1] = *ynmaxw n;
winpar.wincoord[4] (winpar.nwin-1] = *zminwin;

winpar.wincoord[5] [winpar.nwin-1] = *zZnmaxw n;

/**************************************

no borders on the w ndows
***********************************/

noborder () ;

/***********************************

W ndow position in screen coords
***********************************/

prefposition (*xminvp, *xmaxvp, *yminvp, *ymaxvp) ;

/***************

wi ndow id

***************/

*Id = winopen(wint):;
W npar.w ngi d[ Wi npar.nw n-1] = *id;
wntitle(wint) ;

/**************et*********

open the 3-d box

*************************/

ortho(*xminwin, *xmaxwin, *yminwin, *ymaxwin, *zminwin, *zmaxwin) ;

color (BLACK) :



clear () ;
swapbuffers():

color (BLACK) ;

clear () ;

swapbuffers():

W npar.nw n = W npar.nw n+l;
}

getwi n(x,y, gw n) _
Int *x,*y; /*screen coordinates of the nouse button*/
int *gwin; /*wi ndow i d nunber*/
{
int i, flag;
flag =0;

/**********************************************

find the wi ndow which encl oses the point
(x,y)
***z*****************************************/
for(i=1;i<=winpar.nwin;++i)
{
if (((*x>=winpar.winposi{0][i-1]) && (*x<=winpar.winposi[l}[i-1]))é&&
((*y>=winpar.winposi[2][i-1])&& (*y<=winpar.winposi{3][i-1])))
{
*gwi n=i;
flag =1;

/**********************************
if (x,y) is not in any w ndow
set w ndow nunber = 0

********************************/

if (flag==0) *gwin = O;



/*****************************************************************************

witten by Satish

program ta similate the mtions alonn a snecified nath of a hicvele
******************************************************************************/

#i ncl ude <gl.h>

#i ncl ude <device.h>

#i ncl ude <stdio.h>

#i ncl ude <math.h>
#incl ude "runge_sim.h"

#def i ne norm(x,y) sqrt(sqr(x)+sqr(y))

#defi ne abs(x) ( ((x)>=0.0) ? (x) : —(x))
#define sqr(x) ((x)*(x))
#define PI 3.141592654

extern struct p {int winposi[4](10];/*screen coords of the wi ndows*/
float wincoord[6][10];/* limts on the |local coordinate
systems of the w ndows*/
int wingid{10]); /*w ndow i ds*/
int nmin; /*total nunber of w ndows opened*/
} winpar ;

extern struct vehicle {float mass, lc, d, alpha, alpha-f, alpha_r, Ft, Beta
fnr, fnf, width, wheel-length, wheef-wdth; 1} car

extern float s[500],x[500][2],xs{500]([2],xss[500][2};

extern int PATH NO

extern struct paths {float theta[500],theta_s[500],theta_ss[500]:} path;
extern struct paths2 {float alpha[500],alpha_s[500],alpha_ss[500]:} pdyn;
extern struct forces {float beta[1000], drive([1000], dis[1000); int np;] force:

extern float constant-velocity-of-car;

extern fl oat velpro s[1000], velpro_sd[1000], velpro_sdd[1000];
extern int VEL _PATH_NO

extern float init_point[2];

/*to store the tine along path*/
extern float time_along_path[1000]:

si mul at e- 30

{

long ier;

float find time_along_path():

[*initialization*/

to5 = 0.0

tfinalb = s{PATH_NO-1]:

tol5 = 0.1;

traceb = 1,

x05[0] = init_point(0]; /* XI = x */
x05{1] = cos(path.theta[0]1): /* x2 = dx/ds */
x05[2) = init_point[1]; /xyl =y */
x05(3)] = sin(path.theta(0]): /* y2 = dy/ds */
x05[4] = O OQ/*path.theta]Q + pdyn.alphal0]: */ /* phil = phi */
x05[5] = 0.0;/*(path.theta_s[0] + pdyn.alpha_s{0]):*/ /*phi2 = dphi/ds*/
x05{6] = velpro_sd(0]}: /* sd(0) */
x05{7)] = 0.0; /* s(0) */

printf(“x05 = %f,%f,%f,%f,%£,%£,%£,%£\n", x05(0], x05(1]1, x05(2], x05(31, x05([4],
printf ("tfinald = %f\n", tfinalb):
getchar () ;



runge_sim_3(tOS,tfinalS,xOS,tolS,traceS, tout5, yout5, &énpoints5, &ier);

}

/****************************************************************************/

/* for the integration of the state (x,dx/dt,y,dy/dt, phi,dphi/dt) with */

/* respect to s given the steering angle and the driving force */
/****************************************************************************/

state sim 4 (dist, x, xprime)
fl oat dist,x[8],xprime(8]:
{

i nt i

float get_control_at_s(); /*returns the steering angle and driving force*/
float get quantity at_s():

float anglex():

float £ _alpha_r():

float £ fn():

float get distance_at_time();

[*fl oat dist;*/

oat sd at dist, sdd at_dist;
oat theta-at dist;
oat al pha- atdi st;
oat control._i.dir, control.j_dir, control-phi-dir:

al pha-front, al pha-rear
Crear, Cfiront; /*force constant on rear wheel */

fl oat steering-angle, driving-force:
float psi-front;

80000;
- 80000:

Crear
Cfront

/*********************************************************************/

/* using x[0] = x, x[1]= dx/ds, x[2] = y, x[3] = dy/ds, x/
/* x[4]) = phi, x(5) = dphi/ds, x[6] =sd, x[7]) = s */
/* conpute the state dynam cs at the given state */

/*********************************************************************/

sd_at _di st x[6];

t het a- at - di st get_quantity_at_s("the",dist):

al pha- at - di st x[4]) - theta_at _dist;

/*get the steering angle and driving force*/
steering-angl e = get_control_at_s("str",dist);
driving-force = get_control at_s("drv",dist) ;

/*determi ne al pha-front*/

psi-front = anglex( cos(alpha at-dist),
car.d*x[5] - sin(alpha_at_dist) );

al pha_front = steering-angle - psi-front;

[*determi ne al pha-rear*/
-alpha rear = f_alpha_r(dist, sd_at_dist, al pha-at-dist, 0.0, x[5]*sd_at_dist):

/*find the controls in the i and j and phi directions*/



control. i dir =
f
( driving-force - f_fn(alpha_front,Cfront)*sin(steering_angle) )*cos(x[4])
- ( f_fn(alpha rear,Crear)+f fn(alpha_front,Cfront)*cos(steering_angle) ) *sin(x[4
)/ car.nmass

control. j. dir =
{
( driving force - f_fn(al pha front,Cfront)*sin(steering_angle) ) *sin(x[4])
+( £ fn(alpha rear,Crear)+f fn(alpha front,Cfront) *cos (steering_angle) ) *cos(x [4
)/ car . mass ;

control phi dir =
car. H%
f _fn(alpha_front,Cfront) *cos(steering_angle) - f_fn(alpha_rear,Crear)
)/ car.lc;

sdd_at_dist = (
driving-force*cos(al pha-at _dist)
- £ _fn(alpha_front, Cfront)*51n(alpha at_dist+steering_angle)
- f fn(alpha_rear, Crear)*31n(alpha_at_dlst)
) /car.mass;

[ *conpute the derivatives*/

xprime (0] = x[1]:
/* dx/ds = X_S */

[

xprime[l] (control- i- dir-x[1]*sdd at_dist)/sqr(sd_at_dist):
/

d2x/d2s = (control x-x_s*sdd)/sgr(sd) */

xprime [2] x{3]:

/* dy/ds = ys*/

xprime (3] (control_ j_dir-x([3]*sdd_at dlst)/sqr(sd at_dist);

/*d2y/ds2 = (control -y-y-s*sdd)7sqr(sd)*/

il

xprime[4] x[5];

/* dphi/ds = phi-s*/

xprime [5] (control_phi_dir-x[5]*sdd_at_dist)/sqr(sd at-dis

/* d2phi/d2s = (control - phi - phi - sTsdd)/qu(sd) */

f

xprime [6] sdd_at_dist/x[6];

/* d(sd)/ds = sdd/sd */

xprime{7} = 1.0;
/* ds/ds = 1*/

}

state_sim 3(dist,x,xprime)
float dist,x[8],xprime(8];
{

i nt i

float get-control_at_s(): /*returns the steering angle and driving force*/
float get_quantity at_s():

fl oat anglex():

float £ alpha r();

float £ _fn();

float £ alpha_dd();

float sdd at dist;
float theta at dist, thetas at_dist, thetass_at_dist;



float control .i_.dir, control_j_dir;

fl oat al pha-front, alpha-rear;

float Crear, Cfront; /*force constant on rear wheel*/
float steering-angle, driving-force:

float psi-front;

Crear 80000;

Cfront = -80000:

/*********************************************************************/

/* using x([0] = x, x[1]= dx/ds, x[2] = Y, x[3) = dy/ds, :/
/* x[4] = al pha, x [5] = dalpha/ds, x[6] =sd, x[7] = s /
/* conpute the state dynamcs at the given state */

/*********************************************************************/

theta_at _di st
thetas_at_di st
thetass_at _di st

get_quantity at_s("the",dist);
get_quantity_at_s("ths",dist);
get_quantity at_s("tss",dist);

/*get the steering angle and driving force*/
steering-angl e = get_control at_s("str",dist);
driving-force = gef-control-at-s("drv",dist);

/*determ ne al pha-front*/
psi-front = anglex( cos(x[4]),
car.d* (thetas_at_dist+x[5]) - sin(x[4]) ):

al pha-front = steering-angle - psi-front;

[ *determ ne al pha-rear*/
al pha-rear = f alpha_r(dist, x[6], x[4]), x[5]1*x[6], thetas_at_ dist*x[6]):

/[*find the controls in the i and j and phi directions*/
control_ i_ dir =
!
( driving force -
f fn(alpha_front,Cfront)*sin(steering_angle) )*cos(theta_at_ dist+x{4])
- ( £ _fn(alpha_rear,Crear)+f_fn(alpha_front, Cfront)*cos(steerlng angle) ) *sin{thet
)/ car.mass ;

control_ j. dir =

{
(driving-force - £ fn(alpha _front,Cfront)*sin(steering_angle) )*sin(theta_at_d:
+ ( f_fn(alpha_rear, Crear) +f fn(alpha front, Cfront)*cos(steerlng angle) ) *cos (thet

)/ car. mass :

sdd_at_dist = (
driving_ force*cos(x[4])
-~ f_fn(alpha_front,Cfront)*sin(x[4])]+steering_angle)
- £ fn(alpha_rear, Crear)*31n(x[4])
)/ car. nass;

[ *conpute the derivatives*/

xprime[0] = x[1]:
/* dx/ds = x_s */

(control _i_dir-x[1)*sdd_at_dist)/sqr(x[6]):
-sin(theta at dist)*thetas_at_dist;

xprime (1]
xprime (1]



/* d2x/d2s (control x-x_s*sdd)/sqr(sd) =/
xprime{2] = x[3];
/* dy/ds ys*/
xprime (3] = (control -j -dir-x[3]*sdd_at_dist)/sqr(x[6]):
xprime[3] = cos(theta_at dist)*thetas_at_dist;
/* d2y/ds2 = (control-y-y-s*sdd)/sqr(sd)*/
xprime{4] = x[5];
/* dalpha/ds = al pha-s*/
xprime (5] = £ alpha dd(dist, x[6], sdd_at_dist, x[4], x[5])*x[6],
t hetas_at_dist*x[6],
thetas_at_dist*sdd_at_dist + thetass_at_dist*sqr(x[6]),
Crear);
Xxprime (5] ( xprime[5] - x[5]*sdd_at_dist )/sqr(x[G]):
/* al pha-ss =
xprime[6) = sdd_at_dist/x[6];
/* d(sd)/ds
xprime[7] = 1.0;

: */
sdd/ sd */

/* ds/ds = 1*/



/*****************************************************************************

witten by Satish
programto simulate the notions alona a specified path of a bicvcle

*****************************************************************‘k************/

#i ncl ude <gl.h>

#1 ncl ude <device.h>

#i ncl ude <stdio.h>

#1 ncl ude <math.h>

#i ncl ude "runge_sim.h"

Xdefine norm(x,y) sqrt(sqr(x)+sqr(y))

#defi ne abs(x) ( ((x)>=0.0) ? (xX) : =(x))
#define sqr(x) ((x)*(x))
#define PI 3. 141592654

extern struct p (int winposi([4][10]};/*screen coords of the wi ndows*/
float wincoord(61{10];/* limts on the |ocal coordinate
systens of the w ndows*/
int wingid({10}; /*w ndow i ds*/
int nwin; /*total nunber of w ndows opened*/
} winpar ;

extern struct vehicle {float mass, Ic, d, alpha, alpha-f, alpha r. Ft, Beta,
fnr, fnf, wdth, wheel-length, wheel width;} car;

extern float s[500],x[500]1{2]),xs[500])([2] ,xss [500](2]);

extern int PATH NO

extern struct paths {float theta[500],theta_s[500],theta ss[500]:} path;
extern struct paths2 {float alpha[500},alpha s[500],alpha_ss[500]:} pdyn;
extern struct forces {float beta[1000], drive[1000], dis[1000}; int np:;} force

extern float constant-velocity-of-car;

extern float velpro s[1000]), velpro_sd[1000], velpro_sdd[1000}:
extern int VEL_PATH_NO;
extern float init_point[2];

/*to store the time along path*/
extern float time_along path[1000];

/*to simulate using different nodel s*/
i nt nodel -fl ag; /*0 for saturation node
1 and 2 for dugoff nodel */

/*dugoff nodel ellipse major and m nor axes values for plotting?*/
extern float dugoff ellipse_ Fxmax,

dugoff ellipse_ Fymax;
si mul at e- 20

{

FILE *fin;

|l ong ier;

float find time_along _path{():

—

j .

int i, j;

fl oat anglex{():

float f alpha r():

float sd dis;

float drive-force

float get control at_s():
fl oat dugoff force();
float £_fn();

float Crear:



[*initialization*/

t o4 = 0.0;

/*

tfinal4 = find_time_along_path();

*/

tfinal4d = s{PATH_NO-1};

tol4 = 0.1;

trace4 = 1;

x04[0] = init_point[0]; /* xI = x */
x04[1] = cos(path.theta[0])*velpro_sd[0]: /* X2 = dx/dt */
x04[2] = init_point[1]; /*yl =y */
x04{3] = sin(path.theta(0])*velpro_sd[0]; /* y2 = dy/dt */
x04[4] = path.theta[0] ; /* phil = phi */

x04[5] = path.theta s[0]*velpro_sd[0]; [ *phi 2 = dphi/dt*/

printf ("x04 = %f,%f,%f,%f,%f,%f\n", x04[0], x04[1), x04[2], x04({3], x04[4]), x04[5]
printf ("tfinal4 = $f\n", tfinald);
getchar ()

/* read the type of nodel used*/
/*
fin=fopeq("model_flag.dat“,"r“);

fscanf(fin, "$d",smodel flag);
fclose(fin});

*/

if (model_flag == 0)
runge sim(t04,tfinal4,x04,told,traced, tout4,youtd, &npointsd,&ier);
el se
runge_dugoff (t04,tfinal4,x04,tol4,trace4, tout4d,youtd,&npointsd, &ier);

[*mmm transfer values to global variables for plotting ----—-—-=======-——- x/
if (model flag==1)
{
siml.np = npoints4,
for (i=1;i<=simul.np;++1i)
for(j=1;j<=STD2;++j) simul.x[i-1][j-1] = youtd[i-1]{[j-1]; /*STD2=6*/

for(i=1;i<=simul.np;++i) simul.dis[i-1] = toutd({i-1];

[ *conpute al pha*/

for (i=1;i<=simul.np:++i)

{

simul.alpha[i-1] = -(youtd4[i-1l][4]-anglex(yout4[i-1][1],youtd[i-1]([3]1)):

[*conpute al pha-rear*/
sd-dis = sqrt( sqr(yout4[i-1)[1]) + sgr(youtd[i-1]}(3]) );
simul.alpha_rear(i-1] =

f alpha r(simul.dis([i-1], sd-di s, simul.alphal[i-1], 0.0, yout4([i-1](5]):

[ *compute |inear nodel forces*/
drive-force = get_control_at_s("drv",simul.dis[i-1]);

[ *comput e dugoff forces*/
sinul . dugoff _f _rear[i-1] = dugoff_force(drive_ force,simul.alpha_rear[i-1]):

/*store the major axes of the ellipse for plotting*/
simul.dugoff Fxmax{i-1] = dugoff ellipse Fxmax;
simul.dugoff Fymax[i-1] = dugoff ellipse Fymax;

/*conpute rear tire forces given by saturation nodel */
Crear = 80000. 0,
sinmul .sat. f_ rear[i-1] = f_fn(simul.alpha_rear([i-1],Crear);



plot_simul results():
}
}

/****************************************************************************/

/* for the integration of the state (x,dx/dt,y,dy/dt,phi,dphi/dt) with */
/* respect to s given the steering angle and the driving force */
/****************************************************************************/
state_sim 2 (time, x,xprime)
float time,x[6],xprime[6];

{

i nt i

float get control at s(); /*returns the steering angle and driving force*/
float get_quantity at_s():

float anglex():

float £_alpha_x();

float £ fn();

float get_distance at time():

float dist;

oat sd_at_dist;

oat theta at dist;

oat al pha-at-dist;

oat control_i_dir, control _j_dir, control phi dir;

float al pha-front, alpha-rear;
float Crear, Cfront; /*force constant on rear wheel */

steering-angle, driving force;
psi-front;

80000;
- 80000;

/[*find the correpsonding distance at the given time*/
/*dist = get-distance-at-tine(time); =*/
di st = tineg;

/*sd = sqrt( sqr(x2) + sqr(y2) )*/
sd_at_di st = sqrt(sqr(x[1]) + sqr(x[3]) ):

t het a- at - di st

anglex(x[1],x[3]); /*get_quantity at_s("the",dist);*/

al pha_at _di st x[4] - theta-at-dist;

/*********************************************************************/

/* using x[0] = x, x[1]=dx/dt, x[2] =y, x[3] = dy/dt, */
/* x(4) = phi, x[5] = dphi/dt */
/* conpute the state dynamics at the given state */

/*********************************************************************/

/*get the steering angle and driving force*/
steering-angl e = get_control at_s("str",dist);
driving-force = get_control_at_s("drv",dist):
/ *det erm ne al pha-front*/
psi-front = anglex( cos(alpha at dist),
car.d*x[5)/sd_at_dist - sin(alpha_at_dist) );
/*note: phi-s = x[5]/sd_at_dist*/
al pha-front = steering-angle - psi-front;



/ *det erm ne al pha-rear*/ _
al pha-rear = £ alpha r(dist, sd_at_dist, al pha-at-dist, 0.0, x[5]):

/[*find the controls in the i and j and phi directions*/
control_i. dir =

| ( driving-force - f_fn(alpha_front,Cfront)*sin(steering_angle))*cos(x[4])
- ( f_fn(al pha_rear,Crear)+f fn(alpha_front,Cfront)*cos(steering_angle) )*sin(x[4
}/car.mass H

control_ j. dir =

I
( driving-force - £_fn(alpha_front,Cfront)*sin(steering_angle) )*sin(x{[4])

+ ( f_£fn(alpha_rear,Crear)+f_fn(alpha_front,Cfront) *cos(steering_angle) ) *cos (x[4
) /car.mass :

control phi-dir =
car.d* (
f fn(alpha_front,Cfront) *cos(steering_angle) - f fn(alpha_rear,Crear)
) /car.Ic:

[ *conpute the derivative*/

xprime (0] = x[1]: /* dx1/dt = X2 */
xprime[1] = control _i _dir; /* dx2/dt = control -x */
xprime(2] = x([3]; /* dyl/dt = y2*/
xprime[3] = control j dir ; /* dy2/dt = control -y*/
xprime[4] = x[5]; /* dyl/dt = y2*/
xprime[5] = control phi dir ; /* dy2/dt = control -y*/
for (i=1;i<=6;++i) xprime[i-1] = xprime[i-1]/sd_at dist;

}

/****************************************************************************/

/* for the integration of the state (x,dx/dt,y,dy/dt,phi,dphi/dt) wth */
/* respect to s given the steering angle and the driving force */
/* using the dugoff nodel * /
/****************************************************************************/
st at e- dugof f (ti me, x, xpri me)
float time,x[6],xprime[6];

{

i nt i

float get_control_at_s(); /*returns the steering angle and driving force*/
float get_quantity at s():

float anglex():

float f_alpha_xr():

float £ fn():;

float get_distance at_time():

float dugoff force(): /*conputes rear tire force using dugoff nodel */
float dist;

at sd at dist;

at theta-at dist;

at al pha-at -di st; o o
at control.i.dir, control _j .dir, control-phi-dir;



fl oat al pha-front, alpha-rear;
float Crear, Cfront; /*force ‘constant on rear wheel */

fl oat steering-angle, driving-force;
float psi-front;

80000;
- 80000:

Crear
Cf ront

[*find the correpsonding di stance at the given tine*/

/*dist get-distance-at-tine(time); */

di st = tlne

/*sd = sqrt( sqr(x2) + sqr(y2) )*/

sd_at_di st = sqgrt(sqgr(x[1]) + sqr(x[3])):

t het a- at - di st = anglex(x[1),x[3]); /*get_quantity_at_s("the",dist);*/

al pha- at - di st x[4] - theta-at-dist;

/**********************************************************'k**********/

/* using x[0] = x, x[1]= dx/dt, x[2] = y, x[3] = dy/dt, */
/* x[4])] = phi, x[5] = dphi/dt */
/* conpute the state dynamics at the given state */

/****'*****************************************************************/

/*get the steering angle and driving force*/
steering-angl e = get_control_at_s("str",dist);
driving-force = get_control at_s("drv",dist);
[ *det erm ne al pha-front*/
psi-front = anglex( cos(alpha at_dist),
car.d*x[5]/sd_at_dist - 51n(alpha at dlSt))
/*note: phi-s = x[5]/sd_at_dist*/
al pha-front = steering-angle - psi-front;

/ *det erm ne al pha-rear*/
al pha_rear = f_alpha_r(dist, sd_at dist, alpha_at _dist, 0.0, x[5]);

/*find the controls in the i and j and phi directions*/
control. i. dir =
f
( driving-force - f_fn(alpha front,Cfront)*sin(steering angle) )*cos(x[4])
- ( dugoff_ force(dr1v1ng force,alpha_rear)+f fn(alpha_front,Cfront) *cos(steering_.
)/ car.nmass ;

control_j_dir =
(
( driving force - f_fn(alpha front,Cfront)*sin(steering angle) )*sin(x[4])
+ ( dugoff force(dr1v1ng force,alpha rear)+f fn(alpha__ front, Cfront) *cos (steering_:
)/ car. mass

control phi dir =

car. JP

f f?;alpha front,Cfront) *cos (steering_angle) - dugoff force(driving_force,alj
car.lc;

[ *conpute the derivative*/
xprime[0] = x([1]; /* dx1/dt = X2 */
xprime (1] = control .i .dir; /* dx2/dt = control-x */

xprime [2] = x[3]: /* dyl/dt = y2%*/



xprime[3] = control _j _dir : /* dy2/dt = control _y*/

xprime (4] x[51; /* dyl/dt = y2*/

xprime (5] = control phi dir ; /* dy2/dt = control _y*/

for (i=1;i<=6;++1i) xprime[i-1] = xprime[i-1]/sd_at_dist;

float find time_along_path()

{
float tine-taken

i nt i
time along path([0] = 0.0; /*initialze*/

for (i=1;i<=VEL_PATH_NO-1; ++i)
{
i f (velpro_sd[i-1]1<0.01) wvelpro_sd{i-1] = 0.01;

time-along-path[i] = time_along _path([i-1] +
(velpro_s([i]-velpro_s(i-1])/velpro_sd[i-1] :
}

return(time_along_path[VEL_PATH NO-1]):
1

/****************************************************************************/

/* returns the distance along the path at a given tine */
/****************************************************************************/

float get_distance at_time(time)
float tinme;

{
int i, t-index;
float quantity;

int time-flag;
time-flag = 0;

[*find the indices of the points enconpassing the given distance*/
for (i=1;i<=VEL PATH_NO-1;++i)

i f( (time>=time along_path[i-1]) && (time<time_along_path([il}) ) (t-index = i; tim
}

if (tine-flag==l)
{
return
velpro_s[t_index-1] +
(time-time along path(t_index-1])*(velpro_s([t_index]-velpro_s(t_index-1])/(time_a:
) ;

else /*return quantities at the end of the velocity profile*/
{

return(velpro_s[VEL_PATH NO-1]):
}

}



/****************************************************************************/

/* plots the sinulated results */
/****************************************************************************/

plot_simul results{()

long cell-id; /*cell id*/

i nt i;

[Hmmmmm e plot rear tire forces in cell no 9=-----=-=om-cmomomon——o */
cell-id = winpar.wingid([9-1];

winset (cell id):
col or (BLACK);

clear():

[*draw the axes*/

color (RED);

move (0.0,0.0,0.0);
draw(150.0,0.0,0.0);
nmove(O. O -6500.0,0.0);
draw(0.0,6500.0,0.0);

linewidth {1}

color (YELLOW) ;

move (simul.dis[0], simul.dugoff_ f_rear[0],0.0):

for (i=2;i<=simul.np;++i) draw(simul.dis[i-1],simul.dugoff_f_rear([i-11,0.0);

color (GREEN) ;
move (simul.dis[0], simul.sat_f_rear[0],0.0);
for(i=2;i<=simul .np;++i) draw(simul.dis{i-1],simul.sat _f _rear[i-1],0.0):

swapbuffers();



/**************‘k******************************************k********************

witten by Satish _ o _
program to simulate the notions along a specified path of a bicycle

******************************************************************************/

#i ncl ude <gl.h>

#i ncl ude <device.h>

#i ncl ude <stdio.h>

#1 ncl ude <math.h>

#i ncl ude "runge_sim.h"

#def i ne norm(x,y) sqgrt (sqr(x)+sqgr (y))

#define abs(x) ( ((x)>=0.0) ? (X) : =(x))
#define sqr(x) ((X)*(Xx))
#def i ne PI 3.141592654

extern struct p {int winposi([4][10]);/*screen coords of the w ndows*/
fl oat wincoord[6][10]};/* limts on the |ocal coordinate
systens of the w ndows*/
int wingid{10}; /*w ndow i ds*/
int nwin; /*total number of w ndows opened*/
} winpar :

extern struct vehicle {float mass, lc, d, akﬁha, al pha-f, alpha r, Ft, Beta
fnr, fnf, wdth, eel -1 ength, wheel width; } car;

extern float s([500],x({500][2],xs[500][2],xss[500][2];

extern int PATH NG

extern struct paths {float theta[500],theta s[500],theta_ss[500];} path;
extern struct paths2 {float alpha[500),alpha s[500),alpha_ss[500);} pdyn;
extern struct forces {float beta[1000], drive([1000], dis[1000}; int np;} force;

extern float constant velocity of car;

extern float velpro s[1000], velpro_sd[1000], velpro_sdd{1000];
extern int VEL_PATH_NG

simulate ()

{
FILE *fin;
long ier;

[*initialization*/
fin = fopen(“runge simulate.inp", "r");
fscanf(fin, “%£ % % % % % 9% s%d-,
&t03,6&tfinal3, &x03[0],&x03[1),&x03[2],&x03[3],&t0l13,&trace3);
fclose (fin):
printf ("trace = %d\n",trace3);

x03[1] = velpro_sd([0]; /*constant-velocity-of-car; */

printf ("x03 = %f,%f,%f,%f\n", x03[0], x03[1], x03[2], x03[3)):
tfinal3= s[PATH_NO-1}:;

printf("tfinal3 = %f\n", tfinal3);

getchar ();

runge_4(t03,tfinal3, x03,tol3,trace3, tout3,yout3,&npoints3,&ier);

/****************************************************************************/

/* for the integration of the state (sd, alpha, alpha s) with */
/* respect to s given the steering angle and the driving force */

/**********'k*******************‘k*********************************************/



state_sin(dist,x, xprinme)
float dist,x[4],xprime(4]:

{

float get_quantity at_s();

float get control_at_s(); /*returns the steering angle and driving force*/
float anglex():

float f _alpha_xr():

float £_fn():

float £ _alpha_dd():

float theta_at-dist, thetas at-dist, thetass_at_dist;
fl oat thetad at dlSt, thetadd at dlst,
fl oat sdd-at-dist:

float al pha-front, alpha-rear;

float Crear, Cfront; /*force constant on rear wheel */
float steering-angle, driving-force;

float psi-front;

Crear = 80000;

Cfront = -80000;

/*find all required quantities at s = dist*/

theta at_di st = get_quantity_at_s("the",dist):
thetas_at_di st get_quantity_at_s("ths",dist);
thetass_at_dist get-quantity-at-s("tss",dist);

/*********************************************************************/

/* using s = x(0], sd = x[1], al pha = x[2], al pha-s = x(3], */

/* conpute the state dynanics at the given state */
/*********************************************************************/

/*get the steering angle and driving force*/

steering-angl e = get_control_at_s("str",dist);

driving-force = get_control_at_s("drv",dist):

[ *determ ne al pha-front*/

psi-front = anglex( cos(x[2]),
car.d*(thetas_at_dist+x[3]) - sin(x[2]) )

al pha-front = steering-angle - psi-front;

[ *det erm ne al pha-rear*/
al pha_rear = f alpha_r(dist, x[1]}, x[2], x[3]*x[1), thetas_at_dist*x[1]) :

sdd-at-dist = (
driving_ force*cos(x[2]) -
f fn(alpha_rear,Crear) *sin(x([2]) -
f _fn(alpha_front,Cfront)*sin( x[2])+steering_angle )
)/car.mass ;

/*conpute the derivative*/
xprime[0] = 1.0; /* ds/ds =1 */

xprime{l] = sdd_at dist/x[1]; /* d(sd)/ds = sdd/sd */

xprime[2] x[3); /* d(alpha)/ds = al pha-s*/

xprime (3] = f_alpha_dd(dist, x[1], sdd-at-dist, =x[2], x[3]1*x[1],
thetas_at_dist*x[1],
thetas_at_dist*sdd_at_dist + thetass_at_dist*sqr(x{1]),

Crear);



xprime[3] = ( xprime([3) - x[3]*sdd_at_dist )/sqr(x([1]);

}

/* al pha-ss = . . . */

/****************************************************************************/

/*

returns the controls at dist */

/******'k***************************‘k*****************************************/

fl oat
char
fl oat
{

i nt
floa
i nt

n
fi

poi
/*
for

i f
}
if(
{
i f
{

}
el

o
[*if qty

}
el
{

}

get-control -at-s(qty,dist)
qty[3];
di st;

i, S index:
t quantity;
poi nt-fl ag;

t-flag = O;
nd the indices of the points enconpassing the given distance*/
(i=1;i<=force.np-1;++i)

