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ABSTRACT

In today’s world, optimal operation of ever-growing industries and markets often
requires solving optimization problems with unprecedented sizes. Economic dispatch
of generating units in power companies, frequency assignment in large mobile commu-
nication networks, profit maximization in competitive markets, and optimal operation
of smart grids are few examples of many real-world problems which can be closely
modeled as optimization over a large number (tens of thousands) of integer- and
real-valued decision variables. Unfortunately, majority of the existing commercial
off-the-shelf software are not designed to scale to optimization problems of this size.
Moreover, in theory, these optimization problems often fall into the class NP-hard -
meaning that despite the tremendous effort towards modernization of optimization
algorithms, it is widely suspected that no algorithm can find exact solutions to these
problems in a reasonable amount of time.

In this thesis, we focus on some of the NP-hard problems in control theory. Thanks
to the converse Lyapunov theory, these problems can often be modeled as optimiza-
tion over polynomials. To avoid the problem of intractability, we establish a trade off
between accuracy and complexity. In particular, we develop a sequence of tractable
optimization problems - in the form of Linear Programs (LPs) and/or Semi-Definite
Programs (SDPs) - whose solutions converge to the exact solution of the NP-hard
problem. However, the computational and memory complexity of these LPs and
SDPs grow exponentially with the progress of the sequence - meaning that improving
the accuracy of the solutions requires solving SDPs with tens of thousands of deci-
sion variables and constraints. Setting up and solving such problems is a significant
challenge. Unfortunately, the existing optimization algorithms and software are only
designed to use desktop computers or small cluster computers - machines which do

not have sufficient memory for solving such large SDPs. Moreover, the speed-up of



these algorithms does not scale beyond dozens of processors. This in fact is the reason
we seek parallel algorithms for setting-up and solving large SDPs on large cluster-
and/or super-computers.

We propose parallel algorithms for stability analysis of two classes of systems: 1)
Linear systems with a large number of uncertain parameters; 2) Nonlinear systems
defined by polynomial vector fields. First, we develop a distributed parallel algorithm
which applies Polya’s and/or Handelman’s theorems to some variants of parameter-
dependent Lyapunov inequalities with parameters defined over the standard simplex.
The result is a sequence of SDPs which possess a block-diagonal structure. We then
develop a parallel SDP solver which exploits this structure in order to map the com-
putation, memory and communication to a distributed parallel environment. We pro-
duce a Message Passing Interface (MPI) implementation of our parallel algorithms
and provide a comprehensive theoretical and experimental analysis on its complexity
and scalability. Numerical tests on a supercomputer demonstrate the ability of the
algorithm to efficiently utilize hundreds and potentially thousands of processors and
analyze systems with 100+ dimensional state-space. We then apply our algorithms
to two real-world problems: Stability of plasma in a Tokamak reactor, and optimal
electricity pricing in a smart grid environment. Finally, we extend our algorithms to
analyze robust stability over more complicated geometries such as hypercubes and
arbitrary convex polytopes. Our algorithms can be readily extended to address a
wide variety of problems in control; e.g., Ha/Ho control synthesis for systems with
parametric uncertainty, computing control Lyapunov functions for optimal control

problems, and analysis and control of switched/hybrid systems.
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Chapter 1

INTRODUCTION

Consider problems such as portfolio optimization, path-planning, structural de-
sign, local stability of nonlinear ordinary differential equations, control of time-delay
systems and control of systems with uncertainties. These problems can all be formu-
lated as polynomial optimization and/or optimization of polynomials. In this disser-
tation, we show how computation can be applied in a variety of ways to solve these
classes of problems. A simple example of polynomial optimization is f* = ImIIGIél p(x),
where p : R" — R is a multi-variate polynomial and ) C R". In general, since p(x)
and () are not convex, this is not a convex optimization problem. In fact, it has been
proved that polynomial optimization is NP-hard (L. Blum and Smale (1998)). Fortu-
nately, algorithms such as branch-and-bound can find arbitrarily precise solutions to
polynomial optimization problems by repeatedly partitioning () into subsets ); and
computing lower and upper bounds on p(z) over each @);. To find an upper bound
for p(x) over each Q;, one could use a local optimization algorithm such as sequential

quadratic programming. To find a lower bound on p(z) over each @);, one can solve

the following optimization problem.

* = max
B nax y

subject to p(x) —y > 0 for all z € Q;. (1.1)

This problem is in fact an instance of the problem of optimization of polynomials.
Optimization of polynomials is convex, yet again NP-hard. We will discuss optimiza-

tion of polynomials in more depth in Chapter 2. In the following, we discuss some of



the state-of-the-art methods for solving optimization of polynomials - hence finding
lower bounds on [*.

1.1 Sum of squares method

*

One approach to find lower bounds on the optimal objective 8* is to apply Sum
of Squares (SOS) programming (Parrilo (2000), Papachristodoulou et al. (2013)). A
polynomial p is SOS if there exist polynomials ¢; such that p(z) = >;_, ¢:i(x)*. The
set {¢; € R[z],i=1,---,r} is called an SOS decomposition of p(x), where R[z] is the

ring of real polynomials. An SOS program is an optimization problem of the form

min '
rER™
subject to  A;o(y) + ijAm(y) is SOS,i=1,--- kK, (1.2)
j=1

where ¢ € R™ and A, ; € R[y] are given. If p(z) is SOS, then clearly p(xz) > 0 on
R”™. While verifying p(z) > 0 on R™ is NP-hard, verifying whether p(x) is SOS -
hence non-negative - can be done in polynomial time (Parrilo (2000)). It was first
shown in Parrilo (2000) that verifying the existence of a SOS decomposition is a
Semi-Definite Program (SDP). Fortunately, there exist several algorithms (Monteiro
(1997); Helmberg et al. (1996); Alizadeh et al. (1998)) and solvers (Yamashita et al.
(2010); Sturm (1999); Tutuncu et al. (2003)) which solve SDPs to arbitrary precision
in polynomial time. To find lower bounds on 5* = min,egn p(x), consider the SOS

program

Yy =max vy
yeR

subject to p(x) — y is SOS.

Clearly y* < *. One can compute y* by performing a bisection search on y and using

semi-definite programming to verify p(z) — y is SOS. SOS programming can also be

2



used to find lower bounds on global minimum of polynomials over a semi-algebraic set
S:={reR":g(x) >0,i=1,---,m} generated by g; € R[z]. Given Problem (1.1)
with € S, Positivstellensatz results (Stengle (1974), Putinar (1993), Schmudgen
(1991)) define a sequence of SOS programs whose objective values form a sequence of
lower bounds on the global minimum #*. For instance, Putinar’s Positivstellensatz

defines the optimization problem

Yq = max Yy
yeR
m

subject to  p(x) —y = so(z) + 3 si(w)gi(w), s: € Sau, (13)
=1

where Yo, denotes the cone of SOS polynomials of degree 2d. Putinar (1993) has
shown that under certain conditions (verifiable by semi-definite programming) on S
and for sufficiently large d, y; = #*. See Laurent (2009) for a comprehensive discussion

on the Positivstellensatz results.
1.2 Moments method

As a dual to SOS program, Lasserre (2001) used the theory of moments to define
a sequence of lower bounds for global optima of polynomials. Let 5* := min,cg p(x),
where S := {z € R" : g;(x) > 0, = 1,--- ;m} is compact and p(x) := > p,z®
with the index set W), := {a € N" : ||af|y < p}. Let us denote the degree o(gegvfpby e;.
Then, Lasserre (2001) showed that z; defined as
24 = mzin Z PaZe
aeW,

