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Ordinary differential equations are a powerful and essential tool in both theoretical and applied
mathematics. Their ability to model dynamic systems, whether simple or complex, makes them
indispensable in understanding the behavior of many real-world systems.

With advanced techniques and numerical methods, ODEs continue to play a crucial role in
scientific research, engineering design, and beyond. Understanding ODE:s is therefore central to
many fields of study, from physics and engineering to biology and economics.
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Learning objectives 13

The Laplace Transform, denoted by .7, is a powerful mathematical tool that converts a
time-dependent function f(r) into a function f(s) of a complex variable s.
This change of domain — from the time domain to the complex domain — is not just a formal
manipulation: it provides a way to simplify the analysis and solution of problems that would
otherwise be difficult to handle directly in the time domain.

Formally, the transform is defined as:

f(e) = J(s)=L{f(1)}(s)
Not every function can be transformed. The existence of the Laplace Transform depends on the
convergence of the defining integral:

(o] M
Ps)= [ f)edi= lim lim / F(e)e ™ dr
0 e—0tM—oo J_¢
This introduces the notion of the region of convergence (ROC): the set of complex values of s
for which the integral is well-defined. The ROC is crucial, since it determines both whether the

Laplace Transform exists and where it is valid.

Why it is powerful

The strength of the Laplace Transform lies in its ability to convert differential operations (difficult
to manage) into algebraic operations (much easier to solve).

1 Note

A helpful analogy is with logarithms:
- multiplying two numbers directly may be complicated,
- but taking logarithms turns multiplication into addition:

a-b — loga+logh

Similarly, the Laplace Transform translates differentiation and integration into multiplication
and division by s, greatly simplifying calculations.

Applications in dynamic system

In engineering and physics, the behavior of mechanical, electrical, and other systems is often
described by linear differential equations. Traditional analytical methods, such as the method of
variation of parameters, may be cumbersome.
The Laplace Transform offers a systematic approach:
1. Transformation — the differential equation is converted into an algebraic equation in the
s-domain.
2. Analysis — the algebraic equation is studied to extract system properties such as stability and
frequency response.
3. Inverse transformation — the solution is brought back to the time domain via the Inverse
Laplace Transform, yielding the explicit form f(7).
This procedure provides both a theoretical framework and a practical tool, making the Laplace
Transform indispensable in the study and design of complex systems.

Learning objectives

After this part, you should be able to state when a Laplace transform exists, use its main operational
rules, and solve a linear initial- or boundary-value problem by transforming it to the s-domain and
inverting the result.






1.1

Visualization of the Laplace Transform

To visualize the effect of the Laplace Transform, consider the following example with an exponential
function f(r) = e~*. The Laplace Transform of this function is well-known:

—

ft)=te ™™

fls) =

1
(s+a)?

Here’s a plot to illustrate the function and its Laplace Transform.

Time Domain: f(t) = t * e”(—at)

S - at
o —_— f(t) —te
@
=}
@ _|
e ©
o
= ~ w
= o 7 r <
(=}
—
3 - 3
o _| o
<} [}

Time (1)

Figure 1.1: The left plot shows the function f(t) = e

shows the corresponding Laplace Transform f (s) = HLH

Transform Properties

Laplace Domain: F(s) =1/ (s + a)*2

— F(9)=

S+a

in the time domain, and the right plot

The Laplace Transform possesses several important properties that facilitate calculations. One of
the key properties to remember is that it acts as a linear operator:
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Theorem 1.1 — linearity. The Laplace Transform exhibits a fundamental property known as
linearity. For any functions
f@@)= f(s) and g(t) = &(s),
and for any real constants a,b € R, the linearity of the Laplace Transform can be expressed
as follows:
h(t) :=af(t)+bg(t) — h(s):=af(s)+ba(s).

This means that the Laplace Transform of a linear combination of functions is equal to the
same linear combination of their respective transforms.

Proof. The linearity property of the Laplace Transform can be demonstrated by applying the
transform to a linear combination of two functions:

Z{af)+bs0} ()= [ (af)+bg(n)e " ar

Using the linearity of the integral, we can separate this into two distinct integrals:

—a/ f(t) Wdt_’_b/o, g(t)e ™ dt

=af(s)+bg(s).

This confirms that the Laplace Transform of a linear combination of functions is equal to the
same linear combination of their respective transforms.

However, it is important to note that not all functions allow for this property to hold. For specific
cases where the integral may not converge, refer to Example Example 1.1 for further clarification.

= Example 1.1 — Limits of intergral sequence. Consider a piecewise function f, (), parameter-
ized by n, defined for ¢ > 0 as follows:

nt Ogtgi
t)=<92-m L<r<2
0 otherwise

As n — oo, this function converges to f(z), which is zero everywhere:

f(t) = lim f,(7).

n—oo

To confirm this, we can compute the integral of f,(¢) over the interval [0, c):

o ] n—oo
F,,:/ fuldi=- == 0.
0 n

Thus, as n — oo, the area under the curve tends to zero, consistent with the function becoming
zero everywhere.
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Misleading Intuition
At first glance, one might assume that the limit and the integral can be interchanged:
F= [ lim f(t)dt = lim [ f,(¢)dr.
0 n—oo n—eo J

However, this is not always true. To illustrate this, consider another piecewise function g,(t),
defined as:

n’t 0<r<1i
gu(t)=q2n—n’t L<t<2
0 otherwise

Taking the limit as n — oo, we find that the function g(¢) = lim, . g,(f) = 0 everywhere.
However, the computed area differs:

lim | g,(r)dt=1 +# /g(t)dtzO.
n—yoo 0 0

This demonstrates that, in general, the limit of the integral and the integral of the limit are not
equivalent:

tim [ gu(e)dr # [ lim gu(0)

Visualization

To further illustrate these concepts, we can visualize the behavior of f,(7) and g,(¢) for various
values of n. As n increases, observe how each function behaves and how their areas change.

Scale Change and Translation Properties

In the study of Laplace transforms, the scaling and translation properties of the time axis play a
significant role. These properties are essential for manipulating functions, allowing us to simplify
their transformations and gain deeper insights into their behavior in the frequency domain.

Scaling of the Time Axis

Theorem 1.2 — Stretching/Expanding the Time Axis. When we stretch or expand the time
axis of a function f(t) by a factor a > 0, the corresponding Laplace Transform f(s) is modified
as follows:

flar) — %f(i) :

a

Proof. The proof directly follows from the definition of the Laplace transform by applying a change
of variables. Let ar = z, which implies = £:

Z{fas) = [ flana
= [(reis
0 a
— 1 iy

=)
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Behavior of f,,(t) for n =5, 20, 100

v
- —— n=5
- — n=20
- n=100
“ Lo
0
o _|
© | | | | |
0.0 0.5 1.0 15 2.0
t
Behavior of g(t) for n =5, 20, 100
g ]
—— n=5
8 _| — n=20
- n =100
= o _
c N
(@)
o _|
—
o — 2.
I I I I I
0.0 0.5 1.0 1.5 2.0

t

Figure 1.2: In these plots, we observe the behavior of both f,(7) and g,(¢) as n increases. While
both functions appear to converge to zero for large n, their areas behave differently. This distinction
highlights the important concept that integrating limits and taking limits of integrals are not always
interchangeable.
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Effect of Stretching the Time Axis on f(t)

Visualizing how different stretching factors affect the function

0.50
Stretching Factor
— 025 == a=0.5
©
= —g=1
0.00 = a=2
-0.25
0 1 2 3 4 5
t

Figure 1.3: Visualization of the effect of stretching the time axis of f(¢) by a factor a, leading to
the corresponding change in the Laplace transform.

Translation in the s and ¢ axes

The translation property is a crucial aspect of Laplace transforms, affecting both the s axis and the
t axis by a coefficient a > 0. These translations lead to the following relationships:

Theorem 1.3 — Translation in the s axes.

e f(t) = f(s—a)

Proof. To prove the translation property in the s complex variable, we start with the Laplace
Transform of the function e f(t):

2100 = [ e a
— / a S t dt
=fls—

This shows that multiplying by ¢ translates the Laplace Transform along the s-axis. |

Theorem 1.4 — Translation in the r axes.

A

flt—a) = e “f(s)

Proof. For translation along the ¢-axis, we apply a change of variables with z =t —a:
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LU=} = [ f-aea
_ _mf(z)efs(era) dz
— e—as /(X’f(z)e—sldz
.
= ef‘”f(s).

In this derivation, the first integral is effectively canceled because we typically assume that
f(t) =0 fort < 0. Therefore, this integral evaluates to zero. [

Summary

These properties illustrate how translations in time and frequency domains impact the behavior
of functions under Laplace transformations. The translation in the s-axis shifts the transform
horizontally, while translation in the 7-axis introduces an exponential decay factor.

Translation of the Time Axis for f(t)
Visualizing how different time shifts affect the function

1.00
0.75 . )
Time Shift
~—~~
@®© a=-1
I 0.50
= m— g =0
a=2
0.25
-2 0 2 4
t

Figure 1.4: Visual representation of the effect of translating the function f(¢) in both the s and ¢
axes.

Existence of the Laplace Transform

Not every function can be transformed using the Laplace operator .. For instance, consider

. 2 . .
the function f(¢) =" cannot be transformd. In fadct, if we apply the Laplace transform to this
function, we obtain the following integral:

(oo} T i
f{elz}(s) _ / etz—st dr — / olt=s) dt—l—/ RO
0~ 0- T

If we choose a constant 7 > R(s) (the real part of 5), we can observe that the second integral
[ el"=9)" dr does not converge for any value s € C.

Proof. To prove this result, we start with the function f(r) = ¢’ *. If its Laplace transform exists
(denoted by f(s)), it must equal:
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M
f(s)=lim [ & 9ds.
M—o0 JO—
Since s is a complex variable, we express it as s = a +ib, where a,b € R and i = /—1.
Substituting this into the Laplace transform expression gives:

et(t—a—lb) et([—a)e—lbl.

Using the De-Moivre formula ! we rewrite the exponential with the imaginary term:

e P = cos(bt) —isin(bt).
Thus, the integral becomes:

M
lim [ ¢ (cos(bt) —isin(bt)) dr.

M—o Jo-
This expression can be split into real and imaginary parts:
¢ Real part:

M
R=lim [ & %cos(bt)dr.
M—re J—

e Imaginary part:
M
I=lim [ & 9sin(br)dr.
M—re0 JO—
Focusing on the real part R, we note that it involves the product of a cosine function and an
exponentially growing function. By analyzing this product at large values of ¢, we can see that the
integral does not converge. To formalize this observation:

M+AM M
/ = cos(br) dr > / '~ cos (br) dt
0 0

M+AM
—|—eM(M_”)/ cos(br)dt.
M

Since the exponential term e/~ grows without bound as ¢ increases, it follows that the integral

2
does not converge. Consequently, we conclude that the Laplace transform for /() =" does not
exist. |

Exponential Order Functions

A function f(7) is said to be of exponential order if there exist constants M,N € R such that:

|£(0)] < MM

for all t > T, where T is a finite constant.

This definition implies that the growth of the function f(¢) is bounded by an exponential
function as ¢ approaches infinity. Specifically, the term Me™' serves as an upper limit for the
absolute value of f(t).

If a function is of exponential order, its Laplace transform exists in at least part of the complex
plane. This means that we can find values of s for which the Laplace transform converges, providing
valuable insights into the behavior of the function in the frequency domain.

L eAtHiB — oAeiB — eA(cos B +isinB).
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Proof. To demonstrate that functions of exponential order always have a Laplace transform, we
focus on the residual part of the integral from T to infinity:

/w |f(2)|e™" dr.
T

Using the property | f(¢)| < MeM, we can write:

/ ’f(t)\eﬂdté/ MeN’e’”dt:M/ eN=a)t g,
T . .

where s = a + ib and we focus on the real part a = R(s).

For convergence of the integral, we require a > N. Thus, if a > N, the term elN=a)
zero as t — oo, ensuring that the integral has a finite value.

Consequently, the domain of s for which the Laplace transform of an exponential order function
exists is at least:

! tends to

R(s) > N.

This result confirms that functions of exponential order have well-defined Laplace transforms
within specific regions of the complex plane.

Exponential Growth: f(t) = e

20000
15000

10000

Function Value f(t)

5000

0 1 2 3 4
Time (t)

Figure 1.5: Exponential Growth of ¢V with N = 2

According to the definition, we can also observe that the domain of the variable s for the
Laplace transform of a function of exponential order is at least given by:

Vs=a+ib € C, suchthat a=Re(s)>N.

This means that the real part of s must be greater than or equal to N for the Laplace transform

to exist. In other words, the Laplace transform converges in the half-plane where the real part of s
meets this condition.



Consider the problem of solving the following differential equation:

{y'm = ay(t) +1
1

Solving this equation in the time domain can be challenging. This is where the Laplace
transform comes into play, allowing us to analyze the problem in the complex variable s. By
applying the Laplace transform to the differential equation, we obtain:

L ()} (s) = L{ay(t) +1}(s)
=aZ{y(t)}(s) + ZL{1}(s).

At this point, we need to highlight an important Laplace transform property. This property
states that the transform of the first derivative f(¢) of a function f(¢) is given by:

£1(1) = sf(s) = £(07),

where f(0") represents the value of the function f(¢) at the origin of the time axis and
corresponds to the initial (Cauchy) condition of the ordinary differential equation.

This property allows us to convert differential equations in the time domain into algebraic
equations in the complex variable domain. Returning to our initial problem, we can rewrite the
differential equation as:

o R 1
sf(s) =L =afs)+ 5 .
¥(0%) ~
L{t}(s)
This simplifies to:
1
1+ 2
W) =——_

= Example 2.1 — System of Ordinary Differential Equations. Consider the following system of
two ordinary differential equations, subject to their initial conditions:



24 Chapter 2. Usage of the Laplace Transform

X(t)=y(t)+1

¥ (t) = x(t) + cost
x(0)=1

y(0)=1

To solve this system, we can apply the Laplace transform to convert the equations into the
complex variable domain. The Laplace transforms yield the following equations:

. . - 1

(i) s%(s) —x(0)  =3(s)+
S— s
L{x(1)}s)

o . 1

@) 5630 =55)+ 1
Z{Y (1)} )

Knowing the initial conditions of the system allows us to express the system of functions ¥ and

¥ using matrix notation:
1
s —1] (X(s)\ _ 1+ B
-1 s [ \J(s)) | 1

— 1452

To find explicit values for %(s) and y(s), we can invert the matrix A(s):

N S !
WETe T W T e
|

= Example 2.2 — Computation of the Laplace Transform. Consider the ordinary differential
equation:

X (t) 4+ x(t) = cost
x(0)=2

To find the solution in the Laplace domain, we apply the Laplace transform operator . to the
entire equation. We utilize known transforms, specifically:

L)} (5) = £(s),
LI (1)} (5) = s2(s) —x(0),

Z{cos(t)H(s) = s2S+1'

Applying the Laplace transform to the differential equation yields:

LA () +x(t) Hs) = L {cost}(s),

which translates to:

s
i — 2 'y = —_—
sX(s) —2+x(s) o]
Now, we can combine terms to solve for £(s):
s

(s+1)x(s)—2
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Rearranging gives us:

N
Dx(s) = 5— +2.
(s+ 1)) = o +

Finally, solving for £(s) results in:

. s 2 252 +s+2
x(s) = 5 + = 5 :
(s+1)(s2+1)  s+1  (s+1)(s2+1)
This expression represents the Laplace transform of the solution to the original ordinary
differential equation.







3.1

3.2

Partial Fraction Expansion

The inversion of a Laplace transform is a crucial step that allows us to transport the algebraic
solution found in the s domain back into a time-domain description. This process is represented by
the operator .Z .

Rational Polynomial Representation

When dealing with (systems of) ordinary differential equations, the result of the Laplace transform
(such as £(s)) is typically expressed as a rational function in the form:

P(s)
Q(s)’
where P(s) and Q(s) are polynomials with real coefficients in the variable s.
An important observation is that, in many practical applications, the degree of the numerator
polynomial dP is less than that of the denominator polynomial dQ. If this condition does not hold
naturally, we can apply polynomial long division. Specifically, if P(s) can be expressed as:

P(s) = T(5)Q(s) +R(s),

where T (s) is the quotient and R(s) is the remainder, we can rewrite the rational function as:

P(s R(s
Pls) =T(s)+—( )
O(s) Q(s)
The term represented by the polynomial 7 (s), which has real coefficients, corresponds to the
Laplace transform of Dirac delta functions. For example:

LEOVs) = [ St di=e

0-

LS WH) == [ S We o =5 ()

t=0

=S.
t=0

Inverting the Transform

Assuming we have a transform solution expressed as a simplified rational polynomial

s)
(s)

ac}

such that JP < dQ

©
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we can compute its inverse to express it in the time domain. This is commonly done using
partial fraction expansion, which allows us to rewrite the solution as a sum of simpler elements
that can be easily inverted using a Laplace transform table.

To properly perform partial fraction expansion, it is essential to rewrite the denominator of the
polynomial ratio in factored form:

P(s) bo+bis+bys*>+ -+ bys"

O(s)  (s—p1)™(s—p2)™ - (s—pa)™’
where p; are the roots of the denominator and each root has a multiplicity m,;.
Depending on the multiplicity and nature (real or complex conjugate) of these roots, the
procedure for performing partial fraction expansion may vary.
In the following sections, we will present examples illustrating each case of partial fraction
expansion based on different root types and multiplicities.

Real roots
Single real root

Let’s consider the following rational polynomial with no multiple roots:

(s—1)(s+3)(s—4)

it’s factorization is based on determining the coefficients ¢; such that

G(s) =

04} (04) (04] S
= 3.1
s—1+s+3+s—4 (s—1)(s+3)(s—4) G-
This can be accomplished in two ways. The first method involves computing the sum of the
three basic elements in a parametric form that depends on ¢, and then solving the resulting linear
system to determine the parameters that satisfy the equality.
A second, more efficient approach is to recognize that each coefficient can be determined as
follows:

o; = sli_}n[}i (s—pi)Gls)
In the context of the example, to compute the coefficient ¢; associated with the root p = 1, we
can multiply Equation 3.1 by the factor (s — 1). This yields the following equation:

s(s—17 _a 95 03
(s—(s+3)(s—4) _y/lr“/’ﬂ(“” (s+3 +s_4)

Evaluating this expression at the point s = 1 will yield an equation in which the only unknown
coefficient is ¢;. This occurs because the coefficients o, and o are effectively eliminated due to
the multiplication by (s — 1), which equals zero at this point. Therefore, we have:

s=1 . 1 o 1
M T -4 T 12

By applying the same method to the other two roots, —3 and 4, we can derive the coefficients:

e For the root —3, we obtain oy = —%.
e For the root 4, we find a3 = %.

With these coefficients in hand, we can now verify that:

11 3 1 4 1 s

12s—1 28s—|—3+ﬁs—4 (5= 1)(s+3)(s—4)




3.2 Inverting the Transform 29

Each basic element can be easily transform using the Laplace table, and in particular

_ 1 _ 3 4 _
Z7HG($)} ) - T ’—%ey—l—ﬁe a

Multiple real roots

Let’s now consider a case where the rational polynomial has multiple roots, specifically:
145

(s—4)*

In this scenario, the partial fraction decomposition should not consist of four identical terms
with the denominator s — 4. Instead, we need to consider four distinct exponential terms that
increase in complexity, represented as follows:

G(s) =

(04} (04) (04] Oy 1+s

S—4+(s—4)2+(s_4)3+(s_4)4:(s_4)4 3.2)

This problem can be addressed by summing all the elements and solving the resulting linear
system for the coefficients ;. However, a more efficient approach is to recognize that the element
a,—r—where n denotes the multiplicity of the root (in this case, n = 4)—can be expressed as
follows:

11' & "G
H‘Yg%@[(s—l’) (S)]

This process becomes clearer when we consider the example provided. The first step is to
multiply Equation 3.2 by the polynomial (s —4)*, which leads us to the following relationship:

14+s5= (X](S—4)3+(X2(S—4)2—|—O£3(S—4)—‘rOC4

Evaluating this expression at s = 4 allows us to determine the coefficient o4 = 5. To find the
other coefficients, we can employ the proposed scheme, which involves differentiating the previous
equation with respect to s and then evaluating it at the point s = 4.

ld/ds

1=3a(s—4)2+2m(s—4)+o 5 oz=1

1 d/ds

0=60(s—4)+ 2 = =0
1 d/ds

0= 60y (s—4) = oo =0

Once the coefficients ¢; associated with the partial fraction expansion have been determined,
we can compute the inverse transform of the original function G(s), which is given by:

LHG(s) 1) = £ { (s_14>3 } +527 { <s—14>4}

1 1
= Ee‘”t2 + 5864tt3
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= Example 3.1 — partial fraction expansion with different roots, one which is multiple. Let’s
consider the following rational polynomial G(s) that’s already been split in the factor for the partial
expansion:

1+s
M [
A B C D

Cos—1 +s+2+ (s+2)2+ (s+2)3

To calculate the first coefficient A associated with the root s = 1, we can follow these straight-
forward steps:
1. Multiply by a Factor: Multiply the last equation by the factor (s — 1)(s +2)2. This step
isolates the behavior of the function around the specified root.
2. Evaluate at s = 1: After performing the multiplication, evaluate the resulting expression at
s = 1. This evaluation will yield the value of the coefficient A.
By following these steps, we can effectively determine the coefficient A related to the root
s=1.

I+s=A(s+2)°+(s+1) B(s+2)2+C(s+2)+D}
y s=1

2

2=A3’ = A==

27
The next step is to calculate the remaining coefficients B, C, D associated with the multiple
root s = —2. However, the current form of the equation does not allow us to apply the previously

demonstrated method effectively.

Deflating the Equation

To create a suitable equation for our analysis, we need to deflate it. This involves expanding the
term (s +2)3, which corresponds to the coefficient A. By expanding this term and moving it to the
left-hand side of the equation, we can simplify our calculations and isolate the coefficients B, C, D
more effectively.

2 2 2
1+s—ﬁ<s 1 6s +12s+8>

- (s+1)[3(s+2)2+C(s+2)+D}

1
- E(—zﬁ — 12524355+ 11)

Once we have deflated the equation properly, we can proceed with determining the coefficients
associated with the multiple root. This will provide clarity on the polynomial’s behavior around
§s=-2.

At this stage, we can divide both sides of the equation by the factor s — 1. If division on the
left-hand side is not possible, it indicates that an error has occurred in the calculations leading up
to this point. By performing polynomial division, we can simplify the equation and obtain the
following result:

1
> (—2s* —14s—11) =B(s+2)*+C(s +2)+D

From this point onward it’s possible to use the method shown to calculate the coefficient of the
multiple roots; starting evaluating the previous expression at point s = —2 we get the value
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—8+28—-11 1
D—=— @ —_
27 3

Continuing with differentiation we get

1d/ds
45— 14 —2 2
1d/ds
—4 s=—2 2
57 = 2B = B=-

To end the inversion of the starting transform G(s) we can see that

O O S UR- T P 10

5 w043 ) 0

_ 2 t_le—Zt_%e—Ztt_}_l‘le—ZttZ

~27° T 27 9 32

3.2.2 Complex roots
Handling complex roots in the denominator Q(s) of the solution to an ordinary differential equation
presents greater computational challenges compared to dealing with real roots. One important
observation is that if the complex value
oa=a+ibcC

is a root of the denominator, so that Q(a) = 0. It’s conjugate

a=a—1ib
is also a root, i.e. Q(&) = 0. Considering in fact that the polynomial denominator Q(s),
evaluated in the point s = &, can be expressed as
0(a) = go+0gq1+’qa+---+ &g, =0

where ¢g; are real coefficients. At this point we have to consider the following property of the
conjugate that are true for all couple of complex variables o, 3:

Now known that Q(@) = 0, than also the conjugate Q(a) should be equal to zero (because
0 = 0) and so by applying the properties we can see that
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0=0(a)=0(a) = qgo+aq + a2q + -+ aq,
= o+ aqi + A2q + -+ A'q,
=qo+0aq + g+ -+ g, = Q(&)

This verifies that if « is a root of Q(s), than also it’s conjugate @ is a root of the same polynomial
and so we can rewrite the denominator in the form

O(s)=...(s—a)(s—a)...

conj. roots

Single conjugated complex roots
Let’s now assume that we have a rational polynomial that present two conjugated complex roots
expressed in the form

P(s) P(s) A B

06) G-a)s—a@) s—a s—a

By trying to apply the partial fraction expansion as for the real root previously described, we
can demonstrate that the two coefficients A and B are conjugated, so such that B = A. In fact by
summing the two elements we can see that

A B A(s—a)+B(s—a)
s—a s—oa  (s—a)(s—a)
_ (A+B)s— (Ao +Ba)
(s —a)(s—a)

By expanding the definition of the complex variable (so expanding A =a+ib, B=c+id...)
and considering that the polynomial P(s) at the numerator has only real coefficients it’s possible
to see that, in order to verify the equality, it must be a = ¢ and b = —d, and so the two complex
values A and B must be conjugated.

Proven that B = A now the problem is to find such complex value A in order to satisfy the partial
fraction expansion; in order to do so we can try to use the same approach shown for real roots by
multiplying both members of the equation by Q(s) and then evaluating the result for s = o:

P(s) A B

= P(a)=A(0— Q@) +Ala—=T)
Considering now that & — & conresponds to a purely imaginary number equals 2 times the
imaginary part of the root o, we can invert that relation in order to explicitly get A:
_Pla) P
S 2i8(a) 23 («)

Let’s now try to consider a real case scenario where we want to deal with the inversion of the
following rational polynomial (that’s consequently expanded):

A

s A A
GG (-1) =+ 5=(1-9)
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We can now multiply both members of the equation by the denominator Q(s) and then evaluate
the result for the point s = 1 41 (root of the denominator):

s=A(s—(1—1)) +A(s— (1+i))
b s=1+i

1+i=A(1+i—1+i)

I+i 1 .

With this value retrieved we can now state that

s 1 1—i n 1+i
G—(+))(—0-1)  2\s=(1+D)  s—(1-
Unfortunately watching the Laplace table we can see there’s no possible match between the
known transform (where the numerator is expressed as a pure real number) and the complex

coefficient retrieved. But an interesting fact that we can note is that by merging the two components
we can get a rational polynomial with real coefficient: in a general way we can in fact state that

A A A(s—0)+A(s—a)
s—a+s—§7 (s—a)(s—a)

_ s(A+A) —Aa—-Aa
- s2—s(a+a) +|al?

This rational polynomial can be matched with the following transform:

; ar _ s—a [0
ZL{Ce" cos(wt) + De sin(Qr) } = C(s—a)2+a)2 +D(s—a)2+a)2
_ Cs— (Da)—Ca)
 (s—a)?+w?

Given now the values of &, A, the problem is to find the expression of the coefficients a, w,C
and D; in order to to so we can perform two steps:
1. match the denominator in order to find a and ®; in order to compare the denominator it’s
useful to expand the denominator (s —a)? 4 @* = s> — 2sa+a® + ®>. At this point by relating
the function we can see that

xz—s((x—i—ﬁ) —1—\06\2 :xz—Zsa—i-az—sz

= a= =R(a)

—2sa=—s(a+0) a+ao
o’ + 0’ = |af 2

— o= /laP-a = /laP - %K(a)? = /3(a) = +3(a)

2. at this point, known a and @, it’s possible to match the numerator in order to get the
coefficients C and D:

s(A+A) —Ad—Aa =Cs— (Do —Ca)
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A+A=C
—Ad—Aa =Dw—Ca

= C=A+A=2%R(a)

Ca— A0 —Ax
w

:}D:

= Example 3.2 — inversion of a transform with two conjugated complex roots. Let’s consider
the following rational polynomial that has to be inverted:

s+1
s2+s5+10

At this point we can verify that the roots of the denominator are complex conjugated by simply
applying the quadratic formula to retrieve them

—1++v-9
—

At this point the problem of the inversion if finding the parameters a, ®,C, D such that

S1,2 =

s+1 s—a D w
24+5+10  (s—a)?+ w? (s—a)?+ w?

By comparing the denominators we can observe that —2sa = s and so a = —% and so

V3
a?+w*=10 — w:\HO—aZ:AEE

At this point it’s possible to compare the denominator (considering that now a, @ are known)
that’s lead to

1+Ca_ 1
® /39

Retrieved all the coefficient we can explicitly state the inversion of the original rational polyno-

mial:
. s+1 oy V39 1 . (V39
Z {s2+s+10}(t)—e 2 [COS( > t —i—\/@sm 5 t

Multiple complex roots

s+1=C(s—a)+Do = C=1, D=

Dealing with multiple complex roots requires even more computational steps; let’s consider the
generic case of a multiple complex root of multiplicity of 2 that’s already expanded:

P(s) A B A B

G-al(—a7 s—a -al s—al s-ap

As in all the previously cases in order to compute the first parameter B it’s possible to multiply
both sides of the equation by the denominator Q(s) = (s — a)?(s — &@)? and then evaluate the
relation at the root s = a::
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(e _ _P(a)
= P(a)=B(a—0) — B 13(0)?
=23 (a)

Now in order to calculate the second parameter A of the relation we have to deflate te elements
associated to B and then, as for the multiple real roots, compute the derivative in respect to the
variable s:

J deflation
P(s)—B(s—®)>—B(s—a)’ =A(s—a)(s— )’ +A(s — @) (s — )’
1 d/ds

P/(s) = 2B(s— ) ~2B(s— @) =A(s— @) [s— T+ (s~ )]

—I—Z(s—oc) [s—OC—I—Z(s—H)}

By now evaluating the expression at the point s = ¢ it’s possible to have a clear definition of
the complex variable A:

P'(a) —2B(s— @)
4Im? (o)

P(a)-2B(s—@) =A(a—-0) — A=

= Example 3.3 — inversion of a transform with multiple complex roots. Let’s consider the
following rational transform that has to be inverted:

S2

(2 +s5+1)°

The first thing to notice that the multiple roots are complex because calculating their value by
using the quadratic formula it happens that

~1+VT-4 1, .V3
Slp=——F—— = —5 Fi
’ 2 2 2
For sake of semplicity of representation of the equation, from now on these roots value will
be reported as z = —% + ? and 7 = —% — ? At this point it’s possible to express the parametric

partial fraction expansion of the transform as

- 4
(s2+s+1)2 s—z s—z (s—z)? (s—32)?

52 A A B B
+ +

In order to retrieve the value of the coefficient B we multiply both the sides by the factor

O(s) = (s> +s+ 1) =(s—2)*(s—2)?

that, evaluated at the point s = z, will give the expression
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2
2 2 (—%JriTS) 1 3
ZZZB(Z_2> —— B:—Zf:— :—7_1£
N 3 3 6 6
i3

By deflating the term presenting the parameter B just calculate we can get the relation
s?—B(s—7)?—B(s—z2)? =A(s—2)(s —2)* +A(s —2) (s — 2)*
1 d/ds
25—2B(s—7)—2B(s—z) =A(s —7)> +A(s —2)*

+2(A+A)(s—z2)(s—72)

Having computed the derivative of the relation in respect to the variable s it’s possible to
compute the parameter A just by evaluating the result in the point s = z:

_ _\2 4iB3(z) — 2z 2i
2:-2B(z—7) =A(z—2)° = A= BT " 37

Parametric solution for multiple complex roots

To solve the partial fraction expansion of multiple complex roots it’s possible to use a parametric
formula where the numerator are defined as polynomials A, B in a generic variable ¢; in particular
for the double complex root the expansion can be expressed as

P(s) _A(t)s+B(t)  A(t)s+B(t) | qi(s,t)

(sz—as—i—t)zQ(s) -~ s-as+t (sz—as—H‘)2 O(s)

where the term ¢, (s,7) represent the derivative dg/dt of the remaining term on the numerator
after the partial fraction expansion. If the polynomial has 3 complex roots than the parametric
decomposition becomes

5 P(s) _, At)s+B() 5 Al(t)s+B'(r)
(s —2as+t)3Q(s) (s —2as+t)3 (s —2as+t)2
A"(t)s+B"(t)  qu(s,1)
+ s2—as+t + 0(s)

(3.3)

where g;; = d%q/dt%.
This process can be better seen by considering a numerical example like the one that follows:

st +1 A Bis+ B
(s—1)(s2—25+2)3 s—1 (s2—2s5+2)3

Cis+C Dis+ D,
(s2—2s+2)% $2—25+2

The first coefficient A of the partial fraction expansion (associated to a single real root) can be
determined easily with the methods previously described and so
52 +1

A= ——— =2
(sz - 2S+2)3 s=1
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At this point it’s important to acknowledge hot compute the parametric functions A, B, g; in
particular this can be done by writing the following relation:

52 +1 A(t)s+B(t) q(t)

(s—1)(s*—2s+2) s2—2s+1 s—1

We can note that the left hand side is equal to the original rational polynomial with the only
difference that the term s> — 25+ 2 is now considered once; the right hand side is instead the correct
partial fraction expansion of the other side with the difference that the coefficient A, B, g are now
function of the variable ¢ and the last known coefficient of the complex root (in this case the +) has
been replaced with the variable 7.

