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Collocation Versus Differential Inclusion
in Direct Optimization
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In the so-called direct method of solution of optimal control problems, either the state variable time history or
the control variable time history, or both, of the continuous problem are discretized. The problem then becomes
a parameter optimization problem. The system-governing equations may be satisfied by explicit numerical inte-
gration or implicitly, by including nonlinear constraints, which are in fact quadrature rules. A method termed
differential inclusion has been recommended for the solution of certain classes of such problems because it reduces
the size of the parameter optimization problem. It does this by removing bounded control variables in favor of
bounds on attainable time rates of change of the states. The smaller problem is then in principle solved more
quickly and reliably. We demonstrate analytically and with several computed problem solutions that differential
inclusion, because it requires the use of an implicit quadrature rule with the lowest possible order of accuracy,
i.e., Euler’s rule, yields larger rather than smaller nonlinear programming problems than direct methods, which
retain the control variables but use much more sophisticated implicit quadrature rules.

Introduction

IRECT methods for the solution of continuousoptimal control
problems are methods that do not explicitly employ the neces-
sary conditions for optimality. They are becoming widely used for
many reasons, the principal one being that the indirect approach,
which introduces Lagrange multipliers (or costates) and yields a
two-point-boundary-vahie problem, is very difficult to solve for all
but the simplest problems. In the direct method the control time his-
tory and/or the state variable time history is discretized. Satisfaction
of the system-governingequations can be ensured in several ways.
In the POST software! only the control time history is discretized.
The system-governingequationsare integrated forward numerically
using the discrete control time history. The problembecomes a non-
linear programming (NLP) problem if, as is typically the case, the
initial and/or terminal constraintsor the performanceindex are non-
linear functions of the states and controls. Collocation-basedmeth-
ods discretize both the control and state variable time histories, i.e.,
the states and controls are known only at discrete points, typically
the beginning and end of each time segment into which the total
time is subdivided (referred to as the nodes of the discretization).
The system-governing equations are satisfied by including nonlin-
ear constraintequations (the defects) for each state and in each time
segmentwith the constraintsrepresentingquadratureacross the time
segment. The collocation methods thus integrate the system equa-
tions implicitly. Compared to the method used in POST, collocation
methods typically use many more NLP variables and constraint
equations but because many thousands of trajectories do not have
to be integrated numerically significant execution time is saved.
The OTIS program? uses collocation and assumes the state time
histories can be approximated by cubic polynomials in time within
each time segment. Enforcing satisfaction of the system equations
at the left and right nodes of the segmentand at the center of the seg-
ment yields a constraint that is equivalent to quadrature across the
segmentusing Simpson’s rule. Higher-orderGauss-Lobatto quadra-
ture rules with greater order of accuracy have been developed by
Herman and Conway? for use with collocation and have proved
successful with a variety of problems. Runge-Kutta type quadra-
ture has also been successfully used with collocation by Enright
and Conway* and by Scheel and Conway.®> The attraction of im-
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plicit integration rules with higher order of accuracy for use with
collocation s precisely the same as it is for numerical integration;
when using quadrature rules with smaller error, the step size can
be increased without sacrificing accuracy. When larger step sizes,
i.e., fewer segments, are used in the discretization, the number of
variablesin the NLP problem decreases. Because the executiontime
and the difficulty of solving the NLP problem increase geometri-
cally with increasing problem size there is an obvious advantage
to using accurate, high order of accuracy implicit quadrature rules
with collocation.

Anotherdirect method that uses implicitintegrationof the system
equationsis differential inclusion. In differential inclusion only the
state variable time history is discretized;bounded controls are elim-
inated and replaced with bounds on attainable values of the state
variable time rates of change. An elementary implicit integration
rule is then used to write the time rates of change as functions of the
state variables alone. Because the control variables are eliminated
the number of variables in the resulting NLP problemis smaller for
differential inclusion than for collocation, for a given discretization
of the time history.