( (dist>=force.dis[i-1]) && (dist<force.dis([i]) ) { s-index = i; point-flag =
point-flag == 1)

( (qtyl[0]=="s8") && (qty[ll=="t’) && (gty[2]=='r") )
[*if gty = "str" return beta*/

guantity = force.betals index-1] +
(dist-force.dis[s_index-1])* (force.beta[s_index]-force.beta[s_index-1])/(force
return (quantity):;

se if ( (qtyl0]l=='d’) && (qtyl[ll=="r') && (qty[2]=='Vv') )

= wdrv" return theta-s*/

quantity = force.drive(s_index-1] +
(dist-force.dis[s_index-1))*(force.drive[s-index }-force.drive[s_index-1])/ (for
return (quantity)

se
printf ("quantity unrecogni zabl e!! ERROR !\n");

getchar ()
return(-21000.0);

}
el se /*return quantities at the end of the path*/

{
i f
{

}
el
{

}
e

{

}

( (qty[0]=="s’) && (qty[l]=="t') && (qty[2]=='x") )

quantity = force.beta[force.np-1];
return(quantity);

se if ( (qtyl[0]=="d’) && (qty[l]=="r’) && (gty[2]=="Vv') )

quantity = force.drive([force.np-1];
return(quantity);

se
printf ("quantity unrecogni zabl e!! ERROR f\n"):

getchar (),
return(-1000.0):






/*this programuses the runge kutta nethod to integrate a differential equation

*/
/* used for integration in the sinulation*/
#i ncl ude <gl.n>
#i ncl ude <device.h>
#i ncl ude <stdio.h>
#i ncl ude <math.h>
#define abs(x) ( (x) >= 0.0 ? (X): =-(x))
#define sqr(x) ((x)*(x))
#define NP 1000 /* NP = no of points along the path*/
#define STD3 8 /*state dimension for the simulation*/

extern struct p {int winposi[4][10]:/*screen coords of the w ndows*/
float wincoord([6]({10):/* |limts on the |ocal coordinate
systems of the w ndows*/
i nt wingid([10]:; /*wW ndow ids*/
int nwin; /*total number of w ndows opened*/
} winpar ;

runge_sim 3(t0,tfinal,y0,tol,trace, ttout,yyout,npoints,ier)
float t0,tfinal,y0[STD3],tol;

int trace, *npoints, *ier;

float ttout[NP], yyout([NP] [STD3];

{
FI LE *fout:

fl oat pow, quant;

i nt nargin;

float t;

float x1([{sSTD3],k2[STD3],k3(STD3],%k4(STD3),k[STD3], vec[STD3];
float hmax, hmn, h;

float y(sTp3), tau, delta;

I nt icount,i:

long cell-id; /*cell id*/

[*functions called from outside */
/*float norm(), infnorm(), power-(), min2();*/

*ler = 0;

[ *check*/
if (trace) {
printf(“in ode23\n"):
printf(*t0 = %, tfinal = %£f\n",t0,tfinal);
printf("y0 = %, $f,%f, wf, %f, $£, $£, ¥£\n",y0[0),y0([1},y0(2],y0[3],y0(4],¥y0
printf ("tol=%f\n", tol);
printf (“"trace = %d\n",trace);

}

[*initialization*/

t = to;

hmax = (tfinal-t)/5.0;

hmn = (tfinal-t)/20000.0;

h = (tfinal-t) /500;

if (trace) printf(™at start, h= %£f\n",h):

y[0] = y0[0]), y[1) = y0{1]):

y[2] = yO[2}:y[3] = yO[3]:

y[4] = y0([4]: y[5] = yO[5];

y[6] = yO[6]; y[7] = yO[7]:
t

if(trace) printf("a
icount = 1;
ttout [icount-1] = t;

start, y= %, %f,%f, %f,%f, % f, % f, s£\n",y(0],y (1], y(2], y



yyout [icount-1]1{0] = y[0]; yyout[icount-1}[1] = y[1};
yyout {icount-1]1[2] = y[2]; yyout[icount-1][3] = y(3];
yyout [icount-1][4]) = y[4]; yyout[icount-11[5] = y[5];
yyout [icount-1][6] = y[6]; yyout[icount-1][7] = y[7];

[ *main | oop*/
while( t<tfinal )

{
if(t+h>tfinal){ h = tfinal -t:}
/ *sl opes*/
/* Kkl = h*f(to,yo) */

state_sim3(t,y, kl):
for (I=1;i<=STD3;++i) k1[i-1] = h*k1l[i-1]:

/* k2 = h*f(to+0.5%h,yo+1/2%k2) */

for (i=1;i<=STD3;++i) vec[i-1] = y[i-1] + 0.5*k1[i-1];
state sim 3(t+0.5*h, vec, k2);

for (i=1;1<=STD3; ++i ) k2[i-1] = h*k2[i-1];

/* k3 = h*f(to+0.5*h, y0+1/2*k2) */

for (i=1;i<=STD3;++i) vec[i-1] = y[i-1) + 0.5*k2([i-1];
state sim 3(t+0.5*h, vec, k3);

for (i=1;i<=STD3; ++i) k3[i-1] = h*k3[i-1]:

/* k4 = h*f(to+h, yo +k3) */

for (i=1;i<=STD3;++1i) vec[i-1] = y[i-1] + k3[i-1];
state sim 3(t+h, vec, k4);

for (I=1;1<=STD3; ++i) k4[i-1]} = h*k4[i-1];

for (i=1;i<=STD3;++i) Kk[i-1] = (k1[i-1]+2*k2[i-1]+2*k3[i-1]+k4(i-1])/6.0;

[ *update y */

for (i=1;i<=STD3;++i) y(i-~1)} = y[i-1] + k[i-1};

t = t+h;

icount = icount +1;

if(trace) printf("icount = %d\n", icount):;

ttout [icount-1] = t;

for (i=1;i<=STD3;++i) yyout[icount-I][i-1] = y[i-1]:

if(trace) printf("y = %, %, %, %f, %, 9%, %£f, %, t = %f\n", y[0], y[1], yi{2

}

if( t<tfinal ) {printf(“"singularity likely\n"); *ier =1;}
*npoints = icount;

[*plot the path in the first w ndowt/
cell-id = winpar.wingid([1-1]:

winset (cell id):

i new dth(3);

frontbuffer (1):

color (WHTE);
move (yyout (0] [0], yyout[0}1[2], 0.0);
for (i=2;i<=*npoints;++i) draw(yyout[i-1]1[0], yyout([i-1][2], 0.0);

/*plot the velocity profile in the fourth w ndowt/
cell-id = winpar.wingid[4-1];

winset (cell_id):

frontbuffer(1l):

color (WHTE);

move (ttout [0}, yyout (0] ([6], 0.0);

for (i=2;i<=*npoints;++i) draw(ttout[i-11, yyout[i-1][6], 0.0);
linewidth (1) :



/*plot alpha in the sixth w ndow/
cell-id = winpar.wingid[6-1]:;
winset (cell_id):

frontbuffer(l):

color (WHITE) ;
move (ttout [0], yyout[0] (4], 0.0);
for (i=2;i<=*npoints;++i) draw(ttout[i-1], yyout[i-1][4], 0.0);

}



/*this program uses the runge kutta method to integrate a differential equation
*

*/

/* used for integration in the simulation*/
#i ncl ude <gl.h>
#i ncl ude <device.h>
#i ncl ude <stdio.h>
#i ncl ude <math.h>
#defi ne abs (x) ( Sx) >> 0.0 ? (x): =-(x))
#define sqr(x) ((x)*(x))
#define NP 1000 /* NP = no of points along the path*/
#define STD2 6 [ *state dinension for the sinulation*/

#include "objects.h"

extern struct p {int winposi[4]([10]:/*screen coords of the w ndows*/
float wincoord(6](10]1;/* |imts on the |ocal coordinate
systens of the w ndows*/
int wingid([10]: /*w ndow i ds*/
int nwin; /*total nunber of w ndows opened*/
} winpar ;

runge sim(t0,tfinal,y0,tol,trace, ttout,yyout,npoints,ier)
float t0,tfinal,y0[STD2],tol;

int trace,*npoints, *ier;

float ttout[NP], yyout{NP][STD2]:;

{
FI LE *fout:;
fl oat anglex():

float pow, quant;

int nargin;

float t;

float x1(STD2]},k2[STD2],k3[STD2),k4[STD2]),k[STD2]}, vec[STD2];
float hmax, hmn, h;

float y[sTD2], tau, delta

int icount,i;

long cell-id;, /*cell id*/

[*functions called from outside */
/*float norm(), infnorm(), power-(), min2();*/

*ier = 0O

[ *check*/
if(trace) {
printf ("in ode23\n");
printf ("t0 %, tfinal = %f\n",t0,tfinal);
printf ("y0 % , %, %, %, %, %f\n",y0[0],y0[1],y0(2],y0(3],y0([4],y0([5)):
printf ("tol=%f\n",tol);
printf ("trace = %d\n",trace):

}

[*initialization*/

t = to;

hnmax = (tfinal-t)/5.0;

hmn = (tfinal-t)/20000.0;

h = (tfinal-t)/500;

if (trace) printf("at start, h= %$f\n",h):

y[0] = y0[0]); y(1) = yO[1);
y[(2] = y0([2]); y(3] = y0(3];
y[4) = yO0[4]1; y[5] = yO0[5]);

i f(trace) printf("at start, y= %, %f, %f, %f, %£, %f\n",y([0],y[1], y(2), y(3], y(4
icount = 1;



ttout[icount-1] =t;

yyout [icount~1] [ Q01 = y[0]; yyout(icount-1]([1] = y[1];
yyout [icount-1][2] = y[2]; yyout[icount-1]([3] = y[3}];
yyout [icount-1][4] = y[4]; yyout{icount-1][5] = y[5];

[*main | oop*/
while( t<tfinal )
{
if(t+h>tfinal){ h = tfinal -t;}

/ *sl opes*/

/* Kkl = h*f(to,yo) */

state sim_2(t,y, kl):

for (i=1;i<=8TD2;++i) k1[i-1] = h*k1l{i-11];

/* k2 = h*f(to+0.5%h,yo+1/2*k2) */

for (i=1;i<=STD2;++i) vec[i-1) = y[i-1] + 0.5*k1[i-1]:
state_sim 2(t+0.5*h, vec, k2);

for (i=1;3i<=STD2;++i) k2[i-1} = h*k2[i-1]:

/* K3 = h*f(to+0.5*h, y0+1/2*k2) * /

for (i=1;i<=STD2;++i) vec[i-1] = y[i-1] + 0.5*k2[i-1];
state sim 2(t+0.5*h, vec, k3);

for (i=1;i<=STD2; ++i ) k3[i-1]} = h*k3[i-1]:

/* k4 = h*f(to+h, yo +k3) o/

for (i=1;i<=STD2;++i) vec[i-1] = y[i-1] + k3[i-1];
state sim 2(t+h, vec, k4);

for (i=1;1<=STD2;++i) k4[i-1] = h*k4[i-1];

for (i=1;i<=STD2;++i) K[i-1] = (kl[i-1]+2*%k2[i-1]+2*k3[i-1]+k4[i-1])/6.0;

[*update y */
for (i=1;i<=STD2;++i) y[i-1] = y[i-1] + k(i-1]):

t = t+h;
icount = icount +1;
if (trace) printf ("icount = %d\n", icount):

ttout[icount-1] = t; _
for (i=1;i<=STD2;++i) yyout[icount-11 [i-I] =y [i-l];
if(trace) printf('y = %, %, %£f, %, %£f, %, t = %$f\n", y([0], y{1]), vyI[2], y[3],

}
if( t< tfinal ) {printf("singularity likely\n"); *ier =1;}

*npoints = icount;

/[*plot the path in the first w ndowt/
makeobj(simul_alpha):

cell-id = winpar.wingid(1-1];

winset (cell id):

l'inew dth(3);

frontbuffer (1l):;

color(WH TE) ;

move (yyout [0] [0]), yyout[0]([2], 0.0);

for (i=2;i<=*npoints;++i) draw(yyout[i-1]([0], yyout{i-11{2], 0.0);
closeobj();

cal l obj (simul_alpha);

/*plot the velocity profile in the fourth w ndowt/
cell-id = winpar.wingid[4-1);

winset (cell _id):

frontbuffer (1);

color(WH TE) ;



move (ttout[0], sgrt( sqr(yyout{0]([1]) + sqr(yyout[0]{31)),0.0);

for (i=2;i<=*npoints;++i) draw(ttout[i-1},
sqrt( sqr(yyout([i-1] [1]) + sgr(yyout[i-1]1([3])),
0.0);

linewidth (1)

/[*plot alpha in the 6th w ndow/
cell-id = winpar.wingid{6-1};
winset (cell_id);
frontbuffer (1);

coloxr (WHITE) ;
move (ttout [0], - (yyout[0]{4]-anglex(yyout[0][1l],yyout{01(3]1)), 0.0);
for (i=2;i<=*npoints;++i)
draw (ttout [i-1], ~(yyout[i-1][4]-anglex(yyout{i-1]{1],yyout(i-1](31)), 0.0);
/*store s in data files for plotting*/
fout = fopen("s_sim.mat","w");
f or (i=1;i<=*npoints;++i) fprintf (fout,"%$£f\n", ttout[i-1]):
fclose(fout):

/*store sd in data files for plotting*/
fout = fopen("sd sim.mat","w"):;
for (i=1;i<=*npoints;++i) fprintf (fout, "%$£f\n",
sqrt ( sqr (yyout [i-I] [1]) + sqr (yyout [i-11(3])))
fclose(fout)

/*store alpha in data files for plotting*/
fout = fopen("alpha sim.mat™", "w");
for (i=1;i<=*npoints;++i) fprintf(fout, "%f\n",
- (yyout[i-1] [4]~anglex(yyout [i-1] (1] ,yyout[i-1][31)))
fclose(fout):;

/*store path in data files for plotting*/

fout = fopen("pathx_sim.mat","w");

for (i=1;i<=*npoints;++i) fprintf (fout,"%£f\n",yyout [i-1][0]);
fclose(fout);

fout = fopen("pathy sim.mat", "w"):

for (i=1l;i<=*npoints;++i) fprintf (fout,"$£f\n",yyout [i-1]{2]):
fclose(fout):

}



[*this program uses the runge kutta method to integrate a differential equation

*/
/* used for integration in the sinmulation using the dugoff nodel */
#include <gl.h>
#i ncl ude <device.h>
#include <stdio.h>
#include <math.h>
#define abs(x) ( (x) >= 0.0 ? (x): -(x))
#define sqr(x) ((x)*(x))
#define NP 1000 /* NP = no of points along the path*/
#define STD2 6 /*state dinension for the sinmulation*/

extern struct p {int winposi[4][10];/*screen coords of the w ndows*/
float wincoord[6])(10];/* limts on the local coordinate
systenms of the w ndows*/
int wingid({10]:; /*wi ndow i ds*/
int nwin; /*total nunmber of w ndows opened*/
} winpar ;

runge dugoff(t0,tfinal,y0,tol,trace, ttout,yyout,npoints,ier)
float t0,tfinal,y0[STD2],to0l:;

int trace,*npoints, *ier;

float ttout[NP], yyout[NP][STD2]:;

{
FI LE *fout;
float anglex():

fl oat pow, quant;

int nargin;

float t;

float k1[STD2],k2(STD2],k3([STD2},k4[STD2],k(STD2], vec[STD2};
float hmax, hmin, h;

float y([sTD2], tau, delta;

int icount,i;

long cell-id; /*cell id*/

[*functions called from outside */
/*float norm(), infnorm(), power-(), min2():*/

*ier = 0;

[ *check*/
if (trace) {
printf("in ode23\n"):
printf ("t0 = %f, tfinal = %$f\n",t0,tfinal);

printf ("y0 = %, %, %, %, %, %f\n",y0[0],y0(1],y0([2],y0(3],y0(4],y0[5]):

printf ("tol=%f\n",tol);
printf ("trace = %d\n", trace):;

}

[*initialization*/

t = to; .

hmax = (tfinal-t)/5.0;

hmn = (tfinal-t)/20000.0;

h = (tfinal-t)/500;

if(trace) printf("at start, h= %f\n",h):

y{0) = y0[0]); y[1] = yO[1];
yl(2) = y0[2]; y(3] = y0[3]:
yi{4] = y0(4]: y(5] = yO0([5}:

if (trace) printf(“at start, y= %£, %f, %f, %f, %f, %f\n",y(0],y(1], y(2], yI(3],
icount = 1;
ttout [icount-1] = t;

y(4



yyout [icount-1] [0] = y[0]; yyout[icount-1][1]} = y[1]};
yyout [icount-1] [2] y[2]: yyout[icount-1]{3] = y[3];
yyout [icount-1] [4] y(4]: yyoutlicount-11[3] = yI[5];

[ *mai n | oop*/
while( t<tfinal )
{
if(t+h>tfinal){ h = tfinal -t;}

/ *sl opes*/

/* kI = h*f(to,yo) */

state dugoff(t,y, k1),

for (i=1;i<=STD2;++i) k1[i-1] = h*k1l[i-1]:

/* k2 = h*f(to+0.5*h,yo+1/2%*k2) */

for (i=1;i<=STD2;++i) vec[i-1] = y([i-1) + 0.5*k1[i-1];
st at e_dugoff (t+0.5*h, vec, k2):

for (i=1;i<=STD2;++i) k2[i-1] = h*k2[i-1];

/* k3 = h*f(to+0.5*h, y0+1/2%*k2) */

for (i=1;i<=STDZ2;++1i) vec[i-1] = y[i-1] + 0.5*k2[i-1};
state_dugoff (t+0.5*h, vec, k3):

for (i=1;i<=STD2;++i) k3[i-1]) = h*k3[i-1]:

/* k4 = h*f(to+h, yo +k3) */

for(i=1;i<=STD2;++i) vec[i-1] = y[i-1] + K3 [i-l]

state dugoff(t+h, vec, k4);

for (i=1;i<=STD2;++i) k4{i-1] = h*k4[i-1];

for(i=1;i<=STD2;++1i) k[i-1]}] = (k1{i-1]+2*k2[i-1]+2*k3[i-1]+k4{i-1])/6.0;

/[ *update y */

for(i=1;i<=STD2;++i) y[(i-1])] = y[i-1] + k[i-1]:
t = t+h;
icount = icount +1;

if(trace) printf(“"icount = %d\n", icount):;

ttout [icount-1] = t;

for (i=1;i<=STD2;++i) yyout{icount-1] [I-]1] = y{i-1];

if(trace) printf("y = %, %, %, %, %, %, t = %£\n", y[0], vI(1], Y(2], y[3],

}

if( t<tfinal ) {printf("singularity likely\n"); *ier =1;}
*npoints = icount;

/[*plot the path in the first w ndowt/
cell-id = winpar.wingid[1-1];

winset (cell _id):

i new dth(3);

frontbuffer(1l):

color (WHITE) ;
move (yyout (0] [0], yyout [0][2],0.0):
for (i=2;i<=*npoints;++i) draw(yyout([i-1][0]}, yyout[i-1][2], 0.0);

/*Plot the velocity profile in the fourth w ndow/
cell-id = winpar.wingid[4-1];

winset (cell id):

frontbuffer (1):

col or (WH TE)
move (ttout {0], sqrt( sqgr(yyout{0]([1]) + sqgr(yyout[0]([3]) ), 0.0);
for (i=2;i<=*npoints;++i) draw(ttout[i-1],
Sqéf( sgr(yyout[i-1] (11) + sqr(yyout(i-1]1(31)),

linewidth (1) ;



/*F|Ot alpha in the 6th w ndow/
cell id = winpar.wingid{6-1];
winset (cell id);

frontbuffer (1)

color (WHITE) ;
move (ttout [0], =-(yyout[0][4]}-anglex(yyout{0]{1]} ,yyout [01[3])), 0.0);
for (i=2;i<=*npoints;++i)
draw(ttout [i-1}, -(yyout {i-1]([4]-anglex(yyout[i-1][1],yyout[i-1][31)), 0.0);

/*store s in data files for plotting* /

fout = fopen("s sim.mat","w"):

for (i=1;i<=*npoints;++i) fprintf (fout,"$£f\n", ttout(i-1]1):
fcl ose(fout);

/[*store sd in data files for plotting*/
fout = fopen("sd_sim.mat","w"):;
for (i=1;i<=*npoints;++i) fprintf (fout, "$f\n",
sqrt( sgr(yyout[i-1][1]) + sqr (yyout [i-1][3])));
fclose(fout);

/*store alpha in data files for plotting*/
fout = fopen("alpha sim.mat"™,"w");
for (i=1;i<=*npoints;++i) fprintf(fout,"%\n",
—-(yyout [i-1] [4]-anglex(yyout [i-1][1],yyout[i-1]1[3]))):
fclose(fout);

[*store path in data files for plotting*/

fout = fopen("pathx sim.mat","w");

for (i=1;i<=*npoints;++i) fprintf (fout,"%$f\n",yyout{i-1]1{01);
fclose(fout):;

fout = fopen("pathy sim.mat","w");

for (i=1;i<=*npoints;++i) fprintf(fout,"%\n", yyout [i-1](21);
fclose(fout);

}



/*this program uses the runge kutta method to integrate a differential equation

*/
/* used for integration in the sinulation*/
#i ncl ude <gl.h>
#i ncl ude <device.h>
#i ncl ude <stdio.h>
#i ncl ude <math.h>
#define abs(x) ( (x) >= 0.0 ? (X): ~-(x))
#defi ne sgr(x) (( ) (x))
#define NP 1000 /* NP = no of points along the path*/
#define STD 4 [ *state dinension for the sinulation*/

extern struct p {int winposi[4](10]};/*screen coords of the w ndows*/
fl oat wincoord[6]1([10]1;/*limitson the |ocal coordinate
systenms of the w ndows*/
int wingid| 10] [ *w ndow i ds*/
int nwin, /* total number of windows opened*/
} winpar ;

runge_4(t0,tfinal,y0,tol,trace, ttout,yyout,npoints,ier)
float tO0,tfinal, yO[STD] tol:;

i nt trace *np0|nts *ier;

fl oat ttout[NP], yyout[NPI [STD]:

{
FI LE *fout:

fl oat pow, quant;

int nargin;

float t;

fl oat kl[STD] k2[STD],k3[STD],k4(STD1,kI[STD], vec[STD|;
float hmax, hnln h;

float- y[STD], tau, delta;

int icount,

| ong ceII-ld [*cell id*/

[*functions called from outside */
/*float norm(), infnorm(), power-(), min2();*/

*ier =0

[ *check*/
if(trace) {
printf ("in ode23\n"):;
printf("t0 = %, tfinal = $f\n",t0,tfinal);
printf("y0 = %, $f, %f, %f\n",y0[0],y0(1},y0{2],y0(3]):
printf ("tol=%f\n", tol);
printf("trace = %d\n",trace);
}

[*initialization*/

t =to;

hmax (tfinal-t)/5.0;

hm = (tfinal-t)/20000.0;

h (tflnal t)/500;

|f(trace) printf("at start, h= %f\n",h):
y[0] = y0[0]); y[1] = yO[1];

y[2] = y0[2); y([3] = yO0[3];

if (trace) printf ("at start, y= %f, %f, %f, $f\n",y{0]1,y{1], yI(2]), YI[31):
icount = 1;

ttout[icount-1] = t;

yyoutticount-11 (91 = y{03; yyout[icount-1] (1]

yl(1l]);
yyout [icount-1]}{2] = y[2]; yyout [icount-1][3]

y(31:

[*main loop*/



while( t<tfinal )

{
if(t+h>tfinal){ h = tfinal -t;}

/ sIo es*/
= h*f(to,yo) */
state_snﬂt,y, k1) ;
f or (i=1;i<=STD;++i) k1[(i-1] = h*k1l([i-1];

/* K2 = h*f(to+0. 5*h,yo+l/2*k2) */
for(i=l;i<=STD; ++i) wvec[i-1] = y[i-1] + 0.5*k1[i-1];
state_ sim(t+0.5*h, vec, k2);

for (i=1;i<=STD;++i) k2[i-1] = h*k2[i-1]:

/* K3 = h*f(to+0.5*h, y0+1/2*k2) */

for(i=l;i<=STD; ++i) wvec[i-1] = y[i-1] + 0.5*k2[i-1];
state_sim(t+0.5*h, vec, k3):;
for (i=1;i<=STD;++i) k3[i-1]

h*k3([i-1];

/* K4 = h*f(to+h, YO +k3) * /

for (i=1;3i<=STD;++1i) vec([i-1] y[{i-11 + k3[i-1};
state_sinm(t+h, vec, k4);

for (i=1;i<=STD;++i) k4[i-1}

h*k4[i-1]-;
for(i=1;i<=STD;++i) k{i-1] = (k1[i-1]+2*k2[i-1]+2*k3[i-1]+k4[i-1])/6.0;

[*update y */
for (i=1;i<=STD;++i) y[i-1] = y([i-1) + k([i-1];

t = t+h;
icount = icount +1_
if (trace) prlntf( |count = %d\n", icount):

ttout [icount-1] =
for (i=1;i<=STD; ++1)yyout[|count 1] [i-1]
|f(trace) printf("y = %£f, %, %, %,

y[i-1];
%f\n"l Y[O]l Y[I]l Y[Z]l Y[3]r t):

}

if( t<tfinal ) {printf("singularity likely\n"); *ier =1;}

*npoints = icount;

/*

printf ("before drawing\n");
getchar () ;

*/

cell-id = winpar.wingid[6-1];

winset (cell id):
linewidth (1) ;
frontbuffer (1)

/*plot the integrated function*/

col or (WH TE)

move (ttout [0], yyout[0][2], 0.0);

for (i=2;i<=*npoints;++i) draw(ttout[i-1]}, yyout(i-1]1([2}, 0.0);

/*
col or (YELLOW ;

move (ttout [0],yyout [0][1], 0.0);

for (i=2;i<=*npoints;++i) draw(ttout[i-1], yyout[i-1][1], 0.0);

col or (MAGENTA) ;

move (yyout (0] (0], yyout[0][1], 0.0);

for (i=2;i<=*npoints;++i) draw(yyout[i-1][0], yyout([i-1](1], 0.0);
*/

[*plot the velocity profile*/
cell-id = winpar.wingid(4-1];



winset (cell id):
l'inew dth(2);
frontbuffer (1):

/[*plot the integrated function*/

color (WHITE);

move (ttout {0], yyout[0][1], 0.0);

for (i=2;i<=*npoints;++i) draw(ttout([i-1], yyout([i-1]1[1],0.0):
linewidth(1);

/ *saving distance, velocity, alpha and alpha-s to data files for plotting */
fout = fopen("alpha_sim.mat", "w"):;

for (i=l;i<=*npoints;++i) fprintf (fout,"$f\n",yyout[i-1]{2]);

fclose(fout);

fout = fopen("sd_sim.mat","w");
for (i=1;i<=*npoints;++i) fprintf (fout,"$£f\n",yyout [i-1][1]):
fclose(fout):

fout = fopen("s_sim.mat","w");
for (i=1;i<=*npoints;++i) fprintf (fout,"$£f\n", ttout[i-11):
fclose(fout):

}



/jthis program uses the runge kutta method to integrate a differential equation

*/
#i ncl ude <gl.h>
#i ncl ude <device.h>
#i ncl ude <stdio.h>
#i ncl ude <math.h>
#define abs(x) ( (x) >= 0.0 ? (x): -(x))
#define sqgr(x) ((x)*(x))
#define NP 1000 /* NP = no of points along the path*/
#define SD 2 [ *state dimension*/
#def i ne PI 3. 141592654

extern struct p {int winposi[4]([10]:;/*screen coords of the w ndows*/
fl oat wincoord([6][10];/* |imts on the |ocal coordinate
systens of the w ndows*/
int wingid[10]; /*w ndow i ds*/
int nwin; /*total nunber of w ndows opened*/
} winpar ;

runge_3(t0,tfinal,y0,tol,trace, ttout,yyout, npoints,ier)
float t0,tfinal,y0[SD],tol;

i Nt trace,*npoints, *ier;

fl oat ttout[NP]}, yyout[NP] [SD]:;

{
FI LE *fout:

float pow, quant;

int nargin;

float t;

float kx1[sSD],k2[SD},k3[SD],k4([SD} ,k[SD],vec(SD}:;
float hmax, hmn, h;

float y[(sp], tau, delta;

i nt icount, i;

long cell-id; /*cell id*/

[*functions called from outside */
/*float norm(), infnorm(), power-(), min2();*/

*ler = 0;

[ *check*/

if (trace) {
printf("in ode23\n"):
printf("t0 = %, tfinal = %f\n",t0,tfinal);
printf ("y0 = %, $f\n",y0[0],y0([1]);
printf ("tol=%£f\n",tol);
printf ("trace = %d\n",trace):

}

initialization*/

= to

mx = (tfinal-t)/5.0;

mn = (tfinal-t)/20000.0;

= (ﬁ inal-t)/500;

(trace) printf("at start, h= %f\n",h):

y(0] = y0({0]; yI[1] = yO[l],

if(trace) printf("at start, y= %, %f\n",y[0],y[1]):
icount = 1;

ttout [icount-1] = t;

yyout [icount-1] (0] = y[0]; yyout[icount-1][1] = y{1};

I*
t
h
h
h
[

[*main | oop*/



while( t<tfinal )

{
if (t+h>tfinal){ h = tfinal -t:;}

/ *sl opes*/

/* kI = h*f(to,yo) */

state_alpha kin(t,y, k1)

for (i=1;i<=SD;++i) k1[i-1] = h*k1[i-1];

/* k2 = h*f(to+0.5*h,yo+1/2*k2) */

for (i=1;i<=8D;++i) vec[i-11 = y[i-1] + 0.5*kl[i-1]:
state_alpha_kin(t+0.5*h, vec, k2):

for (i=1;i<=SD;++i) k2[i-1] = h*k2[i-1];

/* k3 = h*f(to+0.5%h, y0+1/2*k2) */

for (i=1;i<=SD;++i) vec[i-1] = y[i-1] + 0.5*k2[i-1];
state_ alpha kin(t+0.5*h, vec, k3);

for (i=1;i<=SD;++i) k3[i-1] = h*k3[i-1}:

/* k4 = h*f(to+h, yo +k3) */

for (i=1;i<=SD;++i) vec[i-1] = y[i-1] +k3[i-1];
state al pha kin(t+h, vec, k4):

for (i=1;i<=S8SD;++i) k4([i~1) = h*k4[i-1}]:

for(i=1;i<=8D;++i) k[i-1] = (k1[i-1]+2%k2[i-1]+2*k3[i-1]+k4([i-1])/6.0;