By multiplying both member of the equation by the denominator of the left hand side we derive
the following equation:

S +1= (A(t)s+B(t)) (s—1)+q(t)(s* —2s+1)

This expression allows now us to compute the parametric form of the function A,B,g; in
particular considering that s> — 25 +¢ = 0 and so s> = 25 —t we can rewrite the previous expression
as

25— 1+ 1=A(t)(2s—1) —A(t)s+B(1)s — B(t) + q(t) (25 —+=25F 1)

2=A(t)+B(r)
—t+1=—1tA(t)—B(t)
2 2
—, B@t)=14—
r—1"7 () =1+ r—1
In order to have the complete the partial fraction expansion we need to compute the derivative
(up to the second order) and evaluate them for # = 3 (noting that $A(2) =-1 $ and B(2) = 3):

= A@t)=1-

y 2
ey
" 4 —

V=) A e e Ve

With all the coefficient defined is possible to express numerically the partial fraction expansion
by using Equation 3.3:

2

=2 B = — 5
=2 (t_1>
" 4

=2
t=2

=4
=2

2 n —s+3 s—1 +1 —4s+4
s—1  (s2=2542)3 “(s?—25+2)%> 2s52—25+2
= Example 3.4 — computation of a partial fraction expansion. Considering the rational
polynomial in s

£ P(s) _ s(s2+7)
C0(s) (s=D)(s+1)?
A B C D

IS ROy R PO S P PO b
finding the partial fraction expansion means determining the coefficients A,B,C,D € R that
satisfies the equation. In order to solve this problem we can define { as the multiplication of £ by
O(s) and so

o s(P+7)=AG+1)>+Bs—1D(s+1)*+C(s—1)(s+1)+D(s—1)
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In order to find some coefficient we can note that such polynomial equation must be verified if
we evaluate ¢ for some strategic point, in particular for s = 1 (that’s a root of Q) we have 8 = 23A
that determines A = 1, while if we evaluate for s = —1 we retrieve —8 = —2D and so D = 4. We
can so inflate { by moving on the left hand side the associated terms on A and D determining the
rewritten expression:

& SH+Ts—A(S 435 +3s+1)—D(s— 1)
=B(s—1)(s+1)*+C(s—1)(s+1)

S+ Ts—5 —3s—3s—1—4s+4
=B(s—1)(s*+2s+1)+C(s* - 1)

—3524+3=B(s+s*—s—1)+C(s* 1)

In order to determine the value of the other coefficient B,C we can start deriving { in the
variable s:

dg
r_ 95,
&= ds

Evaluating this expression for s = —1 (associated to the root of both B and C) we have that
6 = —2Cs determining C = —3; after inflation we so have

—65 = B(35>+25—1) +2Cs

¢ 0=B(3s*+2s—1)

r

dC !
1
&= ds

With the last evaluation on s = —1 we obtain 0 = —4B requiring B = 0; with that said the
overall partial fraction expansion is

0=B(6s+2)

s(s4+7) 1 3 4
GoDG+1P s—1 G2 1P

Table for the Laplace transform

f() Z{f}(s)
1 af(t)+bg(t) | af(s)+bg(s)
2 flar) “r(2) la>0
3 1 1
4 t z
ja
5 it sy
Sd”
6 r () (~1)" 2 £(s)
7 f(1) sf(s)—f(07)
8 J'() s*f(s)— f'(07) —sf(0%)
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f() ZL{f}(s)
d" . n—1 i () (vt
9 & )~ L0
ar _ Bt a-
10 e G- o)s—P)
11 e f(t) f(s—a)
12 ft—a) e “f(s)
13 (fxg)(t) f(s)g(s)
ut s—a
14 e™ cos wt m
at . 0]
15 e sin wt m
s—a
16 e“ cosh ot m
bt
17 a 7s—%oga
18 e sinh ot m
4 1
19 /Of(z)dz Effs)
20 et "







Usually some differential equation problems requires some condition that are not defined at the
initial time 7 = 0 of the time axes, but in a more general point = t*: in order to solve this problem
a parametric approach is recomended. As example let’s consider the following problem:

x'(t) +(t) = sin(t)
Y(#)+x(t) = 1+ sin(t)
x(0)=0, y(0)=-1, x(1)=1

As we can see the last condition constrains the solution x(¢),y(¢) at the time ¢ = 1; in order
to solve the problem in the Laplace domain we apply the transform on the system of differential
equation and so

524(s) —x'(0) — sx(0) + s9(s) — y(0) ﬁ
s9(s) = y(0) + sk(s) —x( )_E szil

If we now try to substitute the boundary condition on the problem we can see that we have no
information for x’(¢) at the initial time: the idea now is to solve the problem parametrically (assign
a variable, in this case A, to the initial condition x'(0) ) and solve the problem this way. At the and
we have to find the constant value A such that x(1) = 1. So by substituting we get

1
2a A
—A 1=
s7%(s) +s59(s) + a1
1 1
. 1 sils) — 2
sP(s) + 1+ s£(s) s+s2+l

To simplify the calculation of the algebraic solution of the functions £, § we rewrite the system
in matrix form that, by inversion, can determine the solutions (by using the Kramer method):
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1
s> s| [x(s) m-i-A—l
s s ) (Lol
s s2+1
! +A—-1
-1
2
det se+1
1+ 1 |
-+ s
. s s2+1 sA—1
e =
X(S) s2 Ky SZ(S—I)
det
s s

Having the boundary condition set on x(¢), our focus is to invert only the related transform £(s)
(because, for the sake of the problem, it’s not relevant determining y(¢) ); by doing the parametric
partial fraction expansion we have

sA—1 cl co
2 - T
s?(s—1) s—1 s
where, by solving the linear system, the coefficients are equalstoc; =A—1,c, =1—A and
c3 = 1. At this point we have everything in order to compute the inverted function of £(s):

Cc3
+ 2
§2

x(t) = .Z_l{)?(s)}(t) =A-1)e'+(1—-A)+1
The last thing to do now is to evaluate the function x(¢) at the time 7 = 1 and equal the result to
1 in order to determine the coefficient A related to the initial first derivative of x:
x()=A-1e+(1-A)+1=1 — A=1

= Example 4.1 — boundary value problem. Considering the parametric differential equation
problem depending on the parameter A € R

X)) =X (t) =t
x(0)=1
X(0)=A

the solution can be found in the Laplace domain; starting off with the transformation of the
problem using the .# operator we have that

1
LX) =X () =1}s) =  PR(s)—A—s—sk(s)+1= -
s
Solving this expression for £(s) and performing the partial fraction expansion on the result
(whose computation is here skipped) we obtain

sHstA-1 P AP 241
s2—s  s8(s—1)

x(s) =
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If we now want to compute the parameter A such that x(1) = —J we need to invert £(s) in order
to have the solution in the time domain. Considering so that

K7 {i} =1
7! {SIZ} (0) =1
w{5}o-3

and so

)= 2 ) () = (A+ el A1

2
1 1

Solving the equation we retrieve the value of A that’s —1.
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Learning objectives 47

The Karush-Kuhn-Tucker (KKT) conditions are a set of criteria used to determine whether a
solution to a constrained optimization problem is optimal. They extend the method of Lagrange
multipliers to handle not only equality constraints but also inequality constraints.

Learning objectives

After this part, you should be able to formulate a constrained minimization problem, distinguish
necessary from sufficient optimality conditions, and apply the KKT conditions while checking an
appropriate constraint qualification.






5.1

When minimizing a function, certain regularity conditions must be assumed to simplify the analysis
and prove meaningful results. The first condition is a minimal regularity requirement for the
function being studied.

Definition 5.1 — first order regularity. Let f : R” — R be a multivariate function satisfying
the following properties:
e f€C!'(R"), meaning f(x) is continuously differentiable, and the gradient (row) vector
Vf(x) exists.
e The gradient V f(x) is Lipschitz continuous, i.e.,

IVfx) = Vi <rlx=yll,  VxyecR"

With these regularity assumptions, the Taylor series for f can be expanded up to the first order
as follows:

fx+td)=f(x)+tVf(x)d+2t)

where the remainder term 2(¢) satisfies

.U
lim Q =0
t—0 t
This expansion does not require the existence of second-order derivatives, but it does require
that the gradient is Lipschitz continuous.

Higher Regularity Conditions

In the classification of minimum or maximum points, additional regularity conditions are needed.

Definition 5.2 — second order regularity. Consider again a multivariate function f : R” — R,
but now assume the following:
e f € C?(R"), meaning f(x) is twice continuously differentiable. Both the gradient vector
V£ (x) and the Hessian matrix V2 f(x) exist.
e The Hessian V2 f(x) is Lipschitz continuous, i.c.,

IV2f(x) =V < vx—yl,  VxyeR"

With this stronger regularity assumption, the Taylor series can be expanded up to the second
order as:
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fx+td) = f(x) +1Vf(x)d + idTVZ F@)d+22)

Here, the remainder term !(#2) does not require the existence of third-order derivatives but does
depend on the Lipschitz continuity of the Hessian.

In summary, the first-order expansion requires f € C! and the Lipschitz continuity of the
gradient, while second-order expansions demand f € C? and the Lipschitz continuity of the Hessian
matrix. These conditions provide the necessary regularity to perform effective analyses of function
behavior.

A point x* € R" is considered a global minimum if

f(x*) < f(x) forallxeR"

Local Minimum

A point x* € R" is classified as a local minimum of a function f : R" — R if:

f(x*) < f(x) forallx e B(x*,d),

where B(x*,d) represents the open ball centered at x* with radius 6 > 0. This implies that
within a small neighborhood around x*, the value of the function f(x) is always greater than or
equal to f(x*).

Strict Local Minimum

If the inequality is strict, meaning:

f(x*) < f(x) forall x € B(x*,8) and x # x™,

then x* is classified as a strict local minimum. In this case, no other point in the neighborhood
has a function value equal to or less than f(x*).

Conditions for a Local Minimum

First-Order Conditions

For first order condition we assume first order regularity (Definition 5.1). A necessary condition
for x* € R” to be a local minimum is that the gradient of f at x* must vanish. Mathematically, this
is expressed as:

V)T =0

This condition is known as the first-order necessary condition. However, it is not sufficient
to confirm that x* is a minimum. This condition alone could indicate a minimum, a maximum, or
even a saddle point (a point that is neither a minimum nor a maximum).

Second-Order Conditions

To further classify x*, we need to examine the second-order derivatives of the function and assume
seond order regularity (Definition 5.2).

Necessary Conditions

Assuming that f € C?(IR"), with Lipshitz continuous second derivatives, then the Hessian matrix at
Xx* must be semi-positive definite, which means:

d"V2f(x*)d >0 foralld € R"
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Sufficient Conditions

A sufficient condition for x* to be a strict local minimum is that the Hessian matrix V2 f(x*) is
positive definite. That is:

d"V?f(x*)d >0 foralld#0cR"

If the Hessian is positive definite, then x* is guaranteed to be a strict local minimum. This
condition is equivalent to saying that all the eigenvalues of the Hessian matrix V2 f(x*) are positive.

In summary:

e A point where the gradient vanishes may be a local minimum, maximum, or saddle point.

e To classify a point as a (strict) local minimum, the Hessian must be positive definite.

o If the Hessian matrix is not semi-positive definite the point is surely not a minimum point.

There is a grey zone when the point satisfy necessary condition:

o the Hessian matrix is semi-positive definite

but not the sufficient condition, i.e:

o the Hessian matrix is not positive definite

in this case the point can be a mininimal point or not a require further investigation.






6.0.0.1

In constrained optimization, the goal is to minimize a function f € C?(R") (twice continuously
differentiable) subject to m equality constraints defined by i; € C?(R"). This problem can be
formulated as:

Minimize: f(x)

Subject to: he(x) =0, k=1,....m

This means that we want to find the point x that minimizes the objective function f(x) while
also satisfying the m constraints given by A (x) = O for each k.

The challenging analytical problem of constrained minimization can be simplified using the La-
grange multiplier theorem. The idea is to incorporate the constraints directly into the optimization
problem through additional variables called Lagrange multipliers.

Let f be the function to be minimized, and let & represent the constraint functions (so that
f,h € C>(R™)). If x* is a local minimum of f that satisfies all the constraints (i.e., h(x*) = 0), then

if Vh(x*) has maximum rank, there exist m scalars Ai,..., A, such that:
V() =Y Vi (x")
k=1

This equation indicates that at the optimal point x*, the gradient of the objective function f
is a linear combination of the gradients of the constraint functions /. The scalars A; are called
Lagrange multipliers.

Lagrangian Function

The problem is transformed into a simpler form using the Lagrangian function ., which incorpo-
rates both the objective function and the constraints:

ZL(x,A)=f(x)— i Achy(x)
k=1

Here, A = (A1,...,Ay) is the vector of Lagrange multipliers. The goal now is to find stationary
points of the Lagrangian .Z by solving a system of equations derived from the first-order conditions.
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Solving the Constrained Minimization Problem

To solve the problem, we need to find the points x* that satisfy the Lagrange multiplier conditions.
This involves solving the following system of equations:

VeZ(x,2) = Vi(x)— Y AVii(x) =0
k=1

VL (x,A)=—h(x)=0

The first equation corresponds to finding points where the gradient of the Lagrangian .Z with
respect to x is zero. The second equation ensures that the constraints A (x) = 0 are satisfied.

All points x* that solve this system are candidates for being local minima, maxima, or saddle
points. Since we are searching for stationary points of the Lagrangian, further analysis is required
to determine whether these points are indeed minima or maxima.

Second-Order Conditions

To determine whether a candidate point x* is a local minimum in a constrained optimization
problem, we must examine the second-order conditions. These conditions involve the Hessian
matrix of the Lagrangian function. The second-order condition checks whether this Hessian is
positive definite when restricted to the null space of the Jacobian of the constraints, VA(x). This is
necessary to ensure that the second derivative of the objective function along feasible directions is
positive, which would confirm the existence of a local minimum.

Sufficient Condition Mathematically, the second-order condition is expressed as:

ZVIZ(x*,A)z>0 forallz € ker{Vh(x*)}

Here:

e zis any vector in the null space (or kernel) of the constraint Jacobian, ker{ Vh(x*)}.

e The condition means that in the directions allowed by the constraints, the Hessian of the

Lagrangian should be positive.

This condition ensures that the Lagrangian’s second derivative is positive in the feasible
directions, confirming that the point x* is a local minimum rather than a maximum or saddle point.
Necessary Condition For x* to be a local minimum, a necessary second-order condition is that
the Hessian V2.Z(x*, A) is semi-positive definite in the feasible directions, which implies:

V2L(x*,A)2>0 Vzeker{Vh(x*)}

In other words, the Hessian of the Lagrangian must not have negative curvature along any
direction that lies in the kernel of the constraint gradients. This is a necessary condition but not
sufficient to confirm a local minimum.

= Example 6.1 — constrained minimization problem. Let’s consider the problem on where we
want to minimize the function f : R* — R using the constraint / defined as

22
fley)=e"",  h(x,y)=x—y

In order to solve this problem we at first need to build the lagrangian (having only one constraint
A reduces to a scalar) and so

ZLx,y,A) = e 2 (x—yz)

We now need to compute the stationary points of the lagrangian and this means solving the
following non linear system of equations:
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V. L(x,y,A) =2xe" Y — 21 =0
VL (x,y,A) = —2yexzfy2 +2Ay=0
ViZ(x,yA) = —x+y*=0

= (x»4)=(0,0,0),
- (xvyaz’): <271276_}‘>?
1

(e A) = (2,_ﬂ,ei>

To determine now it this points are local maximum or minimum we have to firstly define the
general gradient of the constraint map and then the hessian of the Lagrangian in respect to the
variable x = (x,y):

Vh(xvy) = (1,—2}’)

(422 42)e" —4xye”

V: L=
) —Axye® Y (42 —2)e" Y 424

(xy

Now we have to check each stationary point independently:
1. when x =y = A = 0 we have that Vi = (1,0) while
2 0
2 —
V(w)‘z - {0 _2}
By computing the null space of the vector (1,0) we can see that all the vectors in the form
(0, ) match the definition; we can now check if the point is of maximum/minimum be

determining if the matrix V%x y)Z is positive or negative defined:

(0 a) [(2) 02} (g) =—2a*<0

for all & € R. The hessian matrix is negative defined and so the point (x,y) = (0,0) is a local
maximum.
2. evaluating for the second point

INE

X==, y=—F and A =e"

we can compute the gradient Vi = (1, —+/2) of the constraint map that determines a null
space of the form (av/2, ). Given the hessian matrix of the transform we can see that it’s
positive defined, in fact

et avZ ) [_3ﬂ —ﬂ (af>_4e—;az>o

for all o € R. This means that the point is a local minimum.
3. considering instead the last point
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we have a similar gradient 8k = (1,/2) that determines a kernel in the form (otv/2, — ).
Evaluating the hessian on the null space base we can see that the matrix is positive defined,

in fact @i ) [ 3 —ﬂ] <aﬂ> —de o2 >0

€

Bl

V2 2 —a
forall c € R
We can see that the both points

(273) ™ (273)

are local minimum and they are both also global minimum because we can see that

RO

m Example 6.2 — determination of the non-linear system. Given the problem

minimize: fx,y,z) =x—y+7°
subject to: hy(x,y,2) =x*4+y>—2=0
hy(x,y,2) =x+z—1=0
the solution can be computed by firstly determining the lagrangian

D%:f—llhl —lzhz

of the problem that’s

Ly M) =x—y+2 = (P +y —=2) = A (x+z-1)

The first order necessary condition related to the Lagrange multipliers states that a point, to be
a minimum, must be a stationary one and so the candidate minimum points for this problem can be
computed by solving the following system of non-linear equation:

1—2)le—7Lz:0 ig
ox
—1-241y=0 :i.i”
dy
0
2Z_A12:O aizg
Xyt =2 -—i.,zﬂ:h1
TdN
0
\x—i‘Z:l —mg:hz

6.1 Summary of constrained minimization with proofs
Consider the following constrained optimization problem:

Minimize: f(x)

. ) (6.1)
Subject to: hi(x)=0 for i=1,2,....m
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Solution Algorithm

1. Form the Lagrangian: Define the Lagrangian function by incorporating the constraints
into the objective function:

ZL(x,A)=f(x)— i Achy(x)
k=1

where A, are the Lagrange multipliers.
2. Solve the first order conditions: Find the critical points by solving the system of
equations given by the gradients of the Lagrangian:

ViZ(x,A)=0" and h(x)=0

This nonlinear system must be solved simultaneously for x and A.

3. Check linear independence of constraints: For each solution (x*,1*), compute the
Jacobian matrix Vh(x*) of the constraint functions. Verify that the rows of this matrix
are linearly independent, meaning the matrix has full rank.

4. Calculate the kernel of the constraint Jacobian: Compute the matrix K, which forms
the null space (kernel) of Vh(x*). This satisfies:

Vh(x")K =0

5. Compute the reduced Hessian: The reduced Hessian H is a key matrix for analyzing
the second-order conditions. It is defined as:

H=K"V:Z¢(x* A" )K

6. Verify second-order conditions:
e Necessary condition: H must be semi-positive definite for x* to be a candidate
for a local minimum.
o Sufficient condition: H is positive definite, ensuring that x* is a strict local
minimum.

The sufficient condition for optimality states that if the Hessian matrix, H, is positive definite at
the point (x*, ™), then x* is a strict local minimizer of the original constrained problem.
The following theorem formalizes this sufficient condition for optimality.

Theorem 6.1 — of Lagrange Multipliers. Let f € C?>(R",R) and h € C?(R",R™) with x* be a
local minimum of problem Equation 6.1, i.e.,

e f(x*)is a minimum

e subject to h(x*) = 0.

e and Vh(x*) is full rank

and define the Lagrangian

L(xA)=f(x")— i Aichy (x¥)
k=1

then there exist scalars Ax, k = 1,...,m, such that:
1. first order necessary condition:

V. L(x"A) = V) — i AV (x*) =0. (A)
k=1
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2. second order condition:
for all z € R” such that Vh(x*)z = 0 and z # 0, it holds that:
e necessary:

Z’ <v2 fx*)— i lkvzhk(x*)> >0, (B)
k=1

i.e., the matrix VZ(f(x*) — A - h(x*)) is positive semi-definite in the kernel of
Vh(x*).
o sufficient:

7! <V2f(x*) -y kath(x*)) z>¢€|z|* >0, (©)

k=1

i.e., the matrix VZ(f(x*) — A - h(x*)) is positive definite in the kernel of Vh(x*).

Proof.

Let x* be a local minimum. Then, there exists € > 0 such that

f(x*) < f(x), forallxe % with h(x) =0, (6.2)

where

PB={x|||x—x"| <¢€}. (6.3)

We define a sequence of functions:

fi(x) = f(x) + kA +allx—x]%, a>0, (6.4)

with the corresponding sequence of unconstrained local minima x;, € 4, i.e.,
X = argmin fi(x).
xeAB

Since x; is contained within the compact ball #, a convergent subsequence x;, — X € %
exists by compactness.
The rest of the proof to verify that ¥ = x* and it a minimum.
Step 1:
h(x)=0.
Notice that the sequence x;, satisfy fi(xx) < f(x*), in fact

i) < filx®) = F() + kRGP + el —x7|* = f ().

and by definition in Equation 6.4 we have

kjll (o ) I + ol — 27|12 < f(x%) — f ()

< f(x*)— r;‘leigf(x) —C < 4o (6.5)

so that
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lim [|A(xy,)[| = O
Joe

Step 2:
Xx=x"
From equation Equation 6.5, we have:
ol — (|2 < ") — f ;) =kl )|
< S = f(xy)-
Taking the limit as j approaches infinity gives us:
o lim x;, — x> < a2 — x|
Joreo
< f(x7) — lim f(x;;)
Jre
< f(x") = f(®).

Given that ||h(X)|| = 0, we can infer from equation Equation 6.2 that:

f(x) < f(x).
Thus, we can combine the inequalities:
allx —x*|* < f(x) - (%) <0.

This implies that:

=
I
=

Step 3:

Build multiplier.
Since x;; are unconstrained local minima for fi;(x), it follows that:

Y fi, (x,) = V£ (x,) + k; V[, )| + @V |2, — x> = 0.
Recalling the gradient identities:
V|x|* = V(x-x) = 2x7,
V|lk(x)||* = V(h(x) - h(x)) = 2h(x)" Vh(x),
we can express the gradient condition as:
V()" +2kVh(x,) h(xi,) +20(xi, —x*) =0. (6.6)
Next, we left-multiply by Vh(x;,):

Vh(xkj) [Vf(xkj)T + 2a(xkj —x*)] + 2ijh(xkj)Vh(xkj)Th(xkj) =0.
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Since Vh(x*) € R™*" is full rank for sufficiently large j, by continuity, Vh(x;,) is also full
rank. Therefore, the term Vh(xy,)Vh(x;,)" is nonsingular in R"™*".
This leads us to:
-1
2kjh(xy,) = — (Vh(xi,)Vh(x,)") " Vh(xi,) [Vf(x,)" +20a(x, —x)] .

Taking the limit as j approaches infinity, we obtain:

lim 2k;h(x;,) = — (Vh(x*)VA(x")") " VR(x*)Vf(x")" = -A. 6.7)

J—eo
Finally, substituting this limit back into equation Equation 6.6 along with equation Equa-
tion 6.7 yields:

Vf(x*)—Vh(x*)A =0. (6.8)
Step 4:

Build a special sequence of z;.
We need to construct a sequence z; — z such that
Vh(x;,)zj =0 (6.9)
for all j. To achieve this, we define the sequence z; as the projection of z onto the kernel of
Vh(x,). This is given by:
o T 11
zj=2—Vh(xy,)" [Vh(x,)Vh(xi,)" | Vh(xy,)z.

To verify that this construction satisfies our requirement, we compute:

Vh(xi,;)zj = Vh(xy;)z — Vh(xkj)Vh(xkj)T [Vh(xkj)Vh(xkj)T] - Vh(x;)z
= Vh(xy,)z— Vh(xy;)z=0.

Next, we consider the limit as j approaches infinity:

lim z; = z— lim Vh(xy,)" [Vh(xi,)Vh(x;,)" ] - Vh(xi,)z
J—ee

joeo
— z— Vh(x")" [Vh(x")Vh(x*)"] " Vh(x")z.
Thus, if z lies in the kernel of Vh(x*), i.e., Vh(x*)z = 0 then the limit

limz; =z
Jee

exists.

Step 5:

Necessary conditions.
Since xy, are unconstrained local minima for fi,(x), it follows that the matrices V? fi (x,)
are semi-positive definite. This means:

Vi (x,)2>0, VzeR"

Moreover, we can express the Hessian as:
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V2 fi, () = VA £ (xe,) + kG V2 () || +2aV (x, — x*)

o (6.10)
=V2f(xe,) +k VY hi(xi,) +2al.

i=1

Using the identity for the Hessian of the squared function:

V2hi(x)* = V(2hi(x)Vhi(x)") = 2Vhi(x)" Vhi(x) + 2h; (x) V2 hi(x),
we can substitute into equation Equation 6.10 to obtain:
2 2 S
\Y% fkj (xkj) =V f(xkj) + 2kj Z Vhi(xkj)TVhi(xkj)
= 6.11)

m
+2k; ) hi(xk,-)v2hi(xkj) +2aol.

i=1

Let z € R”, since 0 < z' V2 fi (xi,)z, we can write:

0<2'V2f(xi,)z+ Y (2k;hi(xi,))2" VZhi(xi,)z
i=1

+2k; | Vh(xy, )z||* + 20t |2,

This inequality holds for all z € R", and specifically for any z; of step 4 that salisfy Equa-
tion 6.9:

(ngE

0< 2] V2f(xe,)z;+ Y (2kihi(xi,))2) V2hi(xi, )z + 2t 2|

i=1

Taking the limit as j approaches infinity, we apply Equation 6.7:

m
0<2'V2f(x")z+ Y Mz VZhi(x*)z+2al|z]>.
i=1

Since a > 0 can be chosen arbitrarily, it follows that:
m
0<zIVif(x*)z— Z Ai [ZTVZh,-(x*)z] :
i=1
Step 6:

Sufficient conditions.
Using Equation 6.8 and sufficient condition (C) for all z € ker Vh(x*)

1
L(x" +2,A) = ZL(x",A) + Vot )z + 52 VIL(x A)z+o (|[2]?)
1
=L A)+ 52 Vit A)z+o (Jlz])
2 (6.12)
> Z(x* )+ 5 llzl* +o (ll2ll)
Zg(x*,l)—l—z\\sz, for small z € ker Vh(x*)

moreover
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f(ox+x) = f(6x+x*)— i Achi(8x +x¥)
k=1

=f(x*)+Vf(x")ox+ %SxTVZf(x*)&x

Y A (M—i— Vh;(x*)6x+ ;SxTVZhi(x*)> +o(||6x[*)

k=1
= F6) o+ VL AT Ox 4 38T VAZ (6", A)x-+ of8x]])

if x =z+ o(z) then
Using Equation 6.12 for all z € ker Vh(x*)

F(8x+x") = f(x*) + %SxTVfC.Z(x*,l)5x+0(||6x||2)

> f(xt) — % 627 V2.2 (" A)5x — T VAL (2" A)e] o
+ %ZTV)%Z(Z*,A)H—O(H&HZ)
> f(x*) - %E(Zﬁx) + gllz\lz+o(ll6xllz)
where
E(z,6x) = |8x" V2L (x*,A)6x — 2 V2.2 (2", A)z|

<|8x"ViZL(x*,A)6x— 2" Vi L (2", A)8x|

+ ]zTV)ZC,E(x*,l)éx—zTVf,Z(z*,l)z\

< C||6x —z[| - (I|z/| + [|6x]])
if 6x =2z+o(|z||) then o(||6x||) = o(||z||) and

E(z,8x) < Co(|z])) - (|12l + 2+ o(2)[l) = o(|z]|*)
used in Equation 6.13 for small dx
* * €
f(Ox+x7) > flx )—0(||5x\|2)+ZIIZHZJrO(II&CHZ)
TN -
= [(¢) + 7 [18x[* +o([| 8x]|)
> f(x*)+ % | 8x||* for small 6x

and thus x* is a strict local minimum.

To prove 6x = z+o(]|z]|)

TO BE FINISHED. ..

This establishes all the relation we aimed to prove. []




Sylvester’s theorem provides an operational criterion to determine whether a matrix is symmetric
positive definite (SPD). We now state Sylvester’s theorem:

Theorem 7.1 — Sylvester’s Criterion. A symmetric matrix A € R"*" is positive definite if and
only if all its leading principal minors are positive. That is, A is positive definite if and only if:

det(Ay) >0 for k=1,2,...,n

where Ay, is the upper-left k x k submatrix (leading principal minor) of A.

Proof.

(1) Necessity (if A is positive definite, then all leading principal minors are
positive): Assume A is a symmetric positive definite matrix. This means that for any
nonzero vector x € R”, we have:

x"Ax>0

Consider a sequence of nested subspaces corresponding to the leading principal minors of
A. Let A; denote the upper-left k x k submatrix of A. For each k, A; must be symmetric and
positive definite because any submatrix corresponding to a smaller subspace inherits positive
definiteness.
To verify that each leading principal minor is positive, consider x; = (x1,x2,...,x;) " € R,
For A, we have:

x,;rAkxk >0 Vx;e€ Rk,xk 7& 0

This implies that the determinant of each A, which represents the product of the eigenvalues
of Ay, must be positive. Hence, det(A;) >0 forallk =1,2,...,n.
(2) Sufficiency (if all leading principal minors are positive, then A is positive definite):
e Base case: For n =1, A; = [aj;]. If det(A;) > 0, then a;; > 0, and A, is positive
definite.
¢ Induction Step:
Now, assume that all leading principal minors of A are positive:

det(Ay) >0 for k=1,2,...,n

We aim to show that A is positive definite. Let us use induction on the dimension 7.
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— Block Matrix Decomposition:
We decompose the matrix Ay into block form. The matrix A; can be written as:

A1 b
- li ]

where:
o Ay is the upper-left (k— 1) x (k— 1) submatrix,
o b € R¥!is a column vector, and
o ¢ € Ris a scalar, corresponding to the k-th diagonal element of Ay.

— Factorize A
Ay b [ I 0][A O][1 A'b a0
b" ¢ |pTAZ, 1] 0" 4|07 1 ‘
whered =c—b'A;_1b
— Positivity of d:

From det(A;) > 0 and det(Ax_;) > 0 using the product of determinant, from
Equation 7.1
det(Ak,l)d = det(Ak) >0, = d>0

— SPD of A;:
From Equation 7.1 for x # 0

asep aff ]

b 4 I 0][A- O][1 Alb][y
b'A", 1] 0" 4|07 1 ||z

_ A1 O] [y+zA.' b
:[)'T—l—szAkjl Z][()T d]{ Zkl

o 3y

=w' A w+dzZ >0

wherew =y +zA, ' band [w',z] #0".
this conlude the proof. [

Why use sylvester theorem

The tedious and error prone operation of finding the minimum with the Lagrangian multiplier is the
one that’s performed to determine if the matrix is (semi) positive defined in the kernel

ker{Vh(x*)}
of the gradient of the constraints map. In fact for every stationary point x* of the lagrangian we
have to check that
VIZ(x*A)z>0  Vzcker{Vh(x*)}

For sake of simplicity from now we will denote the matrix V2% (x*,A*) as A. We can note that
the vector z € ker{ Vh(x*)} (and from now on we refer to the matrix Vh as B) can be expressed as
a linear combination of the vectors k; (that are representing the base of B) in the way
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z=kiai+kop+---+k,a,=Ka o cR?

We can see that this expression can be reduced to a multiplication of a matrix K € R"*? (whose
columns are the vector k; of the kernel base) and a p-dimensional vector @ (where p is the number
of constraints in the map h(x) ).

We can now rewrite the second order necessary condition considering that

Z7Az=a"K"AKa = a’Ca, C:=KTAK cRP*?

m Example 7.1 Let’s consider the numerical problem when the values of the matrix

A=V,Y and B=Vh

are given with values

A= B=[1 0 0]

W N =
—_ O N
O = W

The first thing now is to compute the manually compute the kernel of the matrix B in R? solving
the linear system

1 21=0
[1 0 O] 2| =0 = =0 a,peR
23 z=p

At this point we can rewrite the kernel of B using the linear combination of the vector composing
the base:

0 0 0 0 0],
ker{B}:oczlthOB:lO{ﬁ}
B 0 1 0 1

=K
The last thing is now to compute the matrix C that should be analyzed to know if it’s (semi)
positive defined or not:

1 2 310 0
KTAK:[S(I)?]ZOI 10
31 0[]0 1
0 1
c=1 o

This definition reduces the complexity of the problem at analyzing the matrix C (that’s smaller
than the original matrix A) and determining if that particular matrix is (semi) positive defined using
two methods:

1. Considering the fact that C is a symmetric matrix we know for sure that it can be diagonalised

C=T"AT
(where A is a diagonal matrix containing all the eigenvalues of C); considering the expression

a'Ca=a’'T"ATa
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in order to have a semi positive defined matrix all the eigenvalue A; must be positive or at
least equals to zero. If it happens that

Ai >0 Vi

then the matrix is positive defined and the point is a local minimum;
2. One other solution is to use the Sylvester theorem that states:
a symmetric matrix A € R"*" is positive defined if and only if all the principal minors of
A are strictly positive
(note that if one minor is equal to zero, no information can be retrieved with this method).

= Example 7.2 — application of the Sylvester theorem. Let’s consider now the matrix

1 2
St
In order to determine if A is positive defined we have to compute all the principle minors
starting from the first A; that’s represented only by the element a;; of A and so

A =det[1]=1>0

The second (and last) principle minor of A is the determinant of the whole matrix and it happens
that

A, = det |:1 2

) 5}:1>0

Having all minors greater then zero, this means that the matrix A is positive defined.
The same result can be achieved by determining all the eigenvalues of the matrix and showing
they are all positive; we can in fact see that the characteristic polynomial of A is equal to

p(A) = det [A — Al]

= det [1 Z}L 531]
=A* -6 +1
and thus
/11,2:&‘/2367_4:31232

nothing that

’E

32 V36
2

< =3

then all the eigenvalues A;, A, are strictly positive and so A is positive defined.

Trick for semi positive matrices

The Sylvester theorem gives no hint to determine if a matrix is semi-positive defined when a minor
is equal to zero. However a way to determine if the matrix is semi-positive defined is by considering
that the matrix

A+tel

should be positive defined for values of € approaching zero from the positive direction (for
e—=0M).
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m Example 7.3 — Trick for usage of the Sylvester theorem on semi-positive matrrices. Let’s
consider now the matrix
1 2
A= ]

The first minor A; = det[1] = 1 is positive, and so we have to compute the second principal
minor noting that it’s equal to zero:

1 2
A2_det[2 4]_4—2~2_0
This relation gives no clue on determining if A is positive defined or not, but considering the

trick yet defined we can compute

1+¢ 2

det[ 2 44 ¢

} =(14+¢)(4+¢€)—4=>5¢

We can see that this expression, for € — 07, is strictly greater then zero and this might conclude
our analyses stating that A is semi positive defined.

The same result can be defined by computing the eigenvalues of A and so calculating the roots
of the polynomial

p(A) = det F ;l 431]

—(1-A)(4—1)—4
:12_51 - 11:0,1225

Having one eigenvalues zero (and the other positive) determines that A is semi positive defined.