In a recent paper, “Should Controls Be Eliminated While Solv-
ing Optimal Control Problems via Direct Methods?,” Kumar and
Seywald® advocate doing precisely what their singularly specific
title suggests, for at least the class of optimal control problems with
linearly appearing bounded controls. This recommendationis based
on an analysis quantifying the saving in number of NLP parame-
ters as earlier mentioned and on the successful solution of two test
problems on which both methods are used.

We consider the question again. How collocationand differential
inclusion are applied to an optimal control problem will be briefly
described. Then the number of NLP parameters resulting from the
applicationof each method to a given problem will be compared, but
with a different criterion: How many NLP parameters are required
with each method to achieve the same accuracy of the discrete ap-
proximation to the continuous optimal trajectory? Three example
optimal control problems will be solved with both methods; one
(F-15 minimum time-to-climb) is essentially the same as that used
inRef. 6, and the othertwo are chosenbecause their optimal solution
can be obtained analytically so that the accuracy of each discrete
approximation can be determined exactly.

Collocation Approach

There are severaldifferentways to discretizethe problemtime his-
tory and several ways to ensure satisfactionof the system governing
equations. It is not possible to describe all of the available meth-
ods here; the interested reader can find several collocation methods
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described in Refs. 2-4 and 7-9. However, to clearly differentiate
collocation from differential inclusion, one popular discretization,
that used in the OTIS program, will be described here.

In this method of collocation, introducedby Hargravesand Paris,?
the time history is divided into segments, the ith segment hav-
ing width At;. The system state and control variables are assumed
knownonly at the left and right sides (the nodes) of each segment; the
system governingequationsmay then be evaluatedat eachnode,i.e.,
let f; = x(t;). The four quantities, i.e., the states and their time rates
of change at the two boundariesof the segment (x;, x; ; 1, fi, fi+1),
determine uniquely a cubic polynomial approximation for the state
within the segment. By forcing the slope of the cubic to equal the
system time rate of change evaluated at the center of the segment,
i.e., by requiring f. = x((¢; + t;41)/2, u.), a constraint is created
on successive x:

tit1 Ai
/ f(t)dt%?t[f(ti)+4f(tc)+f(ti+1)] 1

i
where

L+t
t > )
This, of course, is just Simpson’s quadrature rule.” If the total time
history is divided into N such segments and if there are n system
state variables and m system control variables, then the discretized
system will be approximatedusing (N + 1) X (n + m) parameters.
(If the center control u, is free, i.e., not determined by the left and
right values of the control, then there will be N x m additional
parameters.) If the vectors containing all of the state and all of the
control parameters are represented by x and u, respectively, then
the continuous problem is converted into a nonlinear programming
problem: Minimize ¢ (¢;, x, u) subjectton X N nonlinearconstraint
equations of form C;(x;, u;, At;) = 0.

Of course, for a particularproblemthere are likely to be additional
nonlinear and linear constraints involving the states and controls. If
all of the constraint equations (1) are satisfied by the NLP problem
solver, then the system governing equations have been implicitly
integrated using Simpson’s rule, which has a local truncation error
proportional to (Af;)3 and, thus, an order of accuracy of four. The
Simpson’s rule constraints (1) are just one choice among many.
Enright and Conway” introduced the use of parallel shooting with
collocationusing a constraint that is equivalent to quadrature using
a fourth-order Runge-Kutta process. This form of collocation is
particularly suited for large problems, such as the optimal long-
duration (100 revolution) low-Earth-orbit-geosynchronous-Earth-
orbit (LEO-GEO) raising problem solved by Scheel and Conway.
Higher-order Gauss-Lobatto quadrature rules were introduced as
collocation constraints by Herman and Conway.® These rules have
very high order of accuracy, e.g., the fifth-degree Gauss-Lobatto
rule constraint has a local truncation error proportional to (Af;)?
and, thus, an order of accuracy of 8.