[*update y */
for(i=1l;i<=8D;++i) y[i-1]
t = t+h;

icount = icount +1;
if(trace) printf("icount
ttout [icount-1] = t:
for(i=1;i<=8D;++i) yyout{icount-1][i-1] = y{i-1]:
if(trace) printf("y = %, %, t = %f\n", y[0], y[1], t);

yli-11 + k[i-1]:

$d\n", icount);

}

if( t<tfinal ) {printf("singularity likely\n"); *ier =1;}

*npoints = icount;

/*

printf ("before draw ng\n");
getchar () :

*

cell-id = winpar.wingid([6-1];
winset (cell_id):
linewidth (1) :

frontbuffer (1l):

[*plot the integrated function*/

color (GREEN) ;

move (ttout [0}, -yyout{0](0], 0.0);

for (i=2;i<=*npoints;++i) draw(ttout[i-11, -yyout {i-I] (0}, 0.0):

/*

color (YELLOW) ;

move (ttout [0],yyout [0][1], 0.0);

for (i=2;i<=*npoints;++i) draw(ttout[i-1], yyout([i-1](1], 0.0);

col or (MAGENTA) ;

move (yyout [0] [0], yyout[0]([1], 0.0);

for (i=2;i<=*npoints;++i) draw(yyout(i-1]1[0]}, yyout[i-1](1]), 0.0);
* /



/ *saving distance, alpha and al pha-s to data files for plotting */
fout = fopen("alpha kin.mat","w");

for (i=1;i<=*npoints;++i) fprintf (fout,"%$f\n",~-yyout[i-1]{0]J*180/PI);
fclose(fout);

fout = fopen("beta kin.mat","w");
for (i=1;i<=*npoints;++i) fprintf (fout,"%£f\n",atan(2*tan(-yyout [i~1][0}))*180/PI );
fclose(fout):

fout = fopen("s_kin.mat", "w");

for (i=1;i<=*npoints;++i) fprintf (fout, "$f\n",ttout [i-11);
fclose (fout);

}



/*this program uses the runge kutta nmethod to integrate a differential equation

*/
#i ncl ude <gl.h>
#i ncl ude <device.h>
#include <stdio.h>
#i ncl ude <math.h>
#define abs(x) ( (X) >= 0.0 ? (x): —-(x) )
#def i ne sqgr(x) ((x)*(x))
#define NP 1000 /* NP = no of points along the path*/
#define SD 2 [ *state dinmension*/
#define PI 3. 141592654

extern struct p {int winposi[4])[10]);/*screen coords of the w ndows*/
float wincoord({6](10};/* limts on the |ocal coordinate
systens of the w ndows*/
int wingid(10}; /*w ndow i ds*/
int nwin; /*total nunmber of w ndows opened*/
} winpar ;

extern int store-flag-for-runge-2;

runge_2(t0,tfinal,y0,tol,trace, ttout,yyout,npoints,ier)
float tO,tfinal,y0({SD],tol;

int trace,*npoints, *ier;

float ttout[NP], yyout[ NPl [SD]:

{
FI LE *fout:

fl oat pow, quant;

i nt nargin;

float t;

fl oat kx1{sD},k2([SD],k3[SD},k4{SD],k[(SD], vec{SD]:
float hmax, hmn, h;

float y([(spl, tau, delta;

int icount,i;

long cell-id; /*cell id*/

[*functions called from outside */
/*float norm(), infnorm(), power-(), min2();*/

*ler = 0;

[ *check*/

if(trace) {
printf("in ode23\n");
printf("t0 = %, tfinal = %$f\n",t0,tfinal);
printf ("y0 = %, $£f\n",y0([{0],y0([1]);
printf ("tol=%f\n",tol);
printf ("trace = %d\n",trace):

}

/*|n|t|aI|zat|on*/

= to;

hmax = (tfinal-t)/5.0;

hmn = (tfinal-t)/20000.0;

h = (tflnal t)/500;

if(trace) printf("at start, h= %£f\n", h);:

y[0] = y0[0]); y[1] = yO[1]:

if (trace) printf("at start, y= %, %f\n",y([0),y[1)):
icount = 1;

ttout [icount-1] = t;

yyout [icount-1] [0] = y[0]:; yyout[icount-1][1l] = y([1]:

—

[*main | oop*/



while( t<tfinal )

{
if(t+h>tfinal){ h = tfinal -t:}

/ *sl opes*/

/* kI = h*f(to,yo) */

state alpha(t Y, k1) ;

for (i=1;i<=SD;++i) k1[i-1] = h*k1l[i-1};

/* k2 = nh*f(to+0.5*h,yo+1/2%k2) */

for (i=1;i<=SD;++i) VeC[I-l] = y[i-1] + 0.5*k1{i-1];
state alpha(t+0.5*h, vec, k2);

for (i=1;i<=SD;++i) k2[1 1] = h*k2([i-1]:

/* k3 = h*f (to+0.5%h, y0+1/2%k2) */

for(i -| i <=SD; ++|) vec[i-1] = y[i-1] + 0.5*k2([i-1]:
Statg_alpha(t+0 5*h, vec, k3):;

for (i=1;i<=SD;++i) k3[i-1] = h*k3{i-1];

/* k4 = h*f t o+h, yo +k3) */

for(l—I D ++I vec[i-1] = y[i-1] + k3[i-1];
state alpha(t+h vec,k4);

for (i=1;i<=SD;++i) k4[i-1] = h*k4([i-1];

for (i=1;i<=SD;++i) k[i~-1] = (k1[i-1]+2%k2([i-1]+2*k3[i-1]+k4[i~-1])/6.0;
| * update y */

for(i=l;i<=SD;,++i) yl[i-1} = y[i-1] + k[i-1];

t = t+h;

icount = icount +1;

if(trace) printf("icount = $d\n", icount);

ttout{icount-1] = t;

for (i=1;i<=SD;++i) yyout[icount-1] [i-l] = y[i-1]:

if(trace) printf("'y = %, %, t $f\n", y[(0], y[11, t);

}

if( t< tfinal ) {printf(“singularity likely\n"):; *ier =1;}
*npoints = icount;

/*
printf ("before drawing\n");
getchar ()

*

cell-id = winpar.wingid[6-1];
winset (cell_id);
linewidth (1)

color (BLACK) ;
clear():

/*plot the integrated function*/

color (RED) ;

move (ttout {0], -yyout[0]1[0], 0.0);

for (i=2;i<=*npoints;++i) draw(ttout[i-1], -yyout [i-1}{0], 0.0);

color (YELLOW) ;
move (ttout [0],-yyout[0] [1], 0.0);
for (i=2;i<=*npoints;++i) draw(ttout{i-1], -yyout([i-1][1]}, 0.0);

/%
color (MAGENTA) ;

move (yyout [0] (0], yyout (0] (1], 0.0);

for (i=2;i<=*npoints;++i) draw(yyout[i-1][0], yyout[i-1][1], 0.0):
*/



swapbuffers();

/*saving distance, alpha and al pha-s to data files for plotting =/
i f (store_flag for runge_ 2==1)
{
fout = fopen("alpha_out.mat","w");
for (i=1;i<=*npoints;++i) fprintf (fout,"%f\n",-yyout [i-1}[{0]1*180.0/PI);

fclose(fout):

fout = fopen("alphas out.mat","w");
for (i=1;i<=*npoints;++i) fprintf (fout,"%$f\n",-yyout[i-1][1]1*180.0/PI);
fclose(fout);

fout = fopen ("s-out .mat","w"):
for (i=1;i<=*npoints;++i) fprintf (fout,"$f\n",ttout [i-1]);
fclose(fout);



/:this program uses the runge kutta nmethod to integrate a differential equation

x/
#i ncl ude <gl.h>
#i ncl ude <device.h>
#include <stdio.h>
#i ncl ude <math.h>
#define abs(x) ( (x) >= 0.0 ? (X): -(x))
#define sqr(x) ((x)*(x))
#define NP 1000 /* NP = no of points along the path*/
#define SD 2 [*state di nension*/

extern struct p {int winposi[4]{10]:;/*screen coords of the w ndows*/
float wincoord[61[10]1:;/* |imts on the |ocal coordinate
systens of the w ndows*/
int wingid(10]:; /*w ndow i ds*/
int nwin; /*total nunmber of w ndows opened*/
} winpar ;

runge(tQ tfinal,yQ tol,trace, tout, yout, npoints,ier)
float t0,tfinal,y0([SD],tol;

int trace,*npoints, *ier:;

fl oat tout[NP], yout[NP][SD}:

{
float pow, quant;

int nargin;

fl ;

fl
float hmax, hmn, h;

float y(sp], tau, delta;

i nt icount,i:

long cell-id; /*cell id*/

[*functions called from outside */
[*float norm(), infnorm(), power-(), min2();*/

*jer = O

[ *check*/

if(trace) {
printf ("in ode23\n");
printf ("t0 = 9%, tfinal = %$f\n",t0,tfinal);
printf("yO = %, $f\n",y0[0],y0[1]);
printf ("tol=%f\n", tol):
printf ("trace = %d\n",trace):

}

[*initialization*/

t =to;

hmax = (tfinal-t)/5.0;

hmn = (tfinal-t)/20000.0;

h = (tfinal-t)/500;

if(trace) printf("at start, h= %f\n",h):

y[0] = y0[0]); y[1] = yO[1];

if(trace) printf(“at start, y= %, %f\n",y[0],y[1]):
icount = 1;

toutf[icount-1] = t;

yout {icount-1]1[0] = y[0]; yout[icount-1]}(1] = y([1]:

[ *mai n | oop*/
while( t<tfinal )
{
if (t+h>tfinal){ h = tfinal -t:}

/ *sl opes*/



/* Kkl = h*f(to,yo) */

stateq(t, y, kl): |

for (1=l;1<=SD;++i) k1(i-1] = h*kl [i-1];

/* K2 = h*f(to+0.5%h,yo+1/2%k2) */
for(i=l;i<=SD,++i) vec(i-1] = y[i-1] + 0.5*%k1[i-1);

stateg(t+0.5*h, vec, k2):
for (i=1; i<=SD;++i) k2 [i-l] = h*k2[i-1];

/* K3 = h*f(to+0.5*h, y0+1/2*k2) */
for(i=l;i<=SD;,++i) wvec[i-1] = yl[i-1] + 0.5*k2[i~-1];
stateqg(t+0.5*h, vec, k3);

for (i=1;i<=SD;++i) k3[{i-1] = h*k3[i-1];

/* k4 = h*f(to+h, yo +k3) */
for(i=1;i<=8D;++i) vec[i-1] = y[i-1] + k3[i-1];
stateq(t+h, vec, k4);

for (i=1;i<=SD;++i) k4[i-1] = h*k4[i-1];

for(i=l;i<=SD;,++i) k[i-1] = (k1[i-1]+2*k2[i-1]}+2*k3([i-1]+k4([i-1]))/6.0;

[ *update y */
for(i=1;i<=S8D;++i) y[i-1]
t = t+h;

icount = icount +1;
if(trace) printf("icount
tout [icount-1] = t;

for (i=1;i<=8D;++i) yout [icount-1] [i-]] = y[i-1];
if(trace) printf("y = %f, %f, t = $f\n", y[0], y[1], t);

yli-1] + k[i-1];

$d\n", icount)

}

if( t<tfinal ) {printf("singularity likely\n"); *ier =1;}
*npoints = icount;

cell-id = winpar.wingid[5-1];
winset (cell id):

linewi dth (17

color (BLACK) ;
clear():

/*plot the integrated function*/

color (RED) ;

move (tout [0], yout[0] {0}, 0.0);

for (i=2:i<=*npoints;++i) draw(tout[i-1], yout[i-1]1[0], 0.0);

col or ( YELLOW ;
move (tout [0],yout [0][1], 0.0);
for (i=2;i<=*npoints;++i) draw(tout{i-1], yout([i-1]1(1], 0.0);

color (MAGENTA) ;
move (yout [0] [0}, yout [0][1], 0.0);
for (i=2;i<=*npoints;++i) draw(yout[i-1][0], yout[i-1][1], 0.0);

swapbuffers():

}



/*****************************************************************************

witten by Satish

program to optimze the velocity profile alona a specified path
****************'k'k************************************************************/

#i ncl ude <gl.h>

#i ncl ude <device.h>
#i ncl ude <stdio.h>
#1 ncl ude <math.h>

#define norn(x,y) sqgrt(sqr(x)+sqr(y))

#define abs(x) ( ((x)>=0.0) ? (x) : =-(x))
#define sqr(x) ((x)*(x))
#defi ne PI 3. 141592654

#defi ne MAX-NPAR 30 /*the nunber of paraneters for optim zation*/

extern struct p {int winposi([4)[10];/*screen coords of the w ndows*/
float wincoord[6][10):/* |[imts on the |ocal coordinate
systens of the w ndows*/
int wingid[10]; /*w ndow i ds*/
int nwin; /*total number of w ndows opened*/
} winpar :

float current mn tine;, /*to store the best tine*/
char QTY[3]:; /*to decide which to optim ze*/

float best-traj-tinme; /*stores the tine for the best trajectory*/
extern int current int_ increment;/*current point increnment*/

opt-trajectory(qty)
char qty([3]1;
{

fl oat par [MAX NPAR],cost,costmin,phi[MAX NPAR],tht [MAX NPAR],xflg{MAX NPAR];
i nt npar,ipt,ipr,icn,npiter,itlim ;

fl oat parZ[MAX_NPAR],cost2,costmin2,phi2[MAX_NPAR],tht2[MAX_NPAR],xfng[MAX_NPAR];
int npar2,ipt2,ipr2,icn2,npiter2,itlim2 ;

extern get-time-();

extern get-opt time_along path_():
fl oat dels,dlmin ;

fl oat dels2,dlmin2 ;

int i:

[ *for coarse conputation of control along the path*/
current-int-increment =7, /*7;*%/ /*1;*/ /[/*5;%/ /*10;*/

/| *check whether path and/or vel. profile should be optim zed*/
for (i=1;i<=3;++i) QTY[i-1] = gty[i-1]:

"t (QTY[0]=="p’) && (QTY[1l]=='t’) && (QTY[2]=="h') )

(QTY [0]=="p’) && (QTi}l]

(QTY[0]=="p’) && (QTL{l]

(QTY [0]=="Vv") && (QTéill

(QTY[0]=="e’) && (&%Y[1]==’n’) && (QTY (2])=="Vv"))
I

t’) && (QTY([2]=="2") )

‘t’) && (QTY[2]=="3") )

I

=re’) && (QTY[2]=="1") )

—_~ A~ A~~~



( (QTY[0]=='T’) && (QTY[1l]=='R’) && (QTY{2]=="J"))
1
( (QTY[0]=='T’) && (QTY[1l]=='R’) && (QTY[2]=='2") )
|l
( (QTY[0]=="c’) && (QTY[1]=="V') && (QTY[2]=="1"))
)

/* initialise the parameters of optimsation */
cost = 0.0 ;

ipt =0 :
i pr
icn

ic ;
(RS L

dl mn 0.001 ;
itlim= 1000;

LN

oIl

/*convert the control points of the acceleration profile to paraneters*/
bt opar ( &npar, par);

/*initialize the best tmeatthe noment*/
current-nmin-tine = 1000. 0,

/*iterate to get the optinum value of the link Iengths*/ .
patsh_(par,&cost,phi,tht,xflg,&npar,&dels,&dlmin,&itlim,&ipt,&npiter,&ipr,&lcn,ge*

/*convert the optimal paraneters to control points of the velocity profile*/
partob(npar, par);

se /*if QTY{[] = "trjnx/
/* initialise the parameters of optimsation */
cost2 = 0.0 :

ipt2 =0 ;
ipr2 = 4,
icn2 = 4 ;
npiter2=1 ;
del s2 = 1.

/*convert the control points of path to paraneters*/
QrY[d = 'p'; OTY[1] = 't'; QTY[2] = 'h‘;
btopar (&énpar2,par?):

[*initialize the best tine at the nonent*/
best-traj-tinme = 1000.0;

/*iterate to get the optinum value of the link I engths*/
patsh_(par2,&cost2,phi2,tht2,xflg2,&npar2,&dels2,&dlmin2, &itlim2, &ipt2, &npiter?, &:

/*convert the optimal paraneters to control points of path*/
QTY (0] = 'p'; QTY({1] = "t'; QTY[2] = 'h';
partob(npar2, par2);



/****************************************************************************7

witten by Satish

computes the limitc curve for the vehicle problem
*****************************************************************************1/
#include <gl.h>

#i ncl ude <device.h>

#i ncl ude <stdio.h>

#i ncl ude <math.h>

#include "limitc.h"

#define norm(x,y) sqrt(sqr(x)+sqr(y))

#define abs(x) ( ((x)>=0.0) ? (x) : —(x))
#define sqgr(x) ((&)*(x))
#define PI 3. 141592654

extern struct p {int winposi[4]([10];/*screen coords of the w ndows*/
fl oat wincoord{6}(10);/* limts on the |ocal coordinate
systens of the wi ndows*/
int wingid(10}; /*wi ndow ids*/
int nwin; /*total nunber of w ndows opened*/
} winpar ,

extern float s[500],x[500][2),xs[500][2]),xss[500]([2];

extern float velpro s[1000], velpro_sd[1000], velpro_sdd[1000];

extern int PATH_NO

extern int VEL_PATH NO

extern struct vehicle {float nass, Ic, d, alpha, alpha-f, alpha r, Ft, Beta,

fnr, fnf, width, wheel-length, wheel width;} car;
extern struct paths (float theta[500],theta s[500],theta_ss(500];} path;

/***************************************************************************/

/* conpute-limt-curve0 conputes the velocity limt curve */
/***************************************************************************/
float compute-limt-curve0O

{

}

/***************************************************************************/

/* vel limt_at_state() finds the velocity limt for given s, sd and */
/* al pha */
/***************************************************************************/
float vel limit_at State(dis, theta-dis, thetas-dis, alpha dis, alphas dis)
float dis, theta_dis, thetas dis, alpha_dis, alphas dis;

{
fl oat anglex():

float £ fn():

float £ alpha r():

float sd_at_dis, alpha-dis, alphas dis;

float sdlim_at dis;

fl oat kappa at dis;

float sign of-kappa;

float driving-force, steering-angle;

float driving-force-limt, steering-angle-limt;

fl oat al pha-front, alpha-rear;
float Crear, Cfront; /*force constant on rear wheel*/
float psi-front;

80000;
- 80000;

kappa-at-dis = thetas-dis

i f (kappa_at_dis> 0.0001)  sign-of-kappa = 1.0,
el se if(kappa_at_dis< -0.0001) sign-of-kappa = -1.0; _ o
el se return(1000.Q; /*infinite velocity limt*/



/*in
sdl i

nitialize*/
imat dis = 0.0;

/*optim ze over alpha-dis, alphas-dis and beta*/

for (alpha_dis= -0.5*PI; al pha-dis <= 0.5*PI;
{

{

for(steering_angle= -0.5*PI;

{

for (alphas_dis= -0.5*PI; al phas-dis <= 0.5*PI;

alpha_dis=alpha_dis+0.01)

alphas_dis=alphas_dis+0.01)
; steering-angle <= 0.5*PI:
steering_angle=steering_angle+0.05)

/*determi ne al pha-front*/
psi-front = anglex( cos(alpha_dis),

car.d* (thetas_dis+alphas_dis) - sin(alpha_dis) );
al pha_front = steering-angle - psi-front;
[ *determ ne al pha-rear*/ _ _
al pha_rear = f_alpha_r(dis, 1.0, alpha-dis, alphas-dis,
sd_at _dis = (

t hetas-dis);

si gn- of - kappa*abs( driving-force-limt*sin(al pha_dis) )
+ £ fn(alpha_front,Cfront)*cos(alpha dis+steering_angle)
+ f _fn(alpha_rear,Crear) *cos(alpha_dis)
) /car .mass/kappa_at_dis;
if (sd_at_dis>sdlim_at gdis) sdlimat dis = sd at dis;



/******‘k**********************************************************************

witten by Satish

computes the dynam cs of the vehicle
******************************************************************************/
#i ncl ude <gl.h>

#i ncl ude <device.h>

#i ncl ude <stdio.h>

#i ncl ude <math.h>

#i ncl ude "runge.h"

#define norm(x,y) sqrt(sqr(x)+sqr(y))

#define abs(x) ( ((x)>=0.0) ? (x) : =(x))
#define sqr(x) ((x)*(x))
#define Pl 3. 141592654

extern struct p [int winposi[4]}([10]};/*screen coords of the wi ndows*/
float wincoord{6}{10]:/* limts on the local coordinate
systens of the w ndows*/
int wingid[10]; /*w ndow ids*/
int nwin;, /*total nunber of w ndows opened*/
} winpar ;
extern float s[500],x[5001([2],xs[500)[2],xss[500][2];
extern float velpro s{1000], velpro_sd(1000], velpro_sdd{1000];
extern struct tv {int nconv; float conv([20]([2];} bzvel_:
extern struct tw {int nconp; float conp[20]([2];} bzw_;
extern Int VEL_PATH_NO;

extern int PATH NO
extern struct paths {float theta[500],theta_s[500],theta_ss[500];} path;

extern struct forces {float beta[l1000], drive[1000], dis[1000}; int np:;} force;
extern int store-flag-for-runge 2;

int ier_vel, ier path;

extern float current mn tine;

extern int path-type;

extern char QTY{3); /*to decide what to optim ze*/

extern float slope.O_desired, slope f.desired; /*desired initial and fina
theta's */

int existence-flag; /* 0 if roots exists, 1 if they do not*/

int violation-of-wheel-slip; /0 if wheel slip angle limts are not violated
1if they are*/

int violation of fr ellipse; /* O if friction ellipse is not violated,
1if it is*/

extern int current int increment: [*current point increment*/
extern float constant velocity_ of_ car: [*initial velocity*/

get -ti ne- (npar, par, Cost)
i nt *npar;

fl oat *par, *cost :

FILE *fout:

float integrate_velocity_profile():;

int i;



I nt I er;
i nt penal ty-flag-beta, penalty-flag-drive,;

oat penalty-beta, penalty-drive;
oat penalty-slope-O penalty-slope-f; /*penalty to ensure that the
slopes at the initial and final
points are fixed*/
fl oat penalty for no_roots; /*penalty for non-existence of roots*/
fl oat penalty-for-violation-of-wheel-slip
[*penalty for violation of wheel slip angle limts*/
float penalty for violation_of_fr ellipse;
T*penalty for violation of friction ellipse*/
float C-slope-O GCslope-f; /*weighting factors for the penalty on the
initial and final slopes*/

C- sl ope-0
C sl ope-f

/*convert the paraneters to control points of the velocity profile*/
partob(*npar, par);
/*if (bzvel .conv{0][1) > 15.0) bzvel .conv{0]([1] = 15.0;*/

If(( (QTY([O0)=='p") && (QTY[1l]=="t") && (QTY[2]=="h") )
( (QTY[0)=='p’) && (QTle]==’t’) && (QTY[2]=="2") )
( (QTY[0]=="p") && (QT;}1]=='t') && (QTY[2]=="3") )
( (QTY[O0]=="T") && (QT${1]==’R’) && (QTY[2]=="J") )
( (QAIY[O=="T") &&(Q%4[1]==’R’)&&(QTY[2]==’2’))

{generate_path_profile(path_type):; drw_path w(l); drw theta(2);}

/*generate the velocity profile using the bspline*/
generate velocity profile():

[*penalty for incorrect bspline*/
if ( (ier_vel == 1) | | (ier_path==1) ) { *cost = 1000.0; return;)

/*conpute the time taken by integrating ds/sd along the velocity profile*/
*CcoSt = integrate velocity profile();

/*

printf ("cost before penalty on initial velocity = %f\n", *cost):
if (velpro sd[0] > constant-vel ocity-of-car) *cost = *cost + 15.0;
printf ("cost after penalty on initial velocity = %f\n", *cost);
*/

printf ("cost before penalty on existence of solution = %f\n", *cost);

/*conpute al pha and beta and driving force along the path to check if
constrants are viol at ed*/

store flag for_runge_2 = 0; /*no storing data files*/

trace2 = Of

runge 2(t02,tfinal2,x02,to0l2,trace2, tout2,yout?2,&npoints2,&ier);

find_path_steer_angles(current_int_increment);
/*penal ty for nonexistence of roots*/

i f (existence flag==1) penalty_for_no_roots =
el se penalty for no_roots =

.
’

5.0
0.0;



*cost = *cost + penalty_for_no-roots; _
printf ("cost after penalty on existence of solution = %f\n", *cost);

/*penalty for violation of wheel SliF angle limts*/

printf ("cost before penalty on wheel slip violation = %£\n", *cost);

I f (violation-of-wheel-slip==I) penalty-for-violation-of-weel-slip = 5.0;
el se penal t'y-for-viol ati on-of -wheel -slip = 0.0;
*cost = *cost + penalty-for-violation-of-wheel-slip;

printf ("cost after penalty on wheel slip violation = %f\n", *cost);

/*penalty for violation of friction ellipse*/

printf (“cost before penalty on friction ellipse = %£\n", *cost);

If (violation-of_fr ellipse==1) penal tv_for violation of fr ellipse =
el se - penalty for violation_of_ fr_ellipse = (. 0;
*cost = *cost + penalty for_violation of_ fr ellipse:;

printf (*cost after penalty on friction ellipse = %f\n", *cost);

plot_steer_and_drive_forces(current_int_increment,7);

/*conpute the penalties due to the violation of forces*/
penal ty-beta

penal ty-drive
penal ty-fl ag- beta
penalty flag-drive ;

[*for (i=1;i<=force.np;++i)*/

for (i=1;i<=force.np;i=i+current_int_increment)

{

[¢]

. 0;
. 0;

g
OCoo

/*if ( abs(force.beta[i-1]) > 20.0*PI/180.0 ) */
if ( abs(force.beta{i-1]) > 50.0*PI/180.0 )

{ penalty-beta = penalty-beta + 1.0; penalty-flag-beta = 1:}
/*

if ( abs(force.drive([i-1]) > 0.3*1550*9.81 )
{ penalty-drive = penalty-drive + 1.0; penalty-flag-drive = 1;}
*/

[*if positive ft exceeds 2000 or negative ft is |less than -6000
.finose penal ty */
|

( force.drive[i-1] > 3000.0 ) /*old limt 2000%*/

[
( force.drive[i-1] < -6000.0 )
)
{ penalty-drive = penalty-drive + 1.0; penalty-flag-drive = 1:;}
}

if (penalty-flag-beta==l) printf("beta constraints violated\n"):
if (penalty-flag-drive==l) printf("drive constraints violated\n"):
printf ("cost before penalty on control = %£f\n", *cost):

*cost = *cost + penalty beta + penalty drive;
printf ("cost after penalty on control = %f\n", *cost);

/:conpute the penalty on the slopes at the end points*/
|

( (QTY[0)=='p’) && (QTY[1]=='t’) && (QTY[2]=='h') )
I
( (QIY[O=="T") && (QTY[1]=="R’) && (QTY[2]=="J") )
)

{

penal ty-sl ope-0 = C_slope_O*abs(path.theta[0] - sl ope.0.desired)
penalty slope-f = C slope_f*abs(path.theta[PATH_NO-1] - s|ope.f. desired);

*cost = *cost + penalty-slope-0 + penalty-slope-f;
printf ("cost after penalty on slope = %f\n", *cost):



f
{

if ( *cost < current min time ) /*then store the current paraneters*/

\
current _min_time = *cost:

fout = fopen("vel profile.opt","w"):;
fprintf (fout, "$d\n",bzvel_.nconv):
for(i=1;i<=bzvel .nconv;++i)fprintf (fout,"%f % ",

bzvel_.conv[i—l][0],bzvel_.conv[i—l][1]);

fclose (fout) ;

fout = fopen("bw_space.opt","w"):
fprintf (fout, "$d\n",bzw . nconp);
for (i=1;i<=bzw_.nconp;++i) fprintf (fout, "%f % ", .
bzw .conp[i-1][0],bzw_.conp{i-l] [1]):
fclose(fout);

fout = fopen(“constant_velocity of_car.opt","w"):
fprintf(fout, "$£\n",constant_velocity of_car):
fclose(fout);

/*store the force and steering angles for plotting*/

/**‘k

fout = fopen(“"steer.opt","w");

for (i=1;i<=force.np;++i) fprintf (fout,"%$£f\n",force.beta(i-1]);
fclose (fout);

fout = fopen("drive.opt","w"):
for (i=1;i<=force.np;++i) fprintf (fout,"%$f\n", force.drive[i~1]);
fclose(fout)

fout = fopen("pdis.opt","w"):
for (i=1;i<=force.np;++i) fprintf(fout, "$£f\n",force.dis[i-1]);
fclose (fout);

***/

| oat integrate velocity profile()

float tine _taken;
fl oat penalty for low_vel;

int i,
time_taken = 0.0; /*initialize*/

for (i=1;i<=vEL PATH-NO-|; ++)

{/*

i f (abs(velpro sd(i-1]) < 3.0) penalty-for-lowvel = 1000.0;
*/

if (abs(velpro sd[i-1]) < 2.5) penalty-for-lowvel =1000.0;
el se penalty for low vel = 0.0:

if (velpro sd[i-1]<0.01) wvelpro_sd[i-1] = 0.01;
tinme-taken = tinme-taken + (velpro_s[i]l-velpro_s[i-1])/velpro sdl[i-l]
+ penalty for_ low_vel;;

}

return(time_taken) ;






/*****************************************************************************

witten by Satish

conputes the optimal time along a given path to be used as the cost function

in an optimzation to find the optimal path
******************************************************************************/
#i ncl ude <gl.h>

#i ncl ude <device.h>

#i ncl ude <stdio.h>

#i ncl ude <math.h>

#i ncl ude "runge.h"

#define norm(x,y) sqrt(sqr(x)+sqr(y))

#defi ne abs(x) ( ((x)>=0.0) ? (x) : -(x))
#define sqr(x) ((x)*(x))
#defi ne PI 3. 141592654

extern float s{500],x[500](2],xs[500]([2],xss[500]([2];
extern int PATH NO

extern float current min _tinme;

extern float best traj time;

extern int path-type;

extern struct tw {int nconp; float conp[20](2];} bzw_:
extern struct tv {int nconv; float conv[20][2];} bzvel ;

extern char QTY[3]; /*to decide what to optimze*/

get opt-time-al ong-pat h-(npar, par, cost)
int *npar:
float *par,*cost :

{
FI LE *fout:
int i

/*convert the parameters to control points of the path*/
QTY[0] = 'p'; QTY[1] = "t’; QTY[2] = "h':
partob(*npar, par);