= Example 7.4 — Counter example of the Sylvester theorem. Let’s consider now the matrix
1 1
A=11 1 1
1 0
The first minor A; = det[1] = 1 is positive, while the second one is zero, in fact
A, = det [1 l:| =0

11

This result gives no information but we can use the trick by considering the determinant

I+e¢ 1

det[ 1 l+e

] —(1+€e’—-1=¢€*+2e>0

for € > 0.
Being A a 3 x 3 matrix we also need to compute the third minor that leads to another zero:

1 11
Az =det |1 1 1
110

1 1 1 1 1 1
—1det[1 J—ldet[l J—l—Odet[] 1]
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We can use another time the Sylvester theorem trick considering the determinant

1+¢ 1 1
pe)=det| 1 1+e€ 1
1 1 €
=(1+e)(e*+e—1)—(e—1)—¢
=¢e(e? +2e-2)

Having that the derivative

p(e) =3e*+4e -2

is negative for € approaching zero, then we can conclude that A is not semi positive defined.
The same result can be confirmed calculating the eigenvalues of the matrix and so

-2 1 1
p(A)=det| I 1-2 1 |=-1(A*-21-2)
1 1 -2
— A,]:O 7Lz3=2i\/ﬁ:1ﬂ:\@

Noting that A3 = 1 — /3 < 0 is negative, than the matrix A is for sure not semi positive defined.
]

This trick can be resumend in the following Lemma

Lemma 7.1 — Sylvester’s Trick. A symmetric matrix A € R"*" is semi-positive definite if and
only if all its leading principal minors Ay satisfy the following conditions:

e det(A;) >0, or

e det(Ay) = 0 and the derivative of the perturbed determinant at € = 0 is positive:

d
—det(A 1
de e(k+8)£:0>0




Let’s introduce now the problem of minimizing a function f(x) : R* — R considering a set of p
inequalities constrains in the form g (x) > 0.

minimize: fx)

subject to: gr(x) >0 k=1,....p

The first approach to this problem is by trying to transform the inequality constraints g; into
equality one (so having /i (x) = 0). This can be done considering that each constraint can be
expressed as

gk(x) = 81? > 0 — hk(x, Sk) = gk(x) — 8,? =0

Doing this process for each constraint we can determine a minimization problem that depends
both on the function variable x but also on the so called slack variables &:

minimize: f(x)
subject to: hi(x,€) =0 k=1,...,p

This kind of problem increases the computational costs because it increases the variable to
minimize from n to n+ p.

i Note

We used the expression 8,3 and not &, because with this expression we don’t need to specify
one more inequality & > 0.

m Example 8.1 Let’s consider the following problem:

minimize: flx,y)=x2
subject to: P +yP <1
x+y>0

In order to solve this problem we have to reduce the inequality constraints to equality ones;
considering the first constraint, that has to be expressed in the form g; (x,y) > 0 and so
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gi(x,y)=1-x*—y*>0
N2
hl('xay?gl) =1 _x2_y2_812

At the same way it’s possible to express the second inequality as the a constraint

h2(x7y782) :x+y_822

With this expression being set the problem reduces to the form

minimize: fx,y,€1,8) =x*
subject to: hi(x,y,61,8)=1—x>—y*—e2 =0
h2(x7y>817£2) :X—|—y—822 =0

With the problem this stated we can build the lagrangian that depend’s on both the original
variables x, y but also the slack variables €, &, and so

L(x.y,€1,8,M,4) = f(x) — Aih (x) — L2ha(x)
——— ——
x A
=x’ — M (1 —x? —y? —812) —),z(x—f—y—ezz)
To find the local minimum point we can start using the first necessary condition of the lagrangian

multiplier, so by determining all the stationary point such that V.# = 0; in practise this means
solving the following non linear system of 6 equations in 6 variables:

/0L 2x—2Mx—A,=0
/0L : 2My—A, =0
d/0e, L : 2M€ =0
0/0e, L : 246, =0
/00, L : F*+y +ef—1=0
(0/0),Z x+y—€e=0

Solving minimization problems with inequality constraints can be tricky using the lagrangian
multiplier method and so other algorithm (like the KKT that’s going to be explained) are usually
preferred. However this kind of system can be solved by cases; considering in fact the second and
third equations we can discriminate the solution considering the various combination when &1, &
are equal (or not) to zero.

Considering for example the case £ = & = 0 the non linear system reduces to the form

2)6—2)4)6—/’{2:0

27L1y—12 =0
X4y —1=0
x+y=0

Considering that the first two expressions are linear in respect to A1, A; it’s possible to determine
their value directly in terms of x, y:
X X
A =22
y—x y—Xx
Considering instead the last 2 equations we have a non linear system that can be also computed
by cases; from the last equation we have in fact that y = —x and so

A =
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1
1-x*—x*=0 - x=*x——

V2

At this end of this process we defined two stationary points for the lagrangian:
1 L oo L V2
\/57 \/57 ) ) 2 ) 2 Y
11 1 V2 )

(-x7y7 817827)*1)12) = (

_7777070777_7
V2 V2 T2 2

Solving symbolically this system of equation with a computer the lonely real solution of the
problem (that determines a local minimum) is expressed in the form

(x,y,€1,8,M1,4) = (0,\/ —&] +1,81,4/1 —812,171)

In order for the square roots to exists the value &} should fit inside the range [0, 1] and so the
local minimum of the problem can be found on the vertical line

(x,y,81,8,41,4) = (

(x,y) = (0,k) ke 0,1]

8.0.1 Karush-Kuhn-Tucker conditions

The Karush-Kuhn-Tucker (KKT) conditions are a set of necessary and sufficient conditions
(first and second order) that allows to describe if a point x* is a minimum point of a minimization
problem subjected to equality and inequality constraints, so for the problem

minimize: f(x)
subject to: h(x) =0 k=1,....m
gr(x) >0 k=1,....p

where f,hi,gr : R" — R are real evaluated function.
In order to describe this conditions it’s important to define *set of the active constraints** o7 as

o (x") = {k | gx(x") = 0}
This means that given the constraints g € C(R") it’s defined as active if it happens that the point
x* is such that g(x*) = 0, so in practical way it’s in the border between activating and not activating
the constraints.

8.0.1.1 Quadlified constraints

Given g € C'(R?,R") and h € C!(R™,R") respectively the inequality and equality constraints map,
then a point x* is defined qualified if the gradients of the active constraints (and the equality ones)
are linearly independent, and so

{Ver(x*) : ke @/(x*)}U {Vhi(x*),...,Vhu(x")}
are linearly independent

= Example 8.2 — qualification of a point. Considering the minimization problem started in
example Example 6.2 stated as
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flryz)=x—y+2
hl(X,y,Z) :X2+y2—2 =0
hy(x,y,z) =x+z—1=0

minimize:

subject to:

and considering the candidate point of minimum (resulting from the solution of the non-linear
system)

V31
YT T2
N RRVA]
Yot
3. V3
YT

1 V3
Ar=—-_Y2
172 2
A=3-V3

In order to check if the chosen point is qualified it’s necessary to check if the gradients of
the equality constraint and the active ones (that in this case are not present because there aren’t
inequality constraints) are linearly independent. In order to solve this problem firstly we need to
build the matrix H represent the gradients of the constraints:

B Vh(x,y,2) [2x 2y O
H(x’y’z)‘{wz(x,y,z) oo

. oo [V3=1 143 0

— ey = |

It’s straightforward to see that the lines of the matrix H* are linearly independent, considering
in fact the rank of H* by analysing the columns we see that’s equal to 2, so equalizing the number
of the constraints.

KKT first order necessary condition

Let f € C'(R") a function to minimize subjected to the inequality
geC'(R"R”)
and equality
hc C'(R",R™)

constraint maps. If x* satisfy constraint qualification then necessary condition for x* to be

a local minima is that that exists m + p scalars A;, it; such that all the following conditions are
satisfied:

VL (x,A%, %) =0
he(x) =0 k=0,....,m
g(x*) >0 k=0,...,p (8.1)
wigk(x) =0 k=0,...,p
w >0 k=0,...,p
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where the lagrangian is in this case defined as

L) = 1)~ Y i) — Y A (x)
k=1 k=1

m Example 8.3 Solving minimization problem with the KKT conditions is generally more easier;
considering the case of the minimization problem in Example 8.1 the lagrangian will depend only
on 4 parameter (instead of 6 as in that example):

g(xvyau'lv.uZ) = x2 — (1 _x2 _y2> — H2 (X+y>
Using the first order KKT condition the main non linear system to solve is in the form

2x+2 —Uu=0
X+ 2U1x — Uy Vx,i’(x,l)
2y —pp =0

w(1-x*=y*) =0 B
uz(Hyy) ZO} Hegi(x) =0

\ Uy, o >0
This system of four non linear equations (the conditions yp, iy > 0 are easier to consider) can

be solved by cases:
1. If uy = pp = 0 then the last two equalities are always verified, while the first two becomes

2x=0
0=0
this means that x = 0, while y is a free parameter that must satisfy both the constraints

x+y >0 (sothaty>0)and 1 —x*> —y*> > 0 (and so 1 —y?> > 0 that determines —1 <y < 1):
considering both condition at the same time we have that

y=>0
—1<y<l1

solution: x=w; =, =0 y€e|[0,1]

2. When considering p; # 0 and u, = 0 the system of equations become

2x+2ux=0

2imy=0

m(1-x*—y*) =0
Based on the assumption of the value u;, from the second equation we determine that y
must be equal to 0 and so the third equation becomes 1 — x> = 0 whose solutions are +1.
Considering that the first equation can be factorised as 2x(1+ ;) = 0 (and x # 0), then in
order to satisfy the relation y; must be —1, but this imply that y; is negative and it’s an

unacceptable solution, so for (; 7 0, 4, = 0 no solutions of the system can be found,;
3. Considering instead p; = 0 and p, # 0 the system becomes

2x—Up =0
—Uy =0
p2(x+y) =0

The second equation states that t, must be equal to 0 and so the solution of this problem is
the same as the first case considered;
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4. Considering both variables 1, iy 7 0 we have to solve the full systems; considering the last
two equations we have that
x+y=0
1-x>—y*=0

e X=-y
— 1-2*=0

and so it means that the two possible solution for the systems are

Considering the first case where x = 1/+/2 the first two equations become

- ﬂ.ul — = 0
e 2
Ha > My
- 4 + 2 _ 0
vt
1 1
f— = —— e
M1 5 2% 7
In this case y; < 0 is an unacceptable solution of the problem, and also considering the point
x=-1/ /2 the system becomes with no considerable solutions
2 (14 1) =0
\/i Hy %)
i —u=0
\/E.ul 25)
N 1 1

With all this considerations done the point of local minimum relies on the points

(x,y) = (0,k) ke [0,1]

8.0.1.3 KKT second order necessary conditions

Given a function f € C'(R") to minimize subject to the equality A € C' (R”,R™) and inequality g €
C'(R",RP) constraint maps, then necessary conditions for a point x* (that satisfies the constraints)

to be a local minima is that exists m + p scalars A;, 1t; such that satisfy the first order conditions
(Equation 8.1) and

VL (A u) 2> 0 (8.2)
for all vector z such that
(i) Vh(x)z=0 k=1,....m
(if) Vgi(x*)z=0 forallk € o/ (x*) and p >0

(iif) Vgi(x*)z>0 forallk € o/ (x*) and p =0
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In general the conditions (ii) and (iii) are hard to verify and so to have a less accurate necessary
condition (by having a smaller set of possible vector z), and so improving the chance of considering
point that don’t belong to the original domain, this two conditions can be substitute with the
expression

Vegr(x)z=0 for all k € o7 (x¥)

In other words, the second-order necessary condition (and similarly the sufficient one) states
(from Equation 8.2) that the matrix V2. must be positive semidefinite on the kernel of the active
and equality constraints.

= Example 8.4 — kernel of the active constraints. Continuing examples Example 6.2 and
Example 8.2, on the minimum candidate point (x*,y*,z*) we have the following matrix for the
active constraints:

o — [xﬁl—l 1+0\/§ (1)]

Computing the kernel of the active constraints means so solving the following system of linear
equation determined by H*x = 0 and so

)6

1 0 1 0
<

resulting in

x+z=0

{(\@1)x+(1+\@)y:o

Having 3 unknowns but only 2 equation means that we have to solve the problem in a parametric

form; chosen z =1t we have x = —f and so y = tﬁ;} : choosing t = /3 + 1 (to simplify the results)
we obtain the generator K of the kernel as

—/3-1
K=| V/3-1
V3+1

8.0.1.4 KKT second order sufficient conditions

Given a function f € C!(R") to minimize subject to the equality A € C!(R",R™) and inequality
g € C!(R" RP) constraint maps, then sufficient condition for a point x* (that satisfies the constraints)
to be a local minima is that exists m + p scalars A;, ; such that satisfy the first order conditions
(Equation 8.1) and

VLS (A u) 2> 0

for all vector z such that

(i) Vh(x)z=0 k=1,...,m
(if) Vgi(x*)z=0 forallk € o/ (x*) and p; >0
(iii) Vgi(x*)z>0 forallk € & (x*) and y, =0

As in the previous case in order to have simpler calculation the third equation (iii) can be
dropped (and so we obtain less accurate solution of the local minima).
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= Example 8.5 — second order check. Given the problem started in example Example 6.2 and
carried on up to Example 8.4 states as

minimize: flx,y,2) =x—y+2°
subject to: hi(x,y,2) =x*4+y>—2=0
hy(x,y,2) =x+z—1=0

we found a candidate for minimum point in

L_V3 1
X'=——=
2 2
1 3
y* =_+ £
22
.3 V3
T2 2
1 3
A= V3
2 2
K=3-V3
that present the matrix H* for the active constraints with related kernel K:
—/3-1
H* = \@1_1 1+0‘/§ O k=] v
V3+1

In order to check the second order necessary/sufficient condition we have to compute the
hessian matrix V2.Z of the lagrangian that’s

24, 0 O
ViZ=L=| 0 24 O =
|0 0o 2

V3—1 0 0
L = 0 V3—-1 0
.0 0 1

We have now to determine if this resulting matrix is (semi-)positive defined or not in the kernel
of active constraints in order to determine if the point is a minimum or not; this mean performing
the following matrix multiplication:

oK'L'Koao=0a[-V3—-1 V3-1 V3+1]
V3-1 0 0] [-V3-1
0 V3-10||V3-1]a

0 0 1] [V3+1
)
=a[-v3-1 V3-1 V3+1] [4-2V3|«a
V3+1
=a(2V3+2+4V3-4-6+2V3+3+2V3+1)a
= (10v3—4)a?

Observing that for & # 0 the product is always greater then zero we have that the hessian L*
is positive defined in the kernel of the active constraints, satisfying the second order sufficient
condition that allow so to state that
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—+

)

o5
N —

V3
2

3 V3
FIY

N =

x*:< .

= Example 8.6 Given the problem

1S a minimum.

minimize:  f(x,y) = x*> — xy

subject to: g1 (x,y) =1—x>—y*>0
g6y =1-(x=1)> =y >0

To solve this kind of problem using the KKT conditions we firstly need to build the lagrangian
of the problem that’s equal to

L(x,y, M1, ) = X —xy— iy (1 —x* —y?)
2_ .2
— a1 = (x=1)* =%
At this point it’s possible to construct the non linear system of equation whose solution are the
stationary points candidate to be local minimum:

2x—y+2mx+2u(x—1)=0
—Xx+ 21y +2Uy =0
p(1=2=»?) =0

o[l —(x— l)z—yz] =0
Ui, U2 >0

This system can be solved by cases of the value of y; and in particular
1. when u; = yp = 0 the system reduces to the form

2x—y=0

} ViZ(x,A)
} Mgk (x) =0

—x=0

This solution satisfy the constraints, in fact g;(0,0) = 1 > 0 and g2(0,0) = 0 > 0, so this
point can be used to compute the second order conditions;

2. considering all the other cases of ; the only other analytical solution to the system, found
with Mathematica, determines the point

1v3 1 11 3
2’273 22 6

(x,y,/.tl,uz): ( ANY A

In order to consider now the second order necessary/sufficient conditions we have firstly to
evaluate the gradient Vg of the inequality constraint map (in respect to the variables x, y) resulting
in the matrix

—2x —2y
Vo =
g [—2()( —1) —ZyZ}
For the second order conditions is also important to define the hessian matrix of the lagrangian
respect to the variables x, y:

Vig - [2+2u1+2u2 -1 ]

—1 2Uy + 21Uy
We have now to check the conditions for the two local minima candidates:
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1. in the first case when x =y = 1; = u = 0 the set of the active constraints is just the second
inequality g»: in fact we have that g;(0,0) = 1 # 0 while g>(0,0) = 0. In respect to this
vector we have to compute it’s kernel (to determine the direction z on which verify the KKT
condition) and in particular

ng(0,0):B] — ker{ng(0,0)}:(x[(l)]

Evaluating the expression z/ V2.¢ z for z € ker{Vg,} we obtain that
it 02 o=

= Example 8.7 — Sample Exam Question. Given the problem
minimize: flx,y,z) =x—y+72°
subject to: h(x,y,2) =x*+y*—2=0
g(x,y,z) = -1 >0
the solution can be obtained by using the KKT condition; in order to use them we firstly need
to define the lagrangian
L=f—-Ah—pug

of the problem that in this is of the form

z(xay,&kali) :x—y+zz—l(x2+y2—2) —,LL(xz—l)

The first order necessary condition allows to build the system of non-linear equation whose
solution are candidates to be minimum point of f (respect to the constrains set), and so we have

1 -2Ax—2ux=0 :9/0.%¢
—1-2Ay=0 10/, 7
—2z=0 :0/0,. %
P 4+y?—2=0 :h

?—1>0 18

pE*—1)=0 L ug

(u =0 '

Verifying that the point x* = (1,1,0) is a candidate minimum with A* = —% and u* =1

(substituting the values in the system, all the relation are satisfied), the associated set of active
constraints is represented by both 4 (in fact 1 +1—2 = 0) and g (indeed 1 — 1 = 0) whose gradient
can be regarded as

C[VA] [2x 2y 0
v _[Vg]_[bc 0 o}
oW 220
H—Vd(x)—[z 0 0}

The constraints are so qualified because the gradients are linearly independent and related
kernel, obtained by solving the equation Hx = 0, gives a generator of the space in the form of
K =(0,0,1).
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In order to determine if x* is a minimum point using the second order necessary/sufficient KKT
conditions it’s mandatory to compute the hessian V2.Z of the lagrangian:

—2(A4+pn) 0 0

Vig = 0 21 0 —
0 0 -2
-1 00
L=V:Zx)=|0 1 0
0 0 2

We now need to check if the matrix L is (semi-)positive defined in the kernel of the active
constraints, and so we have to compute

—_

0
oK"LKa=0a[0 0 1] 0|
1

1 T

c o |
o= o
SR=N=

0
=0 0 1] O]a
2

=202

Observing that this product is always greater then zero for ¢ # 0, then it means that L is positive

defined in the kernel of the active constraints and so

x*=(1,1,0) is a minimum point

= Example 8.8 — Sample Exam Question. Given the problem
minimize: f,yz) =x>—y+z
subject to: h(x,y,z) =y—x=1

gl(xayaz) =X Z 1
g(x,y,z)=z>1

the associated lagrangian is

g(X,y,Z,l,‘U,],‘U,Z) :Xz—y—i-z—l(y—x— 1)
—m(x—1)—pr(z—1)

The nonlinear system associated with the first-order necessary KKT condition is therefore

(2x+A—u =0 :0/0.Z

—1-1=0 :0/0,.Z
l—u, =0 :0/0,. %
y—x—1=0 th
x—1>0 181
z—1>0 182

mx—1)=0 g
m(z=1)=0 g
\ulhllz Z 0
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The lonely solution of this system is the one

x=1
yr=2
=1
A =1
pui=py =1

For such point the set of active constraint .27 is determined by all the constraints {%,g;,g>} (in
fact g1 (x*) = g2(x*) = 0) whose gradient is so

Vh -1 1 0
H=|Vg|=|1 0 0
ng 0 0 1

This is a 3 x 3 matrix with linearly independent columns/rows and so the kernel obtained by
solving Hz = 0 consist only in the null vector z = 0. Determined the hessian

L=Vi¥ =

S O N

0
0
0

S O O

we have that z/ Lz is always zero in the kernel of the active constraints, meaning that the
necessary condition is satisfied, but not the sufficient and so we are in the grey zone on which the
point might (or not) be a local minima.



The Lagrange-multiplier theorem can be extended to inequality constraints. Consider the nonlinear
programming (NLP) problem

minimize: f(x)
subject to:  h;(x) =0 i=12,....m 9.1
g(x)>0  i=1.2...p

introducing the slack variables e; for i = 1,2,...,p and the vector y/ = (x7 e’) the new
problem

minimize: f(y) = f(x)
subject to: hi(y) = hi(x) =0 i=1,2,....m 9.2)

hi+m(y):gi(x)_ei2:0 i:1’27"',p

Using this formulation we deduce:

Lemma 9.1 — First-order KKT conditions. Defining the Lagrangian:
m p
L(x, A1) = f(x) =) Aehi(x) = Y wege(x) 9.3)
k=1 =1

Assume that f, h;, and g; are continuously differentiable and that a constraint qualification,
such as LICQ, holds at the local minimizer x*. The first-order KKT conditions for Equation 9.1
are:

V.2 (x*A,p)=0",

e >0, {=1,2,....p.

The last two lines are, respectively, complementary slackness and dual feasibility. Thus
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g¢(x*) > 0 implies py, = 0. LICQ means that the gradients of the equality constraints and active
inequality constraints are linearly independent.

Proof.

with the extended Lagrangian function:

)4
ZL(x,e, A, 0) = Z Achy(x Z x) —ej) (9.4)
The first order condition becomes
in”(x*,e,l,[.l) = Zlthk Zungk ) OT,
k=1 k=1

Vege(x*,eyawﬂ) = 2(“161, N 7‘Ll,pep) — OT’

VL (x" e, A, ) = hi(x") =0,

Vi L(x" e, A, ) = go(x") = ¢} 20,

Notice that e, = 0 is equivalent to uge% = 0 and thus peg,(x*) = 0. Moreover
V,ZL¢(x*e,A,n) =V, L (x*,A, ). The sign condition t; > 0 does not follow from sta-
tionarity with respect to e, alone; it follows from the second-order necessary condition in a
pure slack direction for an active inequality. [

second order condition become:

Lemma 9.2 — second order necessary condition. Using the Lagrangian Equation 9.3, the
second order condition for problem Equation 9.2 become:

VLA, u)z>0

e >0, (=1,2,....p

for all z in the kernel of the gradient of the active constraints.

Proof.

Using Lagrangian Equation 9.4 with the slack functions the necessary condition become

ZTV%X.,e)ge(x*)eal,#)z >0

for all z in the kernel of matrix

V. h(x*) 0
9.5
V,g(x*) —2diag(ey,...,ep)
where
V27 (x" e, A, 0
fo oL (X" e A ) = ( M (9.6)
’ 0 V2L (x*e,A, 1)

and V, VI £¢(x*,e,A,u) = 0. Moreover
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m p
V)%Ze(x*aeaa‘a”) = sz(x*) - Z A‘kvzhk(x*) - Z /,Lszgg(x*),
k=1 (=1

V2.2¢(x* e, A, 1) = 2diag(u;, ta, . . ., lp)-

After reordering, we can separate the constraints as follows:
A (x g(x)=e =0, (=12,...,r
g(x)= (g( ( >) and 5
>0, L=r+1,r4+2,...,p

The group of constraints gl4) (x*) that are zeros are the active constraints, the remaining
g')(x*) are the inactive ones. Thus, Equation 9.5 in more details becomes

Vh(x*) 0 O
VeWxx*) 0 0 |, E=2diag(essr,...,ep). 9.7)
vg(x*) 0 —E
and
nge(x*aeaa'a“) = <A04 8) , M= Zdiag(.ulv.u% R ,,ur) 9.8)
The kernel of Equation 9.7 can be written as
K 0
K= 0 1], (9.9)

E 'V gD (x)K* 0

where K¢ is the kernel of active constraints given by the matrix

Vh(x*) . Vh(x*) K- 0 ©.10)
Vg (x*) veh)) '

thus z can be written as z = Kd and thus second order condition zTV%x e),,i” (x*,e,A,n)z>0
become

0<d’ [KTV%xve)Xe(x*,e,l,u)K} d, dcPR

and using Equation 9.9 with Equation 9.6 and Equation 9.8
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K'V{ Z°(x",e,A, p)K
V27e(x*, e)L u) 0 0
=K’ 0 M )
0 0

(=

Vz.Ze(x e, A, n)K ) (9.11)

K“TV22¢(x* e, A, u)K* 0
B 0 M
Using the equality
ViZe(x* e, A, u) = V2L (x*, A, 1) (9.12)
the second order condition becomes: V2.Z(x*, A, ) must be positive semi-definite in the
kernel of the gradient of the active constraints. The matrix M must be semi-positive definite

or equivalenty u, > 0 for all the multipliers of the not-active constraints (remember that for
the active constraints must be ty = 0). [

Lemma 9.3 — second order sufficient condition. Using the Lagrangian Equation 9.3, the
second order sufficient condition for problem Equation 9.2 become:

VL (XA 1)z > gz,
=0,  forg,(x*)>0

pe>0,  forg(x*) =0

for all z in the kernel of the gradient of the active constraints.

Proof.

Using Equation 9.11 with Equation 9.12 the sufficient condition become that the hessian
satisfy

V2L (A, u)z > ez

for all z in the kernel of the gradients of active constraints.
And matrix M must be positive definite, or L, > 0 for all inactive constraints. [J

The last two lemma can be resumed in:

First and second order KKT condition

¢ First order condition: for the NLP Equation 9.1



9.1

9.1 Constrained minima, NLP problem

(a V. L(x, A1) = 0
(b) hi(x) =0
c) Hege(x) =0
(d) gu(x) >0
(e) He =

¢ Second order condition:
The matrix K is the kernel of the gradient of the active constraints.
— Necessary: the matrix

K“TV2Z(x" e, A, u)K°,

must be semi-positive defined.
— Sufficient: the matrices

K“TV:Z2(x*, e, A, u)K°,

must be positive defined and (1, > 0 for the active constraints, i.e., when g,(x*) =
0.

Constrained minima, NLP problem

Consider the constrained minimization problem

minimize: fx)

subject to: hi(x) =0 i=1,2,....m (9.13)

gi(x)>0 {=12,....p

Solution Algorithm

1. Compute the Lagrangian Function: The Lagrangian function is defined as:
m p
g(xva'a,“l') = f(x) - Z )‘khk(x) - Z [.ngg(x)-
k=1 =1

2. Solve the Nonlinear System: We need to solve the following system of equations:
V..Z(x,A,n) =0,
hi(x) =0, k=1,2,...,m,

‘uggg(X):O, 621727"'>p'

Ensure to keep only the solutions where p; > 0 and gi(x*) > 0.
3. Check Active Constraints: For each solution point (x*, A, u*):
e Compute Vh(x*) and Vg, (x*) for the active constraints (g;(x*) = 0).
o Verify that these gradients are linearly independent.
4. Compute the Kernel Matrix: Construct the matrix K“ representing the kernel of
Vh(x*) along with the gradients Vg, (x*) for the active constraints where py > 0.
5. Compute the Reduced Hessian: The reduced Hessian is calculated as:

H=K"“TV2.Z(x*,A")K"
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6. Evaluate Conditions:
e Necessary Condition: Ensure that H is semi-positive definite.
o Sufficient Condition: Confirm that H is positive definite and that g, > 0 for all
active constraints.

Definition 9.1 — ammissibile point. A point x* is admissible if

he(x) =0 k=1,2,....m
g(x) >0 (=1,2,....p

F = {xeR” |he(x) =0, k=1,2,....m,

gx)>0, (= 1,2,...,p,}
is called the feasible region or set of feasible points.

Definition 9.3 — active constraints. The following set

o (x") = {k | gx(x") = 0}

is named active constraints set. This set can be split in two subsets
o () = {k | g(x*) =0, >0}
%O(x*di*) = {k ‘ gk(x*> =0, an;ck = 0}

/T (x*, u¥) are the strongly active constraints and <7°(x*,u*) are the weakly active
constraints.

| Definition 9.2 — Feasible region.

Obviously
A w) ot (x, 1) =0 and &°(x*,p") ot (2", p0") = o (x)

9.2 Constrained minima and KKT

Here, we present classical theorems of constrained minimization, including those by Karush, Kuhn,
Tucker, and others, without providing detailed proofs.

The following theorem (see [4]) establishes the necessary conditions for constrained minima.
Note that no specific conditions on the constraints are required.

Theorem 9.1 — Fritz John. If the functions f(x), g1(x), ...,g,(x), are differentiable, then a
necessary condition that x* be a local minimum to problem:

minimize: f(x)
subject to: gi(x) >0 i=12,....p
is that there exist scalars ug, Uy, ..., iy, (not all zero) such that the following inequalities

and equalities are satisfied:
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ZL(x",pu)=0"
”kgk( *):07 k:1727"'7p’
.UJfZQ k:O71727"'7p,

where

L001) = Hof(x) ~ I e

In [6] the authors showed that if a condition, called the first order constraint qualification, holds
at x*, A™ then A can be taken equal to 1.

Definition 9.4 — Constraints qualification LI. Let be the unilateral and bilateral constraints
g(x) and h(x), the point x* is admissible if

gk(x*) >0, h(x*) =0.

The constraints g(x) and h(x) are qualified at x* if the point x* is admissible and the vectors
{Ver(x") : ke o (x)} | J{VIi(x"),Vho(x"),...,Vin(x")}
are linearly independent.

The next theorems are taken from [10] and [9].

Theorem 9.2 — First order necessary conditions. Let f € C'(R") and the constraints g €
C!'(R",RP) and h € C'(R",R™). Suppose that x* is a local minima of Equation 9.13 and that the
constraints qualification LI holds at x*. Then there are Lagrange multiplier vectors A and p such
that the following conditions are satisfied at (x*, A, @ ):

V.2 (x*A,p)=0"
h(x*) =0, k=1,2,...,m;
Wy gr(x*) =0, (=1,2,....p;
u; >0, (=1,2,....p:
where
Lx,A,p) = Zlkhk i.uﬁgé

Theorem 9.3 — Second order necessary conditions. Let f € C>(R") and the constraints
g € C2(R",R”) and h € C>(R",R™).

Let x* satisfying the first order necessary conditions, a necessary condition for x* be a local
minima is that the m + p scalars (Lagrange Multiplier) of the first order necessary condition
satisfy:

d"V:L(x* A", u)d >0

for all d such that:
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Vi (x*)d =0, for k=1,2,....m

and for all active inequalities ¢ € <7 (x*):

easy condition

Vgg(x*)d =0

more accurate condition
Vgi(x)d=0 and ;>0

Vgi(x*)d>0 and p,=0

Remark 9.1 The conditions
Vgi(x*)d =0, if { € o/ (x*) and py >0
Vgi(x*)d > 0, if{ € o/ (x*)and uy =0

restrict the space of direction to be considered. If changed with

Ve(x)d =0, ifle o (x")

Theorem 9.3 is still valid cause necessary condition is tested in a smaller set.

Theorem 9.4 — Second order sufficient conditions. Let f € C?(R") and the constraints
g € C2(R",R?) and h € C>(R",R™).

Let x* satisfying the First order necessary conditions, a sufficient condition for x* be a local
minima is that the m + p scalars (Lagrange Multiplier) of the first order necessary condition
satisfy:

d'V:L(x A" u)d > 0
for all d # 0 such that

Vig(x)d=0, for k=12,....m

and for all active inequalities ¢ € o7 (x*):

easy condition

Vgiy(x*)d=0, and pu,>0
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more accurate condition

Vgg(x*)d =0, and >0
Vegil(x*)d >0, and =0

Remark 9.2 The condition

Vgi(x*)d > 0, if k€ .o/ (x*) and =0

restrict the space of direction to be considered. If omitted the Theorem 9.4 is still valid cause
sufficient condition is tested in a larger set.

9.3 Ofther constraints qualifications

In the study of optimality condition the constraints and its gradients cannot be arbitrary. They
must satisfy additional analytic/geometric properties. This properties are named constraints
qualification. The easiest qualification (but also compelling) is linear independence (LI)

Definition 9.5 — Constraints qualification LI. Given the inequality constraints g(x) and
equality constraints k(x), we will say than an admissible point x* is qualified if the vectors

(Veu*) : ke o/ (x)} | {Vhi (), Vi (x*), ..., Vi (x*)}

are linearly independent.

9.3.0.1 Mangasarian-Fromovitz qualification
This qualification is less stringent of the previous

Definition 9.6 — Mangasarian-Fromovitz qualification. Given the inequality constraints
g(x) and equality constraints h(x), we will say than an admissible point x* is qualified if does
not exists a linear combination

Z oy Vg (x*)+ Z BVhi(x*) =0
led (x%) k=1

with oy > 0 for ¢ € o/ (x*) and oy and By not all zero. That is, there is no non trivial linear
combination for the null vector with oy > 0 for ¢ € o7 (x*).

9.3.0.2 Garth P McCormick qualification

Definition 9.7 — Garth P. McCormick constraints qualification (1 order). Given an admissi-
ble point x* the constraints are first order qualified if for all direction d that satisfy

Vh(x*)d =0, ke{l,2,....,m},
Vgi(x*)d >0, (e o (x"),
exists a curve x € C' (R, R") and an & > 0 such that for 0 < 7 < €.
x(0) = x~, he(x(t)) =0, ke{l,2,...,m},
xl(o):da ge(x(1)) =0, Ee{laza--wp}'

Definition 9.8 — Garth P. McCormick constraints qualification (2 order). Given an admissi-
ble point x* the constraints are second order qualified if for all direction d that satisfy
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Vh(x*)d =0, ke{l,2,...,m},
Vgi(x*)d =0, e o (xF),

exists a curve x € C>(R,R") and an & > 0 such that for 0 < ¢ < €.

x(0)=x*,  Mh(x(r))=0, ke{l,2,....m},
x'(0)=d, gu(x(1)) =0, Led(x).



10.1
10.1.1
10.1.1.1

Example 1: Detailed Example of Constrained Minimization

In this example, we will minimize the function

minimize: f(x,y) =x+y,
subject to the constraint:  A(x,y) = x> 4+y* — 1 =0,

where h(x,y) = 0 describes a unit circle. We will approach this problem using two methods:
1. Parametrization with x = cos(¢) and y = sin(z).
2. Lagrange Multipliers.

Parametric Solution

The constraint 4(x,y) = x> +y*> — 1 represents a unit circle. We can parametrize the constraint as:

x(t) =cos(t), y(tr)=sin(t), tel0,2n].

Substituting the parametrization into the objective function yields:

f(cos(t),sin(r)) = cos(t) + sin(z).
To find the critical points, we can differentiate this parametric function and analyze it:

Critical Points

The maximum and minimum values of f can be found by solving for ¢:
e The function f(cos(t),sin(¢)) achieves its extrema when:

%(cos(z‘) +sin(¢)) = —sin(¢) + cos(t) = 0.

This gives us:

sin(t) =cos(t) = = g +km, ke Z.

10.1.1.2 Function Values

Evaluating the function at these points:

o Att = iTﬂ (minimum):



Q2 Chapter 10. Worked examples

5% V2
X = COS <4> :—7, \/—
2

—cos () = Q,
- <;:> \/25 = flxy)=V2
y=sin(3) =5

10.1.1.3 Visualization
Let’s visualize the unit circle and the level sets of the objective function.

$gradient for $f(x,y)=x+y$ and constraint $h(x,y)=x"2+y"2-1$

-1 0 1
X

Figure 10.1: The plot illustrates that the minimum and maximum points occur where the gradient
vector field of the function f(x,y) = x+y is aligned with the normal vectors of the constraint curve
h(x,y) = x> +y* — 1. This alignment indicates that the gradient is parallel to the constraint’s normal,

satisfying the first order necessary condition.