Differential Inclusion Approach

The basic conceptunderlyingthe method of differentialinclusion
isthatboundson the control variablesof the problemyield boundson
the attainable rates of change of the states. If the problemis such as
to allow the control variables to be written explicitly as functions of
the states and their time rates of change, which is straightforwardly
accomplished only when the problemis linear in the controls, then
the controlvariablescan be completely eliminated from the problem.
The resulting differential inclusion problem is qualitatively similar
to the collocationproblem; the control variables are absent, but both
problems require some form of quadrature rules to relate adjacent
states, and both problems may include additional linear and non-
linear constraints on the state variables. Elimination of the discrete
controls ostensibly reduces the dimensionality of the differential
inclusion NLP problem, compared to using collocation$1

The method is best described by example. Collocation and dif-
ferential inclusion solutions to three simple problems will be com-
pared. One of these problemsis that of steering an F-15 aircraftusing
bounded throttle setting n(¢) and bounded vertical load factor n(z)

from given initial conditions to the farmost point to the right of the
level flight envelope (dash-point) in minimum time. The problem is
chosenin partbecauseitis the example used by Kumar and Seywald
in their comparison® of differential inclusion and collocation. The
problem may be stated as: Minimize final time 7, subject to

h=vsiny (3)
E =T — D)(v/mg) “)
y = (g/v)(n —cosy) &)

where £ is altitude, E is specific energy, y is flight-path angle, and
the velocityis given by v = +/[2¢(E — h)]. The control constraints
are

0<p=<1 (6)
—Npax =N = +nmax (7)

and the boundary conditions are

h(0) = 5m, h(t;) =121193m
E(0) =2668m, E(t;) = 38029.2m (8)
y(0) = Orad, y(t;) = Orad

The initial states represent the airplane shortly after takeoff, and the
final states represent level flight conditions at the dash-point. The
mass of the F-15 is assumed constant with the value m = 16818 kg,
andthe gravitationalaccelerationis assumedtobe g = 9.80665m/s>.
The atmosphericand drag models used may be foundin Refs. 11-13.
The thrust model of Refs. 11-13 was problematic and so propul-
sion performance as a function of altitude and Mach number were
obtained by us directly from the manufacturer of the F-15.

This problem is linear in the control variables and so it is easy
to solve for n and n and, hence, cast the problem in differential
inclusion format, i.e.,

h; — 9;siny; =0 )
E; b;) + D;
0< Llg/) D (10)
T,
—Mmax < [yz(l_)l/g) +COS}71‘] =< +nmax (11)

Constraints (9-11) require some approximation for the time rates
of change of the states. In the differential inclusion approach, the
mean value of a state (in the i th time segment) and the corresponding
state rate are approximated by

_ Xiy1 T X

X = — (12)

2

and

- Xiy1 — X

AL (13)

respectively. For a system employing N time segments, the NLP
problem thus becomes, minimizing

N
=Y Ay

i=1

subject to 3N constraints, i.e., Eqs. (9-11) evaluated in each of
N segments, using Eqs. (12) and (13) and the initial and terminal
boundary conditions (8).

Advantages and Disadvantages
of Differential Inclusion
The principal advantage claimed for the differential inclusion
method is reduced problem size.>!° By eliminating the controls
the discretized problem has n x (N + 1) variables, as opposed
to collocation (using Simpson’s rule constraints), which will have
nx (N +1)4+m x (N + 1) variables. Using higher order of accu-
racy implicit quadrature rules appears to improve the advantage of
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differential inclusion with respect to problem size, e.g., using col-
location with a fifth-degree Gauss-Lobatto quadrature rule yields
nx (2N +1)+m x (4N + 1) variables. Because the CPU time re-
quired to solve NLP problemsincreases geometrically with problem
size, this yields, in principle,a considerablespeed advantage for dif-
ferential inclusion. In addition, smaller problems are simply easier
to solve so that the differential inclusion solution gains robustness
because of its size.