subject to  My(z) >0

Mg (giz) >0 fori=1,---,m, (1.4)



is a lower bound on $*. In Equation (1.4), z := {24 },¢,,,» Where 2z, 1= Jo x®p(da) is
called the moment of order o and is represented by any probability measure! 1 on
R™ such that p(R\S) = 0. Moreover, M,(z) is called the moment matriz associated

with sequence z and in two dimensions is defined as

1 2[1,0] 2[0,1] : 212,0] 2[1,1] 2[0,2] e 2[d,0] 210,d]
——— - - - - == I — — = - - - - - - - = — = l—— == — == - = - = — = — = — -
<[1,0] i Z[2,0] <[1,1] i Z[3,0] <[2,1] <[1,2] i T i Zld+1,0] Z[1,d]
Zoa | A Foal 1 Ay Az Fed 1) Ay Tt Fedry
<[2,0] i <[3,0] <[2,1] i <[4,0] <[3,1] <[2,2] i T i 2d+2,0] <[2,d)

Md(z): <[1,1] i <[2,1] <[1,2] i <[3,1] <[2,2] <[1,3] i T i Rld+1,1] 2[1,d+1]
oz ) A A8 1 Fea | s FAedl 1001 Fed T Foasd
| | | |
| | | |
——— - - - - — - - - — = l— = — = = — = - - - — = - — - = = — == — = = = — - — - - - — — -
| | | |
<[d,0] : 2[d+1,0] <ld,1] : Rld+2,0]  A[d+1,1] <[d,2] : T : <[2d,0] Z[d,d)]
| | | |
| | | |
| | | |
210,d] : Z1,d]  Z[0,d+1] : Z[2,d] Z1,d+1]  2[0,d+2] : T : 2[d,d] Ct Z0,2d]

It can be shown that the SDPs in (1.4) are duals to the SDPs in (1.3) - implying
that y4 < 2z4. Indeed, if S has a non-empty interior, then for all sufficiently large d,
the duality gap is zero, i.e., yq = z4. See Laurent (2009) and Jeyakumar et al. (2014)
for conditions on convergence of the lower bounds to global minima and extension of
moments method to polynomial optimization over non-compact semi-algebraic sets.

In the sequel, we explore the merits of some of the alternatives to SOS pro-
gramming and moments method. There exist several results in the literature that

can be applied to polynomial optimization; e.g., Quantifier Elimination (QE) algo-

Let X be a set and M be a o—algebra over X. Then p : M — [0, 1] is a probability measure if
1. p(0) =0and u(X)=1.

2. For all countable collections {S; };cn of pairwise disjoint subsets of M, u( U S;) = > u(S:).
iEN iEN



rithms (Collins and Hoon (1991)) for testing the feasibility of semi-algebraic sets,
Reformulation Linear Techniques (RLTs) (Sherali and Tuncbilek (1992, 1997)) for
linearizing polynomial optimizations, Polya’s theorem (G. Hardy and Polya (1934))
for positivity over the positive orthant, Bernstein’s (Boudaoud et al. (2008); Leroy
(2012)) and Handelman’s (Handelman (1988a)) theorems for positivity over simplices
and convex polytopes, and other results based on Groebner bases (Adams and Lous-
taunau (1994)) and Blossoming (Ramshaw (1987)) techniques. In particular, we will
focus on Polya’s, Bernstein’s and Handelman’s results in more depth and elaborate
on the computational advantages of these results over the others. The discussion of
the other results are beyond the scope of this dissertation, however the ideas behind

these results can be summarized as follows.
1.3 Quantifier elimination
QE algorithms apply to First-Order Logic formulae, e.g.,
Vo 3y (f(z,y) 2 0= ((9(a) <zy) A(a>2)),

to eliminate the quantified variables x and y (preceded by quantifiers V,3) and con-
struct an equivalent formula in terms of the unquantified variable a. The key result
underlying QE algorithms is Tarski-Seidenberg theorem (Tarski (1951)). The theo-
rem implies that for every formula of the form Vax € R"3y € R™(fi(z,y,a) > 0),
where f; € R[z,y,al, there exists an equivalent quantifier-free formula of the form
Ni(gi(a) > 0) V; (hj(a) > 0) with g;, h; € R[a]. QE implementations (e.g., Brown
(2003) and Dolzmann and Sturm (1997)) with a bisection search yields the exact
solution to optimization of polynomials, however the complexity scales double expo-

nentially in the dimension of variables x, y.



1.4 Reformulation linear techniques

RLT was initially developed to find the convex hull of feasible solutions of zero-one
linear programs (Sherali and Adams (1990)). It was later generalized by Sherali and
Tuncbilek (1992) to address polynomial optimizations of the form min, p(z) subject
to z € [0,1]" N S. RLT constructs a d—hierarchy of linear programs by performing
two steps. In the first step (reformulation), RLT introduces the new constraints
[Lizi[[;(1 —2;) > 0foralldj:i+j = 0. In the second step (linearization),
RTL defines a linear program by replacing every product of variables x; by a new
variable. By increasing ¢ and repeating the two steps, one can construct a d—hierarchy
of lower bounding linear programs. A combination of RLT and branch-and-bound
partitioning of [0, 1] was developed by Sherali and Tuncbilek (1997) to achieve tighter
lower bounds on the global minimum. For a survey of different extensions of RLT

see Sherali and Liberti (2009).
1.5 Groebner basis technique

Groebner bases can be used to reduce a polynomial optimization over a semi-
algebraic set S := {x € R" : g;(x) > 0, hj(z) = 0} to the problem of finding the roots
of univariate polynomials (Chang and Wah (1994)). First, one needs to construct the

system of polynomial equations
(VoL(z, A\, @), VaL(x, A\, 1), V,L(z, A\, p)] =0, (1.5)

where L 1= p(x)+>_; \igi(x)+_; p1;h; () is the Lagrangian function. It is well-known
that the set of solutions to (1.5) is the set of extrema of the polynomial optimization

mingeg p(x). Let

[fl(za )\,,u), Y ,fN(ZL",)\,,U)] = [VIL(Ia )‘nu)aVAL(:E>)"M)>VML($>)‘MU)]'



Using the elimination property (Adams and Loustaunau (1994)) of the Groebner
bases, the minimal Groebner basis of the ideal of fi,--- , fx defines a triangular-form
system of polynomial equations. This system can be solved by calculating one variable
at a time and back-substituting into other polynomials. The most computationally
expensive part is the calculation of the Groebner basis, which in the worst case scales

double-exponentially in the number of decision variables.
1.6 Blossoming technique

The blossoming technique involves a bijective map between the space of poly-
nomials p : R® — R and the space of multi-affine functions ¢ : Ri+dt-+dn 4 R
(polynomials that are affine in each variable), where d; is the degree of p in variable
z;. For instance, the blossom of a cubic polynomial p(z) = ax® + bx?® + cx + d is the

multi-affine function
C
q(zl, 29, 23) = AZ122%23 + 5(2122 -+ 2123 —+ 2223) + 5(21 -+ z9 —+ 23) -+ d

It can be shown that the blossom, ¢, of any polynomial p € R[z] with degree d; in

variable x; satisfies the so-called diagonal property (Ramshaw (1987)), i.e.,

p(z1, 22, s20) = q(21, - 21,0 Zny 0, 2)  forall 2 € R
N ~~ g ~~
di times d,, times