10.1.2

10.1.2.1

10.1.2.2

10.1.2.3

10.1.2.4

10.1.2.5

10.1 Example 1: Detailed Example of Constrained Minimization Q3

Lagrange Multipliers Method

Now, we will apply the method of Lagrange multipliers to our constrained optimization problem.
We define the Lagrangian as follows:
.i”(x,y,/'t) = f('xay) - lh(xvy) =X+y-— A‘(xz +y2 - 1)

First-Order Conditions

To find the extrema, we take the gradients of the Lagrangian with respect to x, y, and A. This leads
to the first-order conditions:

1. For x: |
Vi&=1-2Ax=0 = A=_—.
2x
2. Fory:
1
V€=1-2Ay=0 = A=_—.
2y
3. The constraint condition:
h(x,y) =x*4+y*—1=0.
Solving the nonlinear system
Setting the two expressions for A equal gives us:
1 1
- X =
2x 2y Y
Next, substituting x = y into the constraint:
1 1
2=1 = x=4+—2 = y=+——.
vz T T

Second-Order Conditions

To determine whether the critical points are minima or maxima, we need to evaluate the second-

order conditions.
1. Second-Order Necessary Condition: The Hessian of the Lagrangian, V%w),f (x,y,A), must
be semi-positive definite in the null space of the constraint gradients.
2. Second-Order Sufficient Condition: The Hessian of the Lagrangian, V( ).,2” (x,y,A), must

2
‘x7y
be positive definite in the null space of the constraint gradients.

Computing the Hessian

The Hessian matrix of the Lagrangian with respect to x and y is given by:

1Y *¥
dx*  dxdy 24 0
2 _ _
VL (x,y,A) = 2y 2ol { 0 _2/1] .
dydx  0dy?
Kernel of the Constraint
The kernel of the constraint
h(x,y)=0

consists of the vectors z that satisfy

Vh(x,y)-z=0.
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The gradient of the constraint is:

Vh(x,y) = [2x,2y]

and it is easy to verify that the kernel of the constraint gradient can be spanned by vector

‘ < y>
X
10.1.2.6 Check quadlification

Gradient of active constraint VA(x,y) consist of a single nonzero row. Thus, is full rank and satify
LI (linear indipendence) qualification.

10.1.2.7 Evaluating the Hessian at Critical Points

1. At point (x*,y*) = (—%, —%) the multiplier A = —%. The kernel of h(x,y) is spanned
by

z=t Y =L (! € ker(V(x*,y))
_x* \/5 1 M
Thus the Hessian and second order condition becomes:

1 0
01

tzz[l ~1] [(1) ﬂ [_11} =1>0,

for all t # 0. Therefore, this point is a local minimum.

2. Atpoint (x*,y*) = (%, \%) the multiplier A = %
Thus the Hessian and second order condition becomes:

vzz:[ } VYT =

-1 0

2¢
ve= 0

] ., VY7 =

2

t -1 0 |

5[1 —1}[0 _1] {_1]_4 <0, vVt #0
Therefore, this point is a local maximum.

10.1.3 Conclusion

Both methods yield the same results:

e The minimum occurs at (—%, —%) with f(x,y) = —V/2.

e The maximum occurs at (\%, %) with f(x,y) = V2.

10.2 Example 2: Detailed example of KKT

In this example, we will minimize the function

minimize: f(x,y,z) =x°+y+z,
equality constraint: x-+ V+2=1,
and inequalities: z<1, x>0,
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10.2.0.2

10.2.0.3

10.2 Example 2: Detailed example of KKT 95

Rewriting in Standard Form

We can rewrite the problem in a more standard form:

minimize: f(x,y,z) =x*+y+z,
equality constraint: h(x,y,z) =x+y*+z°—1=0,
and inequalities: g (x,y,z) =1—z>0,
22(x,y,2) =x >0,

Here, h(x,y,z) = 0 describes a unit circle. We will now solve this problem using the KKT
(Karush-Kuhn-Tucker) conditions.

Lagrangian Function

We define the Lagrangian function as:

f(x,y,z,l,ul,uz) = f(x,y,z) _A‘h(xvy7z) —Higi (x,y,z) —,uzgz(x,y,z)

Substituting the expressions for f, i, g1, and g;:

"E/ﬂ(x7y7Z7)’7.u'17.u’2) :X2+y+z—l(x+y2+z2— 1) —‘LL]<1 _Z) — Hpx
First-Order Conditions

To satisfy the first-order conditions, we compute the partial derivatives of .Z":

(0L

9L A =0
ox
0L
aﬁZl—ZlZ—‘y—u]:O
ox

The KKT conditions also require the original constraints to hold:

x4y +2—-1=0
m(l-2)=0
Hox =0

We now proceed with different cases based on the values of t; and
e Casel: yy=uw =0
In this case, the first-order conditions simplify to:

2x—A=0 x=A1/2

1-2Ay=0 y=1/(2%) 3 5
1-2Az=0 — z=1/(21) — A7 -247+1=0
x+y +2-1=0 A/242/2A)? —=1=0

solving the cubic (with Maple) the real roots are

. 1+v5 15

A= 2 2

From these values, we compute the corresponding x, y, and z:
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x=y=z=1/2, A=1
=4y =0, {x=(1+V5)/4, y=z=1/(V5+1), A=(V5+1)/2
x=(1-V5)/4<0, y=z=1/1-V5), A=(1-V5)/2
the last solution must be discarded
e Case2: uy =0,and u; >0
In this case, x = 0, and the system becomes:
2x—A—Up=0 (A =—1,
1-24y=0 y=1/22) = ~1/(2)
1-222=0 =120 = —1/2w) — ,,Lg:%
x+y +72-1=0 2/(2u)*—1=0
x=0 x=0

the positive root is t = 1//2 so that

0 ! V2 A ! V2 0 !
xXxX= s :Z:—7:—77 :—7:—77 g s e
y 2 B /2 > M Ha e
e Case3: up =0,and y; >0
2x—A=0 2x—A=0 x=A1/2
1-24y=0 1-24y=0 y=1/(21)
1—2&2-}-‘“1:0 — 1—2%4—[11:0 = ‘LL1:2},—1
x+y +72—-1=0 x+y*=0 x+y*=0
(z=1 z=1 lz=1
so that the real root of A is
Al 0 1m0 s A2 1
2 4A2

and

x=-2% <0, y=223 =1, A=-2""3 y=2P-1>0, =0

the solutoion must be discarded.
e Cased: p >0and u; >0

2x—A—wp=0 (— A - =0

1-21y=0 1-22y=0

1—227LZ-0-21.11—0 . 12—2/'L+,LL1 =0 — 1—-24-0=0, no solution
x+y +z2-1=0 y =0

z=1 z=1

x=0 \XZO

10.2.0.4 All the solutions
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x y z A By TP
1 1 1
= = = 1
2 2 2 0 0
1+V/5 1 1 V5+1 0 0
4 V5+1 V5+1 2
0 V2 V2 V2 0 V2
2 2 2 2
10.2.1 Study of solution 1
1
10.2.1.1 Compute active constraints
1 1 .
gilxyz)=1—z=1— 5=5> 0, (not-active)
1
& (x,y,z)=x= 5> 0, (not-active)
Gradient of active constraints
Vh(x,y,2) = V(x+y* +22 — 1) = [1,2y,27] = [1,1,1]
find the kernel of the active constraint
21 21 —a—f -1 -1
o
L] =at+tntn = || = o = 1 0 <[3>
23 23 B 0 1
~———
Kll
10.2.1.2 Check qualification
Gradient of active constraint VA(x,y,z) consist of a single nonzero row. Thus, is full rank and satify
LI (linear indipendence) qualification.
10.2.1.3 Compute hessian and reduced hessian
2 0 0 2 0 O
2
Vi =10 21 0 = |0 -2 O
0 0 =21 0 0 =2
reduced hessian
2 0 -1 -1
-1 10
T,ayg2 _ _
K V(XM)K” = (_1 0 1> 0 -2 1 0
0 O 0 1
o[22
=10 1) 20
0 -2

-2 0)

Use Sylverster to check positivity

e H;| = (0), determinant 0, check perturbed det(0+ ¢) = € and det(0+¢€)' = 1 > 0 [OK]

0 2
J det<2 0> = —4 <0[NO]

the point is not a minimum.
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10.2.2.2
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Study of solution 2

V5+1

o, V51 3 V54l
4 7y_Z_ 4 ’A‘_ 2 2

X =

pi=pr=0

Compute active constraints

5-1 5-4/5
gy =1-z=1- \f4 = 4\[ >0, (not-active)
5+1
gZ(xaya Z) =X= \[+ > 07 (not-active)

4

Gradient of active constraints

Vh(x,y,z) = (1 2y 2z)=<1 V5 \6—1)
2 2
find the kernel of the active constraint
B B 7] V3—1
(1 V-1 W5 1) 2| =u+ (z2+23)
2 2 Z 2
3
N3
1—+/5 1-vV5 1-+/5
2
o\ _[Sresn| (55 57 e
2 a 1 0 B
3 B 0 1
Kﬂ

Check qualification

Gradient of active constraint Vi (x,y,z) consist of a single nonzero row. Thus, is full rank and satify
LI (linear indipendence) qualification.

Compute hessian and reduced hessian

2 0 0 2 0 0
Vi =0 =22 0 | = [0 —(V5+1) 0
(x3.2)
0 0 21 0 0 —(v5+1)
reduced hessian
11 oo [ 0 0 -1 -1
KT“V%W)K“:(_l 0 1) 0 —(vV5+1) 0 1 0
0 0 ~-W5+1)/) \0 1
-2 -2
_<j é ?) (( 5+1) 0
0 ~(V5+1)
(1-V5 2
N 2 1-+/5

Use Sylverster to check positivity
e H| = (01—+/5), determinant 1 —+/5 < 0 [NO]
the point is not a minimum.
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10.2.3 Study of solution 3

10.2.3.1 Compute active constraints

2 242
gﬂx,y,z)zl—zzl—k{z 2f>

gz(%)’ﬂ) =X= 07 (aCtiVC)

0, (not-active)

Gradient of active constraints

Vh(x,y,2)\ (1 2y 22\ _ [1 —V2 -2
ng (xa Y Z) -\t 0 o/ \ 0 0
find the kernel of the active constraint

(1 -2 —ﬁ) ! (m—\@(mﬂs))

1 0 0 21= z
23
¢ (10.1)
21 0 0
nl=| a | = 1 | o
23 - —1
—
KH

10.2.3.2 Check quadlification
Gradient of active constraint Equation 10.1 is full rank and satify LI (linear indipendence) qualifica-

tion.

10.2.3.3 Compute hessian and reduced hessian

2 0 0 2 0 0
vz o .=10 =24 0 — [0 v2 0
(x.2)
0 0 -2A 0 0 V2
reduced hessian

0 0

T,ao2 _
K “V(xvy,jz)K“_ 0 1

Use Sylverster to check positivity
e H =2V2>0,[0K]
the point is a minimum.

10.3 Example 3

Consider the problem
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minimize: f(x,y) =y

inequalities: g1 (x,y,z) =x*+)y*—1>0,

1
82(x7y?z) =1 _x2 - Zyz > 0;

Ellipses with Gradient Field of f(x, y) =y

2
1
>
0
-1
-2
-2 -1 0 1 2
X

Figure 10.2: The white area is the admissible region of the problem. The red point is the constrained
minima.

10.3.1 Lagrangian Function

We define the Lagrangian function as follows:

1
z(xa%ula”Z) Zy—,ul(x2+y2 — 1) — (1 _x2 - Zyz)

10.3.2 First-Order Conditions

The first-order conditions derived from the Lagrangian are:
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0L
ox = 2x(Hp — W),

0L iiy(tp—2
ay_ y 2“2 ‘ul,

0= (x> +y*—1),
1
0= <l—x2—4y2>.

10.3.3 Solutions of First-Order Conditions

The solutions to the first-order conditions yield the following critical points:

U = 0,
x:()v y:_27 IJIZOa .u2:1
10.3.4 Analysis of First Candidate
10.3.4.1 Compute Active Constraints
We evaluate the constraints at the first candidate (x,y) = (0,1):
gi(x,y) =2+ —1=0+1>—1=0, (active)
1 1
g@xy)=1-x*——y*=1-0°— 112 ==>0, (not-active)

10.3.4.2 Gradient of Active Constraints

The gradient of the active constraint g; is computed as follows:

Vgl(xay) = [2x72y} = [072]
10.3.4.3 Check quadlification

Gradient of active constraint Vg (x,y) is full rank and satify LI (linear indipendence) qualification.

10.3.4.4 Kernel of the Gradient of Active Constraints

The kernel of the gradient can be expressed as:

0,2] (2) —25,=0 — (2) = (f)‘) :@a.

Ka
10.3.4.5 Reduced Hessian
The reduced Hessian is given by:
212 — ) 0 >
Vz Z 3 Yy Ml =
ot = (V1,0

— <‘01 _01) |

Ll,T 2 a __ _1 0 1 _
K V(x,}f)Dg(xﬂynula“Z)K = (1 0) < 0 1 0)= —1.

Evaluating the quadratic form yields:
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Since the Hessian is not semi-definite positive, this point is not a minimum.

10.3.5 Analysis of Second Candidate
10.3.5.1 Compute Active Constraints

Next, we evaluate the constraints at the second candidate (x,y) = (0, —2):

g1(x,y)=x*+y"—1=0*+(-2)2—1=3>0, (not-active)

1 1
g(xy)=1—x>— Zy2 =1-0*— Z(—2)2 =0, (active)

10.3.5.2 Gradient of Active Constraints

The gradient of the active constraint g, is computed as:

Vea(xy) = [~25, 23] =[0,~1]

10.3.5.3 Check qualification

Gradient of active constraint Vg (x,y) is full rank and satify LI (linear indipendence) qualification.

10.3.5.4 Kernel of the Gradient of Active Constraints

The kernel of the gradient can be expressed as:

() o= ()-(9)- ()
0

Ka
10.3.5.5 Reduced Hessian

The reduced Hessian is given by:

2 ~(2(u2 — ) 0
V(,{,y)g(x?yv .u17.u2> - ( 0

T —4w)
. 2 0
0 1)

a, a 2 0 1
KTV )2y, )K= (1 0) <o 1) (0> =t

Evaluating the quadratic form yields:

2

Since the Hessian is definite positive, this point is a minimum.
10.4 Example 4
Consider the problem

minimize: f(x,y) =x

inequalities: g (x,y,z) =x>*+y*—1>0,

1
gZ(xvyaZ) =1 _x2 - Zyz > 07



10.4 Example 4 103

Ellipses with Gradient Field of f(x, y) =y

-2 -1 0 1 2
X

Figure 10.3: The white area is the admissible region of the problem. The red point is the constrained
minima.
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10.4.1 Lagrangian Function

We define the Lagrangian function as follows:

1
<$@vwmuﬁ=x—umﬁ+ﬁ—4»—m(l—ﬁ—4f>

10.4.2 First-Order Conditions

The first-order conditions derived from the Lagrangian are:

<
ox 1+ 2x (2 — ),

9oL (1, .,
ay =Yy 2.“2 Hi ),

0= (x> +y*—1),

1
0=u (1—x2—4y2).

10.4.3 Solutions of First-Order Conditions

e Casey=0
0=1+2x(t2 — 1),
0= (x* 1),
0=u(1—x?).
in this case if y; = yp = 0 the first equation fails. Thusx =1 orx = —1

— Casex = 1solving 1 +2(up — ;) =0 we have u; = 1/24+u,
— Case x = —1 solving 1 —2(up — ;) =0 we have tp = 1/2+
thus we have two family of solution
—x=1,y=0,u; =1/2+ up with y; >0
—x=—1,y=0,u = 1/24‘#] With‘uzzo
e Case y = 0 in this case yp = 4, and

0=1+6xuy, 5 )
O=x"+y —1
0= 2 2_1 ’
‘IJ](X +y )7 :>,U17£0:> ) 12
O0=4u; (1—x - ) 4

but the last system has solutioon y = 0 and x = £=1. Thus the solution must be discarded.
The solutions to the first-order conditions yield the following critical points:

1
X:1, )’:07 ‘U,1:§+‘U,2,

1
X:—l, y:07 .u2:§+.ul

10.4.4 Analysis of First Candidate
10.4.4.1 Compute Active Constraints
We evaluate the constraints at the first candidate (x,y) = (1,0):

ga(xy)=x+y" —1=1>40*-1=0, (active)

1 1
oy =1—x"— Zy2 =1-1>— 102 =0, (active)
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10.4.4.3

10.4.4.4

10.4.4.5

10.4.5
10.4.5.1
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Gradient of Active Constraints

The gradient of the active constraint g; and g, is computed as follows:

(e - 2) = (5 0)

Check qualification

Gradient of active constraint Equation 10.2 is not full rank and do not satify LI (linear indipendence)
qualification.

Remark 10.1 However, by choosing the solution with y, = 0, we can eliminate the second
constraint and still obtain the same candidate point. Thus, by removing the first inequality, the
result for this point remains unchanged, and the constraint qualification holds.

Kernel of the Gradient of Active Constraints

The kernel of the gradient can be expressed as:

(% 0)(2)= (%))

)-(0)-()

Reduced Hessian
The reduced Hessian (with gy = 0 and p; = 1/2) is given by:

2t — ) 0 )
VZ g IR4] ) =
(x,y) ('x y lul ,LLz) < O %(“2 _4‘ul)

— <‘01 °1> .

Evaluating the quadratic form yields:

d7T 2 a _1 0 0 o 1
K V(x,y)j(xvya.ula.uZ)K = (O 1) ( 0 —1 )= Z

Since the Hessian is not semi-definite positive, this point is not a minimum.

Analysis of Second Candidate
Compute Active Constraints

Next, we evaluate the constraints at the second candidate (x,y) = (—1,0):

g(xy) =x* 4y —1=(=1)>4+0>-1=0, (active)

1 1
go(0y) = 1-2 = 1 = 1= (17— 1(0° =0, (active)
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10.4.5.3

10.4.5.4

10.4.5.5

10.5

10.5.1
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Gradient of Active Constraints

The gradient of the active constraint g; and g; is computed as:

et =3 30) = (5 0)

Kernel of the Gradient of Active Constraints

The kernel of the gradient can be expressed as:

96 -(2)-0
()-()- ()=

Check qualification

(10.3)

Gradient of active constraint Equation 10.3 is not full rank and do not satify LI (linear indipendence)

qualification.

Remark 10.2 However, by choosing the solution with y; = 0, we can eliminate the first
constraint and still obtain the same candidate point. Thus, by removing the first inequality, the
result for this point remains unchanged, and the constraint qualification holds.

Reduced Hessian

The reduced Hessian (with y; = 0 and p, = 1/2) is given by:

2(p2 = 0
V%x,y)f(x,yam,uz) = < (H2O W) )

2 —4u)
. 1 0
0 i/

Evaluating the quadratic form yields:

a a 1o 0
K 7TV%X7)’)$(X,)7,H1,H2)K = (0 1) <0 1> <1> -
P

Since the Hessian is definite positive, this point is a minimum.

Example 5

Consider the problem

minimize: f(x,y) =6+ 2y —x>

equality: h(x,y) =y —x

Lagrangian function

"E’ﬂ('xv.%a') :6—|—2y—x2—k(y—x2)

1

1
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10.5.2 First-Order Conditions

<
0%
0=y—x*

10.5.3 Solution First-Order Conditions

.A,:z
e x=0
.y:o

10.5.4 Analisys of The Candidate

Gradient of the constraints

Vy-x)=(-2x 1), = (0 1)
10.5.4.1 Check Qualification

Only one vector non zero is linearly independent. The constraint is qualified.

10.5.4.2 Kernel of the Gradient of Active Constraints
@) = (2)-(0)-():
<
10.5.4.3 Reduced Hessian
vu,y)z(x,y,x):(’to_l 8) — ((1) 8)

K"V, £(0,0,2)K*= (1 0) <(1) 8> (é) =(1)

the reduced Hessian is definite positive, the point is a minimum.
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Learning objectives 111

This part develops the passage from finite-dimensional constrained minimization to variational
problems. The key output is an Euler—Lagrange equation together with the boundary and integral
conditions that complete it.

Learning objectives

After this part, you should be able to compute a first variation, derive the Euler—Lagrange equation,
and identify the natural boundary, integral, and path constraints associated with a variational
problem.






A classical problem in minimization is the brachistrochrone, i.e., find the curve (meaning deter-
mining the fastest trajectory) to move from a point A to a (lower) point B considering that the only
action is the one of the gravity.

Brachistochrone Problem: Curve Comparison
Cycloid (optimal curve) vs Straight Line vs Parabola vs Bézier Spline

0.0
-0.5
curve
2 10 === Bézier spline
>Icr<5 === Cycloid (optimal)
> === Parabola
-15 ) )
=== Straight line
-2.0

X—axis

Figure 11.1: example of trajectories that an object can follow for moving from point A to B.

Mathematically the problem is:
Definition 11.1 — Brachistrochrone problem. Determine the curve

€ :la,b] >R
such that

%(a)=ya and % (b) =y,

that minimize the function 7 (%) which represent the time to travel from A = (a,y,) to
B = (b,yp). Thus, given T(%’) the problem become:
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I minimize 7(%) for all possible curves €

A function takes a number as input and returns a number, like f(x) = xe*. A functional is
instead something that takes as input a function and returns a number and an example is

where x is a function. Considering for example x(¢) = ¢? the previous functional becomes

b I3 b b3—a3
F :/ Pdt=—| =
()= 3 14 3

Another example of functional can be

and this expression can be evaluated for every generic function z(z).

The question connected to Definition 11.1 is how to define a minimum for a functional; in order
to do so we have to firstly understand how to minimize a simple function and in particular given a
function

fACR—R

has a minimum in the point x* if

fO)<flx)  VxeA

Similarly given a function .% (x) a point x* (that in reality is a function) is a minimum if

F(x*) < F(x) Vx €?

In this case we have to specify the class (functional space) of functions we are considering, as
example x can be a function is continuous in the domain [a,b] and so we can define

x € C([a,b]) = {g:[a,b] — R | g is continuous }
In general changing the domain of the functional .# may change the problem.
= Example 11.1 — domain change. Considering the function f(x) = x? 4 2, it’s roots can be
computed if we allow complex solutions z € C (and in fact z = 4-i\/2), while if the domain of the

solution is the real set z € R no solutions exists.
Considering now the functional .# defined as

F(x) = /_11 (x(t) — |t])*de

The |¢| introduce a cuspid in ¢ = 0 that cannot be derived. If we minimize the functional in the
continuous interval x € C([—1, 1]), the solution is the function x*(z) = |¢], in fact

F () = /_11 (1t — [¢])? dr = /_11 0dt =0

Choosing any other continuous function will result in a functional with a positive value.

Considering now to minimize the function in the domain of functions with continuous deriva-
tives, and so x € C!([—1,1]). In this case |t| & C'([—1,1]) (due to the cuspid). An approximation
of the function || that is continuous with also continuous first derivative is the function
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t t>¢€
(7

xe(t) =19 3 E+8 —E<t<E
—t t<—¢

By pushing the limit € — 0 we can have the function that minimize the functional .# in the

domain C'([—1,1]). In fact we can see that the functional of x, becomes

e /12 ¢ 2 &
— _— d —
F(xe) /_E <2e+2 |t|) 710

11.0.0.1 Some examples of space of functions

e Functions f: [a,b] — R continuous

e Functions f : [a,b] — R which are C* (continuous with derivative up to order k).
e Functions f : [a,b] — R piecewise continuos

11.0.0.2 Less trivial space of functions examples

e Space Li([a,b]) of functions f : [a,b] — R which are module integrable

b
| rwlar <

[the integral must exists and is finite]
e Space L,([a,b]) of functions f : [a,b] — R which are square integrable

b
| rwra <

[the integral must exists and is finite]
= Example 11.2 Let f: [0,1] — R, f(x) = 1 /xis not L; ([0, 1]) in fact

I
—dx — o0
0 X

The function g : [0,1] — R, g(x) = 1/4/x, is in L; ([0, 1]) in fact

[ o= il 2o

however this function g(x) is not in L, ([0, 1]), in fact
1 1 11
/0 g(x)zdx/o dez/o mdx—ww
the function A(x) = x~'/*is in Ly([0, 1]), in fact

/Olh(x)zdx: /01(x1/4)2dx

:/1 LN
0 Vx
- [,
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11.1  Analogies with linear algebra

To solve the problem of minimizing a functional we can see some relations with the linear algebra.
The domain of the functional can be in fact see as a functional space V analogous to the vectorial
one which the vectors are represented by the functions and the scalars are represented by real values.
With this definition example of functional spaces might be

Vi ={f:[0,1] — R continuous }
Vo = {f:[a,b] —~ R such that f € C*([a,b])}

with a,b € Rand k € N.
Given in fact two function f,g € V that are member of the same functional space, we can see
that each linear combination of the functions determine a function 4 that’s still in the vectorial

space:

h(x) = af(x)+Bglx) €V Va,BER, figeV

As example let’s consider the two continuous function

f(x)=x* and g(x)=sinx

then we can clearly see that the function

h(x) =2f(x)+ %g(x) =27 + % sinx

is still continuous. This in general means that the functional space is closed respect to the
operations of function summation and multiplication by a scalar.

11.1.0.1 Scalar product
In linear algebra given two vector vy, v; it exists the bilinear operator scalar product (vi,v,) =v; - v
that satisfy the following rules:

(av+Bw,z) = (z,av + fw) = a(v,z) + f(w,2)
forall a,f € R, v,w,z € V and
(vyww)>0 and (v,v)=0 < v=0

Also in the functional space V can exists definitions of product scalar such the one here

presented:

1
(.80 = [ fetar (11.1)

1 Note

This is not the lonely function that can serve as product scalar of function and in this case the
relation holds for the functional space

V={f:[0,1] — R integrable}

In this case we can prove that this definitions meets the requirements stated for the scalar
product considering the linear properties of the integrals as follows:
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(@f )+ B0 = [ (e () +Ba(a))h(x) d

0 1 )

— / F(x)h(g)dx+ B / g(x)h(x) dx
0 0

:a<f,h)+B<g,h>

and also

.= P00 S () de = / P =0

and in particular we can see that the scalar product (f, f) will give as result 0 if and only if the
function f is identically null, so such that f(x) = 0 for all x in it’s domain (in this case [0, 1]).

11.1.0.2 Norm
In linear algebra it’s also defined the norm of a vector as

V|| :=~vv-v

and this expression is used to compute, from a vector, a single positive value (and in particular
|Iv|| = 0 if and only if v = 0). This definition also holds for the functional space and considering
the scalar product defined (as example) in equation Equation 11.1 we can see that one definition of
norm for function can be the one

17l = VT 7T = [ £

In this case we can clearly see that the norm || f|| > 0 is always positive defined (and is zero
only in the case on which the function f is identically null).

= Example 11.3 — Spaces of Functions. A space of functions can be thought of as a set of
functions satisfying certain properties.
For example, one such space is the set of continuous functions

fila,b] >R, with f € C([a,b]).
More generally, we may consider the space of k-times continuously differentiable functions
feck(ab)), keN.

Similarly, we can work with spaces of piecewise continuous functions.
A less trivial example is the space of infegrable functions, namely

b
Fila,b] =R, such that / £ ()| dox < oo.

This is precisely the space of functions that are absolutely integrable on [a, b)].
In general we define as L”([a,b]) the space of p-integrable functions, so such that

b
reviab) = [ erace
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11.2 First Variation

Let # :V — R be a functional defined on a function space V.
To study conditions for _# to attain a minimum, we introduce the notion of the derivative of a

functional, called the first variation (or directional derivative).
Given a function x € V and a perturbation 11 € V, we consider the variation

() =x()+oan(),  ack.
Defining the auxiliary function

gla) = 7 (x()+an()).

then the first variation of ¢ at x in the direction 7 is
8.7 (x:m) = g'(0). (11.2)

11.2.1 Equivalent Forms
From the definition of the derivative, we can write

Sj(x;n)zol}gbj(x"i_ag)_/(x)‘

Equivalently, using the small-o notation,
Jton)=_gx)+ad 7(xn)+o(a)

» Example 11.4 — directional derivative of a functional — first variation. Given the functional

1

F(x) :/0 (2(1)+ 1) dr +x(1)

it’s first variation respect to a generic direction d(¢) can be calculated by firstly determining the

associated function g : R — R defined as
gla) =7 (x(-) +ad())
—/ 1 +adlt ) +1dr+x(1) +ad(1)

As reported in equation Equation 11.2, the first variation of the functional .7 (x) can be regarded
as the derivative of g(a) respect to o evaluated for or = 0; the first step is so determining

—g(a)

g(a)= i

= d/l (x(t) + d(1))* +1dt

da Jo
+£(x(1)+ad(1))

Assuming that % =/ % (operation that cannot always be performed) then the derivative of

g(a) can be regarded as

g’(a)—/ol dc(lx( (1) +ad(r )>2dt+%<x(l)+ad(l))

_/ £+ ad(e))d() dr +d(1)
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Evaluating this expression for a = 0 then the first variation of .% (x) with direction d(¢) becomes

1
§F (x;d) = ¢'(0) = /0 2xddi +d(1)

11.3 Integrals and Limits

In the computation of variations it is often assumed that

d b b d
<o / = [
do Ja « da
However, this property does not hold in general: some regularity conditions on the functions

involved are required.
To better understand the issue, let us first examine a simpler problem.

11.3.1 Commuting Limit and Integral

Since a derivative is defined as a limit of a quotient, the question reduces to whether the operations
of limit and integration can always be interchanged:

,
1imo/ 2 /olim.

Concretely, let {f,, };_, be a sequence of functions such that

f(x) = lim f,(x), Vx € R.

n—soo

We ask whether

oo

. 2 [ . «
’}grolo _wfn(t)dt_/_mr}gr}ofn(t)dt_/_wf(t)dt.
11.3.2 A Counterexample

Consider the sequence

0, x <0,

nx, 0<x<i

— n?

2 —nx, %<x< 2

— n?

0, x> 2.

SN

Each f,, is supported in the interval (0,2/n) and takes the shape of a triangular “bump” of base
2/n and height 1.
For every fixed x € R we have
lim f, (x) =0,

n—yoo

so the pointwise limit is the zero function:

However,

SN

N —
S| =

/ fn(t)dt = area of the triangle =
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Plots of functions f,(x) for various n

1.00
0.75 n
m— =1
~~ = nN=5
= 050
= = n=10
m— n =20
0.25 — N =25
0.00
0.0 0.5 1.0 15 2.0
X
Figure 11.2

or in more detail

1/n 2/n
/f,, )dx = / nxdx—l— 2 —nxdx

I

Thus
tim [ =0, [ piar-

so in this case the interchange works.
Consider now the functions

0 x<0
2 1
n-x O<x<=
x)=nf,(t) = -n
gn(x) falt) 2n—n’x %<x§%
0 x>%

it is clear that

lim g,(x) =0, VxeR

n—o0

and
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Plots of function g,(x) for various n

25
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n
= n=1
15
= m— n=5
N
> == n=10
10
= n=20
= n=25
5
0 — .
0.0 0.5 1.0 1.5 2.0
X
Figure 11.3
1/n 2/n
/ gn(x)dx = / nxdx+ 2n n’xdx
1
= — —:1
2 2
and thus

oo

lim [ g,(x)dx=lim1=1

n—oo | o n—oo

/ lim gn(x / 0dx = 0
o Y00

and in this case limit and integral cannot be exchanged.
Thus in general, when limits, derivative and integral are exhanged we shuold check if the
opearation is possibile.






12.0.0.1

Considering the minimization of a a function

fACR'"—R

it has been shown that the first order necessary condition for a point x* € A to be a minimum
point is that it’s gradient V f(x*) must be null. Similarly in calculus of variation it’s proven that the
first order necessary condition for the optimality of the solution is that the first variation of the
functional _# must be

8§ 7(x;n)=0

for every admissible perturbation 1(t).
In particular we define a perturbation 1) € V admissible for the functional ¢ :A xA— R
respect to the function x(¢) if it happens that x(-) + an(-) € A for all value o sufficiently close to 0.

Lemma 12.1 — Fundamental lemma of the calculus of variations. Given a function

fila,b] — R, (piecewise continuous)
such that the integral satisfy
/ ’ F(x)gx)dx =0 (12.1)
for all g : [a,b] — R smooth, i.e. g € C*([a,b]), with
g¥(a)=gW(b)=0, Vk=0,1,2,3,...

then f(x) is identically null.

Signh permanence

In order to later proof the fundamental lemma yet described, we have to remark the sign permanence
that states:

Lemma 12.2 Given a function f : [a,b] — R continuous such that f(c) > 0, then there exists a
0 > 0 such that
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f(x)zf(zc) Vx € [c—0,c+ 8]

Proof. The proof of this lemma can be done defining the parameter € = f(c)/2; based on the
assumption that f(x) is continuous, then exists a 6 > 0 such that:

£

@@l <e=TY ey <o

Expanding the module operation the inequality becomes:

M9 e pw sy ce= 19
— L)< <+ 1
19 < f(x)
and so we prove the lemma of sign permanence. [J m

12.0.0.2 Preparation of the proof of the fundamental lemma

The proof of the fundamental lemma of the calculus of variation can be done by contradiction.
Let consider the integral Equation 12.1 and for the given function f, exists a point ¢ such that

f(c) >0 (in general the proof can be done for f(c) # 0). From the sign permanence lemma we can

state that exists an interval [c — &, ¢+ 8] such that f(x) > @ > 0. Determining the function g as

x—(g—(S) xX€[c—0,c]
8(x) = c—);+5 x € [c,c+ 6]
0 otherwise
g(x)
o |
S @
= 7]
R é
S ;
o | ?
© | | | | |
-2 -1 0 1 2

X

Figure 12.1: Example of function g(x) withc =0 and é = 1.

Note that this function is continuous but g ¢ C* (later will be described a function that presents
this feature). With this definition the integral [ f fgdx becomes
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c+6 c c+6 c
[ rgac= ) [ gan= 1902 5

We can clearly see that the integral [ ab fgdx has a positive real value grater than zero that’s
(considering that f has at least on point ¢ such that f(c) > 0) in contraposition with the initial
request that the integral should have been zero evaluated.

To create a direction function g that’s in the set C* we can use the function A(for whose those
condition is demonstrated) as in Figure 12.2 defined as:

—1/t t>0
h(t): € >
0 t<0

h(t)

Q@ _
o
—_ _|
N
< U
o
S _
© | | | | |
-1 0 1 2 3
t
Figure 12.2: Representation of /(¢) defined in Equation 12.2
h(t) h@(t)
o | )
= 0 |
— o
. _M
O —
o | S
S ?
h(z)(t) h(?’)(t)
e
“ ] o -
0 - _
® ] g ]
0 o
o7 Y -

Figure 12.3: Function /(¢) defined in Equation 12.2 with its first three derivatives.

(12.2)
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A way to create a function that presents a bell shape in the range [0, 1] is by computing

g(t) :==h(t)h(1—1)

how’s graph in the range [0, 1] is similar to the one shown in figure Figure 12.4.

gt) =h().h(1 -1

$g(t)$
0.010
|

0.000
I

I I I I I I I
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

t

Figure 12.4: Eepresentation of the function g(¢) := h(¢)h(1 —1t), where h(t) is defined in equation
Equation 12.2

In particular, to demonstrate the fundamental lemma of the calculus of variations, we need to
rescale the function g so that it has a bell shape centered at the point ¢ with a bell width §. We
consider the following formulation:

t—c+0 0+c—t
g(t)-Kh( - >h< < )
where the constant K € R is chosen such that g(c) =1 or [ f glx)dx=1.
In this case, we observe that:
o g€C(R),
e g(x) > 0 for all values of x, and specifically,
e g(x)=0forallx¢ [c—3J,c+d].
Lemma 12.1 can now be proven by contradiction.