The acknowledged disadvantages of differential inclusion are 1)
a near restriction of the method to problems with linearly appearing
controls,2) much increased difficulty in the analytical derivation of
the gradients of the constraints with respect to the problem param-
eters, which are needed by the NLP solver, and 3) the requirement
of obtaining the control time histories, if needed a posteriori.

Do the advantages of the differential inclusion method outweigh
the disadvantages? Kumar and Seywald do not unequivocally an-
swer this question, which is just that posed in their paper’s title.®
They concludethat the user “. . . should choose to keep or eliminate
the controls based on the problem at hand.’® This is both true and
sensible, though it does not give much guidance, especially for a
potential user who might not be very familiar with direct solution
methods. In the remainder of this paper we will show that the cir-
cumstances in which the control-elimination approach should be
preferred are very narrow.

Quadrature Rules

In the preceding section it was shown how, for a given number of
states n and controls m, the number of NLP variablesresulting from
applying the differentialinclusion solutionmethod is smaller than if
collocationis used for a given discretization of the continuous time
history into N segments. Completely ignored to this pointis how N
should be chosen. In Ref. 6 the problem size is compared assuming
that N will be the same whether one uses collocation or differential
inclusion? but there is no reason this should be so.

N should be chosen to satisfy two requirements: N should be
large enough, i.e., the time steps should be small enough, to yield
sufficient accuracy of the implicit integration of the system govern-
ing equationsand to adequately capture the characterof the solution
time history. For example, if the true solution time history for a state
or control variableis a sinusoidal variation,each period of oscillation
of this variable will need to be representedby several time segments.
But once the latter requirement is fulfilled the accuracy of the im-
plicit integration of the system governing equations is determined
by the choice of the quadrature rule that is used by the method.

In differentialinclusion, as exemplified by the work of Seywald!®
and of Kumar and Seywald,’ the state rate is determined by Eq. (13),
but of course this relationship may be written as

Xip1 = x + X AL (14)

which is Euler’s integration rule. The Euler step has an error term
proportional to (A#;)? and, hence, has an order of accuracy of 1. It
is easy to see that differential inclusion is limited to using explicit
quadraturerules such as Euler’s rule. If we try to use a more accurate
rule, such as the trapezoidrule,

Xip1 =X + (AL /2)[X; + X 44] (15)

which has order of accuracy of 2, there is no way to isolate the state
rate at the ith node as a function only of discrete states. Thus, it is
not possible to write the differential inclusion method constraints,
Eqgs. (9-11) being a good example, exclusively as a function of the
system variables, i.e., the discrete states.

The collocation method is not limited in this way. As men-
tioned earlier, the collocation solution has been constructed us-
ing constraints based on many types of quadrature rules including
Simpson’s rule >’ higher-order Gauss-Lobatto rules,? and even a
four-stage Runge-Kutta (R-K) process.* These methods have in-
comparably better order of accuracy than Euler’s rule, which is the
least accurate quadraturerule there is. In addition, there is often no
penaltypaidin using these accuraterules. For example, when Kumar
and Seywald® solve the F-15 minimum time-to-climb problem us-
ing collocation (for comparison to the same problem solved using

differentialinclusion), they use constraintsbased on the same Euler
rule. But using the much more accurate Simpson’s rule (1) would
not have increased the dimensionality of the problem at all. Using
collocation with the four-stage R-K process can actually decrease
the dimensionality of the problem significantly because, although
intermediate values of the states are estimated by the R-K process,
they are not NLP variables; thus, the solution receives the benefits
of a finer discretization without the increase in problem size that
usually accompaniesit.*

The problem faced by the user is, thus, entirely analogous to the
problem faced in choosing a method for numerical integration: One
can use a rule of low order of accuracy and large N or one of high
order of accuracy and small N. (We venture to note that there are
no extant codes for the numerical integration of systems of ordinary
differential equations using Euler’s rule or even Simpson’s rule.)
Thus, it makes no sense to compare collocation to differential in-
clusion assuming N is the same for each method. When collocation
is used, N may thus be much smaller than when differential inclu-
sion is used, yet the same solution accuracy achieved, and if N is
smaller the number of NLP variables may be smaller for colloca-
tion, even though the control variables have been retained. When
this principal (ostensible) advantage of problem size for differential
inclusionis taken away, we see little remaining advantage to justify
the additional work necessary to cast the problem into differential
inclusion format. Three numerical examples will now be presented
to illustrate this idea.