/| *generate the path*/
generate_path_profile(path_type):
drw_path_w(l):

drw_theta(2);

/*final tine for runge-kutta integration*/
tfinal2 = s[PATH NO-1];

/*optim ze velocity profile for the given path*/
opt_trajectory("vel");
*cost = current _min_tinme;

if( *cost<best_traj_time )
{
best-traj-tine = *cost;

fout = fopen("vel profile.opt","w");
fprintf (fout, "%d\n",bzvel .nconv);
for (i=1;i<=bzvel .nconv;++i)fprintf (fout,"sf % *,
bzvel . conv[i-1]{0],bzvel .conv(i-1][1]);
fclose (fout) ;

fout = fopen("bw_space.opt","w"):
fprintf (fout, "$d\n",bzw_.nconp) ;
for (i=1;i<=bzw .nconp;++i)fprintf (fout,"%f % ",
- bzw_.conp{i-1][0],bzw_.conp[i-l 1[1));
fclose (fout) ;






/***********************************************************************X*****

LABORATORY FOR ROBOTI CS AND AUTOMATION,MANE,UCLA, 1994

witten by satish
**********t*******************************************************************/
#i ncl ude <gl.h>

#i ncl ude <device.h>

#i ncl ude <stdio.h>

#i ncl ude <math.h>

#define norm(x,y) sqrt(sqr(x)+sqr(y))

#define abs(x) ( ((x)>=0.0) ? (X) : -(x) )
#tdefi ne sar(x) ((x)*(x))
#def i ne PI 3. 141592654

extern struct p (int winposi[4][10]:/*screen coords of the w ndows*/

float wincoord[6][10];/* limts on the |ocal coordinate

systens of the wi ndows*/
int wingid[10]; /*wi ndow i ds*/
int nwin; /*total nunber of w ndows opened*/
} winpar :

extern struct t {int nconp; float conp{20]({2]:} bz_;
extern struct tw iint nconp; float conp{20}(2]:} bzw_:
extern struct tv {int nconv; float conv({20)[2]:;} bzvel ; /*velocity profile*/
extern struct u {float angx, angy,dx,dy; int px,py:} gr

extern float init_point(2];
extern float constant-velocity-of-car;

extern int path-type;
extern int vel type;

gclpt_w(cell no)

int cell _no:

{
long cell-id; /*cell id*/
int j,n_point;
float x max,x min,y max,y min; /*W ndow coords*/
float cur_x,cur_y; T*cursor w ndow coords*/
float dist, dist mn;
fl oat pos[4]:

int type-flag; /*to change initial velocity and acceleration profile*/

type-flag = 0;

/***********************

choose the w ndow
************************/

cell _id = winpar.wingid[cell no-1]
winset (cell id);

x_min = winpar.wincoord[0] [cell no-1] ;
X _max = winpar.wincoord[l][cell no-1] ;
y_min = winpar.wincoord(2] [cell no-1] ;
y_max = winpar.wincoord{3][cell_no-1] ;
pos[0] = winpar.winposi[0]{cell no-1] ;
pos([l] = winpar.winposi[l][cell no-1] :
pos[2] = winpar.winposi(2][cell no-1] :
pos[3] = winpar.winposi[3]{cell no-1] ;

/***********************************************************

convert cursor screen coordi nates to w ndow coordi nates

***********************************************************/
Cur-x = x_min + (x_max-x _min)*(gr.px-pos{0])/(pos[1l])-pos(0]);
cur y = y min + (y _max-y min)*(gr.py-pos[2])/(pos[3]-pos[2]);:



/*******x*****************************************************t*********

if cell no =2, get the nearest control point

*******:x***************************************************************/
if (cell-no == 2)

\

dist_min = 1000000. 0;

for(j=1;j<=bz_.nconp;++3j)

{
dist = sqrt(sqr(cur_x-bz_.conp[j-1][0])+sgr(cur_y-bz_.conp(j-1]1(1]1));
if (dist<dist_min)
dist mn = dist;
n-point = j;
}
}
if (n_point ! = 1) bz .conp[n_point-1] (0] = cur X;

bz_.conpln_point-1]{[1] = cur-y,
}*******r***************************************************************

if cell no =1, change the value of the initial point
********r**;************************************************************/
else if (cell no==1)

{
if (path-type==0
{

di st = sqrt(sqr(cur_x-init_point[0] )+sqr(cur_y-init point[1])):
if (dist < 100)
{
init_point {0]
init_point[1]
}

}

el se

{
dist_mn = 1000000. 0;
for (j=1; j<=bzw_.nconp;++j)

{

cur - x;
cur-y;

di st = sqrt(sqr(cur_x-bzw_.conp[j-1) [0])+sqr(cur_y-bzw .conp[3j-1](1])):
i f (dist<dist_min)
{
dist_ mn = dist;
n_point = j;
}
}
bzw .conp(n_point-1] [0]
bzw.. conp[n_point-1] [1]

cur - x;
cur-y;

}

/***********************************************************************
if cell no =4, get the nearest control point for the velocity profile

*******;****************************************************************/
else if (cell-no == 4)

{

di st_mir = 1000000. O;

for (j=1; j<=bzvel .nconv;++3j)

di st = sqrt(sgr(cur_x-bzvel .conv[j-1][0])+sqgr(cur_y-bzvel .conv([ j-11 [1])}):
if (dist<dist_min)

dist min = dist;



i

n-poi nt =
lag = O;

type-f
}
}
if (vel type==0)
{
dist=sgrt (sqr (cur_x-bzvel .conv([0][0])+sqr(cur_y-constant_velocity_of_car)):
if (dist<dist_min)
{
dist_min = di st;
type-flag = 1;
if (type_flag==0)
|
if (n_point = 1) bzvel_.conv[n_point-1][0] = cur X;
bzvel .conv[n_point-1}{1] = cur-y,
}
el se _
constant-vel ocity-of-car = cur Y,
}
el se
{
if(n_point = 1) bzvel _. conv[n_point-1]{0] = cur-X;

bzvel _.conv{n_point-1]T[1] = cur-y;



/*************************t****************************************************

witten by Satish

computes the dynamics of the vehicle
******************************************************************************/
#i ncl ude <gi.h>

#i ncl ude <device.h>

#i ncl ude <stdio.h>

#i ncl ude <math.h>

#define nornm(x,y) sqrt(sqr(x)+sqr(y))

#define abs(x) ( ((x)>=0.0) ? (x) : -(x))

#defi ne sqr(x) ((x)*(x))

#define Pl 3.141592654

[*rxxxxxxxxkcritical slip angles for the front and rear tireg******xkkkkkkkkkkx/
#define ALPHALF.CR 10*PI/180 /* 10 degrees */

#define ALPHALR CR 10*P1/180 /* 10 degrees */

/*************;*;**************************************************************/

extern struct p {int winposi{4]([10];/*screen coords of the w ndows*/
fl oat wincoord{6](10]:/* limts on the local coordinate
systens of the wi ndows*/
int wingid([10}; /*w ndow ids*/
int nwin;, /*total nunber of wi ndows opened*/
} winpar ;

extern float s(500),x[500]([2]),xs[500)[2],xss[500](2]:

extern float vel s{1000]},vel x[1000]([2],vel xs[1000][2],vel xss[1000] [2]:
/*for the velocity profile alogn the path*/

extern float accel s[1000); /*the acceleration sdd(s) along the path*/

extern float velpro_s([1000]), velpro_sd{1000], velpro_sdd[1000]:

extern struct t {int nconp; float conp[20](2]:} bz_;

extern struct tw {int nconp; float conp{20](2]:} bzw_;

extern struct tv {int nconv; float conv[20]([2]);} bzvel ;

extern .int PATH_NO

extern int VEL _PATH_NO

extern struct vehicle {float mass, Ic, d, alpha, alpha-f, alpha r, Ft, Beta,

fnr, fnf, wdth, wheel-length, wheel width;} car;
extern struct paths {float theta[500],theta s[500],theta_ss([500];} path;

/*for the bspline representing the path slope*/
extern float sangle[500],xangle[500](2],xangles[500][2],xangless[500] [2];
extern float init_point[2];

/*actual value of theta to check for accuracy of the differentiation*/
extern float theta_actual(500];

/*constant velocity of car*/
extern float constant-velocity-of-car;

/*flag for the specified path optim zation*/
extern int ier_vel, ier_path;

/*flag for path representation*/
extern int path type;

/*flag for velocity representation*/
extern int vel type;

/*store profile at sw tch*/
extern float vel profile_at_switch[400](2];

/***************************************************************************/
/* f alpha r() returns alpha r -> slip angle for the rear wheel */

/********;*****;*****************;******************************************/
float f_al pha-r(dis, sd-dis, alpha-dis, alphad-dis, thetad-dis)

float dis, sd-dis, alpha-dis, alphad-dis, thetad-dis:

{



fl oat anglex():;

return( anglex( sd dis*cos(alpha_dis),-(sd_dis*sin(alpha_dis)+car.d* (alphad_dis+the

}

/***************************************************************************/

/* f_alpha_r2() returns alpha_r ->slip angle for the rear wheel */

/***************************************************************************/

float f_alpha_r2(dis, sd-dis, alpha-dis, alphas-dis, thetas-dis)
float dis, sd-dis, alpha-dis, alphas-dis, thetas-dis;

{
fl oat anglex():

return( anglex( cos(alpha_dis),-(sin(alpha_dis)+car.d*(alphas_dis+thetas_dis) ))

}

/***************************************************************************/
/* f alpha _£() returns alpha f -> slip angle for the front wheel */

/***************************************************************************/

float f_alpha f(dis, sd-dis, alpha-dis, alphad-dis, thetad-dis, beta-dis)
fl oat dis, sd dis, al pha-dis, al phad-dis, thetad-dis, beta-dis;

{
float anglex():

return( beta-di S - anglex( sd_dis*cos(alpha_dis),-sd_dis*sin(alpha_dis)+car.d* (alph:
}

/***************************************************************************/

/* f fn() returns the nornmal force acting on a wheel x/

/***************************************************************************/

float £ fn(alpha dis, Q)
float alpha-dis, "C, /* Cis the force constant */

fl oat sgn-sin-al pha; /* sign of sin(alpha) =*/

i f (sin(alpha_dis) > 0.0001) sgn-sin-alpha = 1.0;
else if (sin(alpha_dis) < -0.0001) sgn-sin-alpha = -1.0;
el se sgn-sin-alpha = 0.0;
return( -C*abs(alpha dis)*sgn_sin alpha )
}
float £ f£n_2(alpha_dis, C) /*inplenents the saturation function*/
float alpha_dis, C, /* Cis the force constant */
{
float sgn-sin-alpha; /* sign of sin(alpha) */
i f (sin(alpha_dis) > 0.0001) sgn-sin-alpha = 1.0;
else if (sin(alpha dis) < -0.0001) sgn-sin-alpha = -1.0;
el se sgn-sin-al pha = 0.0;
return (

( abs (alpha_dis)<ALPHA F-CR )y ?

(-C*abs(alpha_dis) *sgn_sin alpha) : (—C*ALPHA_F_CR*sgn_sin_alpha))
)
}

/***************************************************************************/

/* f_alpha_dd() returns d2(alpha(s))/dt2 */
/***************************************************************************/

float f_al pha-dd(dis, sd dis, sdd_dis, alpha-dis, alphad-dis, thetad-dis, thetadd_d
fl oat dis, sd dis, sdd dis, al pha dis, alphad dis, thetad diS, thetadd dis;

float Cr; /* Cr is the-force constant for the-rear wheel */

{



fl oat d2alphadt2;

fl oat al pha-rear;

float £ kappa(), f alpha r(), f_£fn():
fl oat kappa-at-s;

kappa-at-s = thetad dis/sd_dis;

al pha_rear = £ _alpha_r(dis, sd-dis, alpha-dis, alphad-dis, thetad-dis)
d2alphadt2 = - car.lc*thetadd _dis

+ car.mass*car.d* (-sdd | dis*sin(alpha_dis) +

kappa- at_ s*sqr (sd_dis) *cos (alpha_dis))

- 2*car.d*f fn(alpha_rear, COr);
d2alphadt2 = d2alphadt2/car.Ic;
return( d2alphadt2 );
}
/***************************************************************************/
/* f kxappa() returns inverse of the path radius of curvature */

/***************************************************************************/

float f_kappa(dist) _
float dist; /*dist = s = distance along the path*/

float get quantity at _s{();
return ( get gquantity at_s("ths",dist) ) :
}

/***************************************************************************/

/* f_Beta() returns the control Beta, given the states */
/***************************************************************************/

float f Beta(dis, sd dis, sdd dis, al pha-dis, alphad-dis, thetad-dis, Cr)
float dis, sd_dis, sdd dis, alpha dis, alphad dis, thetad dis;
float Cr; /* Cr is the-force constant for the-rear wheel */

{
fl at A

flo alpha-rear

flo f kappa(), £_fn():

al pha_rear = £ alpha r(dis, sd-dis, alpha-dis, alphad-dis, thetad-dis) :

A = car.mass*(-sdd_dis*sin(alpha_dis) +
f_kappa(dis) *sqr (sd_dis)*cos(alpha_dis)) - £ fn(alpha rear, Cr);

/* use golden search to find the roots of the equation ?? */
return(l);
}

/***************************************************************************/

/* generate velocity_profile() generates a velocity profile using B-splines*/
/***************************************************************************/

generate_velocity_ profile 2()
{

FI LE *fout;
long cell _id;
int i, ier;

int store-plots;

/*the first and last control points for the x dir nmust be the sane as for the
theta profile all others nmust lie in between these two*/

bzvel . conv([0]{0] = bz_.conp[0] [0}:

bzvel_ conv[bzvel .nconv-1]{0] = bz .conp(bz_ .nconp-1]1(0]:



/*if the x coordinate of any point is greater than that of the last point
make thevalue that of the |ast point*/
for (i=2;i<=bzvel .nconv-1;++i)
if (bzvel .conv([i-1][0] >= bzvel_.conv(bzvel_.nconv-1]{0])
bzvel_ conv[i-1][0] = bzvel .convibzvel .nconv-1][0];

/*if the x coordinate of anr point is less than that of the first point
make thevalue that of the first point*/
for (i=2;i<=bzvel .nconv-1;++i)
if (bzvel . conv[i-1][0] <= bzvel .conv{0][0])
bzvel_.conv[i—l][O] bzvel _ . conv{0][0];

/*generate the velocity profile using bsplines*/
bspline_vel2 (&VEL_PATH NO,vel_s,vel x,vel_xs,vel_ xss, &ier_vel) ;
printf("vel path no = %d\n", VEL PATH NO):

/* conpute the distance velpro_s(i~1] = vel_x({i-~1}(0]= naximunmx coordi nate*/
for (i=1;i<=VEL PATH NO;++i) velpro s[i-1] = vel x[i-1] [0];

[ *conpute sd al ong the path*/
for (i=1;i<=VEL_PATH NO;++i) velpro sd(i-1]= vel x[i-1] [1]:

/*conpute sdd using finite differences*/

for (i=1;i<=VEL PATH NO-1;++i)

velpro sdd[i- 11= (sqr(velpro sd{i]))-sqr(velpro_sd[i-1]}) )}/ (velpro_ sli}-velpro_s[i-1]
velpro_sdd[PATH_NO-1] = velpro_sdd[PATH_NO-2};

for (i=2;i<=VEL PATH NO-|; ++i)
velpro_sdd[i- 1]= (sqr(velpro_sd[i])—sqr(velpro~sd[i-2]))/(velpro_s[i]—velpro_s[i—Z]
velpro sdd[VEL PATH NO-1] = velpro sdd{VEL_PATH NO-2]:;

/*Plot the velocity profile in wi ndow 2%/
cell-id = winpar.wingid[4-1};
winset (cell id):

l'i newi dt h(3);

color (BLACK) ;
clear ();

/*draw the control points,velocity profile and accel eration profile*/
color (YELLOW) ;
for(i=1;i<=bzvel_.nconv;++i)circf(bzvel_.conv[i—l][0],bzvel_.con¢[i-1][1],0.3);

col or (RED) ;
move (velpro_s(0],velpro_sd{0],0.0);
for (i=2;i<=VEL PATH NO;++i) draw(velpro_s[i-1],velpro_sd[i-11,0.0);

color (BLUE) ;
move (velpro_s{0],velpro_sdd{0],0.0);
for (i=2;i<=VEL PATH NO;++i) draw(velpro_s[i-1],velpro_sdd[i-1],0.0);

swapbuffers () ;

storeglots = 1;
if (store_plots==1)
{
/*fout = fopen("vel_s.mat"™,"w");*/
fout = fopen("vel s.mat", "w")
for (i=1;i<=VEL_PATH_NO;++i) fprintf (fout,"%f\n",velpro_s[i-1]);
fclose(fout)

/*fout = fopen("vel_sd.mat","w");*/

fout = fopen(®"vel sd.mat™,"w");

for (i=1;i<=VEL_PATH_NO: ++1) fprintf (fout, "$f\n",velpro_sd[i-1]);
fclose (fout);



/***************************************************************************/

/* aenerat e_velocity_profile() usina_Bsnlines for the acceleration orofile */
/**********;****************************************************************/

generate_velocity profile()

{

FI LE *fout:
long cell-id,;
int i, ier;

int storeglots;

/*the first and last control points for the x dir nust be the sane as for the
theta profile all others nust lie in between these two*/

if (path-type==0) /*theta represented by bspline*/

{

bzvel .conv[0]1[0] = bz_.conp{0][0];

bzvel .conv[bzvel_ .nconv-1][0) = bz _.conp[bz_.nconp-1] [0];
}
el se /* (x(s),y(s)) represented by bspline*/
{

bzvel .conv[0][0] = s[0};

bzvel _.conv{bzvel_.nconv-1] [0] = s[PATH_NO-1];

/*if the x coordinate of any point is greater than that of the Iast point
make thevalue that of the |ast point*/
for (i=2;i<=bzvel .nconv-1;++i)
if (bzvel_.conv([i-1][0] >= bzvel .conv[bzvel_.nconv-1] [0])
bzvel .conv{i-1][0] = bzvel .conv[bzvel .nconv-1][0];

/*if the x coordinate of any point is less than that of the first point
make thevalue that of the first point*/
for (i=2;i<=bzvel .nconv-1;++i)
if (bzvel .conv[i-1][0] <= bzvel .conv[0][0])
bzvel .conv[i-1][0] = bzvel .conv([0][0]:

/*generate the acceleration or velocity profile using bsplines*/
bspline vel2 (&VEL PATH NO,vel s,vel_x,vel_xs,vel xss,&ier_vel) ;
printf("vel path _no = %d\n", VEL_PATH_NO):

/* compute the distance velpro s[i-1] = vel x[i-1][0]= maxi munx coordi nate*/
for (i=1;i<=VEL PATH_NO;++i) velpro_s[i-1] = vel x[i-1] [0];

i f (vel_type==0)
{
/*conpute sdd al ong the path*/
for (i=1;i<=VEL_PATH_NO;++i) velpro_sdd[i-1]= vel x[i-1][1]:

/*conmpute sd along the path by integrating the accel eration:
sdd(s) = 0.5*d(sgr(sd))/ds = sqr(sd) = sqr(sd(0)) + int(2*sdd(s)) */

velpro_sd[0] = sqgr(constant_velocity_ of_car):
for (i=2;i<=VEL_PATH_NO; ++i) .
velpro sd[i-1] = velpro_sd[i-2] + 2*velpro_sdd[i-2]*(velpro_s[i-1]}-velpro_s{i-2

/ *t ake squar er oot */
for(i=1;i<=VEL_PATH_NO; ++i)
velpro_sd{i-1] = sqgrt(velpro_sd[i-1]):

}
el se /*vel type==1 --> sd represented by a Bspline*/



/*conpute sd along the path*/
for (i=1;i<=VEL_PATH NO;++i) velpro_sd[i-1]= vel x[i-1][1)]

/*conpute sdd using finite differences*/
for (i=1;i<=VEL_PATH_NO-1;++i)
velpro_sdd[i-1]=
0.5* (sgr (velpro_sd[i]))-sqr(velpro_sd[i-1]))/ (velpro_s(i]-velpro_s[i-1]):
velpro_sdd[VEL _PATH NO-1] = velpro_sdd{VEL_PATH_NO-2];
}

/*plot the velocity profile in w ndow 2*/
cell-id = winpar.wingid[4-1];
winset (cell id):

l'inew dth(3);

color (BLACK) ;
clear ()

/*draw the control points,velocity profile and acceleration profile*/
col or (YELLOW ;

for(i=1;i<=bzvel_.nconv;++i)circf(bzvel_.conv[i-l][O],bzvel_.conv[i-l][1],0.3):

/*draw the point corresponding to the initial velocity*/
circf (velpro_s([0],constant_velocity of car,0.3):

/*draw the nmax constant velocity*/

color (CYAN) ;

move (velpro s[0],constant_velocity of car,0.0);
draw(velpro_s[VEL_PATH NO-1],constant_velocity of car,0.0);

color (RED);
move (velpro_s([0],velpro_sd[0],0.0}):
for (i=2;i<=VEL PATH NO;++i) draw(velpro_s[i-1],velpro_sd[i-1],0.0);

color (BLUE) ;
move (velpro_s([0],velpro_sdd{0],0.0);
for (i=2;i<=VEL_PATH_NO;++i) draw(velpro_s[i-1],velpro_sdd(i-1],0.0):

/*store the previous profile (acceleration or velocity) */
linewidth (1) ;
color (GREEN) ;
move (vel profile at switch([0] [0],vel profile at switch[0]([1],0.0):
for (i=2;i<=VEL_PATH NO;++i)
draw(vel profile at_ switch[i-1}[0],vel profile at_ switch[i-1][1],0.0);

[ *draw t he axes*/

col or (RED) ;

move (0.0,0.0,0.0);
draw(120.0,0.0,0.0) ;
move(0.0,0.0,0.0);
draw(0.0,35.0,0.0);

swapbuffers ()

storeglots = 1;
if (store_plots==1)

fout = fopen("vel s.mat","w"):
for(i=1;i<=VEL_PATH_NO;++1i) fprintf (fout,"%£f\n",velpro_s[i-1]):
fclose(fout);

fout = fopen("vel sd.mat",6 "w") ;

for (i=1;i<=VEL_PATH_NO;++1i) fprintf (fout, "%$f\n",velpro_sd[i-1]);
fclose(fout);
}



/*****‘k*********************************************************************/

/* generate_path profile() generates theta, theta-s and theta-ss along the */
/* the path */
/***************************************************************************/
generate path_profile(type_of_path)

Int type-ofgath

{

int i; _
long cell-id;
|l ong ier;

i ne section*/

int NS1, /*no of points along the first(before cire) straight Ii
l'ine section*/

NS2, /*no of points along the second(after circ) straight
NC, /*no of points along the circular arc*/

[*definitions for the turn section*/
float circ_centre([2], circ_radius;
float ss start(2], ss_finish([2], sf_start[2], sf finish([2];
/*initial and final points for the straight |ine sections*/
fl oat anglegoint, angle-start, angle-finish, length-start, |ength-finish;
float sgn_theta diff;

fl oat anglex(): /*returns angle between -pi and +pi*/

if (type_of path==0)
{
/* generate path slopes */
bsplineZ2 (&PATH_NO, sangle, xangle, xangles, xangless, &ier_path) ;

/* conpute the distance s[i-1]
for (i=1;i<=PATH NO;++i) S[i-1]

= xangle[i-1][0]= nmxi munx coordi nate*/
= xangle[i-1] [Q;

/*conpute theta al ong the path*/

for (i=1;i<=PATH NO;++i) path.theta[i-1]= xangle[i-1] [1]:

/*conpute theta-s using finite differences*/

for (i=1;i<=PATH NO-1;++i)

path.theta_s[i-1)= (path.thetal[i]-path.thetali-1])/(s[i]=-s[i~-1]);
path.theta_ s{PATH_NO-1] = path.theta s[PATH_NO-2];

[ *conpute theta-ss using finite differences*/

for (i=1;i<=PATH NO-1;++i)

path.theta ss[i-1]= (path.theta_s[i]-path.theta_s[i-1])/(s[i]-s[i-1])~
path.theta_ss[PATH NO-1] = path.theta_ss[PATH_NO-2];

/*generate the path in the work space*/
generate_wspace_path():;

/*chekc path integration */
check_path integration():

o

se if (type of path==1)

/*generate path in workspace*/
bspline_w2_(&PATH_NO, s, x,xs,xss, &ier_path) ;

/*conpute theta(s) using the path*/
for (i=1;i<=PATH NO;++i) path.theta[i-1l] = anglex(xs(i-1](0],xs[i-1](1]);

/*conpute theta-s and theta-ss using finite-differences*/



for (i=1;i<=PATH NO-1;++i)
path.theta s[i-1]= (path.theta[i]-path.theta[i-1])/(s[i]-s{i~-1]):
path.theta_s[PATH_NO-1] = path.theta_s[PATH_NO-2};

/*smooth out theta-s 3- 15 -95%/

/*

for (i=2;i<=PATH NO-2;++i)

path.theta_s[i-1]= (path.theta s[i-2]+path.theta_s{i])/2.0;

for (i=2;i<=PATH NO-2;++i)
path.theta_s[i-1])= (path.theta_s[i-2]+path.theta_s[i])/2.0;
*/

for (i=1;i<=PATH NO-1;++i)
path.theta ss(i-1]= (path.theta_s[i]-path.theta_ s [i-| })/(s[i]-s[i-11):
path.theta_ss[PATH_NO-1] = path.theta ss[PATH_NO-2];

/*smooth out thetass 3-35-95%/

/*

for (i=2;i<=PATH NO-2;++i)

path.theta ss[i-1]= (path.theta_ss[i-2]+path.theta_ss[i])/2.0;
*/

/*check path differentiation */
check_path_integration():

se if (type of path==2)

NS1 = 100;
NC = 100;
NS2 = 100;

/*printf (“at 1\n") ;*/

/* define the center and radius of the circle*/
circ_centre[0] = 50.0; circ_centre(l] = 0.0;
circ_radius = 10.0;

/*define the start angle corresponding to the end of the first
straight |ine*/
angle_start = PI/2.0;

/*define the finish angle corresponding to the start of the second
o straight |ine*/
angle_finish = 0.0;

/*define the length of the first straight line section*/
| ength-start = 20.0;

/*define the length of the second straight |ine section*/
| engt h-finish = 30.0;

/* define the start and end points of section 1 - straight |ine*/
ss_start([0] = circ_centre[0]+

circ_radius*cos(angle_start) + length_start*cos(angle_start+PI/2.0);
ss_start|l] = circ_centre{ll+

circ_radius*sin(angle_start) + length_start*sin(angle_start+PI/2.0);

ss_finish[0] = circ_centre[0]l+circ_radius*cos(angle_start);
ss_finish[l] = circ_centre[l]+circ_radius*sin(angle_start):

/* define the start and end points of section 2 - straight |ine*/
sf_start (0] = circ_centre[0]+circ_radius*cos(angle_finish});
sf_start[1l] = circ_centre[l]l+circ_radius*sin(angle finish):



sf finish{0] = circ_centre[0]+

“circ_radius*cos(angle_finish) + length_finish*cos(angle_finish-PI/2.0);
sf flnlsh[l] = c1rc_centre[1]+

" circ_radius*sin(angle_finish) + length_finish*sin(angle_ finish-PI/2.0);

/ *define the nunber of points along the path*/
PATH NO = NS1 + NC + NS2;

/*generate points, slopes etc for section 1*/
for (i=1;i<=NS1;++1)

{

x[1i-1][0] = (SS_finish[0]*(i-1) + ss_start[0]*(NS1-1i))/(NS1-1);
x[i-1] (1] = (ss_finish[1]}*(i-1) + ss_start[1]*(NS1-i))/(NS1-1);
/*printf("Sl, X= %, %f\n", x[i-1](0], x[i-1])1(11):*/
xs[i-1] [0] = (ss_finish[0] -ss_start[0])/length_start;
xs{i-1] [1] = (ss_finish[1l]-ss_start[1l])/length_start;

/*printf ("S1l, XS= $f, %$f\n", xs{i-1]1({0], xs[i-1)(1]);*/
xss[i-1][(0] = 0.0:;

xss[i-131[1] = 0.0:;

s[i-1] = length-start*(i-1)/ (NSl -1);

}

/*printf ("at 2\n");*/
/*conpute theta(s) for section 1x/
for (i=1;i<=NS1;++i) path.theta[i-1] = angle_start-PI/2.0; /*anglex(xs[i-1][0], xs

/*conpute theta-s and theta-ss using finite-differences*/

for (i=1;i<=NS1-1;++i)

path.theta s[i-1]= (path.theta[i]l-path.theta[i-1]1)/(s[i]l-s[i-1]):
path.theta s[NS1-1] = path .theta s[NS1-2];

for (i=1;i<=NS1-1;++i)
path.theta_ss[i-1]= (path.theta_s[i]-path.theta s[i-1])/(s[i]-s[i-1])
path.theta_ss([NS1-1] = path.theta ss[NS1-2];:

/*generate points, slopes etc for circular section*/
for (i=1;i<=NC;++1i)

{

angl egoint = (angle-finish*(i-1) + angle-start*(NCi))/(NC1);

i f( (angl egoint-angle-start) >= 0.0) sgn_theta . dlff = 1.0;

el se sgn_theta diff = - 1. 0

x[NS1+ i-1] [0O] = circ_centre[0}+circ_radius*cos(angle_point);

x[NS1+ i-1] [1] = c1rc_centre[1]+c1rc_rad1us*s1n(angle_p01nt),
xs[NS1+ i-1] [0] = -sin(angle point)/sgn_theta diff;

xs[NS1+ i-1][1] = cos(angle_point)/sgn_theta diff;

xss[NS1+ i-1] (0] = 0.0;

xss[NS1+ i-1]1[1] = 0.0;

s[NS1+ i-1] = s[NSl-1}+circ_radius*abs(angle_point-angle_start):
path.theta[NS1+ i-l1] = anglegoint - PI/2.0; /*anglex(xs[NSl+ i-1]({0],xs[NS1+ i

}

[ *conpute theta(s) for section 1*/

/* see above.

for (i=1;i<=NC;++i) _
path.theta[NS1+ i-|1] = anglex(xs[NS1l+ j-| ][0),xs[NS1+ i-1]([1]):



*/

/*conpute theta-s and theta-ss using finite-differences*/

for (i=1;i<=NC-1;++1i)

path.theta_s[NSl+ i-|]= (path.theta[NS1l+ i]-path.theta[NS1+ i-| ])/(s[NS1l+ i]-s[NS
path.theta s[NS1+ NC-[] = path.theta_s[NSl+ NC 21;

for (i=1;i<=NC-1;++i)
path.theta ss[NS1+ i-1]= (path.theta s[NSl+ i]-path.theta_s[NS1+ i-1])/(s[NS1+ i]
path.theta_ss[NS1+ NC-1] = path.theta_ss[NS1l+ NC-2};