Proof. As in the previous case, let us consider a function f(x) that is not identically zero. For this
argument, we assume there exists at least one point ¢ where f(c) > 0. By the sign permanence
theorem, we can assert that:

f > 1)
This inequality indicates that the function f(x) remains bounded away from zero within the
interval [c — &,c + 8.
Next, we examine the original integral | f fgdx. Given our previous findings, we can conclude
that this integral is not equal to zero. Specifically, we have:

[ rswar= 1 [Mewacso

Vxe[c—68,c+0].
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Here, the term %‘) is positive, and since g(x) is non-negative for all x, the product | f f(x)g(x)dx

yields a positive value. This result constradict the assumption that f(x) in not identically zero.
O [






13.1

The Euler Lagrange equation is the generalization of the minimum action principle that’s used in
physics.

Pendulum example

Considering as a practical example the motion of a pendulum of a mass m that’s free to oscillate in
respect to a pivot point using a rope of length /, the kinetic energy T and the potential term V of the
system can be expressed as

L,
Tzzmv, V =mgy.

Considering 0 as the angle that the rope determines with the vertical axis, then the we can
rewrite the energies as functions of the angular position 8 and velocity 8 as

. 1 .
7(6,0)= 5mlze)Z, V(0) = —mglsin#.

To solve the dynamic equation 0(¢) of the mechanism we can compute the lagrangian L of the
system defined as

L(0,0)=T(0,0)—V(6) = %l292+1mg0059

As law that’s analyzed in mechanics physics we can state that the solution of the dynamics of
the system is the one the function that minimize the action <7 of the system defined as

A(9) :/tt1 L(6,0)dt (13.1)

where the values 0(fg) = 6y and 6(z;) = 6 are known parameters.

In practice to determine the required solution we can use analytical tool to find the trajectory
that can then be demonstrated to be the minimum of the action .7 (that’s indeed a functional).

However we can also try to analytically determine the function 6*(¢) that minimize the func-
tional 7 (-) by computing the directional derivatives.

Let now consider the function 6*(¢) and a direction 6 6(r) that satisfy

56(t0) = 56(11) =0
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we can then use the fundamental lemma of the calculus of variation to determine the minimal
function (considering that the expression Equation 13.1 of the action is comparable to equation
Equation 12.1 of the lemma).

To determine the minimum point we have in fact to determine the function 6* whose first
variation of the action ¢/ is zero for each direction of approach 66 to the point, and so in this
example we need to compute

d * _ d h * ) x )
/(0 +a59)da/¢0 L(6*+056,6"+ad8)ds
nrarL d . oL d ..

15
= [ (~ tmgsin(6" + 50))50 -+ mi* (6" +60) 50
131

Note that from in the first step we made the implicit assumption that

d / B / d
da) J do
while however this is not always possible. Evaluating the previous expression for o = 0 gives
the first variation of the action .7 that’s

5:/(6:50) = < /(6" +086)|

hn s
:/ (—Imgsin0*60 +mi*6*86)dt =0
To

for all §6. Performing an integration by part allows to remove the term 56 that’s hard to
determine, and in fact

g 2 A% _g 2 A% 2A*%SA
o (767 86) = (mI*67) 56 +mI*6756

4
ml*6*560 = g(mzzé*ae) - g(ml?é*) 56
dr dt

Performing the substitution of the integration by parts determines the result

1
</ (6*:50) =/] [—lmgsine*—i(mlze*)z] 59dz+M

4]
11 . d 2
= [—lmgsm 0" -+ (ml 9*)} 56dr =0

to

1)

We can now see in this formulation that the marked expression represent the function f(x) of
the fundamental lemma considering that the relation must be true for all approaching direction 66,
and so it must be

—Imgsin 0™ — %(mlzé*) =0

The problem now to complete the analyses of the pendulum motion is determining the function
07 (r) that satisfy this expression and also match the boundary conditions 0 (7)) = 6 and 6(¢;) = 0.
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13.2 General formulation

Given a generic functional of the form

o (x) —/bL(x(t),x’(t),t) dr

a
the problem is to minimize the functional .27 (x) for a function x € V subject to the boundary

conditions x(a) = x, and x(b) = x; in the function space V defined as

V = {x|x € C*([a,b]) with x(a) = x4, x(b) = x, }

Let D the function space of all the feasible directions of derivatives defined as

D = {6x | 6x € C*([a,b]) with 6x(a) =0}
the function x(7) that minimize the functional is the one whose first variation is zero for any
admissible perturbation, and so such that

0.9/ (x;0x) = %ﬂ'(x—i—(x&c)) =0 forall 6x €D
o

Assuming the possibility to correctly apply the rule

o) i

we can express the directional derivative of the functional .27 (x) evaluated in x + a Ox as

b
W:d/ L(x+adx,x +ady,t)dt
_/ (5 +—5 )
do/

JL oL, , ..,
dot la=0 /a <8x(xx t)5x+8 ,(x,x,t)éx) dr

By performing the integration by part it’s possible do reconvert the term associated do 6x’
into pieces depending on dx one of which, when evaluated, becomes zero due to the fact that

5x(a) = 8x(b) —
[ <§L, (e z))} Sxdi

A
/ ( (x,%' t)5x)
/ [ X.0) i(g (5,7, z))}axdt

1 Note

In this case the substitution by part has been obtained by performing the operation

(314/(9”5 f)5X> = <§L,(xx t)> 6x+§L(xx 1)6x

If we in fact explicit the term containing 6x’ we have
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oL (v 1) —(gL,(xx t)5x> <3L,<xx ;)) 5

term #1 term #2

The second term still remains in the variation of the functional <7, while the first term is
eliminated because it’s evaluation becomes

[ 8 (%)= Loxwnono)]

a

JdL JdL
= 25 (6(B) X (6),5)8x(6) — 5 - (x(a), ¥ (a),a)5x(0)

Looking at the function space D, we see that dx(a) = dx(b) = 0; hence the boundary term
vanishes.

We can now see that the condition to have a minimum for the functional 27, by using the
fundamental lemma of calculus of variation, is requiring that the function f(z) defined as follows is

identically null:
broL ddL
oc:O_/a (8x P )8 dr = (13.2)
——

=f)
This in general means that the function that minimise the functional .7 must solve the following
second order ordinary differential equation:

do/ (x+ ot x)
do

dJdL JL
drox'  dx
x(a) = x,
x(b) = xp

=0

= Example 13.1 — computation of the first variation. Given the generic functional defined as

F(x) = /abG(x,x’,t)dt—i-x(a)x(b)

in order to compute it’s first variation we can use the standard approach by evaluating the
perturbation of the functional respect to a function x:

b
—.7 (x+adx) = dcix/ G(x+ abdx,x' + adx' 1) dt
a

+ % ((x(a) + Otﬁx(a)) (X(b) +a 6x(b))>

[ (s )

+ 8x(a) (x(b) + a 6x(b)) + (x(a) + o 8x(a)) 6x(b)
} a=0

_ / <‘;fa +gcf5 )dl+5x(a)x(b)+x(a)5x(b)
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This redundant formulation can be simplified by using the Gateaux derivative notation 6 that
allows to express the first variation as

0F(x)=96 (/ab G(x,x’,t)dt—i—x(a)x(b))

— /b 8G(x,x',1)dr + & (x(a)x(b))

0G
—/( xxt6x+ax(xxt)5>dt

+ 6x(a)x(b) +x(a)ox(b)

using integration by part

d (9G, _doG oG ,
& (ax/(x,x,t)&c) = 3 (X', 1)8x + = P (x,x',1)8x

and substituting

b
62@):/& <?9f(x,x',t) glgcf(xx z)) Sxd

(4)
+ —x(a) —l—g)(j(x(b),xl(b),b)_ ox(b)
- (B) -
+[x6) % (x(a). ¥ 0).0) | 85

using foundamental lemma of calculus of variations (A) = 0 and then using variation differents
from zero on th eborder it follows that (B) = (C) = 0 and the stationary points of the functional
F (x) satrisfy the BVP

13.3 Application to the brachistochrone problem

As saw at the introduction, functional minimization can be used to solve real problem. As example
the brachistochrone problem wants to determine the path that minimize the time 7 to reach point
B from a point A for a mass m subjected only to the force of gravity: this means minimizing the

function
B
T = / —ds
AV
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where v is the velocity of the point over the arc length ds. In order to describe the problem
we consider x as the horizontal axis and y the vertical one (with positive direction the one facing
upwards);
e the point A is described by the coordinates (x,,x;) = (0,0) (so it’s in the center of the
reference system)
e the point B = (x;,yp) is placed anywhere in the lower semi-plane (in fact we must require
that y, < 0 in order to have a free fall of the object).
Considering that at the initial position A both the kinetic and potential energy are zero, due to
the conservation of energy we can derive that

1
O:mgy+§mv2 = v=4/—2gy

We so have the velocity v as depending from the vertical coordinate y of the point, and so the
next step is to relate the arc length ds with the horizontal variation dx: we can see that

ds = /dx2+dy? = /dx? +y2(x)dx? = /1 +y2dx

The initial brachistochrone problem can so be states as the following functional minimization
problem:

X,
minimize: F(y) = / bL(ya)/) dx
subject to: y(%a) =ya=0  y(x) =y <0

where the independent variable is the x coordinate, and

1 + y/2
—2gy

L(y,y') =

the integral part of the target function to be minimized can be computed starting from

L dJdL  1+43y?+2y*—2y)
Jdy dxdy e
1
2V2¢%3 (—+y )
8y
B 1 +3y/2 +2y/4_2yy// gy
2V2gy*(1+()?) L+y2

and the functional minimization is equivalent to the following boundary value problem:

Even if it’s not clear at first sight, it can be proven that the solution of the differential equation
is a cycloid described by the equations

x(0) = %kz(e —sin@),  y(0)= %18(1 —cos0)

where the constant k and the range of the new angle 6 of the parametrization can be found by
using the boundary conditions.
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In particular, the initial condition on points A allows to state that 6, = 0 (in fact x(0) = %klo =0
and also y(0) = 0), while considering the final conditions we can determine both 6, and k solving
this system of non-linear equation in such variables:

1
Xp = Ekz (Ob —sin 91,)

yp = %kz(l —cos 6;,)






Considering now the functional #(x) defined as

= /bL(x(t),x’(t),x”(t),t) dr (14.1)

the problem to solve now is the minimization of %(x) for all the function x € V where the
functional space is defined as

C*([a,)) }
x(a) Xg,X (@) = X, x(b) = xp,x' (b) = x),

and directional derivatives 6x € DD in the functional domain

V= {x such that

= X suc al ree (“
_{5 h th tx(a)zx'(a)ZX(b):xl(b):o}

When trying to calculate the directional derivative of the functional 4 (skipping all the unnec-
essary computation that’s similar to the cases yet studies) we end up to the following results:

b
o / i "
i azO%(X—i—Oﬂ 0x) = do e 0/ L(x+odx,x' +adx' ,x" + o dx" 1) dt
_/ ( xx x t)5x+%5 +aal;/5 //) dr

To cancel out the terms involving the terms 6x’, 8x” it’s necessary to use integration by parts
considering the following derivatives:

d (oL doLg N, Ly,

d [/ JL d JdL oL
a(m‘s’“')‘(aW‘S) Fraal

and so with that said the derivative becomes
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PoL d oL d L
5% = / =5x) - 5= 6x
LN\ d oL
+§ x”3x —&a "6)C dr

_/b dL _ddL\. dIL,
) I\ ox T araxr )T drox

In the first line the terms are cancelled because if evaluated singularly we can see that they

become in the form
bd (JL OL . 1" sx(a)=8x(b)=0

a

To finish the analysis of the derivation we have to consider one last integration by part for the
element

d(doLgN oL dIL o,
o) T a2 ox dr dx"
brogL dadL d* JL
= 5%()0:/‘1 (&c_dt&c’—'_dﬂ&x”) 6th (142)
=f

Using so the fundamental lemma of calculus of variation in order to determine the function x
that minimize the functional Z we need to solve the system of differential equation

dL doJL d* oL

ax drox T araw
subject to the boundary conditions initially defined.

m Example 14.1 — minimization of a functional with the Euler-Lagrange method. Let’s
consider the problem

b
e 2
minimize: / <(x") x>+ t) dr
a
with: x(a) =0, ¥x(a)=
1,
In this case the function in minimization functional is

L(x,x' X", 1) = (X" = x> +1

and all the boundaries conditions are well defined. In this case to calculate the variation of the
functional

b
=52%()c):/ L(x,x',x" t)dt

by using equation Equation 14.2:

2)6"
oo = /<2x 0+d >5xdt
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Using the fundamental lemma of calculus of variation the terms in the bracket must be always
equal to zero: this so represent, in conjunction with the boundary conditions, the ordinary differential
equation that has to be solved to determine the solution of the problem:

PN —
x(a) =0,x'(a) =1
x(b) =1,x(b) =2

As we can see the differential equation is of order 4 and having 4 boundary condition and so
it’s possible to compute the solution.

Free boundary conditions

Until now we considered minimization problems with all boundary conditions values set, while
however this might not always be the case: Equation 14.2 in fact is derived in the assumption of
having all the variation constants dx = 8x*) = 0 (for all k), but when this won’t happens and so the
general expression of the first variation is

b/9L doJL d* dL
5%()(;5)6):/ <8x_dt8x’+dt28x”> Oxdt

+ %_E% ) b_|_ _aiL 3’b
Jdx’  dt dx" o B ox" * "

= /b(A)5xdt + (B)8x(b) — (C)8x(a) + (D)8x'(b) — (E)8x'(a)

a

where

oL, d oL, |, d oL, ,

()= G (s0) = g g s F G g (1)
_dL , d JL ,

(B) = == (x(6), 2 (b),b) — - 7 (x(b),x'(b),b)
_dL d dL

(€)= W(X(a),x’(a),a) - &W(X(a%xl(@v“)

(D) =~ 2% (x(0).().5)

() =~ 2% (x(a) ¥ (@).0)

In this case if we consider that the boundary conditions fixed are only the one
x(a) = x, X' (b) = x),
this also reflect on the functional domain of the variations 6x € D that becomes
D = {8x € C([a,b]) such that §x(a) = 8x'(b) = 0}

We can now see that in general the domain D of the variation set condition for value of the
function (and it’s derivative) on points only where the boundary conditions are defined. In the case
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described considering the values fixed it means that the solution for the minimum is the one that
satisfies:

5 B(x; 8x) = / "(A)oxdr +(B)Sx(b) — (E)S¥(a) (14.3)

for all 8x € . In this case we have 2 boundary degrees of freedom for the variation that we
can define 8x(b) = &, and 6x'(a) = &, (that are real evaluated variable); the simplest function
that we might determine in order to create a variation 0x(t) is a polynomial function depending on
this parameters, and so

26)£a (a — b) + 35xb 2
( a— b)z (t B a)
0l,(a—b)+28y 3
= (a—b)3 = (t—a)
Considering that the Gateaux derivative d.%(x; dx) should always be zero for each function

0x(t) in it’s domain, we can consider the special function with parameters d,, = 1 and 5, =0
becoming

ox(t) =6,,(t —a)+

Ox(t) = (a—?’b)2(t_a)2+(a—2b)3(t_a)3

Considering now that x'(a) = 0 we can see that in expression Equation 14.3 the terms (E)
is free and in order to have a null derivative it must be that (B) = 0. Similarly we can create a
particular polynomial (in particular considering

8w =06x(b)=0 and §&),=1

that set to zero the coefficients associated to (B) (and so leaving it free to change) and so, to
have a zero evaluated derivative, it must be that (E) = 0.

In this case the differential equation associated to the terms B, E are called trasversality
conditions and are necessary when the boundary conditions of the problem are not enough (in fact
that expressions are evaluated at precise point on the boarder of the domain). At this point the
solution of the original problem becomes

oL doL d* L

ox drox Ao

. aay
ox'lp  dtax"lp
oL

o la

(x(a) =xq, X' (b) =,

= Example 14.2 — minimization with less boundary conditions. Let’s consider the problem of
minimizing the functional < as in Example 14.1 here reported

b
minimize: / ((x") 2 X+ t) dr
a

where the boundary conditions in this case are only



14.1 Free boundary conditions 141

In this case the boundary conditions are not enough and the case is similar to the theory yet
described: in this case the domain of the variations dx is described as

D= {5x € C*([a, b)) such that 8x(a) = 6x'(b) = o}

No information are set for the values 8x(b), 6x'(a) that are so free to have different values in R
so determining the following two trasverality conditions:

JdL d JdL
3l " wawl, = 0|, = (B) =0
JdL
e —(—Zx”) = 2x"(a) =0

This, in conjunction with the differential equation determined by the function in the integral
and the known boundary conditions, determines the following ordinary system of equation that’s
the solution that minimize the functional:

V—
X"(b)=0
X"(a)=0

x(a) =0,x(b) =2

= Example 14.3 — minimization of a functional. Let’s consider the problem

1 /(%))
minimize: & (y) :/ (b}(;)) +y(x)y (x) +y(x)> dx
0
with:  y(1)=1
In this case the lagrangian of the problem is defined as
)

L(y,y' ,x) = 5 +yy +y

the first variation of this functional so becomes

170L d JL oL
&sz%(y;Sy)z/O <—y> dydx+ [ayISy]

To formally compute the derivative we firstly need to define the domain of the variation Jy that,
having only one boundary condition, is

x=1

x=0

D= {6y e c([0,1]) with 8y(1) = 0}
At this point the Gateaux derivative can be computed as

x=1

8. (y;8y) = /01 (O =0"=y)+1)8ydx+ [(y’+y)5y]
—f

1
= / 1—y"8ydx— (y' +)6y(0)
0 N——

trasv. cond.

x=

As we can see we have that the term into the integral (associated to y”) related to the fundamental
lemma must be zero and so represent the differential equation associated to the solution of the
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problem while the second term y’ + y evaluated for x = 0 represent the transversality condition that
allow to have a unique solution of the system of ordinary differential equation that is:

Y'(x)=1
¥ (0)+y(0)=0
y(1)=1

By integration of the first differential equation we can determine the parametric solution of the
system whose coefficients can be matched considering the boundary conditions:

1
y(x) = Exz +cix+c;

Substituting the parametric solution on the boundary conditions we can solve for the parameters:

ci1+ec=0
1
5 Tete=0

In this case the system of linear equation has no solution (in fact we have that ¢ +¢; = 0 #
—1/2) and so this means that the functional <7 cannot be minimized.
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Let’s consider the problem of the minimization of a functional .# subjected to an inequality
constraints at the boarder as follows:

b
. . . . - /
minimize: % (2) —/a L(z,2,1)dr (15.1)

subject to: w(z(a),z(b)) =0

In this case we want to find the solutions for the function z(7) in the functional spaced defined
as

V= {z € C*([a,b]) such that w(z(a),z(b)) = O}

In this case we cannot consider the linearity of the functional space (in fact two functions z1,z
can satisfy the constraint b, but their sum z; + z» doesn’t belong to the domain), and more difficult
is the definition of the directional domain ID on which we can compute all the possible derivatives.

Discretization approach

A way to solve this problem is by discretizing the problem: given the domain [a,b] we can subdivide
him in # subintervals (in this case equally spaced) having length h = b%“; the axis ¢ is so discretized
in values

b_
tk:t0+kh:a+k7a

With this definition we can compute the function z in the various point considering that z(#;) = z¢
(and indeed we can also note that ) = a and t, = b). Using the mid-point squaring numerical
method to integrate the original function, we can approximate the functional as

b n
,@(2) :/a L(Z7Z/7t)dt%hl;l‘<zk—é7z;¢ytk—%)
where

P B e RN _h
- 2 - h 5 2

With this being said the initial constrained minimization problem (Equation 15.1) can be
discretized so obtaining the form
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minimize: =h) L 1 ,z' b >
Z < 2 kg kg (15.2)
subject to: w(zO,zn) =0
where z = (z(), s ,zn)l is the vector off all the discretized values of the initial function z(7).

This formulation recall the constrained minimization problem with equality constraints and so we
can use the Lagrange multiplier method by defining the expression

ZL(z,4) = f(2) = Aw(20,20)

To solve this kind of problem we need to find the stationary point of the yet built lagrangian
-Z ,and so this means solving the following non-linear system determined by the equations

0. . 02
azi —0 Vl—O,l,...,n W—O

Starting with i = 0 we can compute that derivative of the lagrangian as

a,,i”_ 0 " Zk + k=1 Zk — Zk—1
PRTE -

0 21+20 21 —20
= aZ0<hL< 3 s h ,[%>—AW(ZO7Z}1)

_ ,oL()) <11 +ZO> (Zl —Zo) 2 9w(z0,20)
0z 0z z’ az() h 2o
_haL([1])  IL( k&w(z(),zn)
2 0z 8 920

Note that passing from the first to the second line only the terms associated to k = 1 present
terms depending on zp, and so only that part of the summation has been considered.

For all the other values i # 0, n, the mathematical expression of the derivative 0% /dz; becomes
more complex (due to the fact that we have to consider two elements of the summation) and so we
can use the simplified notation to express the partial terms such

@’ o iL Zhk+1+ 2k Ul — %
dzlk+y " 0z 2 R kg

With this, doing the steps as previously shown, we can compute the partial derivatives as

0% d ! Zj+zj-1 Zj—2Zj-1
9L _ 9 (py (Y8 T _ :
dzk 8zk < ]; ( 2 7 h = 2) wlz0,2 )>

8L‘ n 8L‘ oL oL 87L
0z k—f dz k+2 a7 Ik % 07 lk+d
BL‘ N 8L’ 87L B %
_ dz k—— dz k+2 a7 k+% 07 lk—%
N 2 h
The last partial derivative (computed for k = n) is instead
0L oL 0L D)
9z, 20z kf% 27 kf% 2z,
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With all this calculation being done we determine that the non-linear system of equations
representing the first order necessary condition for the minimum point of the lagrangian .Z is

%‘ ‘9L‘ oL L

dz k—;zr?z k+%_82/ k+;haZ/ k_%:() A
52y gl <o ”
AN e e

By pushing the limit for 2z — 0 (to have a continuous discretization), we can see a correlation
of the two terms composing equation A, in fact

Qq +§q
dzlk-% " dzlkvy IL,
2 ~ E(Zk’zk’tk)

oL oL
27 kvt 97k d /oL
2 A 2~ a (M(Zk’zz’tko

Similarly both the terms A and B presents the terms similar to the previous definition and they
also presents another contribute due to the Lagrange multiplier A. By so considering the limit
h — 0 we can see that k = % tends to be a while n — % tends to b, and so we can rewrite the systems

of non-linear equations as

ngJ(z,z’,t) — ig;(z,zl,t) =0
oL , dw(z(a),z(b))
_jz(z(a),z (a),a) —AW =0
oL / dw(z(a),z(b))
-T2 0).0) -2 GO g
w(zla),z(b)) =0

This is so the general formulation of the initial problem of minimizing a functional

b
F(2) = / L(z,2.\1)dt
a
subject to an equality constraint w.

15.1 Heuristic deduction of general boundary condition

The same result can also be achieved with an heuristic formulation. Given so the problem of
minimizing a functional .% subjected to an equality constraint w (as in Equation 15.1), the solution
can be achieved by determining a new functional . defined as the lagrangian of the system:

b
z(m):/ L(z.2 1) dt — Aw(z(a),2(b))

At this point we can compute the variation of this functional considering it’s Gateaux derivative
o that’s
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0L (z,A;6z,01) =

i Z(z+adz,A+adl)

a=0

= S/bL(z,z’,t)dt —8Aw(z(a),z(b)) — A 6w(z(a),z(b))

=/ <3Z51+ 57 5z’> dr — 64 w(z(a),z(b))

Iw(z(a),z(b)) Iw(z(a),z(b))
-1 < @ 0z(a)+ ) 6z(b))

d oy 0¥
_/<8z dt&“)azd [81/5]

ow ow
-2 <8z( )8 z(a) + az(b)&(b))

(2(a), (b))

By evaluating the partial derivative .’ /d7’ and collecting common terms we can reduce the
variation of the functional to the form

8L (z,A;6z,61) = /b(A) 8zdt — A w(z(a),z(b)) + (B)dz(a) + (C)6z(b)

where

(A) = a;:(z,z’,t) - i%j(z,z’,t)
(B) = —%}j (z(a),d(a),a) — A aj(w;) (z(a),z(b))
07 ow

(€)= G (c(b).2(6),b) — A 5 () 2(8)

We start by noting that the variation 6.%°(z,A; 6z, 64 ) must be equal to zero for all variations
0z € C*([a,b]) and for all constants SA € R.

First, consider the case where 64 =0, §z(a) =0, and 6z(b) = 0. In this scenario, we can apply
the fundamental lemma of the calculus of variations, which implies that the term A must equal zero.

Next, let’s examine the case where 0A # 0 while maintaining 8z(a) = 0 and 6z(b) = 0. Under
these conditions, we arrive at the initial equality constraint:

w(z(a),z(b)) = 0.

Now, consider the situation where 64 =0, 6z(a) # 0, and 0z(b) = 0. In this case, we can
conclude that the term (B) must also equal zero. Similarly, if we have 6z(b) # 0 while keeping
O0A =0 and dz(a) = 0, we find that the term (C) must be zero as well.

This means that the resultant system of non-linear equation that solves the problem can be
expressed as
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aé’f(z,z’,t)—i%j(z,zl,t) =0
w(z(a),z(b)) =0

YN Aw(z(a).2(b) (153)
Tz,(z(a),z(a),a)JrlT(a) =0

0.7 , Iw(z(a),z(b))

o7 (Z(b),Z (b)vb) _AT(Z)) =0

We can observe that the resulting system is equivalent to the one obtained by pushing the limit
h — 0 with the discretized version previously performed.

Verification

Considering the common case described by the problem

b

minimize: F(x) :/ L(x,x',t)dt
a

subject to: x(a) = x4, x(b) = xp

than the solution can be still achieved using the method yet shown. By in fact building the
Lagrangian functional

LA, h) = / ’ L) dt— A (3(@) = xa) — Ao (x(5) — x)

substituting this function in the result of Equation 15.3 we get the following differential system
of equations:

oL

oL , B
—A — W(x(a),x (a),a)=0
A+ gi(x(b),x’(b),b) =0

The first two lines represent the terms that were always presents in the previous statement of
the problem (without the equality constraints), while the last two depending from A; gives no real
information because they can always be verified (in fact there will always exists a parameter A; that
equals the derivative dL/dx’); in general the variable A; can appear in the other equations, and so
this last can be used to determine the stationary solution of the lagrangian .Z.

= Example 15.1 — computation of first variation. Given the functional
! 2
F@) =0+ [ 02+ ()
0
it’s first variation can be computed considering that

L(x,x 1) =1x* + (x’)2

so that
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oL, dJL, | d "
a(x,x,t)—th aﬁ(x,x,t)—&(h)—bc

To compute the complete variation of the system it’s mandatory to consider the terms resulting
from the integration by part (due to the fact that no boundary conditions are set) related to the term

JdL
[ax ‘”L

With that said, the overall first variation can be computed as
1
8.7 (x: 8x) = 85x(0) +2 / (tx — ") xdr +24'8x(1) — 24/ 8x(0)
0

_ 2/01 (tx — x") Sxdr + 20/ (1)8x(1) + (1 — 2¢'(0)) 8x(0)

and the resulting BVP by the application of foundamental lemma of calculus of variations is

tx—x"=0
K(1)=0
2x’(0) =1

m Example 15.2 — boundary value problem. Given the problem
! 2
minimize: F(x) = x(0) +/ X4 (¥ —1) de
0

1
subject to: / xdt=0
0
x(1)=2
the resulting boundary value problem can be computed considering the lagrangian . of the
system that’s

L%, A1) —2 / xdr— pr(x(1) —2)

:/0 P4 (¥ —1)% = Axde +x(0) — e (x(1) — 2)

L

Starting from this point we can so compute the first variation of .# that’s:

53:/01@[; ;§f>5 ar +[§x5x]l—/01x5).dt
T 83(0) — udx(1) — (x(1) —2) Su
/ (=2 4+ 2x+2— 1) Sxdr
+2(x'(1) — 1) 8x(1) — 2x'(0)6x(0)
—/0 xS dt + 8x(0) — nx(1) — (x(1) —2) S

The resulting boundary valued problem is so determined by setting to zero the terms that
multiply every variation 0- and so:
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ox: 2 —=2x—-2421=0
ox(0):  2X(0)=1
ox(1): 2X = : trivially satisfied
SA Jox=0
(ou x(1)=2

= Example 15.3 — exam’s simulation. Given the functional

1
minimize: F(x,y,2) =y(1) +/ Xy 47 de
0

subject to: x(1)=2

the resulting boundary value problem can be stated by determining the first variation of the
lagrangian

L(x,y,2,A +/ X+ 2+ Xy + 22 de - A(x(1) - 2)

=L(x,y,zx'.y',2)

that results in

L/79L d JL oL 1!
8.2(x,1,2,0) = 8y(1) + / (ax—wx,) Sxdr + [85}
d oL !
S dray
l
< daL) Szdr + [54

+15x 1)
= 0y(1) —1—/01 (2x—y")8xdr +y'(1)6x(1) —y'(0)6x(0)

+/1 —x"8ydr +x'(1)8y(1) —x'(0)8y(0)
0

+/01 (2z72z") Ozdt
+27/(1)8z(1) —22'(0)62(0) + 2.8x(1) + (x(1) —2) 64

Setting to zero the terms associated to each variation §- determines the following boundary
value problem, solution of the functional minimization:
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(2x—y"=0 :6&x
=0 : Oy
Z_Z//:() . 5Z
y'(0)=0 : 0x(0)
YW +A=0 :6x(1), trivially solved in A
X' (0)=0 : 8y(0)
14+X(1)=0 :dy(1)
7(0)=0 : 0z(0)
Z(1)=0 oz(1)
x(1)=2 1 0A




We consider the minimization of a functional <7 (x) defined as

subject to the following constraints:
1
1. Integral Constraint: xdr=1,

0
2. Boundary Conditions: x(0) =2 and x(1) = 1.
Thus, the minimization problem can be stated as

1
minimize .o/ (x) = / (x')2dt,
0

1
subject to / xdt=1,
0
x(0)=2, x(1)=1.
To address this problem, we define a feasible space W for x, which includes functions satisfying
the boundary conditions:
W= {xec'(j0,1]) |x(0) =2,x(1) =1}.

The problem can thus be reformulated as finding x € W that minimizes .27 (x).

Feasible directions and conditions

To analyze feasible directions for variations of x, we introduce a perturbation x + adx with dx
satisfying

Expanding these conditions yields:
1. 6x(0) =0,

2. 0x(1)=0,

3. Jo 8x(t)dr =0.
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This means the set of feasible variations dx lies in the space
1
V= {5x e c([0,1]) | 8x(0) = 0, 5x(1) =0, / Sxdr = o} .
0

Stationarity Condition

A function x € W is stationary for this problem if

d

o (x+adx)=0, VoxeV.

a=0

Calculating this derivative, we get

d

1 1
ia /O(x’JrOCSx’)zdt:/O 2xx" de.

a=0

Using integration by parts on fol 2x'x" dt, we find

1 1 1
/ 24X dt = 2x/5x‘ -2 / X" S8xdt.
0 0 0

Since dx(0) = 6x(1) = 0, the boundary term vanishes, leaving

1
0 :/ X'8xdt VéxeV.
0

At this point, we cannot directly conclude that x” = 0 because V is not rich enough for the
fundamental lemma of the calculus of variations to apply.

Constructing an Appropriate Variation

To circumvent this limitation, consider an auxiliary function 8y € C*(]0, 1]) with dy(0) = dy(1) =0.
Define dx as

1
8x(t) = 8y(1) — As(1 —1) / 8y(7)dr.
0
Choosing A = 6 ensures that dx € V.

Concluding the Solution

Using this construction in our stationarity condition, we obtain

0= /01 <x”(t) 6 <x(1)+x(0) —2/01x(r) dr)) Sy(t)dr.

Now, since dy satisfies the conditions for the fundamental lemma of calculus of variations, we
conclude that

Y1) =6 (x(l) +x(0) —2/01x(7:) dr) .
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Applying the Boundary Conditions

Substituting the boundary conditions and integral constraint, we get

K'(t)=6, x(0)=2, x(1)=1.

Solving this system, we find that

x(t) =312 —4r +2,

which satisfies all the boundary conditions and integral constraint.

Final Remark

While this approach correctly finds the solution, it would be advantageous to simplify the derivation
by seeking a direct application of the fundamental lemma of calculus of variations. This sim-
plification would streamline the solution process and avoid the need for constructing additional
variations.

Approximate solution using finite differences

To approximate the variational problem
1
minimize 7 (x) = / (x')2dt,
0

1
subject to / xdr=1,
0
x(0)=2, x(1)=1,

we apply the finite difference method. This approach transforms the continuous problem into a
discrete one, allowing us to approximate the solution numerically.

Discretization Setup

1. Divide the Interval: Let n be the number of intervals, and define & = % as the interval width.
We set sample points ¢, = kh for k=0,1,...,n, where fo =0 and ¢, = 1.

2. Approximate the Solution: Define y; ~ x(#) as the approximate value of the solution at
each sample point #.

3. Quadrature Formula for the Integral: To approximate the integral of (x')?, we use the
midpoint rule:

/01 (') dr ~ hké (x’(tkf%)>2 +0(h?),

where x'(1, 1 ) represents the approximate derivative at the midpoint between ;1 and #.
4. Finite Difference Approximation for the Derivative: The first derivative at 7, _ 1 can be
approximated by
x(tk) —x(tk,l)

X y) = ==L o).

5. Quadrature Formula for the Integral constraint: To approximate the integral of x, we use
the trapezoidal rule:

[ @ar=w00) () +1 T )+ 00R),
0 2 k=1
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Using this setup, we can now write the discretized form of the problem.

16.1.2 Discretized Problem Formulation

Substituting the finite difference approximation into the functional, the discretized problem becomes

. () hi X—xe 1\’
minimize = =
h = h )

subjectto  hy(x) = g(xo +x,)+h Zxk— 1=0,
k=0
hz(x) :x0—2:0,

h3(x) =x,—1=0.

This formulation transforms our continuous problem into a finite-dimensional optimization
problem, where we seek values of x that minimize o7, (x) while satisfying the discretized constraints.