By using this property, one can reformulate any polynomial optimization min,cg p(x)

as
min - q(z)

subject to zgu) = zgs—; fori=1,--- ,nandforj=1,---,d; — 1, (1.6)

where ¢(i) = d; and () is the semi-algebraic set defined by the blossoms of the

k=1
generating polynomials of S. In the special case, where S is a hypercube, Sassi and Gi-

rard (2012) showed that the Lagrangian dual optimization problem to Problem (1.6)
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is a linear program. Hence, the optimal objective value of this linear program is a
lower bound on the minimum of p(z) over the hypercube. Application of blossoming
in estimation of reachability sets of discrete-time dynamical systems can be found

in Sassi et al. (2012).
1.7 Bernstein’s, Polya’s and Handelman’s theorems

While QE, RLT, Groebner bases and blossoming are all useful techniques with
advantages and disadvantages (such as exponential complexity), we focus on Polya’s,
Bernstein’s and Handelman’s theorems - results which yield polynomial-time tests
for positivity of polynomials. Polya’s theorem yields a basis to represent the cone
of polynomials that are positive over the positive orthant. Bernstein’s and Handel-
man’s theorems yield bases which represent the cones of polynomials that are positive
over simplices and convex polytopes, respectively. Similar to SOS programming, one
can find certificates of positivity using Polya’s, Bernstein’s and Handelman’s repre-
sentations by solving a sequence of Linear Programs (LPs) and/or SDPs. However,
unlike the SDPs associated with SOS programming, the SDPs associated with these
theorems have a block-diagonal structure. In this dissertation, we exploit this struc-
ture to design parallel algorithms for optimization of polynomials of high degrees
with several independent variables. See Kamyar and Peet (2012a), Kamyar and Peet
(2012b), Kamyar and Peet (2013) and Kamyar et al. (2013) for parallel implementa-
tions of variants of Polya’s theorem applied to various Lyapunov inequalities.

Unfortunately, unlike the SOS methodology, the bases given by Polya’s theorem,
Bernstein’s theorem and Handelman’s theorem cannot be used to represent the cone
of non-negative polynomials which have zeros in the interior of simplices and poly-
topes. This is indeed a barrier against using these theorems to compute polynomial

Lyapunov functions, since Lyapunov functions, by definition, have a zero at the ori-



gin. There do, however, exist some variants of Polya’s theorem which consider zeros
at the corners Powers and Reznick (2006) and edges Castle et al. (2011) by con-
structing local certificates of non-negativity over closed subsets, C;, of the simplex
such that UC; is the simplex. These results apply to non-negative polynomials whose
zeros are on the corners and/or edges of the simplex. Moreover, Oliveira et al. (2008)
and Kamyar and Peet (2012b) propose versions of Polya’s theorem which prove pos-
itivity over hypercubes by: 1) Providing certificates of positivity on the Cartesian
product of unit simplices; and 2) Introducing a one-to-one map between products of
unit simplices (multi-simplex) and hypercubes. A generalization of Polya’s theorem
for proving positivity on the entire R" was introduced by de Loera and Santos (1996).
This generalization first applies Polya’s theorem to each orthant of R" to compute
a certificate of positivity over each orthant. Then, it uses the merging technique
in Lombardi (1991) to obtain a unified certificate - in the form of SOS of rationals -
over R"™. A recent extension of Polya’s theorem by Dickinson and Pohv (2014) can be
used to prove positivity over an intersection of a semi-algebraic set with the positive
orthant. Finally, positivity of polynomials with rational exponents can be verified by

a weak version of Polya’s theorem in Delzell (2008).
1.8 Motivations and summary of contributions

The novelty of our research centers on the areas of: computation and energy.
In the realm of computation, we observed that processors speeds are not growing
at the rate they once were. The entire controls community seems to have ignored
this fact, since everyone speaks of polynomial-time algorithms as the gold standard
for what the solution to a control problem should look like. But what good is a
polynomial-time algorithm when the degree of the polynomial is bounded by the

current state-of-the-art computers. Our solution was to look at the only area where



the computing world was getting faster (growing) - supercomputers. Surprisingly,
there have been no studies on the use of parallel computers for controls since the
1970’s. The reason was that the mathematical machinery for analysis and control is
based on Semidefinite Programming, which is inherently sequential (NC-hard). Our
idea, however, was that if the SDP problem has special structure, then this structure
can be exploited to distribute computation among processors. With this in mind, we
decided to seek out alternatives to the classical Sum-of-Squares approach to nonlinear
and robust stability analyses. We identified more than seven different alternatives to
the Sum-of-Squares approach. In the end, not all of these had usable structures for
parallelization. However, we identified three which did: polynomial positivity results
by Handelman, Polya and Bernstein. To demonstrate how well this approach works
in practice, we developed a Message Passing Interface code for Polya’s theorem. The
result enabled stability analysis for systems three times larger (in terms of number
of states) than any other algorithm. As a real-world application, we further used our
code to analyze robust stability of plasma in the Tore Supra Tokamak reactor.

In the realm of energy, we noticed that the two electrical utility companies of
Arizona (APS and SRP) have recently started charging their customers for their
maximum rate of electricity usage. This intrigued us as a mathematical problem
of how to optimize the thermostat settings of HVAC systems (the major sources of
electricity consumption in Arizona) in order to minimize the electricity bill. This
problem is interesting in that the time of peak electricity use is not usually at the
hottest time of day, but rather a couple of hours after - a behaviour which is usually
associated with a diffusion PDE. We used the heat equation to model the thermostat
programming problem as an optimal control problem and it turned out to be unsolved.
The mathematical reason being that the cost function is not separable in time - a

property which is necessary for optimal control algorithms to converge to an optimal
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solution. We noticed that an arbitrarily precise approximation of the cost function
however, satisfy certain properties which make it solvable on a Pareto-optimal front.
The result is an optimal thermostat which can significantly reduce the electricity bills
and peak demand of both solar and nonsolar customers under the current pricing
plans. Expanding this approach, we started thinking about related topics, such as
how to set the demand price on order to influence customers’ behavior in an optimal
manner. Based on that, we proposed an optimal pricing algorithm which resulted
in a moderate reduction in the cost of generating, transmission and distribution of
electricity at SRP.

We highlight our contributions as follows. In Chapter 4, we propose a parallel set-
up algorithm which applies Polya’s theorem to the parameter-dependent Lyapunov
inequalities P(a) > 0 and AT (o) P(a) + P(a)A(a) < 0 with a belonging to the stan-
dard simplex. Feasibility of these inequalities implies robust stability of the system
of linear Ordinary Differential Equations (ODEs) @(t) = A(a)z(t) over the simplex.
The output of our set-up algorithm is a sequence of SDPs of increasing size and pre-
cision. A solution to any of these SDPs yield a Lyapunov function which is quadratic
in the states and depends polynomially on the uncertain parameters. An interesting
property of these SDPs is that they possess a block-diagonal structure. We show how
this structure can be exploited to design a parallel interior-point primal-dual SDP
solver which distributes the computation of search direction among a large number of
processors. We then produce a Message Passing Interface (MPI) implementation of
our set-up and solver algorithms. Through numerical experiments, we show that these
algorithms achieve a near-linear theoretical and experimental speed-up (the increase
in processing speed per additional processor). Moreover, our numerical experiments
on cluster computers demonstrate the ability of our algorithms in utilizing hundreds

and potentially thousands of processors to analyze systems with 100+ dimensional
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state-space.