Example: Brachistochrone

The well-known brachistochrone problem of Bernoulli is one of
the seminal problems in the calculus of variations. It is chosen here,
for solutionby both collocationand differentialinclusion,becauseit
is a nontrivial problem with an analytic solution so that the accuracy
of both discrete approximate solutions to the continuous problem
may be precisely determined. The problem is to find the shape of a
wire so that a bead sliding on the wire without friction, in uniform
gravity, will reach a given horizontaldisplacementin minimum time
t;. The governing equations are

X = 4/2gycosé (16)

y = +4/2gysind a7)

with boundaryconditionsx (0) = y(0) = 0,x(z;) given.The control
is the slope of the wire as a function of time 6(¢).

The solution of the problem has been obtained with two
collocationmethods, using Simpson’s rule and fifth-degree Gauss—
Lobatto rule system constraints, respectively, and with the differ-
ential inclusion method. Transforming the continuous optimal con-
trol problem into a discrete, NLP problem using either collocation
method is straightforward;cf. Refs. 2-4, and is not described here
for brevity. Similarly, transforming the problem using differential
inclusion'® is also straightforward. Using the obvious bounds on 6
of 0 < 6(t) < m /2 yieldsthe following system, in which the control
variable does not explicitly appear: Minimize 7, subject to

Xo =0,

xy =0.5,

Yo=0

Xig1 — X

)éi — /28y = AL

For collocation using Simpson’s rule constraints, assuming that
the control is linear in time between nodal values, the number of
parameters,N, = n X (N+1) +m x (N + 1).For collocationusing
fifth-degree Gauss-Lobatto constraints, N, =n X 2N +1) +m x
(4N + 1). For differential inclusion, N, =n x (N + 1). Of course,
for this problemn =2 and m =1.
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Table1l Comparison of methods used to solve
the brachistochrone problem

Table 3 Brachistochrone solution using collocation
with fifth-degree Gauss-Lobatto defects

i Method N tf.i > S |tf.ana - tf.i | Np Node i Xi Xi,ana Vi Yi,ana 6;, rad ei.ana
Analytic solution —— 1.2533 —_ —_ 1 0.0000 0.0000 0.0000  0.0000 1.7040 1.5708
Collocation 2 0.0009034 0.0008184 0.007798 0.007789 1.3312 1.4137

1 Simpson 10 1.253005  0.000295 33 3 0.006631 0.006451 0.03036 0.03039 1.2793 1.2566

2 Fifth-degree Gauss-Lobatto 3 1.250521 0.002779 27 4 0.02141  0.02124  0.06556 0.06560 1.0935 1.0995

3 Fifth-degree Gauss-Lobatto 8 1.253070  0.000230 67 5 0.04879  0.04863 0.1099 0.1100  0.9443 0.9425

4 Fifth-degree Gauss-Lobatto 10 1.253183 0.000117 83 6 0.09098 0.09084 0.1591  0.1591  0.7851 0.7854
Differential inclusion 7 0.1487 0.1486 0.2082  0.2083  0.6826 0.6283

5 Euler 10 1.19796 0.055340 22 8 0.2213 0.2212 0.2526  0.2527 0.4713 0.4712

6 Euler 20  1.223922  0.029378 42 9 0.3065 0.3064 0.2878  0.2879  0.3142 0.3141

10 0.4008 0.4008 0.3104  0.3105 0.1571 0.1571
11 0.5000 0.5000 0.3182  0.3183  0.0000936 0.0000
Table 2 Brachistochrone solution using collocation
with Simpson’s defects
Table4 Brachistochrone solution using