16.1.3 Lagrange function formulation

Let A;, A2, and A3 be the Lagrange multipliers corresponding to constraints /; (x), h2(x), and h3(x),
respectively. We define the Lagrange function as

1 n
L(x,M,20,43) = Z X — Xg—1)
h =

=

( (x0 + xn —i—thk—l)

k=1
— Ay (X() 2 +A3 ( 1)

[\)

16.1.4 First-Order conditions

To find the stationary points of .Z, we compute the partial derivatives with respect to each x; and
set them equal to zero:
1. Fork=1,2,....n—1:

07 2 2
oxe %(xk_xkfl) - ﬁ(xkﬂ —xg) — A -h

2
=h (hz(zxk_xkl —Xk+1)—7tl> =

2. For k = 0 (boundary point):

0L 2 h
TXO:E(XI—X(D—AI'E—AQ:O.

3. For k = n (boundary point):

0.7 2 h
ax” = _%(xn_xn—l) _ll : 5_2/3 =

These equations, combined with the constraints, form a system of equations that can be solved
for x, A1, Ao, and A;.
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(A Xkt 1 — 22X+ Xk

2 s +2A1 =0.
X():Z
x, =1
2 h
z(xl —xo)—ll'i =h
2 h
_*(xn_xnfl)_ll 5 :7L3

h

notice that A, and A3 are trivially solved and can be removed to the nonlinear system to obtain

X1 — 2X + X1

2 2 +2A; =0.
x0:2
X, =1

which can be interpreted as the discrete approximation of the Boundary Value Problem (BVP)

2x”—|—2,1 =0.
x(0)=2
x(l)=1
solving this last BVP
A
x(t) = —th2+C1t+C2
using BC
X(O) =0 = 2, G = 2,
l] Afl
N=——+4+C+C =1 Ci=—-—
x(1) 1 +C+G =1, 1=
Using integral constraint
1
0= [ x(t)dt—1
! ;Ll 2 )vl
= ———t — —1|t+2dr—1
o 4 + < 4 ) +
M A —4
=—— 2—1
12 + 8 *
Ml
242

so that A; = —12 and

A
x(t) = —th2+C1t+C2 =32 — 4142

the same solution.

16.2 Heuristic deduction of integral constraint for functional

16.2.1 A simple example

The finite difference approach motivates solving the problem
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1
minimize &7 (x) = / (x')2dt,
0

1
subject to / xdt =1,
0
x(0)=0, x(1)=2,

by introducing a Lagrangian functional that incorporates the integral constraint. We define:
1
L) = o (x) — A </ xdi — 1)
0

:/Ol(x/)zdt—/l (/ledt—1>.

The stationary points of this Lagrangian, £ (x, 1), are candidates for the minimizers. To find
these stationary points, we perform the first variation of ..

16.2.2  First Variation of ¥
The variation of . (x, A ) with respect to both x and A is:

1 1 1
5.2 (x, A;6x,61) :5/ (¥)2dt — 82 (/ xdt—1> —/15/ xd
0 0 0

1 1 1
:/ 208’ df — S (/ xdt—l)—?t/ Sxdr.
0 0 0

Using integration by parts on the term involving x’ and using 6x(0) = dx(1) = 0, we get:

1 1
5$(x,7t;5x,57t):/ 28 — Axdi — 52 (/ xdt—l)
0 0

1 = 1
:_/ (2x"+/1)5xdt—2/x'§f‘yr—5}» (/ xdt—1>.
0 =0 0

Applying the fundamental lemma of calculus of variations yields the following conditions:

2xX"+1 =0,
x(0) =0,
x(1) =2,

/le(t)dtzl.

Solving this boundary value problem gives the same solution as obtained before.

16.2.3 General Solution

Consider a variational problem with an objective functional and one or more integral constraints.
The problem can be stated as follows:

16.2.3.1 Problem Formulation

Given:
b
minimize % (x) = / Fx,x X", x™ 1) dt,
a

b
subject to g(x):/ Gx,x',x",... . x" 1)dr = 0.
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16.2.4

16.2.4.1

16.2.4.2

16.2.4.3
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we want to find functions x(z) that minimize the objective functional .% (x) while satisfying the
constraint ¢ (x).

Solution Using the Lagrangian Functional
To solve this constrained problem, we introduce a Lagrange multiplier A and form a Lagrangian
functional .Z(x,1):
L(x,A)=7F(x) — A9 (x)
b
:/ (F(x,x’,x”,...,x(”),t) —kG(x,x’,x”,...,x("),t)) dr.
a

Stationary Points of the Lagrangian Functional

The functions x(¢) that are candidates for minimizing .% (x) must be stationary points of the
Lagrangian . (x,4). To find these stationary points, we compute the first variation of .Z’(x, 1)
with respect to x(7) and A, and set it to zero. This will lead to a set of Euler-Lagrange equations
that must be satisfied by x(¢) and 7.

Extension to Multiple Constraints

If the problem includes multiple integral constraints, we can generalize the formulation. Let the
constraints be given by:

b
minimize ff(x):/ F(x,x’,x”,...,x("),t)dt,
a
b
subject to %(x):/ Gi(x,x x",....x" t)dr =0,
a

b
G (x) = / Gy(x,x' ¥, x"W 1)dr =0,

b
G,(x) = /a Gp(x,x’,x”,...,x("),t)dt =0.

Lagrangian for Multiple Constraints

To incorporate these constraints, we introduce a Lagrange multiplier A; for each constraint % (x),
resulting in the Lagrangian functional:

14
f(x,?tl,lg, .o .,lp) = ﬁ(x) — Z /'Lkgk(x)
k=1

b )4
:/ (F(x,xljx”,...,x("),t) — Zkka(x,x',x”,...,x(”),t)> de.
a k=1

Finding Stationary Points

The stationary points of . with respect to x(¢) and A, (for k =1,2,..., p) provide candidates for
the solution. Setting the first variations of .Z’(x,A4,...,4,) to zero leads to a system of equations
analogous to the Euler-Lagrange equations for unconstrained problems, now modified to account
for the integral constraints.

Conclusion

This approach provides a general framework for handling variational problems with one or more
integral constraints. By introducing appropriate Lagrange multipliers and forming the Lagrangian



158 Chapter 16. Minimization with Integral Constraints

functional, we can convert a constrained variational problem into an unconstrained problem whose
solutions must satisfy a system of differential equations determined by the first variation of the
Lagrangian.

These equations, together with the boundary conditions, yield the function x(z) that minimizes
Z (x) under the given integral constraints.



We consider a variational problem in which we seek to minimize an objective functional with
respect to a path constraint—an algebraic constraint that must hold continuously along the entire
path of the function x(z).

Problem formulation

The problem can be stated as follows:

b

minimize % (x) = / L(x,x',t)dt,
a

subjectto  g(x,x',t) =0.

where L(x,x';t) is the Lagrangian, which depends on x(¢), its derivative x'(¢), and #; and
g(x,x',1) = 0 represents the algebraic (path) constraint that must be satisfied at each point 7 € [a, D).

Defining the Feasible Space

We define a feasible space W for x, which includes all functions that satisfy both the path constraint
g(x,x’,1) = 0 and the boundary conditions of the problem:

W = {xeCl([a,b]) | g(x',1) =0, 1 € [a,b]}.
The goal, then, is to find an x € W that minimizes .% (x).

Feasible Directions and Conditions

To analyze feasible directions, we introduce a perturbation of the form x + atdx, where dx is a
variation such that:

g(x(2),x'(t),t) =0, forallt € [a,b].

To obtain the variation of .%# (x), we compute:

b
8.7 (x;0x) :/a (g—l;(x,x’,th-i- %(x,x’,t)&c’) dr

/oL, d (L, |,
_/a (Z(x,x,t)—a(W(x,x,t)))&cdt

t=b

oL, ,
+ [W(x,x ,t)Sx]

t=a
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However, for dx to be feasible, it must also satisfy the constraint:

b dg, 98, s oNeu
oglx,x',t)=0, = a(x,x,t)Serﬁ(x,x,t)Sx—O.

this approach is impratical, thus, we try to use finite difference.

Discretization with Finite Differences

To discretize the problem, we divide the interval [a,b] into n subintervals of width h = b%“ and

define points f, = a+kh for k=0, 1, ... n. Let x; approximate the solution at each point #;, so that
X~ x(ty).
1. First Derivative Approximation: We approximate the first derivative x’(z) at each point #;
using a finite difference formula:

Y (t1j2) = =X |

(check using Taylor series)
2. Midpoint Approximation: We approximate the midipoint x(#/,) using left and rigth
values:

K(2) = I | gy

(check using Taylor series)
3. Applying the Constraint: We impose the path constraint g(x,x’,7) = 0 at each (mid-)point
fr+1/2 by substituting the finite difference approximation:

Xpt1 + Xk X1 — Xk L1+ —0
& 2 ' hn 2 '

This transforms the continuous path constraint into a set of discrete constraints, one at each
point #;; 1 /5.
Discrete Formulation of the Objective Functional

To approximate the integral .% (x), we use the midpoint rule:

n—1

Fx) = 1 Y L (%1251 21172
k=0

X1 Xk / e Bt SR _ lepl
Xet+1/2 = 5 Xr1/2 = 0 k2= 5

Our goal is now to minimize .%(x) with respect to x = (xo,xp,...,X,), subject to the discrete
constraints on g (X, 1/2,%, | J2otir /2) = 0 for each k.
Lagrange Multiplier Method for Discrete Problem

We introduce Lagrange multipliers A; at each point # to incorporate the constraints. The discrete
Lagrangian becomes:
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n—1

Zh(x,A) = Fp(x) — Z M- g (Xk+1/27x;<+1/27tk+1/2) .
k=0

n—1 n—1

=h (xk+1/27x;<+1/27tk+1/2> - Z -8 (xk+1/27xk+1/27tk+1/2)
k=0 k=0

n—1

=h Z M <Xk+1/2ax1,<+1/2vkk+1/2’tk+1/2)

k=0

where

M(x,x' A1) = L(x,x',1) — Ag(x,x ,1)

The nonlinear system

To find stationary points of .%,(x, A ), we differentiate with respect to each x; and A, leading to a
system of equations:
1. Derivative with respect to x;:

&Zh(x,l)
0xk

2. Constraint equations for each k:

=0, k=0,1,...,n

g<xk+1/2ux;{+1/2vtk+l/2> =0, k=0,1,....n—1

in details:
aZh(x7l) _ J !
T = hTXOM <X1/2,x1/2a11/27t1/2>
hoM oM
= Eﬁ (Xl/z,xll/z,)yl/z,ll/z) - W (x1/27x3/277tl/27t1/2>
8$h(x,)t) d
T = hT%M (xn_1/27x271/27A’n—l/27tn—1/2>

h oM oM
=5 x (xnfl/Zax;_l/Za)“nfl/Zatnfl/2> + o (xnfl/va:/l_]/za)“nfl/thnfl/2>

fork=1,2,...n—1

0L (x,A) d p)
o = ha—XkM (Xk—l/Z,x;c—l/Zalk—l/ZJk—]/Z) —i—ha—XkM <Xk+1/27x;<+1/2ﬂ)Lk+l/27tk+l/2)
h[oM oM
= E |:ax (xk71/27x271/27Akfl/zatk71/2> + x (xk+1/27‘x;<+1/2?Ak+1/27tk+1/2>:|

oM oM
+ {Bx’ (xk—1/27x;<_1/27)Lk—l/Zatk—l/2> T oxd (xk+1/2,x;<+1/2alk+1/2,fk+1/2)]

consider now the discrete nonlinear system

( 10.%(x,A)
R R k=12,....n—1
1LxA)
0xg
2%,(x,A) 0
ox,
g(xk+1/2,x;+1/2,tk+l/2) -0, k=0,1,....n—1
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As h — 0, this finite difference approximation corresponds to the following approxinations

10.%,(x,A) _ [aM(x,x’,),,t) d OM(x,x', A1)

h Ox dx + dr ox' -
0%, (x, A oM
S(XO) ~ T ox (x(a),x’(a),),(a),a)
8.,5,”;,():,)\,) oM

e~ g 30X (0),A(b).0)

/
8 (xk+1/27xk+1/27tk+1/2) ~g (X,X ,t) i
=k

thus the finite differencre approximation can be viewed as the discretization of the following
BVP

OM (x,x', A1) +£8M(x,x’,l,t) _0
ox dr ox' N
oM
_W (x(a),x'(a),k(a),a) =0
oM
W (x(b)vxl(b)ak(b)ab) =0
g(x,x’,t) =0

17.1 Heuristic deduction of path constraints

In this section, we develop an analogy for handling constrained variational problems, where we
aim to minimize an objective functional subject to an algebraic (or path) constraint. This technique
introduces an augmented functional by incorporating a Lagrange multiplier to enforce the constraint
continuously over the interval.

17.1.1 Problem Statement

We start with the following constrained minimization problem:

minimize % (x / L(x,x',t)
subject to  g(x,x',t) =

Where:
e .7 (x) is the objective functional, with L(x,x’,) as the Lagrangian depending on the function
x(1), its derivative x'(), and the independent variable 7.
e The path constraint g(x,x’,#) = 0 must hold continuously over the interval [a, b].

17.1.2 Formulating the augmented functional

To incorporate the constraint into the minimization process, we construct an augmented functional
L(x,A) by introducing a Lagrange multiplier function A (¢) that enforces the constraint g(x,x’,7) =0
at every point in the interval:

b
L) = / M(x,2\ A1) di
a
where we define the augmented Lagrangian (or the modified integrand) as:

M(x,x',A,t) = L(x,x',t) — Ag(x,x',1).
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Deriving the necessary conditions via first variation

To find stationary points of .Z(x, A ), we calculate the first variation 6. (x, 1;dx, A ) with respect
to x and A:

b
5.4 (x, : 5x, 51.) :/a ?9];46” gax#?ﬁfsm

To further simplify, we integrate by parts on the term involving 6x’:

oM d oM oM oM  |1=b
8/1 ax’ t=a

b
6$(X,k,6x,6l):A |:ax_dt(9x/ 6X+76ldt+75)€
Applying the fundamental Lemnma of calculus of variations

To ensure that 6. (x,A;8x,8A) = O for arbitrary variations dx and OA, we apply the Fundamental
Lemma of Calculus of Variations. This yields the following system of Euler-Lagrange equations:

oM dom, .
TX(xvxaAat)_ditaix/(xaxalvt)_o
oM
W(x(b)vxl(tb)vl(b)vb)zo
oM
—W(X(a),x’(a),),(a),a) =0
aa];[(x?x/,l,t) —e(x ¥ A1) =0

that is the previous result obtained with finite difference.






1. Notation

2. Problem: minimize

/a " Liedot)dr + D(x(a) x(b))

3. Boundary conditions:

x(a) =x4, x(b)=free, by(x(a),x(b))=0,---

4. Integral contraints:

b
/ gk (e, 1) dr + Wi (x(a),x(b)) = 0
5. Higher order problem: minimize

b
/ Lo ¥ x, . 2™ 1) dr + D(x(a),x(b))
a

18.1 Spaces

o V= {xEC’”([a,b]),...}
«D= {3x e C=([a,b]), 8x(a) = 8x(b) = 0,8x' (a) = X' (b) = o}
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18.1.1 Variation of problem 2.

b
_ / L(x,x,1)di + ®(x(a),x(b), (), (b))
0F(x)=96 /abL(x,x’,t) dt + 8®(x(a),x(b),x'(a),x (b))
_ /  SL(xx' 1) dr + 5D (x(a) x(b))

= /be(x,x’,t)5x+Lx/ (x,x',¢)6x dt
(@), x(8)) 3x(a) + By (x(a), x(b))52(b)

integration by part

—/[ (x,x',1) Ly(x,x' ;)| 6xdt

+ (s, (x(a),x(b)) — Ly (x(a),x'(a),a)) 6x(a)
+ (@y, (x(a),x(b)) + Ly (x(b),x'(b),b)) 6x(b)

18.1.2 Variation of problem 3.

Define

b )4
F(x) = / L(x, ¥, 1)dt — Y Aby(x(a), x(b))

k+1
5.7 5/ L(x ) di 48y, Aube(x(a) x(b))
k+1
—/ Ly (x,x,1)8x+ Ly (x,x',1)6x dt — Zbk ,x(b))O A,
k=1

—Zu<%k @ﬁ@)ﬁfM@AM&@)

integration by part

—/ [ x,x1) (e, t)]Sxdt—Zbk ,x(b)) oA

k=1
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18.1.3 Variation of problem 4.
Define
M(x,x',A,t) = L(x,x',t) — Z Miegi(x, X' 1)
k=1

N(xa,Xb,A«) = q)(xmxb) - Z )'klpk(xa’xb)
k=1

b
y(x,)c):/ M(x,x'\ A1) dr +N(x(a),x(b), A)
0.7 (x,A) = S/bM(x,x’,ﬁ.,t) dt + 6N (x(a),x(b),A)

b
:/ M, (x,x" ;A1) 5+ My (x,x', A1) 55" + My (x,x' ;A1) - SA dt
+ Ny, (x(a),x(b),A)6x(a) 4+ Ny, (x(a),x(b),A)6x(b) + Ny - 6 A

integration by part
b d
= {Mx(x,x/,ﬁ,,t) - ng/ (x,x’,t)] Oxdt
- [/ (. X.0) 0+ 94,306

( — My (x(a),x (a),l,a)>5x(a>
( A)+ My (x(b ),x’(b),l,b)>5x(b)

18.1.4 Problem 5

Transform to optimal control problem

b
minimize: / L(x1,X0,X3, ..., Xp,u,t)dt
a
.xl = X2
x’z = X3
subject to:
/
Xn—1 = *n
r_
[ X, =u

18.2 General Problem

b
minimize: / L(x,x',t)dt + @(x(a),x(b))

subjedt to: by (x(a).x(b)) =0, k=1,2,....,p

b
/gk(x,x’,t)dt+‘Pk(x(a),x(b)):0, k=1,2,....m

defining
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M(X,XI,A.J) = L(x,x/,t) - Z }Lkgk(x)-xl7t)
k=

p
N(xXa,Xp, 4, 1) = DP(xq,%p) Zlk‘l’k XasXp) Z.ukbk XasXp)

the stationary points satisfy the BVP
/ d
M (x,x', A1) — dtM (x,x AL t) = Euler Lagrange
Ny, (x(a),x(b), A, 1) — My (x(a),X'(a), A,@) =0 Adjoint BC
Ny (x(@), x(b), A, 1) + My (x(b),¥' (), A,6) =0 Adjoint BC

bi(x(a),x(b)) =0, k=1,2,...,p

b
/ g(e ) di+ Py (x(@),x(b) =0,  k=1,2,....m



19.1 Exercize 1

Find stationary point of the functional

with constaint

19.1.1 Applying the First Variation

We start by applying the first variation to the functional: .7 (x). To compute the variation, we first
take the variation of the integrand:

6F(x)=46 /0 i (x(2)? +x(1) (X' () +1x(r)) drt
=[5 (e 4O 0O +1x)
= /0 T (2x(0)8x(0) + Sx(1) (¥ (1)) + 2002 ()52 (1) + 18x(1))
= /02 ((2x(1) + (1)) 1) 8x(t) + 2x(1)¥ (1)8x' (1)) dr

Here, we expanded the variation term by term and grouped the expressions. The blue term
2x(1)x'(t)6x'(¢) is crucial for the integration by parts.

19.1.2 Integration by Parts
To eliminate the 6x/(¢) term, we apply integration by parts to the expression 2x(z)x’ () 6x'(¢):
% (Zx(t)x'(t) 5x(t)) = 2x(t)x'(t)6x () —1—% (Zx(t)x'(t)) Ox(t)
= 2x(1)x' (1) 8x' (1) + 2 ((«/ (£))* +x(£)x" (¢)) 8x(t)

This allows us to rewrite the variation of .%# (x) as:
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0F (x) = /.2 (2x(1) + (x'(1))? +1) 8x(r) 4 2x(1)x' (1) 8x' (1) dt

B 0
= /0 ’ (2x(t) + (X'(£))* +1) Sx(t) dt

+ [:;, (2x(t)x (1)8x(t)) — 2 (¥ (1))? +x(2)x" (¢)) 8x(t) | dt

Now, after applying the integration by parts, we can group terms again:

S (x) = /O ’ (2x(t) — (¥ ()2 £ — 2x(t)x"(¢)) Sx(r) dt

2

+ [2x(z)x’(t)5x(t) )

Since 6x(0) = 6x(2) = 0 (from the boundary conditions), the boundary term vanishes. There-
fore, we are left with:

0.7 (x) = /02 (2x(t) — (X' (1)) +1 — 2x(2)x" (t)) Sx(t) dt

19.1.3 Applying the Fundamental Lemma of Calculus of Variations

For the variation 0.7 (x) to be zero for all variations 0x(z), the integrand must vanish. Therefore,
we obtain the Euler-Lagrange equation:

2x(1) — (X' (1))? +1 —2x(2)x" (1) = 0

19.1.4 Boundary Conditions

The problem also specifies boundary conditions:

19.1.5 Final Problem

Thus, the full problem is to solve the following boundary value problem:
2x(1) — (X' (2))> +1 — 2x(2)x" (1) = 0,
x(0) =0,
x(2)=1.
Find stationary point of the functional
b
F(x) = / Xy +2(x) 2 de
a
with constaint
x(a) = x,
19.1.6 Applying the First Variation
b
F(x+ abx) = / (64 @8x)? +4(x+ adx) (¥ + a8x) +2(x + )2 dr
a

perform variation
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b
= / (x4 odx)(26x +48x") +4(xX' + adx') (8x + 8x") dr

evaluating at o¢ = O:

8.7 (x) = (ixﬁ(x—k adyx)

a=0

d
b
:/ x(28x+46x") +4x' (6x+ 6x') dr
b
:/ (2x +4x")6x+4(x+x")6x' dr

19.1.7 Integration by Parts

For the term 4(x +x')6x/
P ((x+x")6x) = (x+x’)5x’—|—i ((x+x)) 6x
= (x+x)6x + (x' +x")bx
and

b b b
/(x—|—x’)5x’dt:/ %((x—l—x’)Sx) dt—/ (X' +x")6xdr

b

b
= (x+x')dx —/ (X' +x")6xdt

a

so that

§.F(x) = /ab(Zx A — Ao — 4\ Sxdi+
(x(b) +x'(b))6x(b) — (x(a :r x(a)

5x(a)=0

19.1.8 Applying the Fundamental Lemma of Calculus of Variations
Sx(b) = x(b)+x'(b) =0
ox = 2x(t) —4x"(t) =0
19.1.9 Final Problem
x—=2x"=0
x(a) = x,
x(b)+x'(b)=0

The same result can be obtained using Euler-Lagrange equation

L(x,x' 1) = x> +dxx’ +2(x')?
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so that

d dL(x,x',t) IL(x,X,t)

el _ -0
e ox dx
d
a(4x+4x’) —(2x+4x)=0
4" —2x=0
—2(x—2x")=0
and for the free boundary
dL(x,x 1)
0= iy (4x+4x") = 4(x(b)+x'(b)) =0

19.2 Exercize 3
Find stationary point of the functional
F(x) = /0 ' (logy')2di
with no constaint
19.2.1 Applying the First Variation
§F(x) =8 / ' ¢ (log')2dr

= / logx d
:/0 5x’(logx’)2+2x'logx'i)fldt

1
:/ ((logx)* +2logx) 8x'dt
0

Remark 19.1 Do not do this wrong argument: dx is arbitrary and so that using foundamental
lemma of calculus o f variation it follows

(logx')* 42logx’ =0

the lemma is true for x not 8x’.

19.2.2 Integration by Parts

% [((logx')2 +2logx') 8x] = % [(logx’)2 +2logx'] 6x
+ ((logx')* +2logx’) 8%’

so that

1 1
8.7 (x) = ((logx’)* +2logx’) Sx‘o —/ % [(logx')* +2logx'] Sxdt
0
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19.2.4
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Applying the Fundamental Lemma of Calculus of Variations
Sx(a) = (logx’(a))*+2logx’(a) =0
Sx(b) = (logx'(b))* +2logx'(b) =0

d
ox(t) = O [(logx')* +2logx'] =0,

Final Problem
(logx')?>+2logx’' =C,
(logx’(a))* +2logx'(a) =0
(logx'(b))? +2logx’(b) =0

notice that the ODE part is now first order and the solution depend on a constant C (determined
by the boundary conditions).
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Learning objectives 177

The optimal control problems can be seen as a functional minimization, called target, sub-
jected to ordinary differential constraints.

Learning objectives

After this part, you should be able to formulate a Bolza optimal-control problem, convert integral
constraints to augmented states, derive the adjoint system, and interpret the stationarity or minimum
condition for the control.

Isoperimetric problem

Let’s consider a function

y(x) € [a,b] = R

where the are known the point y(a) = y(b) = 0. If we consider the function as a rope having
fixed length [ that, by calculus I, can be computed as

l=/ab\/ 1+y/(x)?dx

an example of optimal control problem is the one to determine the function f that minimize it’s
integral over the it’s domain:

b
minimize: Fy)= —/ y(x)dx
a

subject to: y(a)=0, y(b)=0

/.bw/l—i-y’(x)zdx—l:O

Discretized solution

A way to solve the problem is by discretization, dividing the domain [a, b] in n edges having length

h= b’;z“ and so x; = a+ kh. By founding the discrete solution y; of the system we can approximate

also the continuous solution as

Vi~ y (%)

Considering the integral approximation

xk Ykt Vi1
/ y(x)dx;uhyk% :h?
J X1

and the derivative

With this being stated the initial isoperimetric problem can be rewritten (with some analytical
simplification for the calculus) in the discretized form as

h n—1
minimize: —=(o+yn) —h Y w
k=1

[\

subject to: yo=0, y,=0

n 2
Yk — Yk—1
[—h I+({—— | =0
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As here stated, this problems become a constrained minimization one that can so be solved
using the Lagrange multiplier method on which the unknowns is the vector of the discretized
function y = (y1,...,y,) and the 3 Lagrange multipliers Ay, A,,, A associated to the constraints:

h n
) Y O+ ye-1) — Aoyo — Auyn

k=1

n 2
alien 1_|_<)’k_)’k—1>
£

By calculating the gradient of the lagrangian and setting it to zero, we satisfy the first necessary
condition for the solutions that relates to the following non-linear system that can be solved by
approximate solutions:

Ly, 20,0, 1) =

for k=0:
N Yi—Yo
h
2 o 1+(y1—y0>2 "
h
fork=1,2,....n—1
. A)’k hyk 1 ) Ayk+1h Yk .,
\/1+<yk_Ykl>2 \/1Jr <)’k+1_)’k>2
h h
for k =n:
Yn = Yn—1
,g o+ A h =0
\/1+<Yn hyn 1)
multipliers conditions:
yn=0

yo=0
l_hZ\/ Yk — )’k 1) :0

Considering now the limit for 4~ — 0 the discretized systems seems to become continuous; in
particular the 4-th conditions become

Continuous interpretation

yo—y(a)=0 and y,—y(b)=0
The first condition (associated to k = 0) and the third (k = n) instead becomes
yi—

h h y'(a)
- SN YO Y i C) R
’ ) Ty ar

=
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Yn — Yn—1 )
R Y S YO 4 () B

2 \/ <yn—yn1)2 L+y'(b)?
I+ (==

With some analytical manipulation the second lagrange condition can be stated as

d Yy

T T S 4 .7
dv /14y (x)2

=0

X=X

Observation

By pushing the limit 7 — 0 the discretized problem becomes continuous and can relate to the general
formulation of minimization of a functional .# subjected to an equality constraints (depending on

9b):

b b
minimize: % (y) = —/ y(x)dx = / L(y,y',t)dt
a a
subjectto:  y(a) =0, y(b)=0
b b
/ VI+Y(x)?Pde-1=0 = / G (y,y',y)dr =0
a a
In the isoperimetric problem we can determine the functions L(y,y’,x) = —y whose derivative
are
oL oL
— =—1 and — =0
dy ady’

Using so the Euler-Lagrange approach we can see that it fails because

dL d JL
ay aay 70

Considering instead now the definition of the constraint

G(y,y,x) = — V147

b—a

we can build another lagrangian L that also considers (with a Lagrange multiplier 1) the
constraint:

Z‘(yvylvka) = L(yvylvx) - Ag(yvylvx)

Applying the Euler-Lagrange method on this expression it’s possible to get the same result
achieved with discretization, in fact

oL _dJL_ ., ,df ¥V
dy dxady de \ /1+y2
General formulation from Euler-Lagrange

Considering the optimal control problem as
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minimize: / L(x,x',1)dt

subject to: =x4, x(b)=xp

a way to reach a solution is by constructlng the lagrangian % defined as
L(x,x',t,A) = L(x,x',t) — A9 (x,x ;1)
b
L(x, A A, Ap) = / L(x,x ¢, 1) dt — A.x(a) — Apx(b)
a

At this point the solution of the problem is the stationary point (that in reality is a function) x of
the lagrangian, and this means setting to zero the Gateaux derivative of .Z:

oL
5.7 — /< 5x+—5 *ax“)

— 82a(x(a) — x4) — Aabx(a) — 8y (x(b) — xp) — A 6x(b)

Performing the integration by part in order to remove the term dx’ the derivative so becomes

5.2 = / " A S — 8k (x(a) — xa) — 52 (x(5) —x5)

+Béx(a)+Céx(b)
where
oL dJL oL oL
o aow 2T Mgyl At

At this point the overall solution of the minimization problem becomes the following ordinary

differential equation system:
dL , 09 d /[dL 99
<axlax) BT (ax/"tax) =0

x(a) =x4, x(b) =xp

aL 209
_/l“_<8x’a_ 8x’a>:0
JdL 09
\_Ab_'_ (ax’ b_lax’ b) =0

Ordinary differential equation constraint

Let’s consider the general formulation of the isoperimetric problem as

minimize: F(x) :/ L(x,x',t)dt
a

subject to: w(x(a),x(b)) =0

b
/ G (x,x',t)dt =1

the problem can be solved introducing the function z(¢) such that 7/ = ¢(x,x’,7): this means
that z(a) = 0 and z(b) = [ and so the problem if transformed, considering also the introduction of
the relation y = x/, to the form
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minimize:

subject to:

F(x,y)= | L(x,y,t)dt
w(x(a),x(b)) =

2(a) =0, z(b)=1

X =y

7 =9 (x,y,t)

With the problem as here stated we refer to x and z as states, while y is the control. We can so
see that an optimal control problem can be easily transform into a boundary value problem that can
be solved using the technique shown on functional minimization.






Considering the problem

Mayer Lagrange
—_——~ b
minimize: ¢ (x(a),x(b)) +/ L(x,u,t)dt  : target
a
Bglrza
subject to:  x' = f(x,u,1) : dynamical system
b(x(a),x(b)) =0 : boundary conditions
b
/ g(x,u,t)dr =g, : integral constraints
a

where x is the state vector and u is the control vector. An integral constraint can be converted
into a boundary condition by adding the state z defined by z’ = g(x, u,r). With z(a) = 0, integration
gives

z2(a)=0  z(b)=go

With that said the minimization problem becomes

minimize: ¢(x(a),x(b)) + [ L(x,u,r)dt

subjectto:  x' = f(x,u,1)

Compacting the vector of states x and added variable z we can define a new variable vector
w, and similarly all the dynamical system can be described by a multi-variable function F and
boundary conditions B and so the problem can be compacted as

b
minimize: l//(w(a),w(b))—i—/a M (w,u,t)dt

subjectto: W' =F (w,u,1)
B(w(a),w(b)) =0
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To solve the problem as here state it’s necessary to build the function of the boundary conditions
A (depending by the Lagrange multipliers ), also known as utility function, and the Hamiltonian
A (depending by the multipliers A):

B(w(a),w(b),pn) =vy(w(a),w))+pn-B(w(a),wb))

H(w, A ut) =M (w,u,t)+A-F(w,u,t)

At this point it’s possible to compute the lagrangian .# on which the variations can be per-
formed:

ZL(wu, A, p,t) =B (wa),wb),p) +5#(w,A,u,r)
5$:/b (ABw-+BSu~+C2) ds
+D8&w(a)+E 6w(b) — B(w(a),w(b))6u

where
JH JH
A=A +-—— B=-—- = t)—x
JdB JdB
D= A E= —A(b
Fwia)la T Fwi) lp ~ )
With that said the resulting boundary valued problem becomes
w' = f(x,u,t) : original ODE
JH
MN=—— : adjoint ODE
dw
B(w(a),w(b)) =0 : original boundary condition
JdB
(@) =0 (20.1)
dw(a) la .. .
9B : adjoint boundary conditions
——| —A(b)=0
8w(b)‘b ()
JH .
—=0 : control equation
du

= Example 20.1 — optimal control problem. Let’s consider the problem of a mass m sliding on
a plane (coordinate x) subjected only to an external applied force F, the optimal control problem is

1
minimize: / F2dr
0
"=y

subject to: X =v, V=

x(0)=0 x(
v(0)=0 v(l)=0
In this case the description of the dynamical system is known from the physical domain, in fact
the velocity is the derivative of the position and the acceleration (derivative of velocity) is equal to

the force applied divided by the mass; the boundaries conditions are set by the problem.
At this point to solve the problem we have to compute the two function %, 7 defined as

F
m
=1

B = (x(a) = 0) + 2 (x(b) — 1) + pz (v(a) — 0) + ps (v(b) — 0)
%:F2+Alv+/12%
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Following the results of equation Equation 20.1 the boundary valued problem that has to be
solved to find the minimum point is

X =v
V=F/m
Al=0

\ ‘m
In this case the adjoin boundary conditions are trivially solved (in fact will exists ; that will

satisfy the equation); considering the last equation in the expression of the velocity the system
becomes

X =V
I _ A
v 2m?
Al=0

Considering that A; is a constant ¢; (in order to have null derivative), then it means that A; is in
the form c¢1f + ¢, and so the expression of the acceleration and velocity becomes

V,__C1t+C2
2m?
J (&) 2
V=——51"——t+c
am2" " om2
) 1 3 (&)
- X = — — — +Ct+c
2m2  dmz T

Considering the boundary conditions than the integration constant are ¢z = ¢4 = 0 and the
solution of the linear system given by —c; —2¢, =0 and —c; —3¢r = 12m? that determines the
last full solution

x= —6t>+ 6t
v=—234+3¢2
A = 24m?