In Chapter 5, we generalize our methodology to perform robust stability analy-
sis over hypercubes. We first propose an extended version of Polya’s theorem. This
theorem parameterizes every homogeneous polynomial which is positive over a hyper-
cube. We then propose an extended set-up algorithm which maps the computation
and memory - associated with applying the extended Polya’s theorem to stability
analysis problems - to parallel machines. This set-up algorithm has no centralized
computation and its per-core communication complexity scales polynomially with
the state-space dimension and the number of uncertain parameters. As the result, it
demonstrates a near-linear speed-up.

In Chapter 6, we further extend our analysis to address stability of nonlinear
ODEs defined by a polynomial vector field f. Our proposed solution to this prob-
lem is to reformulate the nonlinear stability problem using only strictly positive
forms. Specifically, we use our extended version of Polya’s theorem in Chapter 5
to compute a matrix-valued homogeneous polynomial P(x) such that P(xz) > 0 and
(V(z"P(x)x), f(x)) < 0 for all x inside a hypercube containing the origin in its in-
terior. This yields a Lyapunov function of the form V(z) = 27 P(x)x for the system
#(t) = f(x(t)). To do this, we design a new parallel set-up algorithm which applies
Polya’s theorem to the inequalities P(z) > 0 and (V (2" P(x)z), f(x)) < 0. The result
is a sequence of SDPs with coefficients of P as decision variables. Again, we show
that these SDPs have a block-diagonal structure - thus can be solved in parallel using
our SDP solver in Chapter 4. As an extension to stability analysis over arbitrary
convex polytopes, we then propose an algorithm which applies Handelman’s theo-
rem to the aforementioned Lyapunov inequalities. Unfortunately, as in the case of
Polya’s theorem, Handelman’s theorem is incapable of parameterizing polynomials

which possess zeros in the interior of a polytope. However, we show that this is not
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the case if the zeros are on the vertices of the polytope. By using this property,
we propose the following methodology: 1) Decompose the polytope into several con-
vex sub-polytopes with a common vertex on the equilibrium; 2) Apply Handelman’s
theorem to Lyapunov inequalities defined on each sub-polytope. The result is a se-
quence of linear programs whose solutions define a piecewise polynomial Lyapunov
function V- hence proving asymptotic stability over the sublevel-set of V' inscribed in
the original polytope. We provide a comprehensive comparison between the compu-
tational complexities of SOS algorithm, our Polya’s algorithms and our Handelman
algorithm. Our analysis shows that by using a certain decomposition scheme, our
algorithm (based on Handelman’s theorem) has the lowest computational complexity

compared to the SOS and Polya’s algorithms.
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Chapter 2

FUNDAMENTAL RESULTS FOR OPTIMIZATION OF POLYNOMIALS

In this chapter, we first provide an overview of fundamental theorems on posi-
tivity of polynomials over various sets. Then, we show how applying these theorems
to optimization of polynomials problems of the Form (1.1) yields tractable convex
optimization problems in the forms of LPs and/or SDPs. Any solution to these LPs
and/or SDPs yields a lower-bound on the global minimum of the polynomial opti-
mization problem min p(z).

zeqQ

2.1 Background on positivity results

In 1900, Hilbert published a list of mathematical problems, one of which is: For
every non-negative f € R[x], does there exist any non-zero ¢ € R[x] such that ¢*f is a
sum of squares? In other words, is every non-negative polynomial a sum of squares of
rational functions? This question was motivated by his earlier works (Hilbert (1888,
1893)), in which he proved: 1) Every non-negative bi-variate degree 4 homogeneous
polynomial (A polynomial whose monomials all have the same degree) is a SOS of
three polynomials; 2) Every bi-variate non-negative polynomial is a SOS of four ra-
tional functions; 3) Not every non-negative homogeneous polynomial with more than
two variables and degree greater than 5 is SOS of polynomials. While there exist
systematic ways (e.g., semi-definite programming) to prove that a non-negative poly-
nomial is SOS, proving that a non-negative polynomial is not a SOS of polynomials
is not straightforward. Indeed, the first example of a non-negative non-SOS polyno-

mial was published eighty years after Hilbert posed his 17" problem. Motzkin (1967)
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constructed a PSD degree 6 polynomial with three variables which is not SOS:

4.2 2.4 2.2.2 6
M(z1, 29, x3) = x)25 + 27Ty — 3xiws0s + 5. (2.1)

Non-negativity of M follows directly from the inequality of arithmetic and geometric
means, i.e., (a1 + - +a,)/n > /ay - - a,, by letting n = 3, a; = x{x3, ay = x5 and
az = 5. To show that M is not SOS, first by contradiction suppose that there exist

some N € N and coefficients b; ; € R such that

N

M(I1,IE2>I3)=E <|:bi,1 bi,20:| [mi’ Tivy 3Tz TTE X1ToTy TTE XD
i=1

2
2 2 .3 .2 2 2 4
Loy ToX3 Ty T7 TiTz ToX3 Ty ToX3 X3 T1 T2 T3 1} - (2.2)

By substituting (2.1) in (2.2) and equating the coefficients of both sides of (2.2), it
follows that Zf\il b}; = —3. This is a contradiction, thus M is not SOS of polyno-
mials. A generalization of Motzkin’s example is given by Robinson (Reznick (2000)).
Polynomials of the form ([]'_, 22)f(z1,- -+ ,@,) + 1 are not SOS if polynomial f of
degree < 2n is not SOS. Hence, although the non-homogeneous Motzkin polynomial

M (x1,x9,1) = 2?223(2? + 23 — 3) + 1 is non-negative it is not SOS.

Artin (1927) answered Hilbert’s problem in the following theorem.

Theorem 1. (Artin’s theorem) A polynomial f € Rlz| satisfies f(z) > 0 on R™ if

and only if there exist SOS polynomials N and D # 0 such that f(z) = ][\)[Ei)'

~

Although Artin settled Hilbert’s problem, his proof was neither constructive nor
gave a characterization of the numerator N and denominator D. In 1939, Habicht
provided some structure on N and D for a certain class of polynomials f. Habicht
(1939) showed that if a homogeneous polynomial f is positive definite and can be ex-
pressed as f(xy, - ,x,) = g(a?, -+, 22) for some polynomial g, then one can choose

the denominator D = Y, 2?. Moreover, he showed that by using D = Y1 | x2,
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the numerator N can be expressed as a sum of squares of monomials. Habicht used
Polya’s theorem (Hardy et al. (1934), Theorem 56) to obtain the above characteriza-
tions for NV and D.

Theorem 2. (Polya’s theorem) Suppose a homogeneous polynomial p satisfies p(x) >

0forallze{reR" :x; >0,>"  x #0}. Then p(z) can be expressed as

where N(x) and D(x) are homogeneous polynomials with all positive coefficients. Fur-
thermore, for every homogeneous p(x) and some e > 0, the denominator D(x) can be

chosen as (x1 + -+ x,)°.