/| *generate points, slopes etc for section 2*/
for (i=1;1i<=NS2;++1)
{
x[NS1+NC+ i -1][ O
x [NS14NC+ i-1]1[1]

(sf_finishfQ*(i-1) + sf start[0]*(NS2-i))/(NS2-1);
(sf_finish([1]*(i-1) + sf start[l]*(NSZ -i))/(NS2-1);

XS [NS1+NC+ i-1]1{0} = (sf_finish[0]-sf_start[0])/length_finish;
xs[NS1+NC+ i-1] [1} = (sf_finish({1]-sf_start[1])/length_finish;

xss[NS1+NC+ i-11[{0] = 0.0;
xss[NS1+NC+ i-11[1] = 0.0;

S [NS1+4NC+ i-1] s[NS1+NC-1]+ length_finish*(i-1)/(NS2-1);

I

/[ *conpute theta(s) for section 1*/
for (i=1;i<=NS2;++i) )
path.theta[NS1+4NC+ i-1] = angle finish-PI/2.0; /*anglex(xs[NS1+NC+ i-1]([0],xs

/*conpute theta-s and theta-ss using finite-differences*/
for (i=1;i<=NS2-1;++1i)

path.theta s[NS1+NC+ i-I|]= (path.theta[NS1+NC+ i]-path.theta[NS1+NC+ i-1])/ (s [NS1-
path.theta s[NS1+NC+NS2 -1] = path.theta s[NSl1+ NC +NS2 -21;

for (i=1;i<=NS2-1;++1i)
path.theta ss[NS1+NC+ i-1]= (path.theta s[NS1+NC+ i]-path.theta_s[NS1+NC+ j-11)/(:
path.theta ss[NS1+ NC+NS2 -1] = path.theta_ss[NSl+ NC+NS2 -21;

/ *check pat h*/
check_path integration();

}
else
{
}

[*print check*/

/*

for (i=1;i<=PATH_NO;++i)

printf ("theta = $f\n",path.theta[i-1]):
getchar () :

for (i=1;i<=20;++1i)

printf (" \n");

getchar ()

for (i=1;i<=PATH_NO;++i)

printf ("theta_s = %f\n",path.theta_s[i-1]):
getchar () ;

for (i=1;i<=20;++1i)

printf (" \n");

getchar ()

for (i=1;i<=PATH_NO;++i)

printf("theta ss = %f\n",path.theta_ss[i-1]):



getchar ():
*/

cell_id = wnpar.wingid[3-11 :
winset (cell id);

color (BLACK) ;

clear ()

/[*plot theta in w ndow 3*/
col or ( YELLOW ;
plot_(s,path.theta, PATH_NO, 3);

col or (WHI TE) ;
plot_(s,theta_actual,PATH_NO,3):

/[*plot theta-s in w ndow 3%/
color (BLUE) ;
plot_(s,path.theta_s, PATH_NO, 3);

[*plot theta-ss in w ndow 3*/
color (MAGENTA) ;
plot_(s,path.theta ss,PATH NO,3);

swapbuffers(};
}

/****************************************************************************/

/* generate path inworkspace by integrating theta */
/****************************************************************************/

generate_wspace_path{()

{
int i;

[*initial point*/
x[0}[0] = init_point[0]:
x[0][1] = init_point([1l];

/*integrate using theta: x{i-1}([0] = init point[0] + int (0,s) cos(theta)*/
for (i=2;i<=PATH NO;++1i) -
{

/* xcoordi nates */

x[1i-1][0] = x([i-2][0] + cos(path.theta[i-2])*(s({i~-1]-s[i-2]):

/* y coordinates */
x(1i-11({1] = x({i-2] (1] + sin(path.theta[i-2])*(s[i-1]-s[i-2]);

}
generate_wspace_path 2() /*uses runge kutta 3rd order integration*/

{
int i;

[*initial point*/
x[0] {0} = init_point [0];
x[0] [1] = init point[1];

/*integrate using theta: x([i-1][0] = init_point[0] + int_ (0,s) cos(theta)*/
for (i=2;i<=PATH_NO; ++i)
{

/* xcoordi nates */

x[i-11{0] = x[i-2][0] + cos(path.theta[i-2])*(s[i-1]-s(i-2]):



/* y coordi nates */
x[1-11(1) = x[i-2)[1] + sin(path.theta[i-2])*(s{i-1]-s5[i-2]);
}

/********************************t*******************************************/

/* programto check if the path integration is accurate */
/****************************************************************************/

check_path integration{()
{
int i;
fl oat anglex():
/* conpute theta(s) by differentiating the path to find sl ope */
for (i=1;i<=PATH NO-1;++i)
{
xs[1i-1] [0]
xs{i-1] {1]
}
xs [PATH_NO-1] [0]
xs[PATH_NO-1] [1]

(x[1][0]-x[i-1}[0]1)/(s[i]-s[i-1]):
(x[1] [1]-x[i-1]1[11)/(s[i]l-s[i-1]);

I

xs [PATH_NO-2][0];
xs [PATH_NO-2] [1];

for (i=1;i<=PATH_NO;++i) theta_actuwal{i-1} = anglex(xs({i-1] (0],xs([i-1]([1]):

/********************************t******************************************/

/* conputes the state dynam cs for al pha integration */
/********************************tt*****************************************/
/*

stateq(t, x, xprime)

float t,x[2],xprime(2];

{

xprime (0] = x[1];
xprime[l] = - x[0];
y

/*to check integration of the path*/
stateq(dist,x, xprine)

float dist,x[2],xprime[2]:

{

int i, s_index;

fl oat theta_at_s;

for (i=1;i<=PATH_NO-~1;++i)

if ( (dist>=s{i-1]) && (dist<s(i]) ) s-index = i;
}

/*find theta at s by linear interpolation*/

theta-at-s =

path.thetal[s_index-1] +

(dist~s[s_index-1]) * (path.theta[s_index]-path.theta[s_index-1])/(s([s_index}-s(s_ind«

[ *conpute the derivative*/ h
xprime (0] = cos(theta_at_s);

xprime[l] = sin(theta_at_s); /* sin(t);*/
}

/[*for the integration of alpha with respect to s*/
st at e- al pha(di st, x, xprime)



| oat dist,x[2],xprime(2};

f
{
fl oat get_quantity_at_s();
float £ _alpha_dd():

theta-at-s, thetas-at-s, thetass_at_s;
sd-at-s, sdd-at-s, thetad_at_s, thetadd_at_s;

float Crear; /*force constant on rear wheel */

Crear = 80000; /*350.0;*/ /*400.0;*/

/[*find all required quantities at s = dist*/

thetas_at_s
thetass at s

get _quantity_at s("ths" dist):
get_quantity_at s("tss" dist):

sd_at_s = get_quantity_at_s("sdv",dist);
sdd at _S = get_quantity_at s(“sdd“ dist):
theta at_s = get quantity at_s("the",dist);

sd_at_s*thetas_at_s;
sdd_ at_ s*thetas_at_s + sqr (sd_at_s) *thetass_at_s;

thetad at_s
t het add-at-s

/*conpute the derivative*/

xprime[0] = x[1];

xprime(1] = (f alpha_dd(dist, sd-at-s, sdd-at-s, x[0], x[1]*sd at_s, thetad at_s, tl
}

state-al pha-kin(dist,y,y rlne
fl oat dlst,y[2],ypr1me[

éloat get-quantity-at-so;

float thetas-at-s;

thetas-at-s = get quantity_at_s("ths",dist);
in(y{0])/car.d - thetas-at-s;

yprime (0] =

- si
yprime[1] 0.0;

/*****************************************************************************/

/* generat e_alpha() aenerates alnha bv forward difference intearatio */
/************************************************************** * % %k *********/

generate_alpha()

{

[*first try out case with sd = constant -> sdd = 0*/

fl oat path alpha[500], path_alpha_s[500], path_alpha_ss[500];
fl oat thetadd, thetad:

fl oat alphad;

float sd,

int i;

float £ _alpha_dd():
sd = 1 -
[*initial conditi

on
path_alpha (0] =0
path_alpha_s({0] = 0.

soon al pha and al phas*/
0;

/ *conput e al pha-ss along the path*/



for (i=1;i<=PATH_NO;++1i)

{

alphad pat h-al pha-s[i-II*sd;

thetad path.theta_s[i-11*sd:
thetadd = path.theta_ss[i- 1]*sqr (sd) ;

pat h-al pha-ss[i-l] = f_alpha_dd(s{i-1], sd, 0.0, path_alpha([i-1], alphad, thetad, -

pat h-al pha_s[i] = path-al pha s{i-1] + (s{i]-s[i-1])*path_alpha_ss[i-1]:
path_alpha (il = path_alpha[i-1] + (s[i]-s[i-1])*path_alpha_s{i-1]:
}
}

float get-quantity-at-s(qty,dist)
char qtyl[3]:

float dist;

{
int i, s index;

float quantity;

float get vel acc_at_s();

int point-flag;

point-flag = 0;
/*find the indices of the points enconpassing the given distance*/
for (i=1;i<=PATH NO-1;++i)
{

if ((dist>=s[i-1]) && (dist<s[i]) ) {s-index = i; point_flag=1;}
}

if (point_flag==1)
{
if ( (qtyl0]=="t’) && (qty[l)l=='h’) && (qty[2]=='e’) )
|
[*if gty = "the" return theta*/
quantity path.theta{s_index-1] +
(dist-s[s_index-1])* (path.theta(s_index]-path.theta(s-index-1.])/(s[s_index]-s[:
return{(quantity):

}
else if ( (qty[0)]=="t’) && (qty[l)}=="h’) && (qty[2]=="5") )
{
/[*if gty = "ths" return theta-s*/
quantity = path.theta_s{s index-l] +
(dist-s([s_index- l])*(path theta_s([s_index]-path.theta_s[s_index-1])/(s[s_index
return(quantity):;

else if ((qty[0]=="t") && (qty[1l]=='s’) && (qty[2]=='s") )
{

[*if gty = "tss™ return theta_ss */

quantity path.theta_ss[s_index-1] +

(dist-s[s index- 1])*(path theta _ss[s_index]-path.theta_ss[s_index-1])/ (s[s_ind
return(quantity);

}
else if ((qtyl[0l=='s") && (gqty[l])=='4d') && (gty([2]=="Vv") )
/* if gty = "sdv" return sd*/
/*quantity = constant-velocity-of-car: */
quantity = get_vel_ acc_at_s("vel",dist);
return(quantity);
}
else if ( (qty(0l=='S") && (gtyl[l]=='d’) && (qty[2]=='4’) )

[*if gty = "sdd" return sdd*/



[*quantity = 0.0; */
quantity = get_vel_acc_at_s("acc",dist);
return(gquantity):

}

el se

{ .
printf ("quantity unrecogni zable!! ERROR !\n");
getchar();
return(-1.0):

}

}
else /*return all quantities at the end of the path*/

{
if ( (gqtyl0]=='t’) && (gty{l]l=='h’) && (qty[2]=="e’) )

quantity = path.theta[PATH_NO-1];
return (quantity);

}
else if ( (qtyl[0)J=="t’) && (qty[l)=="h") && (qty(2]=="s) )

quantity = path.theta_s{PATH_NO-1];
return (quantity):;

}
else if ( (qgqtyl0]=='t’) && (qty[l)=='s’) && (qty[2]=="s") )
{

quantity = path.theta_ss{PATH_NO-1];

return(quantity):

}
else if ( (gtyl0]=="s") && (qty[l}=="d’") && (qty([2]=="Vv') )

quantity = get _vel acc_at_s("vel",s{PATH_NO-1]);
return (quantity):
}
else if ( (qty[0]=='s) && (qty[l)=="d’) && (qty[2]=="d") )
{
quantity = get vel acc_at_s{("acc",s[PATH_NO-1]);
return(quantity);

}
el se

1
printf ("quantity unrecogni zable!! ERROR !\n");
getchar ()
return(~1.0);

}

/****************************************************************************/

/* returns the velocity and acceleration at a given dist usng the */

/* bspline representing the velocity profile */
/****************************************************************************/

float get_vel acc_at_s(qty,dist)
char qty(3]:

float dist;

{

int i, s index;
f

i
oat quantity;
int point-flag;
point-flag = O;

/*find the indices of the points enconpassing the given distance*/



for (i=1;i<=VEL_PATH_NO-1;++i)

if( (dist>=velpro s[i-1]) && (dist<velpro_s[i])) {s-index = i; point_flag=1;}
}

i f (point_flag==1)

{
if ( (qtyl0l=='v’) && (qty[l)=='e’) && (gty[2]=="1"))
{

[*if qty = “vel" return sd*/

quantity = vel pro sd{s_index-1] +
(dist-velpro_s{s_index-1])*(velpro_sd[s_index])-velpro_sd[s_index-1})/(velpro_s
return{(gquantity)

}
else if ((qtyl{0l=="a’) && (qty[l)l=='c’) && (qty[2]=='c’) )

[*if qty = "acc" return sdd*/
quantity = vel pro _sdd(s_index-1] +
(dist-velpro s{s_index-1])*(velpro_sdd(s_index]-velpro_sdd(s_index-1])/(velpro
return(quantity):
}
el se
{
printf ("quantity unrecognizable!! ERROR !\n");:
getchar():
return(~1.0);

}

}
el se /*return quantities at the end of the velocity profile*/
{
if ( (gtyl0l=="v’) && (qtyl[l]=="e’) && (qty{2]=="1") )
{
quantity = velpro_sd[VEL_PATH_NO-1};
return(gquantity);
} -
else if ( (gtyl0l=='a’) && (qtylll=='c’) && (gty([2]=='c’) )
{
quantity = velpro_sdd[VEL_PATH_NO-1];
return{(quantity);
}
el se
{
printf ("quantity unrecogni zabl e!! ERROR !\n");
getchar () :
return(-1.0);
}



/**********‘k***************************************tt*************************/

/* dugoff.c: proaramto compute the forces aiven by the dugoff nodel */
/**********************************k**********i*****t****************i*********/
#i ncl ude <gl.h>

#i ncl ude <device.h>

#i ncl ude <stdio.h>

#i ncl ude <math.h>

#define sqr (x) ((x)*(x))

#define abs(x) ( ((x)>=0.0) ? (Xx) @ =-(x))
#define norm(x,y) sqrt(sqr(x)+sqr(y))
#define PI 3.141592654

[ *type of nodel used*/
extern int nodel-flag; /*0 --> |inear nodel _ _
1 --> dugoff nodel with exhaustive conputation

of ellipse _ _ o _
2 --> dugoff nodel with sinplified conputation
of ellipse

*/

/*dugoff nodel ellipse major and mnor axes values for plotting?*/
fl oat dugoff ellipse_Fxmax,
dugoff ellipse Fymax;

/*finds the best fit ellipse satisfying the dugoff tire force nodel */
find-elli Ese(al pha, Fxmax, Fymax)

float alpha: /*slip angle of the rear tire*/
float *Fxmax, *Fymax;

{

FI LE *fout:;

int i;

I nt | oop-fl ag;

I nt npoi nts;

float s[{100]; [*slip ratios*/

fl oat Fx[300], Fy(300):; [*forces*/

float flamdal():

/*tire paraneters*/
float W mu0, Cal, Cs, eps, V,

/*dugoff nodel paramters*/
float num den, fl, |am

/*sakai nodel paraneters*/
float Kx, Fz, nus, nud, g, h;

float slip;

/*define the tire paraneters*/
w = 1550%10/2.0; /*3875:*/
mi0 = 0.85;

cal = 80000. 0;  /*133000;*/

cs = 74000.0; /*186000;*/
eps = 0.0031;
v = 20.0;

/* conmpute corresponding Fx and Fy */
/*

printf(“alpha in degrees = ?\n");
scanf ("%£f", &alpha);
printf("alpha (deg) = %f\n",alpha):;
getchar () :

al pha = alpha*P1/180.0;

*/



i f (model flag==1)

{
/| *search for the maxi mum forces over the range of slips*/
*Pxmax = 0.0;
*Fymax = 0.0;

i= 0;
for (slip= -0.99; slip<-0.99; slip = slip+0.01)
{

i = i+1;

num = NUO*W ( l-eps*V*sgrt (sqr(slip)+sqr(tan(alpha))) )*(|-slip);
den = 2*sqrt( sqr(Cs*slip) + sgr(Cal*tan(alpha)) );

| am = nuni den

fl = flamda(lam):

Fx[i-1] = Cs*slip*fl/(1-slip);
Fy[i-1] = Cal*tan(alpha)*fl/(1-slip):

if(abs(Fx[i~1])>*Fxmax) *Fxmax
if (abs (Fy [i~1])>*Fymax) * Fynmax

abs (Fx[i-1]1):
abs (Fy[i-1])~

/*
printf ("Fx (%) = %, Fy(%d) = $f\n", i, Fx{i-1]}, i, Fy(i-1]):
*/
b .
npoints = 1;
/*conpute the nax val ue of Fx*/
/*
num = muQ*W* ( l-eps*V*sqgrt (1.0+sgr(tan(alpha}))}) }):
den = 2*sgrt( sqr(Cs) + sgr(Cal*tan(alpha)) ):
*Fxmax = 2.0*Cs*num/den;
*/
/%

printf ("Fxmax= %f\n", *Fxmax)
printf ("Fymax= %f\n", *Fymax);
*/

/*store the forces for plotting*/

/*

fout = fopen ("Fx.dat","w") ;

for (i=1;i<=npoints;++i) fprintf (fout,"$f\n",Fx[i~1]);
fclose(fout);

*/

/*

fout = fopen("Fy.dat","w");

for (i=1;i<=npoints;++i) fprintf (fout,"$f\n", Fy[i~1]);
fclose (fout);

*/

/*store ellipse major and mnor axes for plotting*/
dugoff ellipse_ Fxmax = *Fxmax;
dugoff ellipse Fymax = *Fymax;

}

el se if (model_ flag==2)

{
/*compute Fymax, which occurs at slip = 0.0*/
slip =0.0
num = NUO*W ( 1-eps*V*sgrt (sqr (slip) +sqr(tan(alpha))) )*(l-slip);
den = 2*sqrt( sqr(Cs*slip) + sgr(Cal*tan(alpha)) );
| am = num/den;
fl = flamda(lam);



*Fymax = abs(Cal*tan(alpha) @ fl/(l-slip));

[ *conput e Fxmax*/

num = muO*W ( l-eps*V*sgrt(l.0+sqr (tan(alphaj)) );
den = 2*sqrt( sqr(Cs) + sqr(Cal*tan(alpha)) );
*Fxmax = 2.0*Cs*num/den;

/*
printf ("Fxmax= %£f\n", *Fxmax):
printf ("Fymax= %$f\n", *Fymax):
*/

/*store ellipse major and mnor axes for plotting*/
dugoff_ellipse Fxmax = *Fxmax;
dugoff ellipse Fymax = *Fymax:;

}

el se

{

}

}

/* conputes flambda for the dugoff nodel */
float flanmda (lam)

float | am
{
float fl;
if (lam < 1)
fl = lam*(2-lam);

el se if (lam >= 1)

{£1 = 1; /*printf ("flamda saturated\n");*/}
el se

{1}

return(fl)

}

/*****************************************************************************/

/* dugoff force() : returns the force given by the dugoff nodel */
/************;;***************************************************************/
fl oat dugoff_force(Fx, al pha-rear)

float Fx; /*tractive force*/

float alpha-rear; /* rear tire slip angle */

{

float Fxmax, Fymax;
float f_£fn();

fl oat Crear:

float f-rear-actual;

find-ellipse(al pha-rear, &Fxmax, &Fymax);

if ( abs(Fx) > abs(Fxmax) )

{
printf ("error i n dugoff force!!, Fx = %f, Fxmax = %£\n", FX, Fxmax);
getchar () ;

\

Crear = 80000.0



/*use the sane sign as the actual tire force nodel */
f-rear-actual = f_fn(alpha_rear,Crear);

[ *compute the force*/
if (f-rear-actual >=0.0)
I return( Fymax*sqrt( 1 - sqgr(Fx/Fxmax) ) )
el se
return{ -Fymax*sqrt{ 1 - sqr(Fx/Fxmax) ) );



/****************************************************************‘k**********t'r

witten by Satish

drw_path w draws the path in the workspace
******************************i***‘k****************‘k*************************t /
#i ncl ude <gl.h>

#i ncl ude <device.h>

#i ncl ude <stdio.h>

#i ncl ude <math.h>

#i ncl ude "runge.h"

#define norm(x,y) sqrt(sqr(x)+sqr(y))

#define abs(x) ( ((x)>=0.0) ? (X) : =-(x))
#define sqr(x) ((x)*(x))
#define PI 3.141592654

extern struct p {int winposi([4][10]};/*screen coords of the w ndows*/

float wincoord([6]({10];/* limts on the |ocal coordinate

systenms of the wi ndows*/
int wingid([101; /*w ndow i ds*/
int nwin; /*total nunber of w ndows opened*/
) winpar :
extern float s(500]),x(500][2),xs{500])([2],xss[500] [2];
extern struct t {int nconp; float conp[20])(2]):} bz_;
extern struct tw {int nconp; float conp[20](2];} bzw_;
extern int PATH NO
extern struct vehicle {float mass, lc, d, alpha, alpha-f, alpha r, Ft, Beta,
fnr, fnf, width, wheel-length, wheel width;} car;

extern int curr_pos_of_ car; /*index of current car posi tion*/

extern struct paths {float theta[500]),theta_s[500],theta_ss[500];} path;

/*to represent theta by a bspline */
extern float sangle[500],xangle[500])(2],xangles[500][2]),xangless[500][2];
extern float init_point([2];

/*actual value of theta to check accuracy of path integration */
extern float theta actual(500];

/ *al pha*/

struct paths2 {float alpha[500),alpha s[500]),alpha_ss[500];} pdyn;

/*steering angle and driving force*/

extern struct forces {float beta[1000], drive{1000], dis[1000); int np;} force;

/*to switch between path represetnations*/
extern int path-type;

/*store theta when switching path type*/
extern float pos _profile at_switch{400](2];
extern int pos_profile_no;

/*---dugoff nodel ellipse major and mnor axes values for plotting?---*/
fl oat dugoff_ellipse Fxmax,
dugoff elllpse Fymax;

/* ____________________________________________________________________ */
drw_path w(cell no)
int cell _no
{I ng cell-id; /*cell id*/
} .

0
nt

| oat theta, theta-s, theta-ss;
float anglex();

fl oat get-control - s():

char txt[40); /* to dlsplay nunber s*/



/*---for dugoff nodel---*/

float f£_alpha r():;

float rear force dugoff; /*rear tire force by dugoff nodel */
float rear-force-sat; /[*rear tire force by saturation nodel */
float dugoff_ force(),

float f £n();

float Gear;

fl oat al pha-rear:

void ellipsef();
[ K~ * /

/*calculate the angle theta = slope of the path at the current point*/
theta = path.theta[curr_pos_of car-1];

theta-s = path.theta_s[curr_pos_of_car-1]:

theta-ss = path.theta _ss[curr_pos_ of _car-1];

/*printf (“"theta = %f\n", theta);

car.alpha = pdyn.alphafcurr_pos of car-1];

car.Beta = get_control_at_s("str", s[curr_pos of car-11):
/*force.beta[curr pos of-car-I1];

car.Ft = get_controL_aq_s("drv“,s[cur:_pos_of_car-l]);
/*force.drive[curr_pos_of car-1];*/

J K e e e e — */

ALEEERTY conpute the ellipse representing the dugoff nodel--------------- =%

JAETEREEE at the current point for plotting------"----==-------===--------- /

/ *conmput e al pha-rear*/
al pha_rear = f alpha r(sl[curr_pos_of_car-1], 1.0, car.alpha, 0.0, pdyn.alpha_sf{cu

[ *conpute dugoff force and store major axes in dugoff ellipse Fxmax etc.*/

/*

rear-force-dugoff = dugoff force(car.Ft,alpha_rear);

printf(“ellipse axes = %, %f\n", dugoff_ellipse Fxmax, dugoff ellipse Fymax):
*/

/*conpute sat. nodel force*/
Crear = 80000.0;
rear-force-sat = f_fn(alpha_rear,Crear);

cell-id = winpar.wingid(cell _no-1};
winset (cell id);
l'inew dth(3);

color (BLACK) ;
clear();

/*draw t he workspace axis*/
Co0lor (RED) ;

move (0.0,0.0,0.0);
/*draw(35.0,0.0,0.0) %/
draw(135.0,0.0,0.0);
mve(O O -15.0,0.0);
draw(0.0,15.0,0.0);

/* draw the lines representing points where |ane changes begins and ends*/
color (BLUE) ;

/*

move(1 0 O, -15.0,0.0);

draw(10.0,15.0,0.0);

move(20.0, -15.0,0.0);

draw(20.0,15.0,0.0):



move (15.0,-15.0,0.0);
draw(15.0,15.0,0.0);
*/

move (50.0,-15.0,0.0);
draw(50.0,15.0,0.0);
move (70.0,-15.0,0.0);
draw(70.0,15.0,0.0);
move (90.0,-15.0,0.0) ;
draw(90.0,15.0,0.0);

if (path_type==0) /*theta(s) represented by a bspline*/
{

/*show the initial point in the workspace*/
col or (YELLOW ;
circf(init_point [0],init_point(1],0.3);
}
el se /*(x(s),y(s)) represented by a bspline*/

/[*draw the control points in the workspace*/

color (YELLOW) ;

for (i=1;i<=bzw_.nconp;++i) circf(bzw_.conp[i—l]IC]IbZW_-CORP[|'+1[l]ro-z)i
}

/*draw the path obtained by integrating theta*/

color (RED) ;

move (x(0][0],x([0][1],0.0);

for (i=2;i<=PATH_NO;++i) draw(x[i-1)(0],x([i-1)[1),0.0);

/* draw the car at its current position*/
pushmatrix():
translate(x{curr_pos_of_car-1] 0],
rot (180* (theta+car.alpha)/PI, 7z');
pushmatrix():
drw_body () :
popmatrix();
popmatrix();

x[curr_pos_of_car-11(1], 0.0);

ﬁ*draw the ellipse corresponding to the dugoff nodel */

*

color (CYAN) ;

el lipsef(50.0, 5.0, dugoff_ellipse_Fxmax/200, dugoff_ ellipse_ Fymax/800);
color (YELLOW) ;

circf(50.0, 5.0+rear_force_dugoff/800,0.2);

circf (50.0+car.Ft/200, 5.0,0.2);

circf (50.0+car.Ft/200, 5. 0+rear_force_dugoff/800,0.2):

colorxr (GREEN) ;

circf(50.0, 5.0+rear_force_sat/800,0.2);

/* display nunbers in the w ndow/

color (WHTE);
[ *t het a- ss*/

real char(txt,7,theta_ss);

cmov(wlnpar wlncoord[O][cell no-1] + 2.05,winpar.wincoord(2] {cell no-1] + 7*0.43,0
charstr (" theta-ss = ")

charstr(txt);

[*theta_s*/

real char(txt 7,theta_s):

cmov(w1npar wlncoord[O][cell no-1] + 2.05,winpar.wincoord[2)[cell_no-1]) + 6*0.43,0
charstr(" theta s = "):



charstr(txt);

[ *t het a*/

real char(txt,7,180*theta/PI):

cmov (winpar.wincoord{0) (cell no-1] + 2.05,winpar.wincoord(2] [cell no-1] + 5*0.
charstr (" t het a = "),

charstr(txt);

[ *al pha*/

real_char(txt,7,180*car.alpha/PI);

cmov (winpar.wincoord[0) [cell NO-1] + 2.05,winpar.wincoord[2] [cell no-1] + 4*0.
charstr (" al pha = ");

charstr(txt):

[ *Bet a*/

real char (txt,7,180*car.Beta/PI);

cnmov(wi npar.wi ncoord[Q [cell_no-I] + 2.05,winpar.wincoord(2] [cell_no-1] + 3*0.
charstr (" Bet a = "),

charstr (txt):

/*Ft*/

real_char(txt,7,car.Ft);

cmov (winpar.wincoord[0]) [cell no-1] + 40.0,winpar.wincoord([2] [cell_no-1] + 3*0.
charstr (" Ft = "y,

charstr(txt) ;

/*alphaf*/

real char(txt,7,180*car.alpha f/PI);

cmov(wi npar.wi ncoord[Q [cell Tnho-1] + 2.05,winpar.wincoord(2] [cell no-1] + 2*0.
charstr (" al phaf = ");

charstr (txt):;

/*alphar*/
real char(txt,7,180*car.alpha r/PI);

cmov(winpar.wincoord[O][cell_ﬁb—l] + 2.05,winpar.wincoord(2] [cell_no-1} + 0.43,

charstr (" al phar = m);
charstr(txt);

/*plot path cmputed using runge-kutta integration*/

col or ( MAGENTA) ;

move (yout [0) [0], yout [0} (1], 0.0);

for (i=2;i<=npoints;++i) draw(yout {i-1.3{0], yout[i-1])(1), 0.0):

swapbuffers () ;

}

/*****************************************************************************/

/* plots the bspline representing theta */
/*****************************************************************************/

drw_theta(cell no)

int cell _no
long cell-id; /*cell id*/
I nt I

char txt[40); /*to display numbers*/

cell-id = winpar.wingid(cell no-1]:
winset (cell id):

l'i newi dt h(3);

col or ( BLACK) ;
clear ();

43,0

43,0

43,0

43,0

43,0

0.0



if (path-type==0 /*theta(s) represented using bsplinex*/
{

/*draw the control points*/

color (YELLOW) ;

for (i=1;i<=bz_.nconp; ++i) circf(bz_.conp[i-1][0],bz_.conp[i-l] [1],0.05);
}

/*draw the path slopes */

color (RED);

move (s[0],path.theta[0],0.0);

for (i=2;i<=PATH_NO;++i) draw(s([i-1],path.theta({i-1]1,0.0};

/*draw t he actual value of theta(s) obtained by differentiating the path*/
color (WHITE) ;

move (s [0],theta_actual{0],0.0);

for (i=2;i<=PATH_NO;++i) draw(s[i-1],theta_actual[i-1]1,0.0):

/*store the previous theta profile*/

linewidth(1):

color (GREEN) ;

move (pos_profile at_switch{[0][0],pos_profile at_switch{0] [1],0.0):

for (i=2;i<=pos_profile_no;++i)
draw(pos_profile_at_switch[i-1){0],pos_profile at_switch(i-1:(1],0.0):

color (RED) ;