Ao = 24m*t — 12m?
and so the control history to determine this minimal solution is

2m

=6(1—21)m
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Pontryagin maximum (minimnum) principle

The Pontryagin maximum (minimum) principle has been developed in order to solve problem
where the controls must stay bounded to a certain range due to the physical implementation of the
system (if, as example, a motor is powered with 20W of power, than it cannot move object that

require more than that power).
Mathematically this kind of problem is described by

minimize:

0 (x(a).x(B)) + / Lt dr

X = f(x,u,t)

b(x(a),x(b)) =0

u(t)ye w

where 7% is the domain of the controls that, in order for the principle to work, must be convex

and compact.
To solve this problem we compute the Hamiltonian .7# and the utility function Z as in the

previous cases:

subject to:

A (x,u,A,t) = L(x,u,t)+ A f(x,u,t)
'%(xav-beJ) = (P()Ca,Xb) +,Ub(-xaa-xb)

With that stated the boundary valued problem becomes similar to the formulation in Equa-
tion 20.1 with the addition of the Pontryagin minimum principle:

9

X = f(x,u,t) = TN

o0
r_ _ 777
A= ox

b(w(a),w(b)) =0

——A(b)=0
xp
u(t) = argmin{ 5 (x,u,A,1) }
uew
o

u =0

: original ODE

: adjoint ODE - co-equations

: original BC

: adjoint BC

: Pontryagin min principle

: control equation

Examples with Pontryagin maximum (minimum) principle

= Example 20.2 — maximum travel optimal control problem. Let’s consider the system in
example Example 20.1 where in this case the goal is to maximize the travel of the mass m having a
force F < |1]; this means solving the following optimal control problem

minimize: —x(1)
subjectto: X' =, V= F
m
x(0)=0
v(0)=0 v(l)=0
Fe[-1,1]

In order to solve this problem it’s necessary to determine the Hamiltonian
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(e, 2, A, Fu) = Dy Ao
m

and the utility function

B(X4sVa,Xps Vi, 1y M2y U3) = —Xp + U1 X + UaVa + U3Vp

The adjoint equation so becomes

0
I — _——_— =
A= I 0
and
0
g JEE—
 dv A

Among the adjoint boundary conditions, only —1 — A;(1) = O constrains the state—costate
trajectory; the other equations determine the multipliers y;. The boundary-value problem therefore
becomes

vV =F/m
Al =0
A=~k
—1-24(1)=0
x(0) =v(0)=v(1)=0
. F
F(t)= ;reg[iril?] {ll (t)v+lg(t)m}

In this case in order to compute the argument minimum associated to the Pontryagin principle
we have to consider only the term related to F, and in particular this means

F(t) = argmin {lz(t)F}

Fe[-1,1] m
+1 if 12(r) <0
=4 —1 if (1) >0
[—1,1] if A2(r) =0
= —signAy(r)

and so the simplified system that determines the solution becomes

(x' =v

,  signk,

Al =0

A=~

AMi(1)=-1

x(0) =v(0)=v(1)=0

By integration it can be seen that A; can be regarded as a constant ¢; that, for the adjoint
boundary condition, is equal to —1 and so A, is in the form
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M=t+c
From now on the solution becomes analytically complex, however it can be found that ¢, = —%
determining the solution
1 r<!
F(t) = 1
-1 t>5

= Example 20.3 — optimal control problem. Given the optimal control problem

2
minimize: F(x,u) = / 2x —u?dr
0
subject to: X =1-2u
x(0)=1 x(2)=0
the solution can be obtained by computing the hamiltonian .7# and the utility function 4 related
to the problem:

A (x,u, L) :2x—u2—k(1 —2u)

B(x0,%2, 1, o) = — iy (x0 — 1) — o

With that stated, the lonely resulting co-equation is A’ = % = 2, determining so that the

solution of A(7) is in the form 27 + ¢; (where ¢; is a constant depending from the boundary
conditions). The adjoint boundary conditions aren’t useful to determine the solution because they
trivially solves the parameters i, tp. We still have the control equation that states

a;f_—Zu—i—Zl—O = u(t)=A(t)

Using the original ordinary differential equation we have that x' = 1 —4¢ —2¢ that by integration
becomes

x(t) = =22+ (1=2c1)t+c>
From the boundary condition x(0) = 1 we obtain ¢, = 1, while considering x(2) = 0 we have
¢1 = —5/4 and so the final control law is

= Example 20.4 — optimal control problem. To solve the optimal control problem

1
minimize: / t+x—y*dr
0
subject to: X =x+y y =x+yu

1
/ sinydr =3
0

x(0)=1 y(1)=0
u€[-2,3]
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the first thing to do is removing the integral constraint by transforming him in a differential
equation with 2 boundary condition as follows:

1
minimize: / t+x—y*de
0

subjectto: X =x+y

Y =x+yu

7 =siny

x(0) =1, z(0) =0

y(1) =0, z(1)=3
€ [-2,3]

The associated hamiltonian .77 and utility function 4 of the problem are

H(%,y,2, M, Aoy A3) =t +x —y*
—Mi(x+y) = Az(x +yu) — A3(siny)
B(x0,1,20,21, H1..4) = — 1 (xo - 1) — Uy
— Mazo — Ha(z1 —3)
With that stated the co-equations are computed as

o

oA
A= —a—y =2y+ A +Au+ Azcosy
M:—%fzo

Evaluating the adjoint boundary conditions for the point that present no explicit constraints (so
x1,y0) we retrieve A; (1) = 0 and A,(0) = 0. With the definition of the control equation ‘95f =—Ay
the resulting boundary value problem of the optimal control one is

X =x+y

Y =x+yu

7 =siny

A=A+ -1

A, =2y+ A+ Ay+Azcosy
AL =0

u = argmin { —Ayu}
ue[-2.3]

where the solution of the Pontryagin minimum principle is

-2
u(t) = {3 izy <0
2y >0
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= Example 20.5 — optimal control problem. Given the optimal control problem

1
minimize: F(x,y,u) = x(0) +/ 24y 4 ude
0

subject to: X =y—u, Y =x+u
x(l)=2
M(I) € [_172]

the solution can be obtained by firstly computing the hamiltonian 7 and the utility function %
of the problems resulting in

%(xhyauvll?z&) =x2+y2+u+ll(y—u)+kz(x+u)
=24y Fu(l = A +A) + Ay + Aox
B(x0,x1,1t) = x0+ 1 (x1 —2)

We can so explicit: the adjoint ordinary differential equations

M:—%f:—h—b

r_ 97 5,

the adjoint boundary conditions

0%
oA
M) =57 =p
0%
0B
and the control equation
o tde=0
du

With the addition of the original differential equation the boundary value problem becomes

X=y—u

Y =x+u

Al ==-2x—1

A==2y—M

A1(0) = —1

M=T : trivially satisfied
2(0)=2,(1)=0

1+ -2, =0

u = argmin {ﬁ(l +A - 12)}
ue[—1,2]

In this case the solution of the Pontryagin minimum principle is reduced to the form
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—1 1+4 -4 >0
2 1+4 -4, <0

Problems with linear controls and singular arc

In this section, we examine problems in which the Hamiltonian is a linear function of the control
variable u. Although linear problems are generally expected to be easier to handle, this is not
always the case. The complexity arises from the fact that the necessary condition for minimizing
the Hamiltonian with respect to the control along an optimal trajectory does not yield a well-defined
expression for synthesizing the optimal control.

Another challenge associated with this class of problems is the occurrence of discontinuities
in the control, which can be difficult to identify. Additionally, there may be an infinite number
of switching points that can accumulate at a specific time instant. Given that general results and
theorems regarding existence and uniqueness are limited in this context, it becomes necessary to
introduce additional relationships by manipulating other necessary conditions.

Consequently, problems with a Hamiltonian that is linear in terms of the control u represent
an almost independent area of research within optimal control theory. Most theoretical results in
this domain are derived using a geometric approach, involving fiber bundles and symmetry groups
rather than traditional variational techniques.

To maintain clarity and simplicity in notation, we will focus on problems with a single control
variable and fixed endpoints. The formulation of these problems is as follows:

Definition 20.1 Minimize the cost functional J subject to the dynamic x’ with the control u
constrained in |u| < 1 and the initial state x(0) = xo, where

Z/OTfo(x)+bo(x)udf
X(@t)=f(x)+bxu ie.

fo(x) and by(x) are scalar functions of the state x, u is the scalar control.

(20.2)

To further simplify the computations, we consider the scalar equation of the functional as an
extra state variable posing

xo = fo(x) +bo(x)u, x0(0) =0,

(we have already seen that this is not a loss of generality), but the key point here is that the
control appears only linearly in both dynamics and cost functional. We can write the Hamiltonian
for this system, namely

H(x,A,1) = Zf, 7L+u2b

i=

It is convenient to rename the two addends as
A(x,A,1) Z filx

B(x,A,t) = Zb

i=

so that the Hamiltonian becomes
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H(x,A,t) =A(x,A,1)+ B(x,A,t)u. (20.3)
The adjoint variables of the costate are given by the usual relation

o " J
)Li/:_ 8xl~ :_ZAJ

Jj=0

fitx) N, 9bj(x)
8in — 26 Aj 8jx,~
J=

We state now the necessary conditions for problem Equation 20.2.

Theorem 20.1 If u*(¢) is an optimal control and if x*(¢) is the corresponding optimal trajectory,
then there are a costate A*(¢) such that

e fori=1,...,n
X = filx") + '(x*)u*
L)L )
—- £ 42 a0 2,
=0 i
e forallz € [0,7] and all u(z) s.t. |u(z)| < I, holds

AX A% 0) +u™(t)B(x*, A% 1) < A(xX*, A%, 1) +u(t)B(x*,A%,1);

e If T is free, then for all 7 € [0, T]

A (A ) = A(x*, A7 1) +ut(t)B(x*,A%,t) =0, (20.4)
while, if T is fixed, then

(A1) = A, AN 1) Fut (B, A1) = ¢, (20.5)

for a real constant c.

It follows easily from equation Equation 20.3 with the PMP, that the optimal control is given by

(1) = —sign{B(x",A",1)} = —sign{i bi<x*<r>>x,-*<r>} ,

as long as the function B(x*,A”,¢) is not zero. If B becomes zero, then the sign function is not
defined. If B is zero only in a point we speak of bang-bang controls, if B is identically zero for an
entire interval 7 € (11,#,], the controls are called singular. In this case, the associated trajectory x(r)
is called a singular arc.

Singular controls

If problem Equation 20.2 results singular, controls, costate and trajectory have the following
property: there is at least one half-open interval (1,2, C [0,7] such that

ili*(t)bi(x*(t)) =0, t € (t1,n). (20.6)
i=0

As before, the existence of an extremal singular control, does not imply that the optimal control
is singular: we need additional information as uniqueness to conclude its optimality. The function
Equation 20.6 is often called switching function.
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Test for singular controls

Suppose we are in the free terminal time case, so that Equation 20.4 holds, we test if it is possible
to have a singular control as follows. First we need to assume that the switching function is zero in
an unknown interval (¢1,7,], then, because of the free end time hypothesis, for ¢ € (11,1,],

H(x, A1) = Zﬁ 7L+qu =0

Y i)k =
i=0

Moreover, for each k € N, we have that

dk & {k:1,2,3,...,

drt Z 1€ (1,0, (207)

and similarly,

dt & k=1,23,...,
ar Z)Lf, 0, { (20.8)

t € (t1,0),

However, the canonical equations (we omit explicit time dependence) are

x§:fi—|—ub,~

N Li=172....n
MZ_Z 3xj Z%é’x, {keN,

J=

Let k =1 in Equation 20.7, then by the chain rule we have

dyar TP KL AN
dl’l_zollbl_z<llbl+)~l‘];) x,-xj> =0.

i=0

Substituting the canonical equations in the previous one, yields

Zz(f, b _ aff>+ 220% ,.,g’j;):o.

i=0j=0 i=0j=0

‘We notice that the coefficient of u is zero, and we conclude that

dfi
ZZA < ’a){ f’ax]> =0. (20.9)

i=0j=0

Applying the same argument to equation Equation 20.8, gives

7Llf,

i+ A Z o/ ’)
f Jaf LA of; ob;
/L'fi& jfz l> +MZ Z (llibjng—ljfiax{>

i=0 j=0 i

aﬁ ob;\
ll( ]ax] fjax]) =0

E-:\D—
;M=

A‘/

1

I
1P
s 7/ N
&N

I
™=
TN

I
(=]
\

Il
M:

I
o
~.
Il
=)
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This last line implies that either u = 0 or

L dfi b\
L (s 5 -0

i=0 j=0

Noticing that the previous line is equal to equation Equation 20.9, we can not conclude that
u = 0, and this is true for all k£ € N.\ In conclusion, a necessary but not sufficient test for an extremal
singular control is that in the interval (¢,1,] the following relations are satisfied:

ib,ﬂi =0
i=0
Y fidi=0
i=0
non af; ob; B
§§%@wfﬁw>”

We show now how to compute the explicit expression for the singular control, we return back to
the equation of the switching function Equation 20.7 and let k = 2,3, . ... It is shown in [1:pag.487]
that those derivatives for k = 2,3, ... require extensive manipulations but have all the following
same structure:

Y Aivii(x) +u Y Aidri(x) = 0.
i=0 i=0

If Y Ai¢ri(x) = O we can perform successive derivatives of Equation 20.7, in general there will
be a finite value of k = m for which Y A;¢,,,;(x) # 0 and then the singular control « can be solved:

Z A'i Yini (x)
i=0

Z Ai¢mi (x)
i=0

Up to now we have dealt with free final time, if the final time is fixed the we have to take in
account the presence of the constant ¢ in the Hamiltonian, but Equation 20.7 and Equation 20.8 still
hold and hence also the conclusions.\ In practical problems, we must check if

Y Aidyi(x) =0
forallk=1,...,m—1 and

in(bmi(x) 7é 0

If any of the relations are violated then this represent a violation of the necessary conditions
and so singular controls can not occur, if these conditions are all met, then there may be a singular
extremal control.



Let:

x(t) e R" (state variables)
A(t) eR" (costates or adjoint variables)
u(t)ye # CR" (control variables)

We aim to solve the following Optimal Control Problem:

Objective: Minimize the performance index

®(x(a), (b)) + / " Lur) dr
~———— Ja S~~——

Mayer term Lagrange term
Bolz:form
Subject to:
1. System dynamics:
X = f(x,u,t)

2. Boundary conditions:

3. Control constraints:

Hamiltonian

The Hamiltonian function is introduced as follows:
H(x,A,u,t) = L(x,u,t)+A- f(x,u,t)
B(x4,xp, @) = P(x4,%p) + @ - b(x,4,Xp)

Where:



196 Chapter 21. OCP Transformation

A 'f(x7u7t) = Z A’kfk(xvuat)
k=1

)4
- b(xa,xb) = Z a)kbk(xa,xb)
k=1
Boundary Value Problem (BVP)

The candidate for the constrained optimal solution must satisfy the following Boundary Value
Problem (BVP):

H
X = gl(x,l,u,t) = f(x,u,r1) (state equation)
A= —a—H(x, Aut) (adjoint equation)
dox
JB .
0= %(xa, Xy, ®) = b(x,,xp) (boundary condition)
JdB .. .
0= Ix (x(a),x(b),®)—A(a)  (additional boundary condition)
JdB .. .
0= W(x(a),x(b), ®)+A(b) (additional boundary condition)
b
u(r) = argmin H (x(¢),A(t),v,1) (control equation)

vew

Remark 21.1 — Remark on Boundary Conditions. From:

0= 22 (+(a).x(6), @) ~ A(a),
0= 25 (x(a).x(b),®) + A (1),

=%,

It is often possible to eliminate @ from the boundary conditions.
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Lagrange to Mayer Transformation
Consider the following Optimal Control Problem (OCP):

Objective

Minimize the integral of the running cost L(x,u,7):
b
minimize / L(x,u,t)dt
a

Subject to:

1. System dynamics (state evolution):

xl :f(x>u7t)

2. Boundary conditions:
b(x(a),x(b)) =0

Infroducing an Auxiliary Variable
To transform the problem from Lagrange form to Mayer form, introduce a new auxiliary variable z
to represent the accumulation of the running cost L(x, u,t):
7 =L(x,u,t), z(a) =0
Reformulating the Objective
The integral of L(x,u,t) can be rewritten using the new variable z:
b b
/ L(x,u,t)dt = / 7 dt = z(b) — z(a) = z(b)
a a

Thus, the original objective of minimizing the integral can now be expressed as minimizing
z(b):
Transformed Objective

minimize z(b)

Transformed System Dynamics

The system dynamics now include both the original state x and the new variable z:

{x’ = f(x,u,1)

x,u,t)

=

/
=

Transformed Boundary Conditions

The boundary conditions now include the original condition on x and the initial condition for z:

b(x(a),x(b)) =0
0
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Reformulating the Problem Using New Variables

We can define the augmented state w to combine x and z, and correspondingly define the new
system dynamics and boundary conditions:

w= (z)’ F(w,u,t) = <L(x,u,t)>
The new objective becomes:

D(w(a),w(b)) = z(b)

The boundary conditions are expressed as:

Final Transformed Problem

The transformed OCP now takes the Mayer form:

Objective
minimize P(w(a),w(b))

Subject to:

1. Augmented system dynamics:

w = F(w,u,t)

2. Augmented boundary conditions:

c(w(a),w(b)) =0
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Mayer to Lagrange Transformation
Consider the following Optimal Control Problem (OCP) given in Mayer form.

Objective

Minimize the terminal cost ®(x(a),x(b)):
minimize ®(x(a),x(b))

Subject to:

1. System dynamics (state evolution):

X = f(x,u,t)

2. Boundary conditions:
b(x(a),x(b)) =0

Introducing an Auxiliary Function

To transform this problem from Mayer form to Lagrange form (which involves a running cost), we
introduce a new auxiliary function g(¢) that reconstructs the Mayer terminal cost ®(x(a),x(b)) as a
cumulative function of ¢. This allows us to spread the cost over the time horizon and thus define a
running cost function.

Define g(¢) as:

Here, x(7) is the state at time 7, and ®(x(a),x(¢)) represents the contribution to the cost as
the system evolves. The second term in g(t), ;=4 ®(x(a),x(a)), ensures that the cost is scaled
proportionally to the time horizon.

Deriving the running cost

Next, we differentiate g(¢) with respect to time ¢ to obtain a running cost.
First, compute g'(7):

(1) = 9¢(x((96;)b,x(t))x/(t) Cb(xéaz,z(a))

Since x/(¢) = f(x,u,t) (from the system dynamics), we substitute this into the expression:

aq)(xéi)b’x(t))f(x,u,t) N d)(xg?a_,;c(a))

g)=

Integrating the running cost

By integrating g'(¢) over the time interval [a,b], we can reconstruct the original Mayer cost
D(x(a),x(b)):

[ wa=50) s

Substituting the values of g(b) and g(a), we get:
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g(b) — g(a) = P(x(a),x(b)) + Plxfayx(a)) — Plxla)x(a)]

Thus, the integral of g'(z) gives us the original Mayer cost:
b /!
| ¢ 0)d = (x(a) x(b)
a

Defining the Lagrange running cost

Now, we can define the running cost L(x, u,t) for the Lagrange formulation of the problem. From

the expression for g’ (), we set:

IP(x(a),x(t))
8xb

P(x(a),x(a))

b—a

This running cost L(x,u,t) captures both the immediate cost rate associated with the evolution
of the state and a constant term related to the total cost scaling over time.

L(x,u,t): f(xauvt)—i_

21.3 Final Transformed Problem (Lagrange Form)

The problem is now expressed in Lagrange form:

Objective

Minimize the integral of the running cost L(x, u,t):
b
minimize / L(x,u,t)dt
a

Subject to:

1. System dynamics:

X = f(x,u,t)
2. Boundary conditions:
b(x(a),x(b)) =0

By introducing the auxiliary function g(¢) and deriving the running cost L(x,u,?), we have
successfully transformed the Mayer problem into an equivalent Lagrange problem.

Remark 21.2 In practice Mayer form, Lagrange form or Bolza form of the target are equivalent.
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Constant Parameters to Constant Functions

Consider the following Optimal Control Problem (OCP), where the performance index depends
also on constant parameters @ € RY.

Objective

Minimize the performance index, which is a combination of the terminal cost ® and the integral of
the running cost L:

b
®(x(a),x(b), 1) + / L(x,u, 1) dr

Subject to:

1. System dynamics:
The system evolves according to the following differential equation, which depends on both the
state x and the control u, as well as the constant parameters :

x' = f(x,u,p,1)

2. Boundary conditions:
The system must satisfy specific boundary conditions at the initial and terminal time points:

b(x(a),x(b),p) =0

3. Control constraints:
The control u(z) must remain within a predefined admissible set % :

u(t) e v

Here, u € R? are constant parameters that remain fixed over time. However, we can transform
the problem by introducing constant functions that represent these parameters.

Introducing Constant Functions

To rewrite the problem in a form suitable for certain optimization techniques, we introduce constant
functions for each component of the parameter vector u:

.uk(t)E.uka k:172a"'7q

Each p(7) is a constant function that satisfies the differential equation:

W (t)=0 forall ¢¢€ [a,b]

In vector form, this is written as:
/!
ui(r)=0

Reformulated Problem

By introducing these constant functions, we can now treat the parameters [l as state variables
that evolve according to the trivial dynamic equation p’(¢) = 0. This allows us to apply standard
optimal control techniques to problems involving constant parameters. The reformulated problem
is as follows:
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Objective

Minimize the modified performance index:
b
(x(a), x(b). (@) + [ LCx(1),u(e), (o) 1) o

Subject to:

1. Extended system dynamics:

2. Boundary conditions:

3. Control constraints:

Remark 21.3 By introducing the constant functions p(¢), we have transformed the original
OCP with fixed parameters @ into an equivalent OCP where these parameters are treated as
constant functions governed by the trivial dynamic equation g’(z) = 0. This reformulation allows
the use of standard optimal control methods to solve problems with constant parameters.
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Integral Constraints

Consider the following Optimal Control Problem (OCP), where the performance index is influenced
by certain integral constraints.

Objective

Minimize the performance index, which consists of a terminal cost and the integral of a running
cost:

b
Minimize d)(x(a),x(b))—i—/a L(x,u,t)dt

Subject to:

1. System Dynamics:
The evolution of the state variables is governed by the following differential equation:

X = f(x,u,t)

2. Integral Constraints:
The problem must satisfy specific integral constraints over the time interval ([a, b]):

b
/ g(x,u,r)dr=0
a
3. Boundary Conditions:
The system must adhere to specified boundary conditions at both the initial and terminal time
points:

b(x(a),x(b)) =0
4. Control Constraints:
The control input u(¢) is required to remain within a predefined admissible set % :

u(t) e

Introducing Auxiliary Functions

To effectively incorporate the integral constraints into our OCP, we introduce auxiliary functions
z(¢) that capture the cumulative behavior of the integral constraints over time. We define z(z) as
follows:

This function represents the accumulated effect of the constraint g from the starting time (a) up
to any time (t). The derivative of z(¢) is given by:

Reformulated Problem

By introducing the auxiliary function z(¢), we can reformulate the OCP as follows:
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Objective

The objective remains to minimize the modified performance index:
b
Minimize ®(x(a),x(D)) —i—/ L(x,u,t)dt
a

Subject to:

1. Extended System Dynamics:
The dynamics of the state variables and the auxiliary function can now be described as:

x = f(x,u,t)
7 =g(xu,r)

2. Integral Constraints:

The integral constraints are now effectively incorporated into the system through the auxiliary
function z(¢), allowing them to be handled dynamically.

3. Boundary Conditions:

The boundary conditions remain unchanged:

b(x(a),x(b)) =0

4. Control Constraints:
The control constraints continue to apply:

u(t) e

In summary, the introduction of the auxiliary function z(¢) enables the reformulation of the
original OCP, allowing for the integral constraints to be treated as part of the system dynamics.
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21.6 Free-Time

In some optimal control problems, the time horizon 7T is not fixed but instead is an unknown
variable that must be determined as part of the solution. This setup leads to what is known as the
free-time problem, which can be formalized as:

T
Minimize: ¢ (x(0),x(T)) + /0 Lix,u,1)dr,
u,t),

Subject to:  x' = f{(x,

where:

e x(t) is the state variable,

e u(t) is the control input,

T is the free (unknown) time horizon,
¢(x(0),x(T)) represents the Mayer cost,

(x,u,t) is the (Lagrange) running cost,

(x,u,1) is the system dynamics,

(x(0),x(T)) = 0 represents boundary conditions.

L
flx
b

Normalizing Time

To handle the unknown time horizon 7', a common approach is to normalize the time interval to a
fixed domain, say [0, 1]. This is achieved by introducing a change of variables:
t=sT, se[0,1],

where s is a normalized time variable. Under this transformation:
1. The state variable becomes X(s) = x(sT'), so its derivative transforms as:

dx dxdr

V(s) = TT.
YO == ga x0T

2. The control variable becomes &(s) = u(sT).
Substituting into the system dynamics, X' () = f(x,u,r) transforms to:

¥ (s) =Tf(%(s),a(s),sT).

Similarly, the running cost f; L(x,u,)dt becomes:

T 1
/ L(x,u,t)dt = / L(x(s),u(s),sT)T ds.
0 0
The Mayer cost ¢ (x(0),x(7)) remains unchanged under the transformation.

Reformulated Problem

Using the normalized variables and the change of variable ¢ = s7', the free-time problem can be
rewritten as:

Minimize: ¢ (%(0),%(1) +/ (X,a,sT)T ds,
Subject to: ¥ (s) = T f (%, &,s7),

b(%(0),%(1)) = 0.
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Here, T is now treated as an additional optimization variable alongside the state ¥(s) and
the control &(s). The problem is now defined over the fixed interval [0, 1], which simplifies the
numerical treatment.

21.7 Free-Time 2
Let:

Minimize: ¢ (x(0),x(T)) + A L(x,u,t)dt,

Subject to:  x' = f(x,u,t),

Normalizing Time

Introduce a change of variables:

t=sT(s), se€]l0,1], T'(s)=0

where s is a normalized time variable. Under this transformation:
1. The state variable becomes X(s) = x(s7 (s)), so its derivative transforms as:

, dx  dxdr
YO =5 wds
= X/(sT (5))(sT (5))
= X/(sT(s))(T(s) +5T'(s))
(sT(s))

=x'(sT(s))T(s)

2. The control variable becomes it(s) = u(sT(s)).
Substituting into the system dynamics, x'(¢) = f(x,u,t) transforms to:

X (s) =T(s)f(%(s),m(s),sT(s)).

Similarly, the running cost fOT L(x,u,t)dt becomes:

T 1
/0 Lix,u,1)dr = /0 L(%(s), a(s),5T (5))T(s) ds.

The Mayer cost ¢ (x(0),x(7')) remains unchanged under the transformation.

Reformulated Problem

Using the normalized variables and the change of variable ¢ = sT (), the free-time problem can be
rewritten as:

Minimize: ¢ (%(0),%(1)
(

Subject to: X
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22.1.2

The Brachistochrone Problem

One of the earliest and most renowned challenges in the calculus of variations is the brachistochrone
problem, originally posed by Johann Bernoulli in 1696. This problem can be approached from
various perspectives, particularly through the lenses of calculus of variations and optimal control
theory, which involve ordinary and differential algebraic equations (ODEs and DAEs), as well as
the principles of energy conservation.

Problem Statement

The goal of the brachistochrone problem is to determine the path of minimum time that connects
two points under the influence of gravity alone. Specifically, we consider motion in two dimensions,
transitioning from a starting point A to a fixed endpoint B. The challenge is to find the shape of the
curve along which a particle, subject solely to gravitational force, travels from A to B in the least
amount of time.

To facilitate analysis, we can establish a coordinate system with the origin at point A. In this
system, the vertical axis y points upward (opposite to the direction of gravitational force), while the
horizontal axis x is perpendicular to y, ensuring that the x-coordinate of point B is positive. Given
that the optimal path y must be a continuous curve without loops, we can represent ¥ as a function
y(x).

For simplicity in calculations, we assume that y > 0, which eliminates complications arising
from the negative direction of gravity and allows for straightforward interpretation of heights.
By applying the principle of conservation of energy, we can relate the height y, gravitational
acceleration g, and particle velocity v:

mgy = %mvz — () = V2ey(x).

This relationship indicates that the solution is independent of the mass m.

Path Length and Travel Time

The distance L traveled by the particle as it approaches endpoint B can be expressed using a line

integral:
L(y,x) = jéds = /OXB A/ 1+ (' (x))?dx.

The time taken to traverse this path is given by:
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/ v IJ; 22.1)
V28y(x)

22.1.3 Constraints

The solution to this problem involves minimizing the functional defined in equation Equation 22.1
under the following constraints:

y(0)=0,  y(xg)=—ys (22.2)

22.1.4 Solution Using Calculus of Variations

To solve the brachistochrone problem using calculus of variations, we employ the Euler-Lagrange
equation. Since the functional

)= [Pl
does not explicitly depend on x, the Euler-Lagrange equation simplifies to Beltrami’s identity:
JF d JF 8F
- =0 = F- = 223

where c is a constant determined by the constraints given in equation Equation 22.2.
For the brachistochrone problem, we can express F as:

_ [ 1Y ()? _ 1Y (x)?
\/@T—/O Tx)dx =  F(yx) = TR

Thus, the Euler-Lagrange equation Equation 22.3 reduces to:

1 +y/2 y/2
y VY +y2)

This results in an autonomous nonlinear differential equation that can be solved using separation

of variables:
/ A / dy / 1dx.
YA

2
To compute this integral, we use the substitution y = C (sin %) , which gives us the differential

dy = sin%cosgdq)

1
= y(1+y’2)zc—2:C>0.

Thus, we have:

[eso=c/
:C/<sin(2p>2d(])

=5 (0 —sing) +k
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where £ is the integration constant.
Evaluating this integral at the extrema defined by the constraints in equation Equation 22.2
allows us to determine the constants C and k. Since the starting point A coincides with the origin,

we have k = 0. The constant C depends on the coordinates of point B = (xg,ys). Specifically, we
find:

C .
xp = 5 (P —singp),
(22.4)
c
yB = —5(1 —cos¢p).
In conclusion, the parametric equations for the brachistochrone are given by:
c .
X(9) = (0 —sing).
(22.5)

¥(6) =5 (1 —cos9).

These equations describe a cycloid curve.

The geometric proof provided by Bernoulli contains spurious solutions, as noted in [11].
While the variational approach presents challenges in proving the existence of the brachistochrone,
applying optimal control theory simplifies this task. The existence of a solution can be directly
established using the Ascoli-Arzela theorem.

The brachistochrone as an optimal control problem

This example can be treated as an optimal control problem, the control is the angle ¥ of descent of
the particle. Splitting the velocity v in its two components along the xy axes, the problem can be
states as

@ =vsin ¥,

d

Y yeos U, (22.0)
dr

d

d;t} =gcost

with border conditions, if T is the time used to travel from A to B,

x(0)=0, y(0)=0, v(0)=0,
x(T)=xg, ¥(T)=ys, v(T)=vr,

for a free final velocity vy. The functional to be minimized is 7.

(22.7)

A Numerical Example

Consider the brachistochrone problem for a particle released from the origin and traveling to the
point B = (10, —3). In the variational formulation, we need to determine the constant C. This can
be achieved using Equation 22.4. Solving the nonlinear system for C and ¢p yields:

op~4.17, C~3097.

The solution is illustrated in Figure Figure 22.1.
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Figure 22.1: Variational solution to the brachistochrone problem: The left plot shows the
trajectory of the particle from the origin to point B, while the right plot displays the two components
of the solution: x in red and y in green.

When treated as an optimal control problem, as stated in equation Equation 22.6 with boundary
conditions Equation 22.7, finding an analytical solution becomes challenging. For instance, the
Hamiltonian function is given by:

H(x,y,v, A, 10,E,0) =1+ Avsin® — pvcos ¥+ Egcos V.

According to Pontryagin’s Maximum Principle (PMP), the associated boundary value problem
is:

, 9
M=y =0
o9 _ 0, (22.8)
dy
o0

E'=—"— =Asin® — pcos V.
dv
Additionally, we have:

0= aé?; = Avcos ¥ + uvsin®d — Egsin .

To avoid solving this analytically, we can use the variational formulation’s results to inform our
optimal control problem (OCP) solution. However, since equations Equation 22.5 are functions of
the spatial angle ¢ rather than time ¢, we need to establish a relationship between them using the
time functional:

()P4 (9)?
T(x,y) = /0 0 d¢. (22.9)

A brief calculation shows that:

o8 C C
T (x,y) = /0 \/;d¢ = ¢B\/;: kop ~ 1.87,
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demonstrating the tautochrone (isochrone) property of the cycloid. Thus, we can parameterize
time as t = k@, for t € [0,k¢p].
From this perspective, the control ¥ () must satisfy:

B(1) = arctan (iig;) +3

sin(t/k) > 7

= arctan (—

1 —cos(t/k) 2
This leads to:
nd = 1 —cos(t/k) ’
V24/1—cos(t/k)
cos D — sin(z /k)

Consequently, the velocity becomes:

v(t) = \/icx/l —cos(t/k).

The plots of velocity v(¢) and control ¥(r) are shown in Figure Figure 22.2.

2,0
1,3—-
1,6-
6 14
5_- 1,2—-
1,0—-
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0,6-
0,4-

14 0,2
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0 02 04 06 08 10 12 14 1,6 18 0 02 04 06 08 10 12 14 16 18
¢ b

Figure 22.2: On the left is the plot of velocity v(¢), and on the right is the control variable ().
The differential equations for the spatial components become:
Y1) = v(t) sin® = g(l —cos(t/k)),
V(1) = —v(t)cos = — & (sin(t/K)).
To compute the multipliers A, u, and &, we can use the Hamiltonian function. By substituting

for &, we are left with a single function in one unknown, A. This gives us A = —k/C. Thus, we
find that the three multipliers are:
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k
A=——==~-0.11
C Y

Asin(T /k)
== 1 —cos(T /k) ~ —0.06,
E(= V2C Asin(t /k) + (1 —cos(t /k))
o 2gk 1 —cos(t/k) '

The plot of these costate variables is shown in Figure 22.3.

0
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t
-0.02
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[—2 u q

Figure 22.3: The three multipliers are represented as follows: A in red, g in blue, and & in black.

Finally, using the ACADO toolkit to solve this same problem yields a solution depicted in
Figure Figure 22.4.

22.2 The DIDO Problem

Consider a 2D curve defined parametrically, with the following conditions:

e The curve begins and ends on the x-axis.

o The total length of the curve is fixed.

The objective is to maximize the area enclosed between the curve and the x-axis, while
maintaining the constraint that the curve’s length remains constant.

Formally, we seek the shape of the curve that maximizes the enclosed area, given that:

1. The curve starts and ends on the x-axis.

2. The total length of the curve is fixed.

This problem is often referred to as the DIDO problem, and it is a well-known problem in
variational calculus and optimal control theory.

To compute the area inside a curve we require the Divergence Theorem:

22.2.1 The Divergence Theorem

The Divergence Theorem is a fundamental result in vector calculus, connecting the flow of a
vector field through a closed surface to the behavior of the field within the volume enclosed by the
surface. It provides a powerful tool for converting complex surface integrals into simpler volume
integrals, and vice versa.
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Figure 22.4: Solution provided by ACADO.
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Statement of the Divergence Theorem (2D version)

Let S be a solid region in 2-dimensional space with a smooth (or piecewise smooth), closed
boundary curve C = 9, oriented outward. If F is a continuously differentiable vector field defined
on S, the Divergence Theorem states:

/F-nds://(V-F)dS,
C S
where:

e F: The vector field (e.g., F(x,y)).
e n: The unit normal vector to the curve C, oriented outward.
e V. F: The divergence of F, defined as:

OF, OF,
V=T

Divergence Theorem

> 0
-4 -2 0 2 4
X

Figure 22.5: 2D schema of divergence theorem. Vector field, curve 2D border and normals.