To see Habicht’s result, suppose f is homogeneous and positive on the positive

orthant and can be expressed as f(xy, - ,z,) = g(a3, -+, 22) for some homogeneous
polynomial g. By using Polya’s theorem, g(y) = %, where y := (y1,- -+ ,¥y,) and

polynomials N and D have all positive coefficients. Furthermore, from Theorem 2
we may choose D(y) = (3.1, v:)°. Then, (327, v:)" 9(y) = N(y). Now let z; = /y;
then (30, 22)° f(x1,+ - ,2,) = N(x?,---  22). Since N has all positive coefficients,
N(x%,---,22) is a sum of squares of monomials.

Similar to the case of positive definite polynomials, ternary positive semi-definite
polynomials of the form g(z?%, x3,23) can be parameterized using the denominator
D = (22 + 22 + 22)" (Scheiderer (2006)). However, in any dimension higher than
three, there exist positive semi-definite polynomials f such that if A% f is SOS, then
h has a zero other than the origin. Thus, for such polynomials f, Df cannot be
SOS. Indeed, it has been shown by Reznick (2005) that there exists no single SOS
polynomial D # 0 which satisfies f = % for every positive semi-definite f and some

SOS polynomial N.
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As in the case of positivity on R", there has been an extensive research regarding
positivity of polynomials on bounded sets. A pioneering result on local positivity is
Bernstein’s theorem (Bernstein (1915)). Bernstein’s theorem uses the polynomials
hi; = (1 +x)"(1 — z)’ as a basis to parameterize univariate polynomials which are

positive on [—1, 1].
Theorem 3. (Bernstein’s theorem) If a polynomial f(x) > 0 on [—1,1], then there
exist ¢; ; > 0 such that

flay=">  e(l+a)(l—ay

i,jEN: i4j=d
for some d > 0.

Powers and Reznick (2000) used Goursat’s transformation of f to find an up-
per bound on d. Unfortunately, the bound itself is a function of the minimum of
f on [—1,1]. In order to reduce the computational complexity of testing positiv-
ity, Boudaoud et al. (2008) proposed a decomposition scheme for breaking [—1,1]
into a collection of sub-intervals. Subsequently, Bernstein’s theorem was applied to
f over each sub-interval to find a certificate of positivity over each sub-interval. An
extension of this technique was proposed in Leroy (2012) to verify positivity over
simplices (a simplex is the convex hull of n + 1 vertices in R™). Moreover, Leroy
(2012) provided a degree bound as a function of the minimum of f over the simplex,
the number of variables in f, the degree of f and the maximum of certain affine
combinations of the coefficients ¢; ;.

Handelman (1988b) also used products of affine functions as a basis (the Han-
delman basis) to extend Bernstein’s theorem to multi-variate polynomials which are

positive on convex polytopes.

Theorem 4. (Handelman’s Theorem) Given w; € R™ and u; € R, define the polytope

M ={zeR":wle+u >0,i=1,---,K}. If a polynomial f(x) >0 on T, then
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there exist by > 0, o € NX such that for some d € N,

fa)=" > ba(wlz+un)™ - (wiw + ug)*x. (2.3)

aeNK
atag<d

Recently, S. Sankaranarayanan and Abrahm (2013) combined the Handelman ba-

sis with positive basis functions

Qin,

it eaom — 1, and  wu, — iyt ah

n

to compute Lyapunov functions over a hypercube ®, where [, and u,, are the minimum
and maximum of x{* - - - %" over the hypercube ®. A generalization of Handelman’s
theorem was made by Schweighofer (2005) to verify non-negativity of polynomials
over compact semi-algebraic sets. Schweighofer used the cone of polynomials' defined

in (2.5) to parameterize any polynomial f which has the following properties:

1. f is non-negative over the compact semi-algebraic set S defined in (2.4)
2. f=aqp1+ @p2+ - for some ¢; in the Cone (2.5) and for some p; > 0 over

SNn{zxeR": f(x) =0}

Theorem 5. (Schweighofer’s theorem) Suppose
S:={xeR":g(x)>0,g; € Rlz| fori=1,--- K} (2.4)

is compact. Define the following set of polynomials which are positive on S.

Q4 = Z SxgY - g+ sy are SOS (2.5)

AENK N+ A <d
If f > 0 on S and there exist ¢; € ©4 and polynomials p; > 0 on SN{x € R" : f(x) =
0} such that f =), qip; for some d, then f € Og.

LA set of polynomials S C Rlxy,---,2,] is a cone if: 1) f; € S and fo € S imply fifo € S and
fi+ foeS;and 2) f € R[wy,--- ,,] implies f2 € S.
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On the assumption that g¢; are affine functions, p; = 1 and s, are constant,
Schweighofer’s theorem gives the same parameterization of f as in Handelman’s the-
orem. Another special case of Schweighofer’s theorem is when A € {0,1}%. In this
case, Schweighofer’s theorem reduces to Schmudgen’s Positivstellensatz (Schmudgen

(1991)). Schmudgen’s Positivstellensatz states that the cone

Agi=13 D sagito g : sy are SOS p € Oy (2.6)
Ae{0,1} ¥

is sufficient to parameterize every f > 0 over the semi-algebraic set S generated by
{91, -, gx}. Unfortunately, the cone A, contains 2% products of g;, thus finding a
representation of Form (2.6) for f requires a search for at most 2% SOS polynomials.
Putinar’s Positivstellensatz (Putinar (1993)) reduces the complexity of Schmudgen’s
parameterization in the case where the quadratic module M, (as defined in (2.8)) of

polynomials g; is Archimedean, i.e., there exists N € N such that
N = a}eM, (2.7)
i=1

Equivalently, if there exists some f € M, such that {x € R" : f(x) > 0} is compact,

then M, is Archimedean.

Theorem 6. (Putinars’s Positivstellensatz) Let S := {x € R" : g;(z) > 0,¢9; €
R[z] fori=1,---, K} and define

K
M, = {so + Zsigi . s; are SOS} ) (2.8)
i=1

If there exist some N > 0 such that N — >  a? € M,, then M, is Archimedean. If
M, is Archimedean and f > 0 over S, then f € M,.

Finding a representation of Form (2.8) for f, only requires a search for K +1 SOS

polynomials using SOS programming. Verifying the Archimedian Condition (2.7)
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is also an SOS program. Observe that if M, is not Archimedean, one can add a
redundant constraint r — Y " 7 > 0 (for sufficiently large r € R) to S in order to
make M, Archimedean. Archimedean condition clearly implies compactness of the
semi-algebraic set S because for any f € My, S C {z € R": f(x) > 0}. The following

theorem lifts the compactness requirement for the semi-algebraic set S.

Theorem 7. (Stengle’s Positivstellensatz) Let S = {x € R" : g;(z) > 0,¢9; €

Rz] fori=1,---, K} and define the cone

Ay = Z ENARE -g;‘{{ 2 sy are SOS

Ae{0,1}K

If f >0 on S, then there exist p,g € Ay such that qf =p + 1.

Notice that the Parameterziation (2.3) in Handelman’s theorem is affine in f
and the coefficients b,. Likewise, the parameterizations in Theorems 5 and 6, i.e.,
f= 50" g and f = 50+ >, sig; are affine in f, s, and s;. Thus, one can
use convex optimization to find b,, sy,s; and f efficiently. Unfortunately, since the
parameterization ¢f = p + 1 in Stengle’s Positivstellensatz is non-convex (bilinear
in ¢ and f), it is more difficult to verify qf = p + 1 compared to Handelman’s and
Putinar’s parameterizations.

For a comprehensive discussion on the Positivstellensatz and other results on
polynomial positivity in algebraic geometry see Laurent (2009); Scheiderer (2009),
and Prestel and Delzell (2004).