Node i Xi i,ana Yi Yi,ana 0, rad Oi.ana linear differential inclusion

1 0.0000 0.0000 0.0000  0.0000 1.7000 1.5708 Node i T Xiam Y Vi ana

2 0.0009026 0.0008184 0.007826 0.007789 1.3330 1.4137 ! b ! L

3 0.00706  0.006451 0.03026 0.03039 1.2788 1.2566 1 0.0000 0.0000 0.0000 0.0000

4 0.02157 0.02124  0.06552 0.06560 1.0936 1.0995 2 0.001595 0.0008184 0.01417 0.007789

5 0.04903  0.04863 0.1098  0.1100 0.9442 0.9425 3 0.009413 0.006451 0.04127 0.03039

6 0.09116  0.09084 0.1590 0.1591 0.7851 0.7854 4 0.02699 0.02124 0.07890 0.06560

7 0.1489 0.1486 0.2081  0.2083  0.6286 0.6283 5 0.05699 0.04863 0.1237 0.1591

8 0.2214 0.2212 0.2524  0.2527 0.4713 0.4712 6 0.1010 0.09084 0.1717 0.1100

9 0.3066 0.3064 0.2876  0.2879  0.3142 0.3141 7 0.1593 0.1486 0.2186 0.2083

10 0.4009 0.4008 0.3102 0.3105 0.1571 0.1571 8 0.2309 0.2212 0.2603 0.2527

11 0.5000 0.5000 0.3180 0.3183  0.00007823 0.0000 9 0.3138 0.3064 0.2931 0.2879

10 0.4048 0.4008 0.3140 0.3105
11 0.5000 0.5000 0.3211 0.3183

The analytic solution is

x(t) = (gty /m)(t — (tg /) sin{m[1 — (t/1;)]}) (18)

_2gtf2' 2| T !
y(t) = —cos’[ = l_t_f (19)

which are the parametric equations of a cycloid, and the optimal
control is

and

0(1) = (/D1 = (t/15)] (20)

For the choice x(t;) = 0.5, Eq. (18) may be solved (letting g = 1)
for the final time yielding #; = 1.2533. The NLP problems result-
ing from the use of both collocation and differentialinclusion have
been solved, for this example and for the two examples to follow,
using the NLP solver NZSOL,'* an improved version of NPSOL. "
Table 1 compares the solution methods, their approximate solutions
for the final time, the error in this solution, and the number of NLP
problem parameters N, each solution requires. As expected from
the analysis in the preceding section, for the same N both colloca-
tion solutions are more accurate than the correspondingdifferential
inclusion solutions. What is perhaps unexpectedis that the colloca-
tion solution using fifth-degree Gauss-Lobatto constraints,but only
3 segments (and 27 variables), is an order of magnitude more ac-
curate than a differential inclusion solution using 20 segments (and
42 variables). The histories of the states, x and y at each node, are
compared to the corresponding states from the analytic solutions
for all three methods (using N = 10) in Tables 2-4; the colloca-
tion solutions are generally accurate to @(10~*) and the differential
inclusion solution to @(1072).

Each method was tested for robustness by running the problem
with a modification of the converged solution as an initial guess.
Modifications of the problem included setting all of the state and
control variables to one specific number, such as one or zero, or
multiplying the variables by a constant.

Both collocation methods are very robust. Convergence occurs
when all of the states and controls are set to 0.1, 1.0, or 100 in the
initial guess given to NZSOL.'* Convergencealso occurs when each
state and control of the converged solution is multiplied by a factor
of 100. Convergence does not occur if all of the states and controls
are set to zero or a negative number.

Linear differential inclusion is not very robust for this problem.
Convergencedoes not occur when all of the statesare setto 0.1, 1.0,

or 100 in the initial guess given to NZSOL.!* Convergencealso does
notoccur when each state of the converged solutionis multiplied by
a factor of 100. Convergence does not occur if all of the states are
set to zero or a negative number. Convergenceis obtained when the
converged solution is modified by adding small increments such as
0.05,0.06, and 0.07 to the state variables.