Application of the Divergence Theorem for area computation

Consider a simple two-dimensional vector field:

= (1 %)

In this case, the vector field is a linear combination of x and y coordinates, where « is a constant
that determines the relative contribution of the x-component and the y-component of the vector
field.

Divergence of the Vector Field
The divergence of a vector field is the sum of the partial derivatives of its components. For the
vector field F(x,y), we compute:

OF. OF,

VF(xay): ox +(97y
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Substituting the components of F(x,y):

d(ax)  I((1-a)y)
dx + dy

V-F(x,y) =
Taking the derivatives:

V-Fx,y)=a+(l—a)=1
Thus, the divergence of F(x,y) is 1 everywhere in the plane.

Surface Integral and the Divergence Theorem

Now, we apply the Divergence Theorem to compute the flux of the vector field through a closed
curve (C). The curve is parametrized by:

C: (x(t),y(t)), te][0,L]

The area enclosed by this curve can be computed as a surface integral of the divergence of the
vector field over the region enclosed by C. Using the Divergence Theorem, the flux through the

closed curve is:
IS| = / / 1dS
S

This is the same as integrating the divergence V - F =1 over the surface, which reduces to the
boundary integral:

(1)
5= [ FGlo.0): m\/w)zwwm
In this expression:
e The first term is the vector field F (x(z),y(t)).

( Y(1) )
—x(t)

e The second term is the normal to the curve, which is given by the vector TAETAE
X y

(the

unit normal).
e The third term is the length element of the curve, \/x'(¢)2 +/(¢)%dt.
Expanding the integral:

1= [ (o' (1)~ (1~ ()

Simplifying for a Specific Curve

Suppose we have a curve that passes through the x-axis (i.e., y(t) = 0 for some segment of the
curve). On this segment, y'(¢) = 0. In this case, the expression simplifies, and if we choose o = 1,
the integral becomes:

1= [+ )

This formula computes the area enclosed by the curve, with the integral focusing on the
(x)-coordinate’s contribution when the curve intersects the (x)-axis.
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Final Expression for the Area

Finally, if the curve is closed and the initial and final points on the curve satisfy y(0) = y(L) =0,
the total enclosed area |S| is given by:

1= [ o/

The sign of the area depends on the orientation of the curve:

¢ Positive if the curve is counterclockwise (the normal points outward).

e Negative if the curve is clockwise (the normal points inward).

This sign convention reflects the direction of the normal vector and is crucial for consistent
computation of area in physics and engineering applications.

Formulation of Dido problem

Now we are ready to formulate the Dido problem
Minimize
L
s/ xsin@dr, s=sign(b—a)
0

Under the constraints
X =cos6
y' =sin@
And boundary conditions

x(0)=b, y(0)=0, x(L)=a, y(L)=0

Solution of Dido problem
We start by defining two key functions:

H(x,9,A1,22,0) = A1 cos 0 + (sx+ A3)sin 6,
B(x0,0,X1,Y1, 01, @, 03, 04) = 01 (xg — b) + @ (yo) + @3(x1 —a) + wa(y1),

where H represents the Hamiltonian function and B encodes boundary conditions. These
functions are used to compute the adjoint equations and boundary conditions for the control
problem.

Deriving the Adjoint Equations

From the Hamiltonian H, the adjoint equations are given by:

M +H,=2{+ssin@ =0,
2/2/ +Hy = 7‘2/ =0,

which simplify to:

1. A»(t) = constant = —sc,,

2. A{ = —ssin@ = —sy’,

yielding:

Ai(t) = s(ey = y(1))-
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Boundary Conditions

The adjoint boundary conditions are derived from the B-function:

By, +A1(0) = w; +1,(0) =0,
By, +2A2(0) = mr +A2(0) =0,
By, —M(L) =3 — A (L) =0,
By, — A (L) = o — (L) = 0.

Since these equations can all be satisfied by appropriately choosing the @ parameters, we
effectively eliminate the boundary conditions.
Control Equation

The control equation is derived from the partial derivative of H with respect to 6:

Hg = —A;sin0 + (sx+ A2) cos 0,
= —5(cy —y)sinO +s(x—cy)cos 6 = 0.
This eliminates A, (¢) and A,(¢) entirely. The reduced system is a Boundary Value Problem
(BVP) that follows directly.
Reduced BVP
The resulting BVP is:

x =cosH,

y =sin#,

0= (x—cx)cosO+ (y—cy)sinb,
x(0)=b, y(0)=0, x(L)=a, y(L)=0.

Geometric Interpretation

Define X = x — ¢, and Y =y — ¢,. The third equation becomes:
0=(x—c)¥'+(r—e)y,

=XX'+YY',

_1d

@ 0 2
_2dt(X +Y?).

Integrating this relation shows that:

R2:X2+Y2:(x—cx)2+(y—cy)2,

which is the equation of a circle with radius R, centered at (cy,cy).

The trajectory described by (x(z),y(¢)) is constrained to lie on a circle of radius R centered at
(¢x,cy). The constansts are otained by matching the boundary conditions.
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An Optimal Control Problem with constraints

The following problem involves a linear control which is bounded, and a constraint on both state
and control. The formulation is

3
minimize: / (t —4)udt,
0
subject to the dynamic: x' = u,
constrained by: x(0)=0, x(3)=3, 0<u<2,
and:  g(t,x,u) =x—t—u+1<0.

The Hamiltonian for the problem is given by:

H={t—Hu+Au+pu(x—tr—u+1)
=t—44+A—put+px—r+1).
Att =0, we find that the constraint g is satisfied only if g(0) = 1 — u(0) < 0. This implies that

the initial control must be u(0) > 1.
From the Hamiltonian, we derive the equations necessary to form the boundary value problem:

8(9%::—4+7L—u:0,
u
l’z—af:—u, u>0.

The multiplier of the constraint, t, should be non-negative when the bound is active (i.e., when
g = 0) and should equal zero when the bound is inactive.
Suppose the constraint is inactive, which implies ¢ = 0. In this case, the boundary value

problem yields A = ¢, where c is a constant derived from the equation a{'ff . However, from the
9.

equation % -, we get A =4 —t.

This leads to a contradiction: there cannot be an arc where the constraint is inactive. Therefore,
on the interval [0, 3], the constraint must be sharp. By combining the two equations A’ = —pt and
t —4+ A — u =0, we obtain the differential equation:

t—44+A+A"=0.

Its solution is A (#) = oee™" — ¢ + 5 for an unknown constant ¢¢. From the multiplier we can get
p = —A' = ae~" + 1 which is non negative on [0,3] for o > e ~ 20.08553692.

The control is given differentiating g = 0 with the combination of x' = u , thatisx’ — 1 —u/ =
u—u' —1=0. The initial value of the control u(0) = 1 allows to solve the differential equation
yielding u(¢) = 1. Now from g = 0 we obtain x(r) = 1.

The presence of a minimum is given by the application of the Weierstrass condition ¢ (u) —
€ (u*) > 0, where u* is the optimal control and u > 1 is another admissible control.

Observing that ug = 0 the Weierstrass condition must be checked only for (r —4+A4)(u—u*) >
0. Notice that (t —4 + 1) is strictly positive for a > e and u > u* = 1, see Figure 22.6.

Dubins Car

The Dubins car model represents a simple car with three degrees of freedom, conceptualized as
a rigid body moving in a two-dimensional plane. In this model, the back wheels can only slide,
which complicates maneuvers like parallel parking.

If all wheels could rotate freely, parking would be a straightforward task.

The position of the car is described by the triplet (x,y, ) € R? x S, where x and y represent the
coordinates in the plane, and 8 denotes the angle of the car relative to the x-axis.
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Figure 22.6: The plotof r — 4+ A.
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From the geometry of this model (with certain constants simplified to unity), we can derive the
following system of differential equations:

x' = cos(0),
y = sin(0),
0 =u.

The objective is to drive the car from a specified position to the origin in minimum time. The
control variable u, which represents the steering angle rate change, is constrained to lie within the
interval [—2,2]. Therefore, the optimal control problem can be formulated as follows:

T
min7T = min/ 1dt s.t. lu| <2 with
0
¥ =cos(8),  x(0)=4, x(T) =0,
y =sin(0), y(0) =0, y(T) =0,
T
I —
0 =u, 6(0) =3

The control variable u appears linearly in the equations, indicating the potential for a singular
arc in the solution. The Hamiltonian for this problem is given by:

H(x,y,0, 1, 0, A3,u) = 1+ A1 cos(0) + A2 sin(0) + Azu.

From the PMP,

u = argmin 5 (x,y, 0, A1, A2, A3,u) = u = argmin Azu

ue(—2,2] ue(—2,2]
therefore we can write
2 if A< 0,
u= 7?7 if A3=0,
-2 if A3>0.

The equation of the costate are derived from the Hamiltonian,

oA
,_7:
A= dx 0
oA
— /:7:
dy 0,
oA .
—Aézﬁ:—llslne—FAQCOSG.

From the previous equations, the multipliers A; and A, are real constants. Upon further
differentiation of A}, we find that within the singular arc, A}’ = 0. Therefore, we can conclude that:

A =2160"cos 6+ A,0'sin 6 = Ajucos 0 + Ausin@ = 0,

In the singular arc, we have the condition u(A; cos 6 + A, sin 8) = 0, which implies that u = 0.
Given this information about u, we can reconstruct the singular arc. Since 8’ = u = 0, it follows
that 6(r) = K, where K is a constant. Consequently, this leads to:

x =cosK and y =sink.

Integrating these equations yields the singular arc:
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x(t) =tcosK + Kj,
y(t) =tsinK + K>,

where K; and K> are two real constants.
Next, we analyze the non-singular arc, where we have:

0(t) = —2tsign(A3) + k3.

Using the initial condition 8(0) = 7, we can solve for k3:

T
ky = —.
T2
Letting m = —2sign(A3), the associated arc becomes:

1
X(t)=cos(mt+k3) = x(t)= Esin(mt+7t/2) +ki,
1
y(t) =sin(mt +k3) = y(t)= —%cos(mt+7r/2) +ks.

We now assume that there is only a singular arc in the interval (¢4, 7], where 4 represents the
unknown switching instant. This assumption is supported by the fact that the final condition for 6
is free, leading to the conclusion that the associated multiplier A3 is zero atr = T.

Consequently, the arc is non-singular in the interval [0,4]. By examining the initial conditions,
we can infer that A3 < 0 in this interval. This results in:

1 7 T
k1:4—5:§ and kZ:—cos<§):0.

Thus, the associated trajectory is given by:

1 7
x(t) = 3 cos(2t) + X

(1) = 5 sin(2),
0(t) =2t+ z

2
We can now connect the first arc with the second, as the trajectory is a continuous function at

t = t4. This ensures a smooth transition between the two arcs.

1 7
.x(tA) =1 COSK+K1 = ECOS(ZIA) + 57

1
Y(ta) =tasinK + K, = 3 sin(2z,),

0(t4) :K:2tA+g.

We can also impose the final conditions
x(T)=TcosK+K; =0,
y(T)=TsinK+K, =0.

This forms a nonlinear system of five equations involving the five unknowns K, K;, K>,t4, and
T. We will solve this system next.
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By performing some algebraic manipulations, we can simplify the relationships among K, K1,
and K. This reduction leads us to two equations with two unknowns: T and f4.

—Tsin(2t4) +148in(2t4) + = cos(2tA) =0,
1

7
2
T cos(2t4) —tacos(2t4) + = sin(2t4) = 0.

2™

By multiplying the first equation by cos(2¢4) and adding it to the second equation multiplied by
sin(2t4 ), we can combine these terms. Similarly, if we multiply the first equation by sin(2#4) and
add it to the second equation multiplied by cos(2#4), we obtain:

1 7
3 += 7 cos(2t4) =0,
7
T+t + 5 sin(2tA) =0.
From this pair of expressions, it becomes straightforward to solve for the switching instant #4

and the final (minimum) time 7. Consequently, we can also determine the three constants K, K7,
and K».

T 1 1
=——= - ~0. 194

ta 73 arccos 7 0.857071948,
T 1 1

T == — —arccos = +2V3 ~4.321173564,
2 2 7

K= 37” - arccos% ~3.284940223,
2

K, = 2v3 (n arccos +4\f ) ~4.276852666,
T 1 1 23

K, = 1 arccos 7 + — ~0.6173105091.

These constants allow us to fully characterize the state of the system at any time ¢ € [0, T]. Next,
we need to specify the costate. We have already established that A; and A, are constant. For A3, we
have the differential equation given by

_ot
90

for the singular arc. To set up a nonlinear system involving the three unknowns A;, A, and
A3, we require two additional equations. One of these can be derived from the Hamiltonian itself,
which is autonomous and thus equal to zero. The third equation can be expressed as the multiplier
in the interval [0,4]:

=0

A A
As() = —?‘cos(zt+k3) - gsin(zmkg) +25(0).

Here, we introduce a fourth unknown, A3(0), but we do not require an additional equation for it.
Consequently, the nonlinear system at t = #4 is given by:

J=1+A1cos(0)+ Azsin(0) +Az3u =0
Ai(ta) = —a;: =A1sin@ — Ay cos0 =0,
)L3(t,4) = /ZCOS(ZIA +k3) — /Iz/2Sin(2tA +k3) —}—13(0).

The solution of the system gives the following expressions,
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cos(k3) 4
= ==-v3 =0.9897433188
'™ sin(2ty)cosks —sinKcos(2ty) 7 V3 ’

sin(k3) 1
= == ~0.1428571429
7 sin(2ty)cosks —sinKcos(2t4) 7 ’

1
A3(0) = —5

In Figure Figure 22.7 the plots for state, costate, control and trajectory.
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Figure 22.7: Variational solution to the Dubins car problem. On the top left the states , on the right
the costates, below the control and the trajectory.

22.5 Four Singular Optimal Control Problems

In this chapter, we present four optimal control problems (OCPs) that feature singular arcs. Three of
these examples are drawn from the PROPT handbook, which accompanies a commercial software
tool for solving OCPs.
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Most of these problems are discussed in [8], though only a few provide exact solutions. Here,
we present the analytical solutions to some of these problems, enabling a precise comparison with
the numerical solutions generated by the software used for benchmarking.

Optimal Control Problem with Singular Controls

In optimal control theory, when the Hamiltonian .77 is linear in the control variable u, the solution
may exhibit discontinuities. If the switching function associated with the control is not sustained
over an interval—meaning the coefficient of u in ¢ equals zero only at isolated points—the control
is classified as bang-bang. A bang-bang control always takes on extreme values from the control
set.

Conversely, if the coefficient of u in 77 is zero over an interval, the control is termed singular.
In this case, the choice of ¥ must be derived from information beyond Pontryagin’s maximum
principle. The moments when the optimal control transitions between states or switches to singular
controls are referred to as switch times, which can be challenging to identify.

22.5.1 Singular 1

Consider the problem of minimizing the functional:

1
minimize: / (x—1+%)%dt,
-1

subject to: X' =u,
with control bounded by: |u| < 1.

The Hamiltonian for this problem is given by:

H = (x—1+1*) + Au+ pe(u),

where p.(u) is a penalty function designed to manage constrained controls within the interval
[—1,1]. An example of such a function is

pe(u) = —€ln (cos (gu)) :

As € — 0, this function approaches zero within the interval [—1, 1] and increases to infinity
outside that range. Consequently, the Pontryagin maximum principle becomes ineffective in this
scenario.

The stationarity condition for the optimal control problem is:

=0.

0 dpe(u)
M
This leads to:

l@%z—egmn<gu0D —
(znx@)
€

2
u(t) = lin(l)_E arctan
E—

>=_%mmm.

Thus, when A # 0, the control takes values u = +1. When A = 0, the control is singular.

The state is not specified at the boundaries, leading to the transversality conditions A(—1) =
A(1) = 0. Differentiating the Hamiltonian with respect to x provides information about the
multiplier A:

oA

k, = —W = —2(X— 1 +[2).
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Integrating this expression yields:

:—2/ 5) —1+5%)ds+k, (22.10)

where k € R can be determined using the initial condition A(—1) = 0:

0=A(— :—2/ $)— 1482 ds+k = k=0.

Substituting £ = 0 into equation Equation 22.10 allows us to write:
= =-2 / —1+5%)ds =

_1(()—1+s)ds—0.

For ¢ in the interval [t4,5] C [—1, 1], where A(¢) = 0, we have:
0=A(r)

:—2/ = 1+2)ds—2 [ (x(s) = 1+5%)ds 22.11)

7\
A1) 2/ §) = 1+5%)ds.

Differentiating the right-hand side gives:

U dt(z/ —1+sd>

x(t) =14+ =0, 1€ [ta,1p).

Thus, when the control is singular, we find that

x(t)=1—1°,

and from the dynamics of the problem,

u(t)= -2t fort € [t,1p].

It is important to note that for |¢| > 1/2, the control u(t) = —2¢ does not satisfy the imposed
bounds. Therefore, we need to identify two switching times, #4 and g, such that x' = u and |u| < 1.
Fort € [—1,t4), we have u(t) = 1, and for 7 € (¢, 1], we have u(r) = —1. The corresponding state
equations are then given by:

e Fort <ty: x(t)=t+a

e Fort > tp: x(t) = —t+b.

From Equation 22.11 and the fact that for ¢ € [t4, ], x(t) = 1 —¢2, it follows that A (t4) = 0, i.e,

0=A(tx) ——2/ s)—1+s2)ds
:—2/ (s+a—1+s%)ds
-1

1 , 17
=-2 L(rAJrl) <IA+2tA—2+3a>] .

This expression is equal to zero for
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1, 1.7 1, 1.7
= — =1y — —t = —= x(t) =1t — <ty — =t —. 22.12
a=—3i—glat g = x(0)=1— 3~ tat o (22.12)

Now, because x is continuous, in the switching point must hold 4 +a =1 — tﬁ. From that

equation it is possible to solve t4 = —% and a = %.

With similar consideration it is possible to solve b and #5: in fact,

1
0=2(1) = A(13) _2/ X(s) = 14 s2ds —

1
/ x(s) —1+s*ds =0.

14:]

Using the expression x(¢) = —t + b for t € (1, 1], the previous integral yields

1
0:/ —s+b—1+s*ds
1533

1 1 7
= ——(tg—1) (15— =tp— = +3b
which gives the same result of equation Equation 22.13,

7 1 1 7
b=——th——tg+— = x(z):—t—§t§—6t3+6. (22.13)

Again, for the continuity of x, —tz +b = 1 —t3, implies that t5 = % and b = %. This also shows

the symmetry of the solution. With this optimal control u and state x the minimum of the functional
is

1 —1/4 9 2
/ (x—1+t2)2dt:/ t+——1+12) dt
-1 -1 16
1 0 5 2
+/ i ——1+47) dr
1/4( 16 )
9

=—=0. 125.
1280 0.00703125

Collecting the three phases the analytical solution of the optimal control problem is,
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Figure 22.8: Variational solution to the singular arc problem. On the left the trajectory of the state
x(1), in the middle the control u(z) and on the right the costate A (7).

In Figure 22.9 the numerical solution obtained with ACADO.

22.5.2 Singular 2

The first example is relatively straightforward from an analytical standpoint and could be ap-
proached using intuition alone. However, it has been explored by several researchers—including
Jacobson, Chen, Huang, and Luus (refer to Example 10.2.1)—who have shown that achieving a
reliable numerical solution is more challenging than it initially appears. The dynamical system is
characterized by two equations and a functional:
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THE STATE x

THE CONTROL INPUT u

05 - E

035 —_— -

minimize: x(7)
/

subject to the dynamic: x;(¢)" = u(t),
with control bounded by: |u| < 1.
The boundary conditions provided are x;(0) = 1 and x,(0) = 0, leading to the conditions

A (T)=0and 2,(T) = 1, where T is the final time, set to 7 = 2. The Hamiltonian for this problem
is given by:

1
I = Mu+ Elzx%.

The equation of the costate are derived from the Hamiltonian,

d.H
oA

A = — =
0x3 0,

Thus, we have A,(z) = 1, which is constant. Assuming there is only one switching point, we
can infer that the singular arc is the second one. By deriving the multiplier A; in the singular part,
we obtain the singular control. From the equation A{ = —x;, we find that A = —x| = —u = 0.
This indicates that the control is zero within the singular arc.

Next, we can integrate the dynamical system to determine both the state and the costate. The
resulting expressions are:
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xl(t) =K,
XZ(Z‘) = let—i-Kz,
A(f) = —Kt +2K,
(1) =1,

for some constants K and K, that need to be determined, and for ¢ € [t4,T], where #, is the
unknown switching time.

In the first arc, the control is derived using Pontryagin’s maximum principle, resulting in a
constant control of u(t) = —1 for ¢t € [0,#4). By applying the initial conditions, we can solve for
the state, yielding:

xl(l‘):—t-l—l,
1y 1,
t)=—t"—~t"+ =t
Xz() 3 5 +2,
l,
)Ll(t):? —t+ Ao,
(1) =1,

forr € [0,24). By applying the continuity of the states at the switching point, we can establish
a nonlinear system involving the unknowns K, K», Ay, and t4. This system yields two solutions:
one lacks physical significance, while the other provides t4 = 1, K =0, K, = %, and Ay = %
Consequently, the corresponding value for x,(7') is é. The plots of the system are illustrated in
Figure 22.10.

19 1
0.8 4 ]
0.5
0.6 ]
0 ———— . '
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0.2 -0.5 1
0 L s E s "\l T 1
0 0.5 1 1.5 2
¢ -1
— = |_ﬁ.1 12—u|

Figure 22.10: Variational solution to Singular Problem 1. On the left the states, on the right the
costates and the control.

Singular 3
Constrained 1d vehicle

In this section, we analyze the model of a one-dimensional vehicle. We will explore various types
of control strategies: a linear control based on jerk and a quadratic control on jerk. The linear
control results in both singular and bang-bang arcs, while the quadratic control provides a smoother
control profile.
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The optimal control problem can be formulated as follows:

T
min/ 1+ wJ?dt
0

where w is set to zero in the first case, and w = 0.1 in the second case, subject to the following

dynamic and path constraints:

s =v
V' =a(p)
p=J
with boundary conditions:
5(0) =0, s(T) =200
v(0) = 10, v(T)=10
p(0) =0, p(T) = free

The path constraint is

ap p>0,
amin*a(p)goa a(p):p~{
a p<O.
where the constants are amyi, = —5, a; = 3 and a, = 10. The state p is constrained in [—1, 1]

and the control J € [—1,1].

Jerk as quadratic control

200 30

150

20

0.05

-0.1

-0.05

-0.2

-0.10

0.5

-0.5

0.2

-0.2

-04

-0.6

-0.8

-1

Figure 22.11: In red, green and blue respectively, on top the three states s, v and p, below the

corresponding multipliers A1, A, A3.}
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Figure 22.12: On the left the control J, on the right the acceleration a().

22.5.4 Singular 4
Dadebo exampile 1

Here we analyze the problem proposed by many researchers which is stated in the paper by Dadebo
et McAuley.
minimize: y(1)
subject to the dynamical evolution
X =u
y/ — x2 + u27
with boundary conditions x(0) = x(1) = 1 and y(0) = 0.
The Hamiltonian for this problem is
H = Au+u(x* +u?),

The adjoint equations are given by A’ = —2ux and p’ = 0, with the boundary condition
(1) = 1. The control is defined as u = —ﬁ. Consequently, the multiplier p is constant, so we
have u(r) = 1.

Differentiating the equation for A’, we obtain A” = —2x' = —2u = A. This leads to the
characteristic equation, which has the general solution:

A(t) = ae + e,

where o and 3 are unknown constants. From the multiplier A, we can express the control as:

o
u(t) = —Ee’ - ge_’.
Finally, the state x is determined by the differential equation x’ = u, yielding:

o
x(t) = —Eet + ge_’ +c,
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where ¢ is a constant. The state y can be obtained from the equation y' = x> + 12, which results

in:
2 2
o o
= Tez’ + %e—zz +c?— —f —oce' + Bee’
2 2
2@ o BTy aP
u = n e” + n e "+ B
2 2
a
= 762t + ﬁzezr +c? —oce +Bee!.

Therefore, by integrating the last equation, we can compute the state y, which is given by:

062 BZ
y(t) = Te% — e ¥4+t —ace —Bee +k

4

for an unknown constant k, which can be determined using the boundary conditions. We can
find the four constants a, 3, ¢, and k by solving the following nonlinear system:

x(O):—Z+§+c:l
a B
1)=—— — =1
x(1) 2e+2e +c
OC2 BZ

Ht=0)=H(t=1) = —oc+Pc=—ace+Pce .

The last equation arises from the constancy of the Hamiltonian along an optimal control and
can be simplified to ¢(8 — o) = c(Be ' — ae). Thus, if ¢ # 0, we find that ¢ = — =0 and ¢ = 1.
Substituting these values into the third equation of the nonlinear system yields k£ = 0, resulting
in one extremal solution given by x(¢) = 1, y(¢) =, and u(r) = 0. Consequently, the minimized
functional is y(1) = 1.

However, the nonlinear system also admits another solution when ¢ = 0. From the first equation,

we have B = o + 2, which, when substituted into the second equation, gives o = 1%38 and B = lz—fe
Plugging these values into the third equation results in k = Z—i

This alternative solution yields a lower minimized functional compared to the previous one,
achieving an optimal value of:

e—1

1 ~0.9242343144.

y(1)=2-

22.6 Free time problems
22.6.1 Example 1

Given the free time optimal control problem

T
minimize: / (1 +t2)u2 +ydt
0
subject to: X =y+u ' =xy
x(0)=0 yT)=1
the first thing to do is to rewrite the statement in a form where the integral bound are known by

performing a change of variable { that we arbitrary set to be defined in the domain [0, 1] resulting
in the transformation { = 7/T. The optimal control problem can so be stated as
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minimize: /01 ( (C)z)u2 ))T(C)dC
() =1( C)( (&) + )
subject to: (€)= T(C)X(C))’(C)
T'(§)=0
- ]x(0)=0
and BC: { (=1

The hamiltonian 7 related to such problem is so

X A
H ((y) , (lz) N2 C) =T(1+8T?)u> + Ty —MT (y+u) — L Txy+ 043

T A3

Considering the original ordinary differential equation of the problem and the addition of the
co-equations the system that needs to be solved is

Y() =T Q) +u(?)
V() =T@XENQ)
r'(E) =0
H(©) = -2 T (@nE)
, oA
M0 = =257 = 1)+ M) + R ETER(E)
M) = =22 = P30T Ay -+ (14 Aoy

x(0)=0

y1)=1
A(1)=0
A2(0)=0
A3(0) =2A3(1) =0

We also need to consider the control law
0
du

that becomes
2T (1+8*THu—24 =0

and so we can explicit the control u as
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22.6.2 Example 2 (exam’s simulation)

Given the optimal control problem in the control « and states x,y
1
minimize: / (1 + x2) u? dr
0

subject to: X' =xy—u

Y =x+u

/Ol(eru)dt:Z

¥(0) =2
the first thing to do is remove the integral constraint by adding a new state variable z such that

z’:x—i—u

with boundary conditions

z(0)=0 and z(1)=2

with that the problem becomes

1
minimize: / (1 + xz) udt
0

subject to: X =xy—u
Y =x+u
d=x+u

y(0)=2 2(0)=0 z(1)=2
We can so compute the Hamiltonian .77 and the utility function Z of the problem as
M

X
H vy, ], ur :(1+x2)u2+ll(xy7u)+7Lz(x+u)+7Lg(x+u)
Z 13

%()’07207217!1171127#3) = Hi (yo - 2) + Uz + U3 (Z1 - 2)
The control obtained by the Pontryagin maximum principle is the solution of u that verifies

‘9;}5) =0, and so we have
8;9%” :2(1+x2)u—ll +A+ A3
u
N8
o) = 210 =120 = 50

2(14x()?)
The additional adjoint ODE are described by the following derivatives:

l{:—W:—quz—lly—lg—/h
oA

N

M=
9K

/——7:

M=-" =0

while the adjoint boundary conditions are
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0B oA
05— oA

A2(0 - A =0
0) = T M 2(1) = E

0% 0%
// M

Some expression have been cancelled out because they are trivially solved for y;.

Thus the BVP become
X =xy—u
Y =x+u original ODE
7=x+u
Al = —2xu* — My —Ar— A3
A =—Aix adjoint ODE
2=0
¥(0) = 2}
z2(0)=0 original BC
z(1)=2
A1(0)=0
Ai(1)=0 adjoint BC
A (1)=0
= )L]Z(_lzjx_z) 3 Pontryagin

22.6.3 Example 3 (free time problem, 2 controls)

Given the free time optimal control problem in the controls u, w and states x,y

T
minimize: / (x2 + yz) dt
0
subject to: X =yu
y/ =X+w
x(0)=0 y(0)=0 yT)=1
u,we [—1,1]

the first thing to do is to transform the problem in fixed boundary optimal control problem by
performing the change of variable t = { T'({) (with { € [0,1]) and so

+y4())dg

U

minimize: T(

)(*(¢

™
I
~
—~
™
~—
<
—~ ~—
X
~—
<
—~
™
~

subject to: X
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From now on all the functions will be represented as depending from the independent variable
£ and it won’t be written any more. With that said we can compute the hamiltonian .7 and the
utility function £ of the problem as

X 7L1
H vy, A ,(::) :T(x2+y2)+7LlTyu+7LzT(x+w)+O-7Lg
T A3

B (x0,¥0, )1, s M2, M3) = HiXo + Hayo + 3 (y1 — 1)

The solution of the controls obtained by the Pontryagin principle becomes

X Al
(W)= argmin | |y |,| A 7<M>
() €[~ 1,1)x [~ 1,1] T A3

= argmin T (x> +y*) + A Tx+T(Ayu+ o)
() €[~ 1,1 x[~1,1]

= argmin T (Ayu+Aw)
(u,w)e[—1,1]x[-1,1]

= argmin Ayu~+ Ay
(u,)€[=1,1]x[=1,1]

to find the minimum you can use KKT

minimize
fluy,w) =Ayu+ 2
subject to
—1<u<l, —1<w<l,
Lagrangian

L(uyw, Uy, o, 43, ta) = Lyyu+Aow — g (1 —u) — o (1 4+ u) — uz (1 —w) — pa(1+w)

Nonlinear sistem for Pontryagin

(0y L =My + i — =0

WL =X+ U3~y =0
Hi(1=u) =0 (22.14)

po(l+u)=0

‘U,3(1—W) =0

pa(l+w) =0

The solution of Equation 22.14 is the following:
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—1 Ay >0

u({) = { undefined A;y=0
+1 Ay <0

—1 >0

= < undefined A, =0

[ +1 Ay <0

remember that must be 7 > 0 for T < 0 solution is discarded.

We that stated we can build the boundary value problem solution of the free time optimal
control problem by adding at the initial ODEs and boundary conditions the the adjoint ones and the
control law (related to Pontryagin minimum principle):

\

adjoint ODE

Pontryagin

X =Tyu
y =T(x+w) p original ODE
T'=0
d
Al = I T —doT
dx
oA
(=27 = oTy—MT
A’Z ay y 1tu
d
Az = —7% =2 -y —Ayu—2a(x+w) |
x(0)=0
y(0)=0 original BC
y(1) =1
AM(1)=0
A3(0)=0 adjoint BC
A3(1)=0
—1 11y> 0
u = ¢ undefined A;y=0
1 ley< 0
—1 ;Lz >0
w =< undefined A, =0
1 12 <0

The solution of the boundary value problem are in the independent variable {, so to have the
final solution in the time variable 7 every control/state law must be evaluated in 7 = { T'({).






1 The OCP problem
Minimize

b
P(x(a) x(b).p) + / L(x,u,p,t) dt

R M;;er Lagrange )
Bolza
Differential constraints
X = f(x,u,p,t)

Boundary conditions
b(x(a),x(b),p) =0
Integral constraints
b
¥ (x(a).x(0),p) + | g(x.u,p.r)dr =0

Controls bounds
u(t)ew

Tranformation
Minimize
b
®(x(a),x(b),p) —i—/ L(x,u,p,t)dt

Differential constraints

x' = f(xu,p,r)

/

7 =g(x,u,p,t)
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Boundary conditions

Controls bounds

Functional

b
B(x(a),x(b), p,®,n) +n-2(b) +/ (H(x,l,p,u,p,t) —A-xX—p -z’)dt
where

H(x,A, 1L u,t) = L(x,u,t)+ A f(x,u,t)+ L g(x,u,t)

B(xa,Xb,p, mvn) = @(xa,xb,p) +0 -b(xa,x;,,p) +n -‘P(X(Cl),X(b),p)

variation and integration by part of —A - 6x’ and — 1 - 67’

b b
[ -snx—nsxa=[ —SA-x’—[;(A-Sx)—l/-Sx] i

b
:/ (= 8A-x +1"-8x)dr +A(a)8x(a) — 1. (b)3x(b)
b b d
/—6u~z’—u-6z’dt:/ —6,u-z’—[dt(u-5z)—u’-6z]dt

:/ab (—Su-z'+#'-5z)dt+#% ) —11(b)Sz(b)

52(a)=0
after variations:

Variation of

0x(t), 6x(a) e dx(b)

)L’—l—aal;l(x,l,u,u,t) =0

gxi (x(a),x(b),p,@,1m) +A(a) =0

aai(x(a)ax(b),p,w,n) —A(b)=0
Variation of
6z(1) e 6z(b)
p'=0
} = p@)=n
n—pd)=0
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Variation of
op

Variation of

OA(t) e Opu(r)

Variation of
onew

eliminate z(7)

thus, BC become

23.1 The BVP

B
op

b oH
(x(a),x(b),p,(o?n)_{_/ E(x,l,‘u,u,t)dt:o

x/ = gs'l(x7l7“7u7t) :f(x’u’p’t)

JoH
Z/ = ﬁ('xvl’#vuat) :g(xauapat)

¥ (x(a),x(b),p) +2z(b) =0

b(x(a),x(b),p) =0

b
2b) = zla)+ [ gleupr)a
=0

b
¥ (x(a),x(b),p) —i—/a g(x,u,p,t)dt=0

The original ODE

1 BVP after variation

Adjoint equations

/

X' = f(x,u,p,t)

,  OH
A _—E(x,l,y,u,t)

Original Boundary Conditions

b(x(a),x(b),p) =0

Adjoint Boundary Conditions

0B
ox,

(x(a),x(b),p,0,Mm) +A(a) =0

JB

&—%(x(a)»x(b),p,w,n) —A(b)=0
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Integral Constraints

b
¥ (x(a),x(b), p) +/a g(x,u,p,t)dt =0

Optimization Parameters
JdB b oH
W (x(a),x(b), p,®,M) +/a £ (x,A,m,u,t)dt =0
Pontryagin maximum principle (minimum principle)
u(t) = arg minH (x(t), A(t),1,v,1)

vew
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