2.2 Polynomial optimization and optimization of polynomials

Given f,g;, h; € Rlz] fori =1,--- ;mand j = 1,---,r, define a semi-algebraic

set S as

S:={yeR":¢(y) >0, hj(yy=0fori=1,--- ,mand j=1,--- 7} (2.9)
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We then define polynomial optimization problems as

f* =min f(z). (2.10)

z€eS

For example, the integer program

min - p(z)
subject to alx >b; fori=1,---,m,
ze{-1,1}", (2.11)

with given a; € R™",b; € R and p € R]z], can be formulated as a polynomial optimiza-

tion problem by setting f = p in (2.10) and setting

gi(x) = aj w — b, fori=1,---,m

hj(x):z§—1 forj=1,--- n.

in the definition of S in (2.9).
Given ¢ € R" and g¢;, h; € R[z] for i = 1,--- ,m and j = 1,---,r, we define

Optimization of polynomials problems as

v =max 'z
r€RY

q
subject to  F(z,y) := Fo(y) + szFz(y) >0 foralyels, (2.12)
i=1
where S is defined in (2.9) and
Fi(y) == > Fay- -y
OlEEdl.
with By, == {& € N : 3" «; < d;}, where coefficients F;, € R i =0,--- ¢
are given. If the goal is to optimize over a polynomial variable, p(y), this may be

achieved using a basis of monomials for F;(y) so that the polynomial variable becomes
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p(y) = >, x;Fi(y). Optimization of polynomials can be used to find 5* in (2.10). For
example, we can compute the optimal objective value n* of the polynomial optimiza-

tion problem

7" =min - p(z)

subject to alx — b; > 0 fori=1,---,m,
z;—1=0 fory=1,---,n,

J

by solving the problem
7' =max 1

subject to  p(y) >n forye{yeR":aZyzbi,yf-—lz()forz’zl,---,m

and j=1,--- n}, (2.13)
where Problem (2.13) can be expressed in the Form (2.12) by setting
c=1, q=1, t=1,  Fy=p F=-1,
S::{yE]R"Ia?yzbi,yjz-—lz()forz':l,--- ,m, and j =1,--- n}.
Optimization of polynomials (2.12) can be reformulated as the feasibility problem
7 = min
subject to S, 1= {:E eR?: 'z >, F(z,y) > 0forally € S} = (), (2.14)
where ¢ and F' are given and
S:={yeR":¢(y) >0, hj(yy=0fori=1,--- ,mand j=1,---,r},

where polynomials g; and h; are given. The question of feasibility of a semi-algebraic

set is NP-hard (L. Blum and Smale (1998)). However, if we have a test to verify
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S, =0, we can find v* by performing a bisection on ~. In the following section, we
use the results of Section 2.1 to provide sufficient conditions, in the form of Linear

Matrix Inequalities (LMIs), for S, = 0.
2.3 Algorithms for optimization of polynomials

In this section, we discuss how to find lower bounds on g* for different classes of
polynomial optimization problems. The results in this section are primarily expressed
as methods for verifying S, = () and can be used with bisection to solve polynomial

optimization problems.
2.3.1 Case 1: Optimization over the standard simplex A"
Define the standard unit simplex as
A" = {IGR":ixizl,xi > 0}. (2.15)

1=1

Consider the polynomial optimization problem

7' =min f(z),

where f is a homogeneous polynomial of degree d. If f is not homogeneous, we
can homogenize it by multiplying each monomial 2§ - - - z2» in f by (31, a;)*llel,
Notice that since )., x; = 1 for all x € A", the homogenized f is equal to f for

every x € A". To find v*, one can solve the following optimization of polynomials

problem.

v = max 7y
vER

subject to f(x) > for all z € A" (2.16)
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Clearly, Problem (2.16) can be re-stated as the following feasibility problem

~* =min 7y
vER

subject to S, :={z € R": f(z) —7 < O,in =1z, >0} =0.
i=1
For a given 7, we can use the following version of Polya’s theorem to verify S, = 0.

Theorem 8. (Polya’s theorem, simplex version) If a homogeneous matriz-valued poly-
nomial F satisfies F(x) > 0 for allz € A" :=={x e R": > " | x; = 1,2; > 0}, then

there exists e > 0 such that all the coefficients of

i=1
are positive definite.

See pages 57-59 of G. Hardy and Polya (1934) for a proof. The converse of the
theorem only implies F' > 0 over the unit simplex. Given v € R, it follows from the

converse of Theorem 8 that S, = ) if there exists some e > 0 such that

" e " d
<Z x,) f(x) —~ (Z a:l> (2.17)
i=1 i=1

has all positive coefficients, where recall that d is the degree of f. We can compute
lower bounds on ~* by performing a bisection on 7. For each 7 of the bisection, if
there exists some e > 0 such that all of the coefficients of (2.17) are positive, then

v < ~*. We have detailed this procedure in Algorithm 1.
In Chapter 4, we will propose a decentralized version of Algorithm 1 to perform

robust stability analysis over a simplex.
2.3.2 C(Case 2: Optimization over the hypercube ®"

Given r; € R, define the hypercube
" ={r eR":|z;| <ryi=1,---,n} (2.18)
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Input:
Polynomial f; maximum polya’s exponent e,..; lower-bound ~; and

upper-bound ~, for bisection search; number of bisection iterations byax;

Initialization:

Set Polya’s exponent e = 0.

Set &k = 0.

Main Loop:

while d < b,,,x do

Set v = —'Y“;“”.

while Fq. (2.17) has some negative coefficient or e < epax do
Set e =e+ 1.

Calculate the Product (2.17).

end

if Eq. (2.17) has all positive coefficients then

| Set v =1.
else
| Set vy, = 1.
end
Set k =k + 1.
end
Output:

~: a lower bound on the minimum of f over the standard simplex.

Algorithm 1: Polya’s algorithm for polynomial optimization over the simplex
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Define the set of n-variate multi-homogeneous polynomials of degree vector d € N"
as

p € Rlz,y] Z Phgthylt - almysn pp RS (2.19)
h,geN"
h4+g=d
In a more general case, if the coefficients py, , are matrices, we call p a matriz-valued

multi-homogeneous polynomial. Now consider the polynomial optimization problem

7" = min f(z).

To find v*, one can solve the following feasibility problem.

¥ =min 7y
veER

subject to S, :={x e R": f(z) =y <0, ;| <7, i=1,---,n} =0 (2.20)

For a given -, we propose the following version of Polya’s theorem (Kamyar and Peet

(2012b)) to verify S, = 0.

Theorem 9. (Polya’s theorem: multi-simplez version) A matriz-valued multi-homogeneous
polynomial F satisfies F(x,y) > 0 for all (x;,y;) € A% i = 1,--+,n, if there exist
e > 0 such that all the coefficients of

(H (@i + yz’)e> F(z,y)

i=1
are positive definite.