In all methods the initial guess for the final time should be a
nonzero, positive number. It was chosen to be in the range of 1-5 s.
It was found experimentally that to obtain convergence the initial
guess at the final time should be no larger than four times the final
time of the analytic solution.

Example: Simple Cart Problem
The nextexampleis asimple problem with linear governingequa-
tions but a quadratic performance index.'® It also has an analytic
solution, but unlike the brachistochroneit has a fixed final time. The
problem can be thought of as applying a force to a cart of unit mass,
when the cart is subject to drag depending linearly on the velocity,
i.e., the system equations are

X =x 21
X, =—x,+u (22)

The cartis initially at rest. The external force u(¢) is to be applied
in such a way as to satisfy a terminal constraint, which is a linear
combination of position and velocity, at given final time 7,

¥ =ax,;(t;) +bx,(t;) —c=0 (23)

while minimizing the integral square control
1f
J = / u® dt (24)
0

The problem has a straightforward analytic solution. If the
problem constants are chosen as a=1.0, b =—-2.694528, c=
—1.155356,and t; = 2.0 the optimal control and optimal trajectory
are simply

u(t)y =te' -1 (25)
xi(1)=—2e "+ —1r 41 (26)
X)) =2 +L -1 @7
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Table5 Comparison of methods used to solve the simple cart problem

i Method N Ji [Ji = Janal N,
Analytic solution e 0.577678 e e
Collocation

1 Simpson 5 0.577668 0.00001 18

2 Simpson 10 0.577678 0.00000 33

3 Simpson 20 0.577682 0.000004 63
Differential inclusion

4 Euler 5 0.582800 0.005122 12

5 Euler 10 0.578935 0.001257 22

6 Euler 20 0.577990 0.000312 42

Table 6 Comparison of simple cart final state and control variables

i Method N u(l‘f) X1 (l‘f) X2 (tf)
Analytic solution ——  1.347264 0.122881 0.474383
Collocation

1 Simpson 5 1.326334  0.1227496  0.474333
Simpson 10 1.342595  0.122815 0.474358

3 Simpson 20 1.346748 0.122868  0.474377
Differential inclusion

4 Euler 5 —_— 0.131702  0.477656

5  Euler 10 —_— 0.125050  0.475188

6  Euler 20 —_— 0.123432  0.474587

and the objective function then becomes

tr
J = / u*dt = 0.577678 (28)
0

The problem has been solved with collocation (using Simpson’s
rule constraints) and with differentialinclusion using three different
discretizationsfor each method,i.e., N =5, 10, or 20. Table 5 shows
the accuracy of the objective function as a functionof N. The results
are consistent with the analysis in this paper; whereas differential
inclusionrequires fewer NLP problem variables for given choice of
N, the higher order of accuracy of the Simpson’s rule implicit inte-
gration used with collocation (compared to the Euler step used with
differential inclusion) means that a 5-segment collocation solution
using 18 total variables is orders of magnitude more accurate than
evena20-segmentdifferentialinclusionsolutionusing 42 variables.
The final values of the states are compared in Table 6 with precisely
the same result. Both methods are very robust solving this problem
at any discretization,for example, both converge to a solution when
given initial values of 0 or —1 for all variables.

Example: F-15 Minimum Time-to-Climb

The final example in which collocation and differential inclusion
will be compared is this problem, which was used as an example in
Ref. 6. The problem has been stated in an earlier section; the system
governing equations are Egs. (3-5). The problem does not have an
analytical solution. It has been solved here using collocation with
either Simpson’s rule or fifth-degree Gauss-Lobatto constraints and
using differentialinclusion. In the absence of an analytical solution
we will assume, from the analysis in preceding sections, that the
solution using the most accurate implicit quadrature rule, i.e., the
solutionusing the fifth-degree Gauss-Lobatto rule, is the most accu-
rate. Of course, it also employs the largest number of discrete vari-
ables (145) and correspondinglyhas the finest discretizationin time,
which furthersupportsthe assumptionofits being the mostaccurate.