[*draw the axes to indicate limts on theta and s*/
linewidth (1) ;

move( 0.0,-1.0*PI,0.0);
draw(150.0, -1.0*P1,0.0);
move ( 0.0,1.0*PI,0.0);
draw(150.0,1.0*PI,0.0);
move(0.0, -1.0*PI1,0.0);
dram( 0. O 1.0*p1,0.0);
nmove (150.0, -1.0*PI,0.0);
drawm 150.0, 1.0*PI,0.0):

/*draw lines indicating PI/2 and -pI/2*/
move ( 0.0,-0.5*PI,0.0);
draw( 150.0, -0.5*P1,0.0);
move( 0.0,0.5*PI,0.0);
draw(150.0,0.5*P1,0.0);

/*draw the O degree |ine*/
color (BLUE) ;

move( 0.0,-0.0,0.0):
draw(150.0,-0.0,0.0);

swapbuffers():

}

/* draws the body of the car at (0.0,0.0) */
drw_body ()

{

[*draw t he frame*/

color (BLUE)

rectf (-car.d, -car.wi dth, car.d, car.width):

/*draw the body frame axis in white*/
color (WHTE);

move (0.0,0.0,0.0) ;
draw(0.5*car.d,0.0,0.0);

move (0.0,0.0,0.0);



draw(0.0,0.5*car.d,0.0):

[ *draw t he front wheel */
pushmatrix ()
translate(car.d,0.0,0.0);
pushmatrix():
rot (180*car.Beta/PI,"z’);
pushmatrix():
col or (YELLOW ;
rectf (-0.5*car.wheel_length, -car.wheel_width, 0.5*car.wheel_ length,
car .wheel width):
color (BLUE) ; /*draw t he wheel axis in blue*/
move (0.0,0.0,0.0);
draw(0.5*car.wheel length,0.0,0.0};
move (0.0,0.0,0.0);
draw(0.0,1.5*car.wheel width,0.0):
popmatrix ()
popmatrix():
popmatrix () :

/*draw t he back wheel */
col or ( MAGENTA);
pushmatrix();
translate(-car.d,0.0,0.0);
rectf (-0.5*car.wheel_length, -car.wheel width, 0.5*car.wheel length,
car.wheel _width);
popmatrix () ;

}

/*********************************‘k*************************************i****/
/* plotting prograns */
/****************************************************************************/
plot (x,y,no,cell no) /[*plots y(x) */

float *x,*y;

I Nt no,cell no:

loat | xmn, Ixmax, lymn, lymax; /*lengths of the box edges*/
| oat xmax,ymax,max_array();
| oat xmin,ymin,min_array();
| oat sc_x,sc_y:/*scaling factor*/
ong cel l-id;
nt i;

{
f
f
f
f
I
|

| Xm n = winpar.wincoord([0][cell_no-1];
| Xmax = winpar.wincoord[l]}([cell no-1];
lym n = winpar.wincoord[2][cell no-1);
| ymax = winpar.wincoord([3]([cell_no-1];
Xmax = max_array(x,no):

yma x = max_array(y,no):

Xmn = min_array (x,no);

ymn = min_array(y,no):

sc_x = (lxmax-lxmin)/ (xmax-xmin);

sc_y = (lymax-lymn)/(ymax-ymnin);

/%

cell-id = winpar.wingid{cell _no-1] :

winset (cell id):
color (BLACK) ;
clear():

*/

[*draw the box*/
/*



color (RED) ;

move2 (1xmin-0.1,0.0);

draw2 (1xmax+0.1,0.0):

move2(0.0,1ymin-0.1):

draw2 (0.0,1lymax+0.1);

*/

/* col or (YELLOW; */
move2(lxmin+sc_x*(x[O]-xmin),lymin+sc_y*(y[0]—ymin));
for (i=1;i<=no;++i) draw2(lxmin+sc_x*(x[i-1]-xmin), lymin+sc_y* (y[i-1]-ymin));
/* swapbuffers(); */

}

fl oat max_array (x,no)

float *x;
int no;

{. .

int i
float maxv;

maxv=x[0]:
for (i=2;i<=no;++i) { if(X[i-1)>maxv) maxv=x[i-1];}
return (maxv) ;

}

float min_array(x,no)
float *x;

I
{

minv=x(0}]:
for(i=2;i<=no;++i) { i f(X [i-1)<minv) mnv-x[i-17;}
return(minvy);

/**************************************************************************‘k*/

/* plots the steering angle and drive force for the path * /
/****************************************************************************/
pl ot steer_and_drive_forces(int_increment, cell-no)

Int Tnt_increment;

Int cell no:

{
long cell-id; /*cell id*/
I nt I

/* cell-no = 7*/

cell-id = winpar.wingid{cell no-1]:
winset (cell id):

col or (BLACK) ;

clear():

linewidth(1l);

col or (YELLOW ;

move (tout2 [0}, force.beta(0],0.0)

/* for(i=2;i<=npoints2;++i) draw(tout2([i-1],force.beta[i-1],0.0); =*/
for(i=1;i<=npoints2;i=i+int_increment) draw(tout2(i-1],force.beta(i-1],0.0);

[*draw limts on Beta*/
col or (CYAN) ;
move( 0.0,-PI/3.0,0.0);



draw( 150.0, -p1/3.0,0.0):
move( 0.0,P1/3.0,0.0):
draw(150.0,P1/3.0,0.0);

color (RED) ;

move (0.0,0.0,0.0);
draw(150.0,0.0,0.0);
move (0.0,-5.0,0.0);
draw(0.0,5.0,0.0);

swapbuffers():

/* draw drive force in wi ndow no 8*/
cell-id = winpar.wingid[cell_no];
winset (cell_id);

color (BLACK) :

clear():

color (YELLOW) ;

move (tout2[0], force.drive[0],0.0)

/*for(i=2;i<=npoints2;++i) draw(tout2[i-1)},force.drive([i=-1],0.0); */
for(i=1l;i<=npoints2;i=i+int_increment) draw(tout2(i-1},force.drive[i-1]1,0.0);

color (RED) ;

move (0.0,0.0,0.0);
draw(150.0,0.0,0.0);
move(O O ~-6500.0,0.0);
draw(0.0,6500.0,0.0);

[*draw | imts on Ft*/

color (CYAN) ;

/* 3-16-95

move( 0.0,-0.3*1550%*9,81,0.0):
draw(120.0, -0.3*1550*9.81,0.0):
move( 0.0, 0.3*1550*9.81,0.0);
draw(120.0, 0.3*1550*9.81,0.0):
*/

move( 0.0,-6000.0,0.0);
draw( 150.0, -6000.0,0.0);
move( 0.0, 3000.0,0.0); /*old limt 2000%/
draw( 150.0, 3000.0,0.0);

swapbuffers();

[*mmm e generates ellipse—=—=~—m——mm oo e * /
void ellipsef(x, y, a, b)
float x, y, a, b;

I

nﬁoi nt = 100;:

theta = 0.0;

at delta:

oat cpl(100][2);

oat cpx[100}, cpy([100];

delta = 2*PI/ (npoint-1):
/*printf ("delta = %f\n",delta); */
for (i = 0;i<npoint;++1i)

cpli)l (0] = x + a*cos(theta) :
cpx (i) = cpli] [0);
cpli] [1) = v + b*sin(theta) :



cpyli] = cpfi) [1];

theta = theta + delta; _
/*printf ("cp(%d) = %, sf\n", |, cpx[il, cpylil); */
move (cpx[0],cpy(0],0.0);

for(i=2;i<=npoint;++i) draw(cpx([i-1],cpy[i-1],0.0);
}



/***************************************************'k*'k***********************

witten by Satish

conputes the steering angle at each point along the path using date obtained
from the runge-kutta integration
****************-k******************i******************************************/
#i ncl ude <gl.h>

#i ncl ude <device.h>

#i ncl ude <stdio.h>

#i ncl ude <math.h>

#include "runge.h"

#include "kinematic.h"

#defi ne norm(x,y) sqrt (sqr (x)+sqr(y))

#define abs(x) ( ((x)>=0.0) ? (x) : =(x))

#define sqr(x) ((x)*(x))

#define PI 3.141592654

[*rxxxxxxxxkcritical slip angles for the front and rear tireg******xkkkkkkfkkkx/
#define ALPHA_F_CR 10*p1/180 /* 10 degrees */

#define ALPHA_R.CR 10*PI1/180 /* 10 degrees */

/*************‘k****************************************************************/

[oeosmajor @and - monor  axes  for friction ellipse*****xixiksxxxiix/
#define A_fr _ellipse 6000. 0
#define B_fr ellipse 80000.0*ALPHA_R.CR

/*********************************t********************************************/

extern struct p {int winposi[4]{10]:;/*screen coords of the w ndows*/
float wincoord[6}(10);/* limts on the |ocal coordinate
systens of the w ndows*/
int wingid[10): /*wi ndow i ds*/
int nwin; /*total nunber of w ndows opened*/
} winpar ;

extern struct vehicle {float mass, lc, d, alpha, alpha f, alpha r, Ft, Beta
fnr, fnf, width, wheel-length, wheel-width; } car;

extern float s({500],x[500)[2],xs[500][2],xss[500]([2];

extern int PATH NO

extern struct paths {float theta{500],theta_s[500],theta_ss[500]);} path;
extern struct paths2 {float alpha(500]),alpha_s[500],alpha_ss[500]:} pdyn;
extern struct forces {float beta{1000}, drive[1000], dis[1000]); int np;} force;

[*for the solution of the steering angle*/
float A eq, B eg;

float psi-f; /*angle between the velocity of front wheel and the car body
) x - axi's; Stk NOTES*/
float rhs_of_ force_eq:; /*right hand side of the y-force equation with the
Beta termon the left hand side*/

extern int store-flag-for-runge-2; /*for storing data*/
extern float Beta-nax, Beta-mn; /*limts on the steering angle*/

extern int existence-flag; /* 0 if roots exists, 1 if they do not*/

extern int violation-of-wheel-slip, /* 0 if wheel slip angle limts are not
violated, 1 if they are*/

extern int violation_of_ fr_ellipse:; /* 0 if friction ellipse is not violated,
1if it is*/
/************************************************************************/

/*programto find the steering angles at different points along the path*/

/*****’k******************************************************************/

float ALPHA- REAR, ALPHA-FRONT; /*rear and front tyre slip angles*/



find_path_steer_angles(int_increment)
Int 1nt_Increment;

{
FI LE *fout:

/*files for debuggi ng*/
/*
FI LE *dbg_sdd, *dbg_ts;

fl oat solve steering _angle():
fl oat solve-drive_force():
fl oat get_quantity at_s():

float sd-at-s, sdd-at-s, theta-at-s, thetas-at-s, thetass_at_s:
float al pha-at _s, al phas-at-s;

fl oat Cfront: /*force constant for the front steering wheel */
float Crear:

i nt i

/*to ensure that drive force lies in dugoff ellipse*/
float Fxmax, Fymax;

/*initialize existence flag*/
exi stence-flag = 0;

[*initialize violation-of-wheel-slip*/
vi ol ation-of -wheel -slip = 0;

/*initialize violation_of_fr_ellipse*/
violation_of fr_ellipse = (;

/* nunber of points */
force.np = npoints2

[*open file for storing sdd*/
/*
if (store flag_for_runge_2==1) dbg_sdd = fopen("dbg_sdd.mat",6 "w");
*/

/*open file for storing theta-s = K*/
/*
i f (store_flag_for_runge_2==1) dbg_ts = fopen("dbg_ts.mat",6 "w");
*/

| *for (i=1;i<=PATH NO;++i)*/

[*for (i-l; i<=npoints2;++i)*/
for (i=1;i<=npoints2;i=i+int_increment)
{

if(store flag_for-runge_2==1) printf ("s = %f\n", tout2{i-1]):
force.dis[i-1] = tout2([i-1};

sd_at _s = get-quantity-at-s("sdv",tout2[i-11);
if(store flag_for_runge_2==1) printf("sd = %£f\n", sd-at-s);

sdd at s = get_quantity_at_s("sdd",tout2[i-1]):
if (store-flag-f or runge_2==1) printf("sdd = %f\n¥, sdd-at-s);

/*store the accelerations for debuggi ng*/

/*

if (store_flag_for_runge_2==1) fprintf (dbg_sdd,"$f\n",sdd_at_s);
*/

t heta-at-s = get quantity at_s("the",tout2[i-1]); /*path.theta[i-1];*/



i f
{

if (store flag for runge 2==1) printf ("theta = %$f\n", theta-at-s);

thetas-at-s = get-quantity-at s("ths",tout2{i-1}); /*path.theta_s[i-1]
if (store flag_for_ runge 2==1) printf("thetas = %f\n", thetas-at-s);

/*store theta-s = K for debuggi ng*/

/*

if (store_flag for runge_2==1) fprintf(dbg_ts,"%f\n",thetas_at_s);
*/

al pha-at-s = yout2([i-1](0]); /*pdyn.alpha[i-1];*/
if (store_flag_for_runge_ 2==1) printf("alpha = %£f\n", al pha-at-s);

al phas-at-s = yout2[i-1] [1]); /*pdyn.alpha_s([i-1];*/

if (store flag_for_runge_2==1) printf("alphas = $£\n", al phas-at-s);
Cfront = -80000. 0;

Crear = 80000. 0;

/*find the steering angle at each point using a gol den search*/
force.beta[i-1] = solve_steering_angle(tout2{i-1]),sd at_s,sdd at_s,
al pha-at-s, alphas-at-s,
theta-at-s, thetas-at-s, Crear);

/*find the driving force required*/

force.drive{i-1] = solve_drive_force(tout2(i-1],sd_at_s,sdd_at_s,
al pha-at-s, al phas-at-s,
theta _at_s, thetas-at-s, Cfront,
force.betal[i-1]);

if (store_flag_for_runge 2==1) printf("beta = %f\n", force.beta [i-1]):
/*****for pI OtS******/

tyre.alpha_r([i-1] 180.0*ALPHA REAR/PI;
tyre.alpha_ f(i-1] 180.0*ALPHA_FRONT/PI;

[*****check violation of wheel slip angles******/
if(
( abs(tyre.alpha r[i-1])) > ALPHA R CR*180/PI )
[
( abs(tyre.alpha_f[i-1])) > ALPHA F CR*180/PI )

)
vi ol ati on-of -wheel -slip = 1;

[*****check violation of friction ellipse******/
find ellipse(tyre.alpha r[i-1]1*PI/180.0, &Fxmax, §&Fymax);
/*( sqr(force.drive[i-1]/A_fr ellipse)
+
sqgr (Crear*tyre.alpha_r[i-1}*PI/B_fr ellipse/180.0) )*/
ifo(
( sgr(force.drive([i-1)/Fxmax)
+
sgr (Crear*tyre.alpha _r[i-1)*PI/B _fr ellipse/180.0) |
> 1.0

)
violation_of fr_ellipse = 1,

/*getchar () ;*/

/*fclose (dbg_sdd);*/ /*close accel eration debug file*/
/*fclose(dbg_ts):*/ /*close theta-s debug file*/

(store_flag_for_runge_2==1)

*/



/*store the force and steering angles for plotting*/
fout = fopen("steer.mat","w");

for (i=1;i<=npoints2;i=i+int_increment) fprintf (fout,"%f\n", force.beta[i-1]*180.!
fclose(fout):

fout = fopen(“"drive.mat","w");
for (i=1;i<=npoints2;i=i+int_increment) fprintf (fout,"%f\n",force.driveli- 1))
fclose(fout):

fout = fopen ("pdis.mat","w"):
for (i=1;i<=npoints2;i=i+int_ increment) fprintf (fout,"$£f\n",tout2(i-I]);

fclose(fout);

fout = fopen("alpha_front.mat","w");
/* note:al pha_f is negative of actual val ue*/
for (i=l;i<=npoints2;i=i+int_increment) fprintf (fout,"%£f\n",-tyre.alpha_f[i-1]};
fclose(fout):

fout = fopen("alpha _rear.mat","w");
for (i=1;i<=npoints2;i=i+int_increment) fprintf (fout,"%f\n",tyre.alpha_r(i-1});
fclose(fout)

fout = fopen("fr ellipse.mat","w");
/*stores the value of (ft/a)**2+(fx/b)**2*/
for (i=1;i<=npoints2;i=i+int_increment) fprintf (fout,"%f\n",
sqr (fcrce.drive[i-1]}/A_fr_ellipse) +
sgr (Crear*tyre.alpha r[i-1]1*PI/B_fr ellipse/180.0) );
fclose(fout);
}

}

/****************************************************************************/

/* solves for the driving force at a given point */

/******************‘k*********************************************************/

float solve drive force(dis,sd_dis,sdd_dis,alpha_dis,alphas_dis,theta_dis,
thetas_dis, Cr, steer-angle)
fl oat dis,sd dis,sdd dis, alpha_dis,alphas_dis,theta_dis,thetas_dis:

float Cr, steer- angle
{
float f_£fn(), anglex();

at al pha-front:

at drive-force-at-dis:
at kappa-at-dis;

at psi-front;

psi-front = anglex( cos(alpha_dis),
car.d* (thetas_dis+alphas_dis) - sin(alpha_dis) );

al pha-front = steer-angle - psi-front:

/** for plots**/
ALPHA- FRONT = al pha-front;

kappa-at-dis = thetas-dis;

drive-force-at-dis = car.mass*(sdd_dis*cos(alpha_dis) +
kappa_at dls*sqr(sd dis)*sin(alpha_dis) ) +
f fn(alpha_front,Cr)*sin(steer_angle):

return(drive_force_at_dis):

}

/****************************************************************************/

/* solves for the steering angle at a given point */



/*************************************************’k******’k*!t****************/

fl oat SO|VQ_steering_angle(dis,sd_dis,sdd_dis,alpha_dis,alphas_dis,theta_dis,
t hetas _dis, Cr)

fl oat dis,sd dis,sdd _dis,alpha_dis,alphas_dis,theta_dis,thetas_dis;

float Cr; - -

| oat £_alpha_r(), £_fn(), anglex(), gol d-find-steer-angl e0;

| oat kapﬁa- at-dis;

| oat al pha-rear;

/*printf ("dis=%f\n", dis); */

al pha-rear = f_alpha_r(dis, sd_dis, al pha-dis, alphas_dis*sc¢_dis, thetas_dis*sd_dis

[**for plots**/
ALPHA- REAR = al pha-rear;

psi_f = angl ex( cos(alpha_dis),
car.d* (thetas_dis+alphas_dis) - sin(alpha_dis) );

kappa-at-dis t hetas-dis;

rhs_of force_eq = car.mass*(-sdd dis*sin(alpha_dis) +
kappa_ at_dis*sqr(sd_dis)*cos(alpha_dis)) -
f fn(alpha_rear, C(r);

/* solve the equation of the form
f nf(Beta-psi_f)*cos(Beta) - rhs of force-ea = 0
=> -Cr=abs(Beta-psi_f)*sgn(sin(Beta-psi_f))*cos(Beta) = rhs_of_force_eq
Refer notes for details */ -

[*first check if a solution does NOT exist. The conditions for this are:

Beta_ nmn > psi-f - Irhs_of_ force_eq/Cr|
and Beta_max < psi-f + |rhs_of_ force_eqg/Cr| */

i f
( Beta_min > psi-f - abs (rhs_of_force_eq/Cr) )
&&
( Beta-max < psi-f + abs(rhs_of_force_eq/Cr) )
)
{
printZ ("SOLUTION DOES NOT EXiST AT s = %f\n", dis);
exi stence-flag = 1;
}

return( gold find_steer_angle() );

}

fl oat gold find_steer_angle()

{
fl oat eguation_cost(), minval();
I nt get_root_index ()

float xI, fl, =xu, fu;

float optv, optx;

float optvi, optxl, optv2, optx2, optv3, optx3;
H oat xmidl, xm d2;

oat diff({3}:
float y:
float cost, min_cost;
float min_y:
float mn_y_.1, mn.y.2;

i nt ret _index;



I nt L

I nt N;

I nt flag-for-root3;

N = 50:
/*Pse t he gol den search nethod to | ocate one m ni nmunt/
xI =0.0;

fl = equation_cost (xl);

XU = PI/3.0;

fu = equation_cost (xu);
gsearch(xl,fl,xu,fu,N, &optvl,&min.y_1) :
x| = -PI/3.0;

fl = equation_cost (x1);

xu = 0.01,

fu = equation_cost (xu);
gsearch(xl,fl,xu, fu, N, goptv2,&min.y .2) ;

[*added Feb 27 95 to check existence */
if ( (abs(optv2) > 0.1) && (abs(optvl) > 0.1) )
{
printf("solution may not exist! !!\n");
exi stence-flag = 1;
}

if ( optv2 < optvl) return(min.y .2);
el se return(mn.y.1);

m n_cost = 10000000. 0;

/*check exhaustivelyfor thecost*/
for (y= 0.0; y< PI/3-0.1;Yy = y+0.02)
{

cost = equation-cost(y);
printf ("cost (%¥f)=%f\n",y,cost);
i f (cost < mn-cost)
{
m n_cost = cost;
min_y =Y,
}

/*

getchar () ;

*/

}

for (y= -0.02; y> -p1/3+0.1; y = y-0.02)
{

cost = equation-cost(y);
printf("cost (%£)=%f\n",y,cost);
if (cost < mn-cost)
{
m n_cost = cost:
min_y =Y,
}
/*
getchar ()
*/
}

return(min_y);

/* solve for the first root*/

xI = -Pl;
fl = equation_cost (x1);
Xu = Pl:
fu = equation_cost (xu):



gsearch(xl,fl, xu, fu,N, soptvl,s&optxl) ;

printf ("optvl=%f, optxl = %f\n", optvl, optxl);
I f (abs(optvl)>0.01) printf ("no roots, ERROR\n");

/*check the interval left of optxl excluding the point optxl */

X
fl

-Pl;

equation_cost (xl):

XU optxl - {(optx1-PI)/200.0;

fu = equation_cost (xu);

gsearch(xl, fl,xu, fu,N, &optv, &optx) ;

if ( abs(optv) < 0.001 )

{
optx2 = optx;
optv2z = opty;
}
el se

{
/* check the interval to the right of optxl =*/

xI = optxl + (PI-optxl)/200;
fl = equation_cost(xl);
xu = PI;

fu = equation_cost (xu);
gsearch(xl,fl,xu,fu,N, &optv2,&optx2):
}

[*check is there is nore than one root*/

if ( abs(optv2) > 0.001 ){ printf("there i S only one root\n"); return(optxl);}

if (optx2 < optxl )

xm dl = optx2;
xm d2 = opt x|

}
el se

xmdl = optxl
xm d2 = optx2;

}

flag for root3 = o; /*flag to indicate whether there is a third root*/

for ( i=1l;1i<=3;++1)

if (i==1)

{
xI = -Pl;
Xu = xmdl

else if (i==2)

xI = xmidl
XU = xm d2
}
el se
{ .
xI = xm d2
xu = Pl:
}
fl = equation_cost(x1l);

fu = equation-cost(xu);

gsearch(x1, f1, xu, fu,N, &optv, &optx)
i f ( abs(optv) < 0.01)

{

flag-for-root3 = 1,

if ( (abs(optx-optxl) > 0.01) && (abs(optx-optx2)

> 0.01) )



optx3 = optx;
optv3 = optyv,
}
}
}
if (flag-for-root3 == 0)

{
printf ("there are only two roots\n");
[*return the root closer to zero*/
diff{0] = minval( optxl, abs(2*PI-optxl) );
diff[1l] = minval( optx2, abs(2*PI-optx2) );
diff[2) = 1000.0:
ret-index = get_root_index(diff,3);

}

el se

{
/[*of the three roots, return the one closer to 0*/

diff (0] = abs(optxl): /*minval( optxl, abs(2*PI-optxl) );*/
diff(1] = abs(optx2); /*minval( OptXx2, abs(2*PI-optx2) );*/
diff(2] = abs(optx3); /*minval( optx3, abs(2*PI-optx3) );*/

ret-index = get_root_index(diff,3):

if (ret index==1) return (optxl);

if (ret-index==2) return(optx2);

i f (ret index==3) return(optx3);
}

nt get_root_ index(diff)
| oat diff[3];

[
f
{
if ( (di££(0) <= diff[l]) && (Aiff[0] <= diff(2]) ) return(1);:
if ((diff[1) <= diff[0]) && (Aiff[1) <= diff[2]) ) return(2);:

if ( (diff[2] <= diff([0])) && (Aiff[2) <= 4iff[1]) ) return(3);
}

| oat minval(vall,val2)
| oat vzll, val2:

—~— —h —h

i f (vall <= val2) return{vall);
el se return(val?);

| oat equation-cost (angl e)
| oat angl e;

f fn(Q);
Cfront; /*force constant for the front wheel */

Cfront = -80000:;

/*

printf("in equati on cost\n");

printf("at %, cost = %f\n", X,abs( f_fn(x-A eq,Cfront)*cos(x) - B eq ));

*/

return( abs( f_fn(angle-psi_f,Cfront)*cos(angle) - rhs_of force_eq )/10000.0 );
}

/************************************************************************/

/*mnimzes a function of one variable using the golden search nethod */
/************************************************************************/
gsearch(xl,fl,xu, fu, N, _ opt v, opt x)

float xI, fl, xu, fu; /*inputs*/

fl oat *ootv, *ootx; / *out put s*/



fl oat equation_cost ():

float xI, fl, x2, f2:
float tau;
i nt k;

tau = 0.381936;

Xl = (l-tau)*x1l + tau*xu;
fl = equation_cost(xl):
X2 = tau*xl + (l-tau) *xu;
f2 = equation-cost(x2);

k = 3:

k = k+1:;

xI = xl;
fl =f1,!
xI = x2;
fl =f2;
x2 = tau*xl + (l1-tau)*xu;
f2 = equation_cost(x2):

}

el se

\
XU = X2;
fu=f2;
X2 = xl;
f2 = £1;
Xl = (l-tau)*x1l + tau*xu;
fl = equation_cost(x1);

}

k = k+1;

}

*optx = Xl ;
= equation_cost (x1);

fl oat gold find_steer_angle_2()

{
float eguation_cost(), minval();
i nt get_root_index():

float xI, fl, xu, fu:

float n interval: /*nunber of interval s*/

float interval-size

fl oat opt_£[201; /*optinum function values for each interval*/
float opt_x(20):; /*optinum beta val ues for each interval*/

fl oat ROOT1, F ROOT1; /*the root closest to zero*/
fl oat ROOT2, F_ROOTZ2; /*other root*/

int i:

int N

i nt i ndex of rootl, index of root2:



/****************************************************************************/

/* There are atmost 2 roots (see notes for details)
/* divide the interval [-pi/2, pi/2] into several

Interval s and

/* use the gol den search method in those intervals to find the

/* roots

/****************************************************************************/

[*divide {-pi/2,pi/2] into n-interval interval s*/
O.

n interval_ = 10; _
interval -size = Pl/n-interval;

N = 50;
for (i=1;i<=n_interval;++i)
{
x| -PI/2 + (i-1)*interval_size;
fl equation cost(x1l):
xu = x|l + -interval _size;
fu = equation_cost (xu);

gsearch(xl,fl,xu,fu,N, &opt f{i-1],&opt_x[i-1])

/*search for the two best roots*/

ROOT1 = 0 N,

F ROOT1 = 10000000;

for (i=i;i<=n_interval;++i)
if(opz_£f{i-1] < F_ROOT1)

{ index of_rootl = i; F_ROOT1 = opt_£f(i-1]; ROOT1
ROOT2 = 0.0;
F_ROOT2 = 10000000;

for (i=1;i<=n interval;++i)

if( (opt_£f[i-1] < F_ROOT2) && (i!=index_of_rootl) )
{ index-of-root2 = i; F-ROOI2 = opt_f{i-1]; ROOT2

{
printf("solution may not exist!! !'\n");
exi stence-flag = 1:

}

/*Return the root closest to zero*/
if ( abs(ROOT1) <= abs(ROOT2) ) return(ROOT1);

el se return(ROOT2) ;
}

if ( (abs(F_ROOT1) > 0.1) && (abs(F_R0OOT2) > 0.1)

)

.
’

]

opt_x[i-1]:}

opt_x[i-1]:}

*/
*/
*/
*/



/*******************************t*********************************************

witten by Satish _

computes al pha and al pha-s along the path using the data from the runge-kutta
ItQE\'?Q&QELQQ*******************************************************************/
#i ncl ude <gl.h>

#i ncl ude <device.h>

#i ncl ude <stdio.h>

#include <math.h>

#incl ude "runge.h"

#define norm(x,y) sqrt(sqr(x) +sqr(y))

#defi ne abs(x) ( ((x)>=0.0) 2?2 (%) : -(x))
#define sqr(x) ((x)*(x))
#defi ne PI 3. 141592654

extern float s{500],x[500)([2),xs[500])([2]),xss[500])([2];
extern int PATH NO
extern struct paths2 {float alpha(500],alpha_s([500],alpha_ss(500}; } pdyn;

float get-quantity-frominteg(qty,dist)
char gtyl[3):
float dist;
{
int i, s index;
flo:-z quantity;
i nt poi nt-fl ag;

point-flag = O;
/*find the indices of the points enconpassing the given distance*/
for (i=1;i<=npoints2-1;++i)
{
if ( (dist>=tout2[i-1)) && (dist<tout2{i]) ) {s-index = i;point flag=1:}
}

if (point_flag==1)

{
if ( (qtyl{0}=='a’) && (qty([l]=='1") && (qty[2]=="p") )
{

/[*if gty = "alp" return al pha*/

quantity yout2([s_index-1][0] +

(dist-tout2{s_index-1])*(yout2{s_index) [0)}-yout2[s_index-1)[0])/(tout2[s_inde:
return (quantity):

}
else if ( (qtyl0)==a’) && (gqty[l)=="1") && (qtyl[2]=='s"))

[*if gty = "als" return al pha*/
quantity = yout2[s_index-1]([1] +
(dist-tout2(s_index=-1])*(yout2[s_index] [1]-yout2[s_index~1)[1])/(tout2(s_inde
return (quantity);

}

el se

{
printf ("quantity unrecogni zable: ERRORI!! !\n");
getchar ()
return(-100.0);

}

}

el se /*return all quantities at the end of the path*/

{
if ((gty(0)=='a') && (qty[l]=="1') && (qty[2]=='p’') )
{

quantity = yout2[npoints2-1)[0]):
return(quantity):



}
else if ( (qty(0)=='a’) && (qty(l]=="1") && (qtyl2]=='s") )
{
quantity = yout2[npoints2-1]1([1];
return(quantity);
}
el se
{
printf("quantity unrecogni zable: ERRORl !! !\n");
getchar ()
return(-100.0);