We will prove this result in Section 5.2. The converse of Theorem 9 only implies
non-negativity of F' over the hypercube. To find lower bounds on v, we first obtain
the multi-homogeneous form p of the polynomial f in (2.20). In 5.2 we have provided
a procedure to construct p. Given v € R and r € R”, it follows from the converse of

Theorem 9 that S, , defined in (2.20) is empty if there exists some e > 0 such that

(o) () e
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has all positive coefficients, where d; is the degree of x; in p(x,y). We can compute
lower bounds on v*, as defined in (2.20), by performing a bisection on 7. For each ~
of the bisection, if there exists some e > 0 such that all of the coefficients of (2.21) are
positive, then v < v*. By replacing (2.17) with (2.21) in Algorithm 1, this algorithm
computes . In Chapter 5, we will propose a parallel algorithm to perform robust

stability analysis for systems with uncertain parameters inside a hypercube.
2.3.3 Case 3: Optimization over the convex polytope I'K

Given w; € R™ and u; € R, define the convex polytope
K={rzeR":w/o+u;>0i=1,--- K} (2.22)
Suppose I'K is bounded. Consider the polynomial optimization problem

7 = min f(),

xcl'K

where f is a polynomial of degree d;. To find v*, one can solve the feasibility problem

~* =min 7y
vER

subject to S, :={r €R": f(z) -y <0, wjz+u; >0,i=1,--- K} =10
Given 7, one can use Handelman’s theorem to verify S, x = (.

Theorem 10. (Handelman’s Theorem) Given w; € R™ and u; € R, define the polytope
K={zeR":wle+u; >0,i=1,---,K}. If a polynomial f(x) >0 on TK, then
there exist by > 0, o € NX such that for some d € N,

fl@)= D ba(wz+u)™ - (wha + ug)*w. (2.23)

aeNK
a1++arg<d
Consider the Handelman basis associated with polytope I' defined as
K
H,: {A e Rz wa+u2 aENK,Zaigs}.
=1

i=1
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Basis H, spans the space of polynomials of degree s or less, however it is not minimal.
As a special case, if we take I'® to be the standard unit simplex of R¥ | i.e.,

K
M o={reR":1-> ;> 0,2, >0fori=1- K}

i=1

then the following set of polynomials is called the Bernstein basis associated with T'¥.

ol K K CK+1 K
Bs = {)\QER[ZIT] )\a(l'):al'—(w (Hl’?l) <1—Zl'z> ,OZGNK+1,ZCYZ':S}.
: : i=1 i=1 =1

Unlike H,, B, is a minimal basis? for the vector space of polynomials of degree < s.

Given v € R, polynomial f(z) of degree df and dpax € N, if there exist
co>0forall a€ly:={acNK:|al, <d} (2.24)

such that

flx) —~= Z Ca H(wfx + ;)" (2.25)

a€ly i=1

for some d > dy, then f(z) —~v > 0 for all z € T'®. Thus S, x = 0. Since Hj
is not a minimal basis, if (2.24) is feasible, then ¢, are not unique. Feasibility of
Conditions (2.24) and (2.25) can be determined using linear programming. To set-up
the linear program, we first represent the right and left hand side of (2.25) in the

canonical basis as

ﬂ@—vzklh ~-mJ%A@ (2.26)

Z Ca H(w?x+ui)ai = {ll(ca,w,u) lo(co,w,u) - ZM(ca,w,u)} Zn.d(), (2.27)

acly =1
where it can be shown that [; : RN x R x RX — R are affine in ¢, and N :=
(K +d

J ) is the cardinality of the index set {a € N¥ : ||la||; < d}. In (2.27),

T
w = |:w1 w2 . e wK:| and u .= [ul u2 . e uK 5

2This follows from the fact that every polynomial can be uniquely represented in the canonical
basis and every member of the canonical basis is a unique linear combination of \, € Bs. A

derivation for these linear combinations can be found in Farin (2002)
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where w; € R™ and u; € R define the polytope I'f in (2.22). Recall that in (2.27),
Zn.a(z) denotes the vector of all n—variate monomials of degree d or less. By equat-
ing (2.26) and (2.27) and cancelling z, 4(x) from both sides, the problem of finding a

lower bound 74 on v* can be expressed as the following linear program.

(N
subject to  l;(cq,w,u) = b; for i=1,---, M. (2.28)

If Linear Program (2.28) is infeasible for some d, then one can increase d and repeat
setting-up and solving Linear Program (2.28). From Handelman’s theorem, if f(x) —
v > 0 for all z € T, then for some d > dy, Conditions (2.24) and (2.25) hold
and Linear Program (2.28) will have a solution. We have outlined this procedure in
Algorithm 2. Unfortunately, to this date all the proposed upper-bounds on d (see
e.g., Powers and Reznick (2001) and Leroy (2012)) are functions of the minimum
of f(x) — ~ over the polytope I'Y. In Chapter 6, we will combine this algorithm
with a polytope decomposition scheme to construct Lyapunov functions for nonlinear

systems with polynomial vector fields.
2.3.4 Case 4: Optimization over compact semi-algebraic sets
Recall that we defined a semi-algebraic set as
S={reR":g(x)>0,i=1,---,m, hj(z)=0,5=1,--- ,r}. (2.29)
Suppose S is bounded. Consider the polynomial optimization problem

7 =min f(z)
subject to  g;(z) >0fori=1,--- ., m

hj(z)=0for j=1,---,r
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Input: Polynomial f of degree ds; maximum degree dp,.x for Handelman’s
basis; polytope data: w; € R™ and u; € R in (2.22); tolerance € > 0 for

stopping criterion.

Initialization:
Set d = df.
Set Yold = —1010,

Set Ynew = —1010 + 2¢.

Main Loop:

while (d < diyax) and (Ynew — Your < €) do
Express f(2) — Ynew 0 the canonical basis as in (2.26).

Express D ¢/ Ca 15, (w +w;)® in the canonical basis as in (2.27).
Set-up LP (2.28).

if LP (2.28) is feasible then
Set Yold = Vnew-

Set Ynew = V-

end

Set d =d -+ 1.

end

Output: Ynew: a lower bound on the minimum of f over polytope I'X.

Algorithm 2: Polynomial optimization over convex polytopes using Handel-

man’s theorem
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Define the following cone of polynomials which are positive over S.

Mgﬁ:—{meR r)=Y _ si(x)g Zt hi(z) is SOS, s; € Yo4,1; € R[z ]}

=1
(2.30)
where Y5, denotes the cone of SOS polynomials of degree 2d. From Putinar’s Posi-
tivstellensatz (Theorem 6) it follows that if the Cone (2.30) is Archimedean, then the

solution to the following SOS program is a lower bound on v*. Given d € N, define

7= max 7
’YERNS'L i

subject to f(x) — v — ZSZ x)gi(x Ztl( Yhi(x) is SOS | t; € Rlz], s; € Yog.
i=1

=1

(2.31)
On the other hand, every F' € ¥, has a quadratic representation with a positive semi-
definite matrix. To see this, suppose F(x) = . ¢;(x)?, where ¢; are polynomials of
degree d. Each ¢; can be written in the canonical basis as ¢;(z) = ¢! z, 4(z), where
Zn.a() is the vector of all n—variate monomials of degree d or less. Hence, we can

write F' as

= 2@ = 3 tnale) sl 2nala)
= an <Z CiC; ) an = Zn,d($>TQZn,d(x)7

where clearly () > 0. Therefore, for given 7 € R and d € N, Problem (2.31) can be

formulated as the following linear matrix inequality.
Find @;>0and P; fort=0,---,mand j=1,---,r
such that f(z) —v =z} ,(2) (Qo + Z Qigi(x) + Z P;h;( ) Zn.a(T), (2.32)
i=1

where @; and P; € SV, where SV is the subspace of symmetric matrices in R¥*" and

d
N = (n;r ) See G. Blekherman and Thomas (2013) for methods of solving SOS
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programs. Also Papachristodoulou et al. (2013) provide a MATLAB package called
SOSTOOLs for solving SOS programs.
If the Cone (2.30) is not Archimedean, then we can use Schmudgen’s Positivstel-

lensatz to obtain the following SOS program with solution ¢ < v*.