The resulting minimum final time is shown in Table 7 for the four
solutions obtained. We find that the second most accurate solution
is the other collocation solution, using Simpson’s rule and 10 seg-
ments. The 20-segment differential inclusion solution is not only
less accurate but uses more NLP problem variables. The time his-
tories of the states are shown in Figs. 1-3 for all of the 10-segment
solutions. The result in all cases is qualitatively the same as the
corresponding result in Ref. 6 (cf. Fig. 3 of that paper), and so the
differentpropulsionmodelused in this work has no significanteffect
on the solution. The three solutions differ the most in the history of

Table 7 Comparison of methods used to solve the F-15 problem

Number Method N tr,s N,
Collocation
1 Simpson 10 155.9904 55
2 Fifth-degree Gauss-Lobatto 10 156.2907 145
Differential inclusion
3 Euler 10 160.2237 33
4 Euler 20 155.8751 63
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Fig.1 Solutionfor discrete state time histories for F-15 minimum time-
to-dash problem using differential inclusion method.
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Fig.2 Solutionfor discrete state time histories for F-15 minimum time-
to-dash problem using collocation with Simpson method implicit inte-
gration.

the flight-path angle, and it is clear by comparing Figs. 1-3, assum-
ing of course that the solution using the Gauss-Lobatto constraints
(Fig. 3) is the most accurate, that the collocation solution does a
much better job of representing the early history of the flight-path
angle than the differential inclusion solution.

The ability of each method to converge from a poor initial guess
of the system variables is summarized in Table 8. For the five
deliberately poor initial guesses described in Table 8, there was
only one case in which the NLP problem solver would converge
using a differential inclusion problem formulation but not con-
verge using collocation. Thus, for this admittedly limited survey of
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Table 8 Convergence tests using
a modified F-15 solution

Modified variables Convergence
Collocation
hi, Ei,yi,ni x 1.5,n; =1 Yes
hl‘ = .8, El‘ =20 Yes
E; =30 No
hi, Ei,yi, nisni =1 No
hi, Ei, yi, ni,ni =0 No
Differential inclusion
hi,Ei,y; x 1.5 Yes
h; =08, E; =2.0 Yes
E; =30 No
hi, Ei,yi =1 No
hi, Ei,yi =0 Yes

35 el
-~

Normalized States
o

Nodes

Fig.3 Solutionfor discrete state time histories for F-15 minimum time-
to-dash problem using collocation with fifth-degree Gauss-Lobatto im-
plicit integration.

possible initial guesses, it may be said that collocation and differ-
ential inclusion are about equally robust.

Conclusions

All direct solutions of continuous optimal control problems re-
quire an explicit or implicit integration of the system equations
of motion. The collocation method and the differential inclusion
method are of the latter type; both use quadrature rules as nonlin-
ear constraint equations. However, as the analysis here shows, the
differential inclusion method requires the use of quadrature rules
with very low accuracy. Collocation methods are not limited in this
way and may use implicit integration rules of very high accuracy.
Thus, just as is true for the qualitatively similar process of numer-
ical integration, larger step sizes may be used, and yet the same or
greater accuracy achieved. With fewer steps or segments required
for a given accuracy, the NLP problem into which the continuous
problem s transformed will be smaller when collocationis used, as
the examples in this paper confirm.

The two methods are essentially equally robust in the example
problems solved here. One can not say that one method is more
robust, in general, than the other. However, it is certainly true that
smaller NLP problems are easier to solve than larger ones so that
whichever method yields a problem having fewer variables is more
likely to lead to a converged solution. It is not impossible that a
particular problem will be more tractable when cast in the differen-
tial inclusion format. Thus, one exception to the recommendation
of this work, which is to retain control variables and solve direct op-
timization problems using collocation, would be the case in which
a solution can not be found, i.e., where the NLP problem solver
will not converge. Then differential inclusion might be applied as
an alternative, though with no guarantee of success.
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