}

get_alpha _along_path{()
{
int i; _ _
float get-quantity-frominteg();

printf ("PATH NO = %d\n",PATH_NO):

printf ("at 1\n"):

getchar ();

for (i=1;i<=PATH NO-2;++1i)

{

printf("at % in loop\n",i):

pdyn.alphafi-1] = get-quantity-frominteg("alp",s(i-11);
pdyn.alpha_s{[i-1] = get-quantity-frominteg("als",s[i-11);

}

printf ("at 2\n");
pdyn.alpha [PATH_NO-2]
pdyn.alpha [PATH_NO-1]
printf ("at 3\n");
pdyn.alpha_s{PATH_NO-2]
pdyn.alpha_s[PATH_NO-1]

pdyn.alpha[PATH_NO-3};
pdyn.alpha (PATH_NO-2];

[

pdyn.alpha_s[PATH_NO-3];
pdyn.alpha_s{PATH NO-2];



********************************************‘k***i*********************
by, Satish

* **t*****************************************************************/
_ ude <gl.h>

#i ncl ude <device.h>

#incl ude <stdio.h>

#i ncl ude <math.h>

#defi ne norm(x,y) sqgrt (sqgr(x)+sqr(y))

#defi ne abs(x) ( ((x)>=0.0) ? (x) : =(x))
#define sqr(x) ((x)*(x))
#define PI 3. 141592654

t define MAX- NPAR 30

extern struct tv {int nconv; float conv[20]([2]:;} bzvel_:
extern struct tw {int nconp; float conp(20]({2];} bzw_:
extern float constant-velocity-of-car;

extern int vel_type:
extern char QTY(3]; /*to decide which to optimze*/

bt opar (npar,par)
fl oat par [MAX NPAR];
i nt *npar;
L
int i;
int nfirst, nlast;

| f ( (QTY[0)=="Vv") && (QTY[1ll=='e’) && (QTY[2]=="1") )
{
if (vel type==0)

/*vary only the y-coordinates of the control points*/
*npar = bzvel_.nconv;
for (i=1:;i<=bzvel_.nconv;++i)
{
par(i-1] = bzvel .conv[i-1]({1]:
}
}
el se
{
*npar = bzvel _.nconv-1;
for (i=2;i<=bzvel_.nconv;++i)
{
par{i-2] = bzvel .conv{i-1](1]:
}
}

}
else if ( (QTY[0]=="e’) && (QTY[1l]l=='n’) && (QTY[2]=='Vv") )
{

if (vel type==0)

{

/*vary the initial velocity and the y-coordinates of the control
points for the acceleration profile*/
*npar = bzvel .nconv+l;
par [0] = constant-vel ocity-of-car:
for (i=1;i<=bzvel_ .nconv;++i)
{
par(i] = bzvel .conv[i-1][1];
}
}
el se
{
/* vary y-coordinates of the all the control points of the velocity
profile */

*npar = bzvel .nconv;



for (i=1;i<=bzvel .nconv;++i)

par{i-1] = bzvel .conv{i-1j([1]:
}
}

}
else if ( (QTY([0]=='p’) && (QTY[1l]=="1") && (QTY[2]=="h") )
{
nfirst = 1; /*3;%/ /*4;%/ [/*3;*/
nl ast 1, /*3;%/ /*4;*/ [*3;%*/
*npar = 2*(bzw_.nconp-nfirst-nlast);
/*exclude the first nfirst and last nlast pts*/
for (i=1:;i<=bzw_.nconp-nfirst-nlast;++i)
{
par(2*(i-1)+0]) = bzw_.conp[nfirst + i-1]1[0];
par[2*(i-1)+1) = bzw_.conpinfirst + i-1] [1):
}

}
else if ( (QTY[0l=='p’) && (QTY[1]=="t') && (QTY[2]=="2") )

{

/*fix the x coordinate of the second point and the y coordinate of the
second | ast point*/
*npar = 2*(bzw_.nconp-4) + 1 + 1;

/[*first paraneter is the y coordinate of the 2nd control point*/
par{Q0] = bzw_.conp(1])(1]:

/*next 2* (bzw .nconp-4) are the x and y coordinates of the points
except for the last two points*/

for (i=1;i<=bzw_.nconp-4;++1i)

{

par[1+2*(i-1)+0] = bzw_.conp{2 + i-1]([0];

par [1+2*(i-1)+1] = bzw_.conp[2 + i-1](1]:

/*the next parameter is the x coordinate of the second |ast control point*/
par {2* (bzw_.nconp-4) +1+1-1] = bzw_.conp [bzw_.nconp-I-1] [1]; /*for lane change*/

)
else if ( (QTY[0l=='p’) && (QTY[1l]=="t') && (QTY[2]=='3") )
{
/*fix the x coordinate of the second point and the y coordinate of the
second | ast point*/
*npar = 2" (bzw_.nconp-4) + 1 + 1 + 1; /*last parameter is the constant
velocity of the car*/

/[*first paraneter is the y coordinate of the 2nd control point*/
par(0] = bzw_.conp(1l][1]:

/ *next 2*(bzw_.nconp-4) are the x and y coordinates of the points
except for the last two points*/

for (i=1;i<=bzw_.nconp-4;++i)

{

par{1+2*(i-1)+0] = bzw_.conp[2 + i-1][0]:

par[1+2*(i-1)+1) = bzw_.conpl2 + i-1)[1);

/*the next parameter is the x coordinate of the second |ast control point*/
par[2*(bzw_.nconp-4)+1+1-1] = bzw_.conp{bzw_.nconp-1-1]1(1]); /*for |ane change*/
/*to determine the maxi mum velocity attainabl e*/
par [2* (bzw_.nconp-4)+1+1+1-1] = constant-vel ocity-of-car:

}
else if ((QTY(0)==‘T’) && (QTY[1l]=='R‘) && (QIY(2]=='J") )
{



nfirst = 1: /*4; */
nlast = 1; /*4; */
*npar = 2*(bzw_.nconp-nfirst-nlast);

[ *exclude the first nfirst and |ast nlast pts*x/
for (i=1;i<=bzw_.nconp-nfirst-nlast; ++)
{
par [2*(i-1)+0]
par[2*(i-1)+1]
}

bzw_.conp[nfirst + i-1][0];
bzw_.conp[nfirst + i-1](1];

if (vel_type==0)
{

[*vary only the y-coordinates of the control points*/
*npar = *npar + bzvel .nconv;
for (i=1;i<=bzvel .nconv;++i)

{
par [2*(bzw_.nconp-nfirst-nlast) + i-1] = bzvel_ .conv[i~1](1];
}
}
el se
{
*npar = *npar + bzvel .nconv-1;

for (i=2;i<=bzvel .nconv;++i)
{par[z*(bzw_.nconp-nfirst-nlast)+ i-21 = bzvel_ .conv([i-1][1];
\ }
élse if ( (QTY[0]=='T') && (QTY{1]=='R’) && (QTY[2]==2) )

/*fix the x coordinate of the second point and the y coordinate of the
second | ast point*/
*npar = 2*(bzw_.nconp-4) + 1 + 1;

[*first parameter is the y coordinate of the 2nd control point*/
par{0] = bzw_.conp(1l](1]:

/*next 2*(bzw_.nconp-4) are the x and y coordinates of the points
except for the last two points*/

for (i=1;i<=bzw_.nconp-4;++i)

{

par[1+2* (i-1)+0]

par[1+42*(i-1)+1]

}

= bzw_.conp[2 + i-1](0);
= bzw_.conp(2 + i-1}{1];

[*"the next paraneter is the x coordinate of the second [ast control point*/
par [2*(bzw_.nconp~4)+1+1-1] = bzw_.conp(bzw_.nconp-1-1}[0];

if (vel type==0)

{
/[*vary only the y-coordinates of the control points*/
*npar = *npar + bzvel_ .nconv;
for (i=1:;i<=bzvel_.nconv;++i)
{
par [2* (bzw_.nconp-4)+1+1+ i -]
}

}

el se

{
*npar = *npar + bzvel .nconv-l;
for (i=2;i<=bzvel .nconv;++i)
{ .
par[2*(bzw_.nconp-4)+1+1+ i-21
}

}

bzvel .conv[i-1] [1];

[

bzvel .conv[i-1][1);



}
else if ((QTY[0]==‘c’) && (QTY[1]=='v') && (QTY[2]=="1") )
/* optimze constant velocity*/

i f (vel_type==1)

printf ("error in btopar, wong velocity type\n"): getchar():
}
el se

{
/* vary the constant velocity of the car*/

*npar = 1;
par [0} = constant-velocity-of-car:
}
}
el se
{
printf ("error in optimzation !! !'\n"); getchar();
}

}

partob (npar,par)
fl oat par (MAX_NPAR];
I nt npar;
t
int i;
int nfirst, nlast;

i f ( (QTY[0]=="v") && (QTY[1l])=='e’) && (QTY[2]=="1") )
{
if (vel type==0)
{
i f (npar !'= bzvel_.nconv) {printf("ERROR inN partob\n"); getchar();}
for (i=1;i<=bzvel .nconv;++i)

bzvel _.conv({i-1] (1] = par{i-1] ;
}
}
el se
\
i f (npar ! = bzvel_.nconv-1) {printf("ERROR in partob\n"); getchar();}
for (i=2;i<=bzvel .nconv;++i)

bzvel .conv{i-1] (1] = par(i-2] ;
}
}

}
else if ( (QTY([O0)l=='e’) && (QTY[1l]=="n’) && (QTY([2]=="Vv') )
{

if (vel_type==0)

{

if (npar != bzvel .nconv+l) {printf ("ERROR in partob\n"); getchar():}
constant _velocity-of-car = par(0};
for (i=1;i<=bzvel_.nconv;++i)
{
bzvel .conv{i-1]{1) = par[i] :
}
}
el se
{
i f (npar != bzvel_.nconv) {printf ("ERROR in partob\n"); getchar():}
for (i=1;i<=bzvel_.nconv;++1i)
{
bzvel .conv[i-1][1) = par([i-1] :
}



}
} .
else If ( (QTY[0]=='p’) && (QTY[1l]=="t’) && (QTY([2]=="h") )
{
nfirst = 1; /*x3; x/ /*4;%/ [*3;*/
nlast = 1; /*3; *//*4:*/ /*3;*/ _
if (npar != 2% (bzw_.nconp-nfirst-nlast)) {printf("ERROR i N partob\n"); getchar()
for (i=1;i<=bzw_.nconp-nfirst-nlast;++i)
{
bzw_.conp[nfirst+ i-1]
bzw_.conp[nfirst+ i-1]
}
}
else if ( (QTY[0)=='p’) && (QTY[1l]=="t’) CC (QTY[2]=="2"))
{

= par[2*(i-1}+0] ;

(0
[ par [2* (i-1)+1] ;

]
1)

i f( npar != 2*(bzw_.nconp-4)+1+1 )
{printf ("ERROR | n partob\n"):; getchar():}

[*first paraneter is the y coordinate of the 2nd control point*/
bzw_.conp[2-1]11{1] = par[0]:

/*next 2*(bzw_.nconp-4) are the x and y coordinates of the points
except for the last two points*/
for (i=1;i<=bzw_.nconp-4;++i)

‘bzw_.conp(2 + i-1)([0])= par[1+42*(i-1)+0];
bzw_.conpl2 + i-1][1]= par{l1+2*(i-1)+1}:
)

/*the next paraneter is the x coordinate of the second |ast control point*/
bzw_.conp[bzw_.nconp-1-1] [1]= par[2*(bzw_.nconp-4) +1+1-1]; /*for |ane change*/

}
else if ( (QTY[0)=="p') && (QTY[1]=="t") && (QTY[2]=="3") )
{
if ( npar != 2*(bzw _.nconp-4)+1+1 +1 )
{printf ("ERROR | N partob\n"); getchar():}

[*first paraneter is the y coordinate of the 2nd control point*/
bzw_.conp[2-1]{1] = par[0]:

[ *next 2*(bzw_.nconp-4) are the x and y coordinates of the points
except for the last two points*/
for (i=1;i<=bzw_.nconp-4;++i)
{
bzw_.conp{2 + i-1](0]= par{l1+2*(i-1)+0];
bzw_.conp(2 + i~1][1]= par[l1+2*(i-1)+1];
}

/*the next paranmeter is the x coordinate of the second |ast control point*/
bzw_.conp[bzw_.nconp-1-1]1{1]= par[2*(bzw_.nconp-4)+1+1-1]; /*for lane change*/

[ *determ ne velocity of car*/
const ant -vel oci ty-of -car = par(2*(bzw_.nconp-4)+1+1+1-1];
}
else if ( (QTY[0)]=="T’) && (QTY[1]=='R’) && (QTY[2]=='J") )
{
nfirst =1, /*4;*/ -
nlast = 1; /*4;*/

if (vel_type==0)
{
if (npar ! = 2*(bzw_.nconp-nfirst-nlast) + bzvel_ .nconv)
{printf ("ERROR | n partob\n"); getchar () ;}

for (i=1;i<=bzw . nconp-nfirst-nlast;++i)



}

{
bzw_.conp[nfirst + i-1][Q
bzw_.conp[nfirst + i-1]1[1]
}

ar[2*(i-1)+0);
arf{2*(i-1)+1];

o
joRe)

for (i=1;i<=bzvel_ .nconv;++i)

bzvel . conv([i-1]1[1] = par[2*(bzw_.nconp-nfirst-nlast) + i-1.};
}

}

el se

{
if (npar != 2*(bzw_.nconp-nfirst-nlast) + bzvel _.nconv - 1)

{printf ("ERROR i N partob\n"); getchar ()}
for (i=1;i<=bzw_.nconp-nfirst-nlast;++)

‘bzw_.conp[nfirst + i-1}[0]) = par[2*(i-1)+0}:
bzw_.conp[nfirst + i-1)[1] = par([2*(i-1)+1);
}

for (i=2;i<=bzvel .nconv;++i)
{
bzvel .conv[i-1][1} = par([2*(bzw_.nconp-nfirst-nlast)+ i-21,
}
}

else if ((QTY[0O)=="T’) && (QTY[1l]=='R’) && (QTY[2]==2"))

l

if (vel type==0)
{
if (npar ! = 2*(bzw_ nconp-4)+1+1 + bzvel .nconv)
{printf ("ERROR | N partob\n"); getchar():}

/[*first paranmeter is the y coordinate of the 2nd control point*/
bzw_.conp(2-1] (1) = par(0]:

[ *next 2*(bzw_.nconp-4) are the x and y coordinates of the points
except for the last two points*/
for (i=1;i<=bzw_.nconp-4;++i)
{
bzw_.conp(2 + i-1][0)= par[1+2*(i-1)+0};
bzw_.conp(2 + i-1]1{1)= par([1+42*(i-1)+1];
}

/*"the next paraneter is the x coordinate of the second |ast contro
bzw_.conp(bzw_.nconp-1-1] [0]= par[2*(bzw_.nconp-4)+1+1-1];

/*vary only the y-coordinates of the control points*/
for (i=1:i<=bzvel_.nconv;++i)
bzvel .conv([i-11[1]= par{[2*(bzw_.nconp-4)+1+1+ i-|];
}
el se
{
if (npar ! = 2*(bzw_.nconp-4)+1+1 + bzvel .nconv-1)
{printf ("ERROR i N partob\n"); getchar():}

[*first parameter is the y coordinate of the 2nd control point*/
bzw_.conp[2-1](1] = par(0j}:

/*next 2*(bzw_.nconp-4) are the x and y coordinates of the points
except for the last two points*/

for (i=1;i<=bzw_.nconp-4;++i)

{

‘bzw .conp{2 + i-1]{0]= par[1+2*(i-1)+0];

bzw_.conp{2 + i-1][1]= par[1+2*(i-1)+1);

poi nt */



}

/*the next paraneter is the x coordinate of the second |ast control point*/
bzw_.conp[bzw_.nconp-1-1] [0]= par[2*(bzw_.Nnconp-4)+1+1-1];

[*for velocity profile*/
for (i=2;i<=bzvel .nconv;++i)

bzvel .conv[i-1]T[1]= par[2*(bzw_.nconp-4)+1+1+ i-21;

else if ( (QTY([O]=='c’) && (QTY[l]=='v’) && (QTY[2])=='1") )
if (vel type==1)
{

}
el se
{
if (npar != 1) {printf ("ERROR i N partob\n"); getchar():}
for (i=1;i<=bzvel_.nconv;++i)

{

printf ("error in btopar, wong velocity type\n"); getchar():;

const ant-vel ocity-of-car = par(0] ;

}
t

}

el se

{

printf ("error in Optimzation !! !\n"); getchar();
}



C********************‘k*‘k*********************************************************

; *%% PATSH *** PATSH *** PATSH ***
SUBROUTI NE PATSH(PSI,SSI,PHI,THT,XFLG,N,DELS,DLMIN,
1 ITLIM, IPT,NPITER, IPR,ICN,MERIT)
C UNCONSTRAI NED _FUNCTI ON M NI M ZATI ON:
M NI'M ZE THE FUNCTI ON MERI T(X)

:

PSI (N) INPUT AS INITIAL GUESS TO SCLUTI ON
RETURNED AS THE FI NAL SOLUTI ON
SSI RETURNED AS FI NAL FUNCTI ON VALUE
PHI (N) TEMPOARY ( TRI AL PO NT)
THT (N) TEMPORARY ( PREVI QUS BASE)
XFLG (N) TEMPORARY ( VARI ATI ONS)
N SI ZE OF PROBLEM
DELS |IN TIAL DELTA FOR VARI ATI ONS
DELM N M N MUM DELTA ALLOWED
| TLI M MAXI MUM NUMBER OF | TERATI ONS ALLOWED
| PT PRI NT CONTROL
+1=DIAGNCSTIC PRI NTOUT
0=MINIMAL PRI NTOUT
-1=NO PRI NTOUT
NPl TER SPECI FI ED PRI NTI NG | NTERVAL
EVERY NPI TER TH | TERATION | S PRI NTED
NPITER=1 TO PRI NT ALL | TERATI ONS
| PR PRI NTER DEVI CE
| CN CONSOLE QUTPUT DEVI CE
| CN CAN BE ZERO TO SUPPRESS PRI NTI NG
MERI T EXTERNAL SUBROUTI NE TO COVPUTE FUNCTI ON
CALLED AS MERIT(N, X, OBJ)
N IS SIZE OF PROBLEM
X(N) IS PONT TO EVALUATE FUNCTI ON
OBJ | S RETURNED AS FUNCTI ON VALUE

C*************‘k*****'k*********i********************************

C WRITTEN BY D.E. WH TNEY, M T-JCF, 1974

OO OOOO0OO0OOOOOOOO0O0

c ... Added to abort optim zation (9/6/88)
comon /abort/iabort

DI MENSI ON PSI(5),PHBI(5),THT(5),XFLG(5)
i nteger*4 irand
LOG CAL LWRIT
external nerit
C SELECTI ON OF ALFA DRASTI CALLY AFFECTS CONVERGENCE! !
DATA ALFA/1.02/

..... FUNCTION F IS M NI MUM | MPROVEMENT REQUI RED OVER LAST BASEPO NT
F (SSS)=SSS-ABS (SSS) *.0001*CUT

@]

PSI 1S THE CURRENT BASEPT

THT IS THE PREVI QUS BASEPT

PH 1S THE TRIAL PT

S IS THE OBJECTI VE FCT

| PT= 1 FOR DI AGNOSTI C PRI NTOQUT
0 FOR M NI MAL OQUTPUT
-1 FOR NO QUTPUT

OOOO0OO00O0O00O0

..... [ NI TI ALI ZATI ON
DEL=DELS
LVRI T=. TRUE.
CLMRIT=.TRUE. |IF TH S ITERATION IS TO BE PRI NTED
| F (IPT.GE.O) WRITE(IPR,604) DEL, DLM N, | TLIM I PT
DO 705 I=1,N
705 XFLG(I)=1.



| TER=0O
irand = 1235431

CUT=1.
C EVALUATE AT INIT BASEPT
10 CALL MERIT(N, PSI, SSI)
if (iabort.eq.l) go to 5000
90 SSITST=F (SSI)
g
C..... EXPLORE ARCUND CURRENT BASEPQO NT
100 §=S8S1I
NPATM=0
DO 101 1I=1,N
101 PHI(I)=PSI(I)
ICALL=1

| F (IPT.LT.0.0R..NOT.LWRIT) GO TO 150
WRITE (IPR,599) | TER
WRITE (IPR,600) (PSI(J),J=1,N)
WRITE (IPR, 601) S, DEL
C MAKE EXPLORATORY MOVES

GO TO 150

C | S PRESENT VALUE < BASEPT VALUE

160 | F(S. LT. SSITST) GO TO 200 _
ZIA=RAN (irand) I this was the original |ine

¢ RAND generates numbers in [0, 1.1 7-17-88
ZI A=RANd( i r and)
IF(ZI A ge. (1.-(.4)**(float(itexr))))go to 200
C....CUT STEP SI ZE
DEL=DEL/2.
| F(DEL. GT. DLM N) GO TO 100
IF (IPT.GE.0) WRITE (IPR,704)
| F(CUT.LT.. 5) GO TO 702
C START OVER WTH I NI TI AL DEL AND CURRENT BASEPO NT
IF (IPT.GE.0) WRITE(IPR,707)

DEL=DELS
CUT=0.
GOr0 90
C
C
C..... SET NEW BASEPOI NT. . ... MAKE PATTERN MOVE..... EXPLORE ARCUND PATTERN
200 SSI=S

SSITST=F(SSI)
ITER=ITER+1
NPATM=NPATM+1

IF(ITER GI.ITLIM GO TO 700

LWRIT=MOD (ITER, NPITER) .EQ.0

[F(IPT.LT.O OR .NOT.LM\RIT) GO TO 203

WRITE (IPR,599) | TER

WRITE (IPR, 599) NPATM

WRlI TE (IPR,600) (PHI(I),I=1,N)

VWRI TE (IPR,601) SS|, DEL

| F(1CN. GT. O) WRITE(ICN,601) SSI, DEL
C MAKE PATTERN MOVE

203 DO 201 I=1,N
THT(1) =PSI (1)
PSI (1) =PHI (1)

201 PHI(I)=PHI (I)+ALFA*(PHI(I)-THT(I))

CALL MERIT(N, PHI, SPI )
if (iabort.eq.1l) go to 5000
S=SPI
[F(IPT.NE. | .OR . NOT. LMRIT) GO TO 202 .
WRITE (IPR, 606) (PHI(I),I=1,N)
WRITE(IPR, 601) SPI, DEL
202 ICALL=2
C MAKE EXPL MOVES



GO TO 150
C I'S PRESENT VALUE < BASEPT VALUE

260 IF(S.LT.SSITST) GO TO 200
GO TO 100
C
C
C. . . ..INTERNAL SUBRQOUTI NE TO MAKE EXPLORATI ONS ABQUT PHI
150 | WVR-0
IF(IPT.EQ.1.AND.LWRIT) IWR=1
DO 180 k=1,N
PHI CLD- PHI ( K)

STEPK=PHIOLD*.05

| F(STEPK. EQ O.) STEPK=.05

STEPK=SIGN(STEPK*DEL, XFLG (K) )

PHI ( K) - PHI OLD+STEPK

CALL MERIT(N, PHI, SPI)

if(iabort.eq.1l) go to 5000

| F(IWR EQ|) WRITE(IPR,602) ICALL,K,SPI, (PHI(L),L=1,N)
IF(SPI.LT.S) GO TO 179

XFLG (K) =-XFLG (K)

PHI ( K) =PHI OLD- STEPK

CALL MERIT(N, PHI, SPI)

if(iabort.eqg.1l) go to 5000

| F(IWR EQ |) WRITE(IPR,602) ICALL,K,SPI, (PHI(L),L=1,N)
I F (sp1.LT.S) GO TO 179

PHI ( K) =PHI CLD

GO TO 180
179 S=SPI
180 CONTI NUE

@O TO (160,260),ICALL
C
C
700 IF (IPT.GE.O WRITE(IPR,701)
702 DO 703 1=1,N
703 PSI(I)=PHI(I)

| F(I PT.LT. O RETURN

WRITE (IPR,607) | TER

WRITE (IPR, 708)

WRITE (IPR, 600) (PSI(I),I=1,N)

WRITE (IPR,601) SSI, DEL

RETURN
599 FORMAT (7 **** r 715)
600 FORMAT (' BASE PT:' ,1P,4(7E15.6,E15.6,/,T9))
606 FORMAT (* PATTERN.' ,1P,4(7E15.6,E15.6,/,T9))
601 FORMAT (6X, " OBJ:’,1PE15.6,5X,DEL:’ ,E15.6)
602 FORMAT (1X,212,° OBJ: ‘,1PEl14.6,’ TRIAL: *,4(6E14.6,E14.6,/,T35))
604 FORMAT (' ODEL=', 1PE15.6,, DELMIN=' ,E15.6,0P,//,

1 ITLIM=',16,', IPT=',1I3)
607 FORMAT ( TOTAL NUMBER OF NEW BASEPO NTS (| TERATIONS) :7,15)
701 FORMAT (' 0SEARCH TERM NATED BECAUSE NUMBER COF | TERATI ONS EXCEEDS LI
1 MT.")

704 FORMAT (* 0SEARCH TERM NATED BECAUSE STEPSIZE LESS THAN LIMT.")
707 FORMAT(' O STARTI NG OVER W TH CURRENT BASEPO NT AND I NI TI AL DEL.")
708 FORMAT ( FINAL VALUES:')
5000 print *x, 0t

print * | "ABORTING OPTIM ZATI ON

print*, "'

END



c 4-3-88 unix version ucla
c 2D 11-27-86
subroutine bspline w(jp, S, X, XS, XSS,ier)

¢ 2Zvi Shiller 4-13-86 MT.
=== sCSESCE=S=Sx===SSo——e [p— =m==m=== m=mmm=====
c include ‘resolution.par’

di nensi on s(1000), x(2,1000),xs(2,1000),xss(2,1000)

di rensi on xu(2,1000),xuu(2,1000)

di mension r(4,2), ri(4,2), uv(4), q(4,4)

real m(4,4), mr(4,2), kb(3), conp(2,20)

c passed to popt
c I nt eger*4 nconp
comon /bzw/ nconp, conp
ier =0
C point index
jp=0
12 =20
jspl =0
c add one control point for a straight |ine:
o e e ittt 11-27-86
if (nconp. eq. 2) then
conp(l,3) = conp(l,2)
conp(2,3) = conp(2,2)
conp(l,2) = (conp(1,3) + conp(l,1))/2
conp(2,2) = (conp(2,3) + conp(2,1))/2
nconp = 3
endif

¢ nunmber of splines

nspl = nconp - 1
if (nspl.1t.1) then
ier=1
write(6,*)’ ier 1'
return
endif
c 70. delta u (to have 70 points on the path)
cc delu = nspl/70.
delu = nspl/100.
ju = 1./delu
delu = 1./sngl(ju)
uo = 0
c make sure that u=1
ul = 1 + cdelu/10
c distance starts fromO
s(1) =0
a0 = 0
Cmm e —————————
¢ check distance between control points:
e e e
dist =0
do 1 j=1,rconp-1
dis =0
do 2 i=1,2
dis = dis + (conp(i,j+1)-conp(i,]j))**2
2 cont i nue
c accunul at ed di stance 3-8-86

dist = dist + sqgrt(dis)
if(dis. 1t. .0005) then

ier =1 _
write(6,*)  ler 2
endif

1 conti nue



if (ier.eq.l) then

3-8-86

3-8-86

c initialize in case of error
jp =2 _
s(jp) = di st
return
endif
c ———————————————————————————————————————
¢ check distance to the first contro
c ———————————————————————————————————————
disl =0
c skip testing distance
ii=0
if(ii.eq.O go to 50
do 3 j=2,nconp
dis2 =0
do 4 i=1,2
dis2 =
conti nue
if(dis2. 1t. disl) then
ler =1
write(6,*)7 ier
c initialize in case of error
jp =2 _
s (jp) = dist
return
endif
disl = dis2
3 conti nue
C
50 do 5 i=1,4
do 5 j=1,4
5 q(i,3) =0
g(l,2) = 1
g(2,3) = 1
q(3r4) =1
C
¢ create the M matrix
o e e e e
do 6 i=1,4
do 6 3=1,4
m(i,j) =0
m(l,1) =1
m(l,2) = 4
m(1,3)y =1
m(2,1) = -3
m(2,2) = 0
m{2,3) = 3
m(3,1) = 3
m(3,2) = -6
m(3,3) = 3
m(4,1)y = -1
m(4,2) = 3
m(4,3) = -3
m(4,4) = 1
do 7 i=1,4
do 7 3=1,4
I m(i, j) = m(i,3)/6
o m e e
¢ create the first R matrix:
G m e e

create the first artificia

poi nt :

(no | oops)

di s2 + (conp(i,j)-conp(i,1))**2

(this Mmatrix is for a B spline)

(to make spline pass through first



c real control point)

do 8 j=1,2
8 r(l,j) = 2*conp(j,1l) - conp(j,2)
cfirst point on the path is also the first real conp
do 9 i=2,4
do 9 j3=1,2
9 r(i, j) = conp(j,i-1)
c mltiply MR
10 call mam4 (mr,nr)
c increnment spline index
jspl = jspl +1
c====-———===="‘_—=_——- =

c Ccreate points: at each spline (defined by four control points) the
C paraneter u goes fromO to 1).
do 22 u = u0,ul,delu

C increnent point index

jp=jp +1

if (jp.eq.146) then

jii=1
endif

o

conput e poi nt
cal |l wvm4 (uv,mr,x(1,3ip))

uv (1)

uv(2)

uv(3) =2*u

uv(4) = 3*u**2
C conpute point

33 = Jp
call wvm4 (uv,mr,xu(l, jj))
uv(l) = 0
uv(2)= 0
uv(3) = 2
uv(4) = 6*u
c conmpute second derivative
call wvm4 (uv,mr, xuu{l, jj))
22 conti nue
c last point is the first point of next spline
u0 = delu
c indecis for the last spline
j1=j2+1
J2 =]p
c end of path
11 if(jspl. eq. nspl) go to 20
G e
c add one control point for the next spline
c update the R matrix:
G e e
c nultiply @R = R1

call mam4(q,r,rl)
c add next control point
if(jspl. le. nspl-2) then



rl1(4,1) = conp(l, jspl+1+2)

rl(4,2) = conp(2, jspl+1l+2)
c Create last artificial control point
el se
do 21 3=1,2
21 rl(4,3) = 2*conp(3j,nconp) - conp(j,nconp-1)
endif
c replace rl by r:
do 12 i=1,4
do 12 j=1,2
12 r(i, j) = rl(i,J)
go to 10
e m e ———————
c conpute S, Xs, Xss
Cmmm e e —————
20 do 13 j=1,3jp-1
bb = 0
aa = 0
do 14 i=1,2
bb = bb + (x(i,j+1) - x(i,3))**2
aa = aa + xu(i,j)**2
14 conti nue
if(aa. It. 1E-5) aa = .00001
dsu = sqgrt(aa)
do 15 i=1,2
15 xs (i, j) = xu(i, j)/dsu
ds = sqgrt (bb)
s(j+1) = s(j) + ds
c conpute kB = XS X xuu/aa:
kb(1) = 0
kb(2) =0
kb(3) = (xs(1,3)*xuu(2,3) - xs(2,3)*xuu(l,j))/aa
c Cconpute XSS = kB X XS:
xss(l, §) = - kb(3)*xs(2,3)
xss (2,3) = kb(3)*xs(1,3)
13 continue
c take care of last point:
do 16 i=1,2
¥ss (i, jp} = xss(i, jp-1)
xs(i, jp) = xs(i,jp-1)
16 continue

return
end



¢ 4-3-88 unix version ucla
c 2D 11-27-86

subrouti ne bspline vel(jp, S, X, XS, XSs,ier)
c ZVI Shiller 4-13-86 M'T
c=============== ————— === ==== -+ 3 3+ £ 33 3+ 3 3+ -+ 3 ===
c include ‘resolution.par’

di rensi on s(1000), x(2,1000),xs(2,1000),xss(2,1000)
di nensi on xu(2,1000),xuu(2,1000)

di mension r(4,2), r1(4,2), uv(4), g(4,4)

real m(4,4), mr(4,2), kb(3), conv(2,20)

c passed to popt
c i nteger*4 nconv
conmon /bzvel/ nconv, conv
ier =0
C point index
jp=0
12 =0
jspl =0
c add one control point for a straight Iine:
= —— = m e - 11-27-86
if(nconv. eq. 2) then
conv{l,3) = conv(l, 2)
conv(2,3) = conv(2,2)
conv(l,2) = (conv(l,3) + conv(l,1))/2
conv(2,2) = (conv{(2,3) + conv(2,1))/2
nconv = 3
endif

¢ nunmber of splines

nspl = nconv - 1
if(nspl.lt.1l) then
ier=1
write(6,*)" ier 1
return
endif
c 70. delta u (to have 70 points on the path)
‘cc delu = nspl/70.
delu = nspl/300.
ju = 1./delu
delu = 1./sngl(ju)
uo = 0
c make sure that u=1
ul =1 + delu/10
c distance starts fromO0
s(l) =0
a0 = 0
c _______________________________________
c check distance between control points
C _______________________________________
dist =0
do 1 j=1,nconv-1
dis =0
do 2 i=1,2
dis = dis + (conv(i,j+l)~conv(i,j))**2
2 conti nue
¢ accumrul ated di stance 3-8-86

dist = dist + sgrt(dis)
if(dis. 1t. .0005) then

ier =1
write(6,*)’ ier 2¢
endif

1 conti nue



if (ier.eq.1l) then

c initialize inzcase of error 3-8-86
1P =
s(jp) = dist
return
endif
G m e e o e e
c check distance to the first control point: (no |oops)
G e e e e
disl =0
c skip testing distance
ii=0
if(ii.eq.O go to 50
do 3 j=2,nconv
dis2 =0
do 4 i=1,2
dis2 = dis2 + (conv{i,j)-conv(i,1))**2
4 continue
1 f(dis2. 1t. disl) then
ler =1

~ write(6,*)" ier 4
c initialize in case of error 3- 8- 86

jp =2 _
s(jp) = dist
return
endif
disl = dis2
3 conti nue
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¢ create the first R matrix:

c create the first artificial point: (to make spline pass through first



c real control point)

do 8 j=1,2
8 r(l,j) = 2*conv(3,1) - conv(j,2)
c first point on the path is also the first rea
do 9 i=2,4
do 9 j-1,2
9 r(i,j) = conv(j,i-1)
c mltiply MR
10 call mam4 (m,r,mr)
c increnent spline index
jspl = jspl + 1
¢ ST ———— U . .
c Create points: at each spline (defined by four
c paraneter u goes fromO0O to 1).

do 22 u = u0,ul,delu
C increnment point index
Jjp=gp +1
if(ijp.eqg.146) then
333=1
endif

c conpute point

c conput e dr/du:
e e mmmmeme_
uv(l) = 0
uv(2) =1
uv(3) = 2*u
uv(4) = 3*u**2
C conpute polnt
jj = 3Jp
call vm4 (uv,mr,xu(l,3jj))
uv(l) = 0
uv(2) =0
uv(3) = 2
uv(4) = 6*u
c conpute second derivative
call vm4 (uv,mr,xuu(l, jj))
22 conti nue
c last point is the first point of next spline
u0 = delu
c indecis for the last spline
jl=j2+1
J2 =1]p
c end of path
11 if (jspl. eq. nspl o to 20
g if(spl.eq. nspl) go to 20
c add one control point for the next spline
c update the R matrix
= m e
c nultiply @R = Rl

call mamd(q,r,rl)
c add next control point
if(jspl. le. nspl-2) then

contr ol

points) the



rl(4,1) = conv(l, jspl+1+2)

rl(4,2) = conv(2,jspl+1+2)
c create last artificial control point
el se
do 21 j=1,2
21 rl(4, j) = 2*conv(j,nconv) - conv(j,nconv-1)
endif
c replace rl by r:
do 12 i=1,4
do 12 j=1,2
12 r(i, j) = r1(i,3J)
go to 10
c ———————————————————————————

20 do 13 j=1,3jp-1
bb = 0
aa =0
do 14 i=1,2
bb = bb + (x(i,j+) - x(i,3))**2
aa = aa * xu(i, j)**2
14 centinue
if(aa. 1lt. 1E-5) aa = .00001
dsu = sgrt(aa)
do 15 i=1,2
15 XS (i,3) = xu(i, 3)/dsu
ds = sgrt (bb)
s(3j+1) = s(j) + ds
c conpute kB = XS X xuu/aa:
kb(1) = 0
kb(2) = 0
kb(3) = (xs(1,3)*xuu(2,3) - xs(2, j)*xuu(l,]j))/aa
c conpute XSS = kB X xs:
xss(1,3) = = kb(3)*xs(2,3)
xss (2, 3) = kb(3)*xs(1,3)
13 conti nue
c take care of last point:
do 16 i=1,2
Xss (i, jp) = xss (i, jp-1)
xs (i, jp) = xs{i, jp-1)
16 continue
return

end



¢ 4-3-88 unix version ucla
¢ 2D 11-27-86

subroutine bspline(jp, S, X, XS, XSS,ier)

c====================== X 3 ¥ 3 3 1 3 1+ 3 2 1 4+ 3 30 E S 3+ 3 25 T 1 2 313 3 20
c Zvi Shiller 4-13-86 MT.

C==== E32 3+ 32 2+ 3+ 1 + -+ 3+ + 2 ¢+ 3+ %+ + % 3 1 32+ 3 ¢ £+ 3+ 3 I T - 2 3 3 % 1 3 1 3 £ 3t 3§ Tk 1 4
c include ‘resolution.par’

di nrensi on s(1000), x(2,1000),xs(2,1000),xss(2,1000)
di nensi on xu(2,1000),xuu(2,1000)
di nension r(4,2), r1(4,2), uv(4), q(4,4)
real m(4,4), mr(4,2), kb(3), conp(2,20)
c passed to popt

c i nt eger*4 nconp
comon /bz/ nconp, conp
ier =0
C point index
jp=0
12 =0
jspl =0
cadd one control point for a straight Iine
R e e 11-27-86
if(nconp. eq. 2) then
conp(l,3) = conp(l,2)
conp(2,3) = conp(2,2)
conp(l, 2) = (conp(l,3) + conp(l,1))/2
conp(2,2) = (conp(2,3) + conp(2,1))/2
nconp = 3
endif

C number Of splines

nspl = nconp -1
if(nspl.lt.1) then
ier=1
write(6,*)’ ier 1'
return
endif
c 70. delta u (to have 70 points on the path)
cc delu = nspl/70.
delu = nspl/300.
ju = 1./delu
delu = 1./sngl(ju)
uo = 0
c make sure that u-|
ul = 1 + delu/10
c distance starts fromO0
s(1) =0
a0 =0
e e e ————
c check distance between control points:
O Ay
dist = 0
do 1 j=1,nconp-1
dis =0
do 2 i=1,2
dis = dis + (conp(i,j+l)-conp(i,j))**2
2 continue
C accumulated di stance 3-8-86

dist = dist + sqgrt(dis)
if(dis. 1t..0005) then

ier =1
write(6,*)’ ier 2
endif
1 conti nue

if (ier.eq.1) then



o

initialize in case of error 3-8-86
jp=2
s(jp) = dist
return
endif

check distance to the first control point: (no |oops)

disl =0
skip testéng di st ance
ii-
if(ii.eq.O go to 50
do 3 j=2,nconp
dis2 =0
do 4 i=1,2
dis2 = dis2 + (conp(i,j)-conp(i,1))**2
4 conti nue
if(dis2. 1t. disl) then
ler =1
write(6,*)’ ier 4
c initialize in case of error 3-8-86

(¢}

o

ip=2
s(jp) = dist
return
endif
disl = dis2
3 conti nue

50 do 5 i=1,4
do 5 j3=1,4
5 q(i,j) =0
q(l,2) =1
q(2,3) =1
q(3,4) = 1
C —————————————————————
c Ccreate the Mmatrix: (this Mmatrix is for a B spline)
C _________________________
do 6 i=1,4
do 6 j=1,4
6 mi,j) =0

m(l,1) = 1

m(1,2) = 4

m(l,3) =1

m(2,1) = -3

m(2,2) =0

m(2r3) = 3

m(3,1) = 3

m(3,2) = -6

m(3,3) =3

m(4,1) = -1

m(4,2) = 3

m(4,3) = -3

m{4,4) = 1

do 7 i=1,4

do 7 j=1,4
1 m(i, 3) = m(i, 3)/6
C ——————————————————————
c create the first rmatrix:
e -a--
c create the first artoficial point: (to-make spline pass through rirst

c real control point)



dO 8 j=l/2

8 r(l, j) = 2*conp(3j,1) - conp(j,2)

c first point on the path is also the first real conp
do 9i-2,4
do 9 3=1,2 o

9 r(i, ) =conp(j,i-1)

c mJ|t|p| MR

10 call mamd (mr,nr)

c increnent spline index
jspl = jspl +1

Com=s=mmss=sSsss = =

c Create points: at each spline (defined by four control points) the
c paraneter u goes fromO to 1).

do 22 u = u0,ul,delu
c increment point index
Jjp=Jp+1
if (jp.eq.146) t hen
3jj=1

Cc conpute point

C
c conpute dr/du:
C
uv(l) = 0
uv(2) =1
uv(3) = 2*u
uv(4) = 3*u**2
Cc conpute point
3 = 3p
call wvm4 (uv,mr,xu(l,3jj))
uv(l) = 0
uv(2) =0
uv(3) =2
uv(4) = 6*u

c conpute second derivative
call wvm4 (uv,mr,xuu(l, jj))

22 continue

c last point is the first point of next spline
u0 = delu

c indecis for the last spline
j1 = ]2 +1
j2=1]p

c end of path

11 if(jspl. eq. nspl) go to 20

C ————————————————————————————————————

c add one control point for the next spline
update the R matrix:

c nultiply @R = R1
call mam4{(q,r,rl)
add next control point
if(jspl. le. nspl-2) then
r1(4,1) = conp(l, jspl+1+2)

o



rl(4,2) = conp(2,jspl+1l+2)
c Create last artificial control point

el se
do 21 j=1,2
21 rl(4,j) = 2*conp(j,nconp) - conp{(j,nconp-1)
endif
c replace rl by r:
do 12 i-1,4
do 12 j3=1,2
12 r(i,3) = r1(i,3)
go to 10
C ———————————————————————————
c conpute S, Xs, Xss
Cmmm e e ———————————
20 do 13 j=1,3jp-1
bb = 0
aa = 0
do 14 i=1,2
bb = bb + (x(i,j+) - x(i,3))**2
aa = aa + xu(i,j)**2
14 conti nue
if(aa. 1lt. 1E-5) aa = .00001
dsu = sqgrt (aa)
do 15 i=1,2
15 xs (i, j) = xu(i,j)/dsu
ds = sqgrt (bb)
s(3+1) =s(j) + ds
c conpute kB = XS X xuu/aa:
kb(1) = 0
kb(2) = 0 .
kb(3) = (xs(1,3)*xuu(2,3) - %xs(2,3)*xuu(l,j))/aa

c conpute Xss = kB X XS:
xss(1l,3) = - kb(3)*xs(2,73)
2,3) =

Xss (2, kb (3)*xs(1,3)
13 conti nue
c take care of last point:
do 16 i=1,2
Xss (i, jp) = xss (i, jp-1)
xs (i, jp) = xs(i,jp-1)
16 cont | nue
return

end



subrouti ne mam4 (aml,am2,al2)

di mensi on aml(4,4),am2(4,2),a12(4,2)

do 20 i=1,4
do 20 j=1,2
a=0
do 10 k=1,4
10 a=aml (i,k) *am2 (k, j) +a
al2(i,j)=a
20 conti nue
return
end

subrouti ne vmé (v, am, av)

di mension v(4), am(4,2), av(2)
do 20 i=1,2

av(i)

20 contl nue
return
end



c 4-3-88 unix version ucla
c 2D 11-27-86 _
subroutine bspline_w2(jp, S, X, XS, XSS,ier)

C s T T RS E T N T S T T T T T T T T T E SRS SRR SRS EEEE=

C Zvi Shiller 4-13-86 MT.

C i nclude ‘resolution.par’
di nensi on s(1000), x(2,1000),xs(2,1000),xss(2,1000)
di mensi on xu(2,1000),xuu(2,1000)
di nension r(4,2), r1(4,2), uv(4), q(4,4)
real m(4,4), mr(4,2), kb(3), conp(2,20)
c passed to popt

C i nteger*4 nconp
comon /bzw/ nconp, conp
ier =0
c point index
jp=0
]2 =20
jspl =0
c add one control point for a straight |ine:
Cmmmmm e e 11-27- 86
i f(nconp. eq. 2) then
conp{l,3) = conp(l,2)
conp(2,3) = conp(2,2)
conp(1l,2) = (conp(l,3) + conp(l,1))/2
conp(2,2) = (conp(2,3) + conp(2,1))/2
nconp = 3
endif
¢ nunber of splines
nspl = nconp - 1
if(nspl.1lt.1l) then
ier=1
write(6,*)" ier 1'
return
endif
C 70. delta u (to have 70 points on the path)
cc delu = nspl/70.
delu = nspl/100.
ju = 1./delu
delu = 1./sngl(ju)
uo = 0

¢ make sure that u-|
ul = 1 + delu/10
c distance starts fromO

s(1l) =0
a0 = 0
c ———————————————————————————————————————
C check distance between control points:
c ———————————————————————————————————————
dist =0
do 1 j=1,nconp-1
dis =0
do 2 i=1,2
dis = dis + (conp(i,j+1l)-conp(i,j))**2
2 continue
¢ accunul ated di stance 3-8-86

dist = dist + sqrt(dis)
if(dis. 1t..0005) then
ler =1
write(6,*)’ ier 2'
endif
1 cont inue



if(ier.eqg.1) then
c initialize in case of error 3-8-86

jp=2
s (jp) = dist
return
endif
Cm o e e =
¢ check distance to the first control point: (no |oops)
disl =0
c skip testing distance
ii=0
if(ii.eq.O go to 50
do 3 j=2,nconp
dis2 =0
do 4 i=1,2
dis2 = dis2 + (conp(i,j)-conp(i,1))**2
4 conti nue
if(dis2. 1t. disl) then
ler =1

write(6,*)  ier 4
cinitialize in case of error 3-8-86

jp =2 _
s(jp) = dist
return
endif
disl = dis2
3 conti nue

create the Mmtrix: (this Mmtrix is for a B spline)

(¢}
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c create the first artificial point: (to make spline pass through first



c real control point)

do 8 j=1,2
8 r(l, j) = 2*conp(j,1l) - conp(j,2)
c first point on the path is also the first real conp
do 9 i=2,4
do 9 j=1,2
9 r(i,3j) = conp(j,i-1)
c multiply MR
10 call manmd (m,r,mr)
c increnment spline index
jspl = jspl +1
C 2+ 3+ 3 1 3+ 3

create points: at each spline (defined by four control points) the
paranmeter u goes fromO to 1).

o0

_ do 22 u = u0,ul,delu
c increnment point index
jp=3Jp . 1
if (jp.eq.146) then
Jjij=1
endif

@]
O
o
3
[
—
(¢]
>

(]

conpute poi nt
call vm4 (uv,mr,x(1, jp))

(@]
(@)
%
[
Lo d
(9]
Q.
H
~
Q.
c

C conpute point
ji = Jp
call vm} (uv,mr,xu(l,jj))
uv(l) = 0
uv(2) 0
uv {3) 2
uv (4) 6*u

c conpute second derivative
call wvm4 (uv,mr, xuu(l, jj))

22 conti nue
c last point is the first point of next spline
_ “uo = delu
c indecis for the last spline
jl=j2+1
J2=]p
c end of path
11 if (jspl. eq. nspl) go to 20
C ____________________________________
c add one control point for the next spline

(@]

update the R matrix:
nultiply Q*R = R1
call mamd (q,r,rl)
c add next control point
if(jspl. le. nspl-2) then

o0



rl(4,1) = conp(l, jspl+i+2)

r1{(4,2) = conp(2, jspl+1+2)
c create last artificial control point
el se
do 21 j=1,2
21 ri(4,3j) = 2*conp(j,nconp) - conp{j,nconp~1)
endif
c replace rl1 by r:
do 12 i=1,4
do 12 j-1,2
12 r{i,j) = rl{i, 3
go to 10
G — e
¢ conmpute S Xs, Xss
c ———————————————————————————
20 do 13 j=1,3jp-1
b=0
aa = 0
do 14 i=1,2
bb = bb + (x(i,3+1) -~ x(i,3))**2
aa = aa * xu({i,j)**2
14 conti nue
if(aa. 1t. 1E-5) aa = .00001
dsu = sgrt(aa)
do 15 i=1,2
15 xs(i, J]) = xu(i,j)/dsu

ds = sgrt (bb)
s{j+1) = s{(3j) + ds
c compute kB = XS X Xuu/aa:

kp(1) = 0
kb(2) =0 . .
kb(3) = (xs(1,3j)*xuu(2,3) - xs(2,3)*xuu(l,j))/aa

c conpute xss = kB X XS:
xss{l,3) = - kb(3)*xs(2,73)

%8s (2, 3) = kb(3)*xs(1,3)
13 continue _
c take care of last point:
do 16 i=1,2

xss (i, jp) = =xss(i, jp-1)
xs (i, jp) = xs(i,jp-1)
16 conti nue

return
end



4-3-08 unix version ucla
2D 11-27-86 _
subroutine bspline vel2(jp, S, X, XS, XSS,ier)

oo

= or s r Saaeas s s s s T s S R N T N TR S T S S S S RS S SR EERESE TS
¢ Zvi Shiller 4-13-86 MT.

[ol L bt i e e ittt b e  E C P et S P T 4 4 4 mmmm—me= ===
c include ‘resolution.par’

di nensi on s(1000), x(2,1000),xs(2,1000),xss5(2,1000)
di mensi on xu(2,1000),xuu(2,1000)
di nension r(4,2), rl1(4,2), uv(4), q(4,4)
real m(4,4),mr(4,2), kxb(3), conv(2,20)
c passed to popt

c i nteger*4 nconv
conmon /bzvel/ nconv, conv
ier =0
Cc point index
0= 0
12 =0
jspl =0
c add one control point for a straight line:
G e e - 11-27-86
i f(nconv. eq. 2) then
conv(l,3) = conv(l,2)
conv(2,3) = conv(2,2)
conv(l,2) = (conv(l,3) + conv(l,1))/2

convi(2,2)
nconv = 3
endif

{conv(2,3) + conv(2,1))/2

¢ nunber of splines

nspl = nconv -1
if(nspl.lt.1) then
ier=1
write(6,*)"  ier 1'
return
endif
c 70. delta u (to have 70 points on the path)
cc delu = nspl/70.
del u = nspl/300.
ju = 1./delu
delu = 1./sngl(ju)
uo = 0
c make sure that u=1
ul = 1 + delu/10
c distance starts fromO
s(l) =0
a0 = 0
c ———————————————————————————————————————
c¢ check distance between control points:
O
dist =0
do 1 j=1,nconv-1
dis =0
do 2 i=1,2
dis = dis + (conv(i,j+l)-conv(i,j))**2
2 conti nue
¢ accunul ated di stance 3-8-86

dist = dist + sqrt(dis)
if(dis. 1t..0005) then

ier =1
write(6,*)' ier 2'
endif

1 conti nue



if (ier.eq.1l) then
c initialize in case of error 3-8-86

jp=2
s (jp) = dist
return
endif
c ———————————————————————————————————————
¢ check distance to the first control point: (no |oops)
c ———————————————————————————————————————
disl =0
c skip testgng di stance
ii-
if(ii.eq.O go to 50
do 3 j-2,nconv
dis2 =0
do 4 i=1,2
dis2 = dis2 + (conv(i,j)-conv(i,1))**2
4 conti nue
if(dis2. 1t. disl) then
ler =1

write(6,*) ier 4
c initialize in case of error 3-8- 86

jp =2 _
s(jp) = dist
return
endif
disl = dis2
3 conti nue

& create HﬁermHiw (this Mmatrix is for a B spline)
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c create the first artificial point: (to nake spline pass through first



c real control point)

dO 8 j=112

8 r(l, j) = 2*conv(j,1) - conv(j,2)

c first point on the path is also the first real conp
do 9 i=2,4
dO 9 j=112

9 r(i, j) = conv(j,i-1)

c mltiply MR

10 call mam4 (m,r,mr)

c increnment spline index
jspl = jspl +1

c==—— === =

c create points: at each spline (defined by four control points) the
c paranmeter u goes fromO to 1).

do 22 u = u0,ul,delu
C increment point index

jp=jp +1
if(jp.eqg.146) t hen
jii=1

endif
c mmmmm e
c conpute X
e

uv(l) = 1

uv(2) =u

uv(3) = u**2

uv(4) = u**3

(]

conmput e poi nt
call wvmd(uv,mr,x(1,3jp))

c conmpute dr/du:
0 P
uv(l) = 0
uv(2) =1
UVEB) = 2*u
uv(4) = 3*u**2

C conpute poi nt
i3 =3
call wvm4 (uv,mr,xu(l,ji))
uv(l) = 0
uv(2) =0
uv(3) =2
uv(4) = 6*u

c conpute second derivative -
call vmd (uv,mr,xuu(i, jj))

22 conti nue
c last point is the first point of next spline
u0 = delu
c indecis for the last spline
jl=j2+1
J2 =1]p
c end of path
11 if(jspl. eq. nspl) go to 20
o O

@]

add one control point for the next spline
update the R matrix:

¢}

o

nultiply @R = R1
call mams (q,r,rl)
add next control point
if (jspl. le. nspl-2) then

o



ri(4,1) = conv(l, jspl+1+2)

r1(4,2) = conv{(2,jspl+1+2)
c create last artificial control point
el se
do 21 j=1,2
21 rl(4,3) = 2*conv(j,nconv) - conv(j,nconv-1)
endif
c replace rl by r:
do 12 i=1,4
do 12 j=1,2
12 r(i,3) = rl(i,3J)
go to 10
C ———————————————————————————
c conpute S, Xs, Xss
o m e e —————
20 do 13 j=1,3jp-1
bb =0
aa = 0
do 14 i=1,2
bb = bb + (x(i,3+1) - x(i,3))**2
aa = aa + xu(i,j)**2
14 conti nue
if(aa. It. 1E-5) aa = .00001
dsu = sqgrt(aa)
do 15 i=1,2
15 xs (i, j) = xu{i,3) /dsu
ds = sqgrt (bb)
s(j+1) = s(j) + ds
c conpute kB = XS X xuu/aa:
kb(l) = 0
kb(2) =0
kb(3) = (xs(1,73)*xuu(2,3) - xs(2,3)*xuu(l,j))/aa

c conpute XSS = kB x xs:

xss(l,j) = - kb(3)*xs(2,3)
Xss (2,3) = kb(3)*xs(1,3)
13 conti nue
c take care of 1last point:
do 16 i=1,2
xss (i, jp) = xss(i,jp-1)
xs (i,3p) = xs(i,jp-1)
16 conti nue
return

end



4-3-88 unix version ucla
2D 11-27-86

subroutine bspline2(jp, S,

i nclude ‘resolution.par’

di mensi on s(1000), =x(2,1000),xs(2,1000),xss(2,1000)

di nensi on %xu(2,1000),xuu(2,1000)
di mrension r(4,2), rl1(4,2), uv(4), q(4,4)
real m(4,4), mr(4,2), kb(3), conp(2,20)

passed to popt

poi nt

i nteger*4 nconp

common /bz/ nconp, conp

ier =0

i ndex

jp = 0

32 =0

jspl =0

add one control point for a straight |ine:
Cm—————— s m e o 11-27-86

if(nconp. €q. 2) then
conp(l,3) = conp(1l,2)
conp(2,3) = conp(2,2)
conp(l,2) = (conp(l,3) + conp(l,1))/2
conp(2,2) = (conp(2,3) + conp(2,1))/2
nconp = 3

endif

(@B

nunber of splines

nspl = nconp -1

if(nspl.1lt.1) then
ier=1
write(6,*)" ier 1'
return

endif

70.

o
@

= nspl/70.
nspl/300.
./delu
1./sngl(ju)

_.Q
c@
<

o

@

[
OrIc

uo =

make sure that u=1

ul = 1 + delu/10

di stance starts fromO

=0
a0 = 0

dist =0
do 1 j=1,nconp-1
dis =0
do 2 i=1,2
dis = dis + (conp(i,j+l)-conp(i,j))**2
conti nue

accunul at ed di stance 3-8-86

dist = dist + sqgrt(dis)
if(dis. 1t..0005) then
ier =1
write(6,*)" ier 2'
endif
conti nue

if(ier.eq.1l) then

delta u (to have 70 points on the path)



c initialize in case of error 3-8-86

jp=2
s (jp) = dist
return
endif
Cmm —m o e
c check distance to the first control point: (no |oops)
c ———————————————————————————————————————
disl =0
c skip testing distance
ii=0
if(ii.eq.O go to 50
do 3 j=2,nconp
dis2 =0
do 4 i=1,2
dis2 = dis2 + (conp(i,j)-conp(i,1))**2
4 conti nue
1 f(dis2. 1t. disl) then
ler =1

. write(6,*)" ier 4
c initialize in case of error 3- 8- 86

jp =2 )
s (jp) = dist
return
endif
disl = dis2
3 conti nue

50 do 5 i=1,4
do 5 j=1,4
o q(i, j) = 0
q(l,2) =1
q(2,3) =1
3,4y = 1
C—------?}---)---S----
c Create the Mmatrix: (this Mmtrix is for a B spline)
c —————————————————————————
do 6 i=1,4
do 6 j=1,4
6 mi,j) =0
m(l,1) =1
m(l,2) = 4
m(1,3) =1
m(zll)z '3
m(2,2) =0
m(2,3) = 3
m(3,1) = 3
m(3,2) = -6
m(3,3) = 3
m(4,1) = -1
m(4,2) = 3
m(4l3)= '3
m(4,4) =1
do 7 i=1,4
do 7 j=1,4
7 m(i, 3) = m(i,J)/6
c ——————————————————————
c create the first R matrix:
c ________________________
c create the first artificial point: (to make spline pass through first

c real control point)



do 8 j=1,2

8 r(l, j) = 2*conp(j,1) - conp(j,2)
c first point on the path is also the first real conp
do 9i-2,4
do 9 3=1,2
9 r{i, j) = Conp(j,i—l)
c multiply MR
10 call mam4 (m,r,mr)
c increnent spline index
jspl = jspl + 1
c RSN ) )
c Create points: at each spline (defined by four control points) the
c paranmeter u goes fromO to 1)
DT A .
do 22 u = u0,ul,delu
c increnent point index
jp = jp + 1
if(jp.eqg.146) t hen
333=1
endif
c IEEEEEE Mm--W=--------
c conpute Xx:
6 e
uv(l) = 1
uv(2) =u
uv(3) = u**2
uv(4) = u**3
C conpute point

(@]

conpute dr/du:

uv(l) = 0

uv(2) =1

uv(3) = 2*u

uv(4) = 3*u**2
c conpute point

ij = ip

call wvm4 (uv,mr,xu(l,3jj))

uv(l) = 0

uv(2) =0

uv(3) =2

uv(4) = 6*u

c conpute second derivative
call wvm4(uv,mr,xuu(l,3jij))

22 conti nue

c last point is the first point of next spline
u0 = delu

c indecis for the |ast spline
jl=j2 +1
J2=]p

c end of path

11 if(jspl. eq. nspl) go to 20

c ————————————————————————————————————

0

add onecontrol point for the next spline
update the R matrix:

¢}

o

nultiply @R = Rl
call mamd4(g,r,xrl)
c add next control point
if(jspl. le. nspl-2) then
rl(4,1) = conp(l, jspl+1+2)



rl1(4,2) = conp(2,jspl+1+2)
c create last artificial control point

el se
do 21 j=1,2
21 rl(4, j) = 2*conp(j,nconp) - conp(j,nconp-1)
endif
c replace rl by r:
do 12 i=1,4
do 12 j=1,2
12 r(i, j) = rl(i,j)
go to 10
c ———————————————————————————
c conpute S, Xs, Xss
c ———————————————————————————
20 do 13 j=1,3p-1
bb =0 P
aa =0
do 14 i=1,2
bb = bb + (x(i,3+1) - x(i,3))**2
aa = aa t xu(i,j)**2
14 conti nue
if(aa. 1lt. 1E-5) aa = .00001
dsu = sqrt(aa)
do 15 i=1,2
15 xs(i, j) = xu(i, j)/dsu

ds = sgrt (bb)
s(j+1) = s(j) + ds
c conpute kB = XS X xuu/ aa:

kb(1) = 0
kb(2) = 0
kb(3) = (xs(1,3)*xuu(2,3) - xs(2,3)*xuu(l,j))/aa

c conpute XSS = kB X XS:

xss(1,3) = - kb(3)*xs(2,])
xss(2,3) = kb(3)*xs(1,3)
13 conti nue _
c take care of last point:
do 16 i=1,2

xss (i, jp) = =xss(i, jp-1)
xs (i, jp) = xs(i,jp-1)
16 conti nue

return
end