d— max Y
YER,5;€X 04, ER[x]

subject to f(z) —vy=1 +Z sa(2) g1 ()M -+ - g (2) + Ztl(l’)hl(l’) (2.33)
AE{0,1}m i=1

The Positivstellensatz and SOS programming can also be applied to polynomial

optimization over a more general form of semi-algebraic sets defined as
T = {ZL' € Rngl(z) > Oa L= 1a >mahj(x) = 0)] = 1a ,73(]1@(37) 7&071{:: 1a >l}

It can be shown that T'= () if and only if

Thus, for any f € R[z], we have

min f(z) = min f(x).

z€T (z.)eT

Therefore, to find lower bounds on minger f(x), one can apply SOS programming

and Putinar’s Positivstellensatzs to min f(z).
(z,y)eT

2.3.5 Case 5: Tests for non-negativity on R":

The following result from Habicht (1939) defines a test for non-negativity of ho-

mogeneous polynomials over R".
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Theorem 11. (Habicht theorem) For every homogeneous polynomial f that satisfies
f(x1, - ,x,) >0 for all x € R™ \ {0}, there exists some e > 0 such that all of the

coefficients of .
(Z x§> flan, - m) (2.34)

are positive. In particular, the product is a sum of squares of monomials.

Using this theorem, one can verify non-negativity of any homogeneous polyno-
mial f over R" by multiplying F repeatedly by > i  z7. If for some e € N, the
Product (2.34) has all positive coefficients, then f > 0. We can define an alternative

test for non-negativity over R" using the following theorem (de Loera and Santos

(1996)).

Theorem 12. Define E,, := {—1,1}". Suppose a polynomial f(x1,--- ,x,) of degree d
satisfies f(x1,+++ ,x,) > 0 for all x € R™ and its homogenization® is positive definite.

Then

1. there exist A\, > 0 and coefficients ¢, € R such that

(1 + 6Ta?)/\e flxy, - xy) = Z Coxt - xim forall e € By, (2.35)

a€cle

where I, :={a € N" : ||lafjy < d+ A} and sgn(c,) = et - - -eom.

2. there exist positive N, D € R[x? --- 22, f?] such that f = %.

Based on the converse of Theorem 12, we propose the following test for non-
negativity of polynomials over the cone A, := {x € R" : sgn(z;) = ¢;,i = 1,--- ,n}
for some e € E,. Multiply a given polynomial f repeatedly by 1 + e’z for some

e € E,. If there exists some A\, > 0 such that sgn(c,) = ef'---e2", then (2.35)

3 Associated to every polynomial f(x1,---,2,), * € R™ of degree d, there exists a degree e
homogeneous polynomial h(zy, -+, 2y, y) := yef(””—yl, e %"), where e > d.
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clearly implies that f(z) > 0 for all z € A.. Since R" = U.cg, Ac, we can repeat the
test 2" times to obtain a test for non-negativity of f over R"™.

The second part of Theorem 12 gives a solution to Hilbert’s 17" problem (see
Section 2.1). For a construction of this solution (i.e., numerator N and denominator

D) see de Loera and Santos (1996).
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Chapter 3

SEMI-DEFINITE PROGRAMMING AND INTERIOR-POINT ALGORITHMS

As discussed in Chapter 2, Polya’s theorem, Handelman’s theorem and the Posi-
tivstellensatz results can be used to approximate the minimum of a polynomial over
simplicies, hypercubes, polytopes and semi-algebraic sets. We showed that these
theorems define sequences of Linear/Semi-Definite Programs (SDPs) whose solutions
define lower bounds on the objective of the polynomial optimization problem. In this
section, we focus on solving these SDPs. In particular, we discuss the primal and
dual forms of semi-definite programming problems and introduce a state-of-the-art
primal-dual interior-point algorithm for solving SDPs. In Section 4.5, we will propose
a new parallel version of this algorithm - an algorithm which is specifically designed
to solve the SDPs defined by applying Polya’s theorem to optimization of polynomials

arising in robust stability and control problems.

3.1 Convex optimization and duality

Let us define the constrained optimization problem

f*i=min fo(x)

zeR™

subject to  fi(x) <0, i=1,---,p
hi(z) =0, i=1,---,q, (3.1)

where f; : R* — R and h; : R” — R. For every problem of Form (3.1), one can define

the Lagrangian function L :R™ x RP x R? as

q

Lz, A\, v) = folz) + Z Nifi(@) + Y vihi(z), (3.2)

1=1
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where \; € R and v; € R are called the Lagrange multipliers associated with the
inequality constraints and the equality constraints in (3.1), respectively. The vectors
A=A, -, N] and v = [vy,-- -, p,] are called the dual variables of Problem (3.1).

Let us define the Lagrange dual function g : RP x R? — R as

g\, v) = igf <f0(x) + Z Aifi(x) + Z V,-h,-(a:)) :

The Lagrange dual functions have some interesting properties. First, because the La-
grangian is affine in \; and v; and the pointwise infimum of a family of affine functions
is concave (Boyd and Vandenberghe (2004)), ¢ is a concave function. Second, it is
easy to show that the dual functions yield lower bounds on f* as define in (3.1), i.e.,
g(A\,v) < p*. To find the best lower bound on f* using the Lagrange dual function,

one can solve the Lagrange dual problem defined as

d* = max g\, v)

subject to A > 0. (3.3)

Every pair (\,v) which satisfies A > 0 and g(\,v) > —oo is called a dual feasible
point for Problem (3.3). Likewise, every x € R" satisfying f;(z) < 0fori=1,---p
and h;(x) < 0 for i = 1,---,q is a primal feasible point for Problem (3.1). Dual
feasible points can be used to bound sub-optimality of a primal feasible point. In

particular, for every primal feasible point x and dual feasible point (A, v),

fo(z) = < folz) — g\ v),
where fo(x) —g(\, v) is called the duality gap associated with z and (\, v). For certain
problems, the duality gap associated with primal optimal point z* and dual optimal
point (A*, v*) is zero, i.e.,
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This property is often called strong duality. One important class of problems which
usually posses this property is convex optimization problems. A convex optimization
problem is an optimization problem of Form (3.1), where the functions f;, i =0,--- | p
are convex' and h;, i = 1,---,q are affine. For example, the Lagrange dual prob-
lem (3.3) is by definition a convex problem (it is a maximization of a concave function)
whether or not its primal (Eq. (3.1)) is convex. It can be shown that (Slater (2014))

if the primal problem (3.1) is convex and there exists some x € R™ such that

filx) <0 fori=1,---,p and

hi(x)=0 fori=1,---,q, (3.4)

then strong duality holds. Strong duality can be exploited to solve the primal problem
via its dual. This is useful specially when the dual is easier or computationally less
expensive to solve. Suppose a dual optimal solution (A\*,7*) is known and strong

duality holds. If

x* = argmin L(z, \", ")

is unique and primal feasible, z* is the primal optimal solution.
3.2 Descent algorithms for convex optimization

Suppose fp : R" — R is differentiable. For z to be a minimum of f;, the nec-
essary condition is that [V, fo(x)],_; = 0. The Karush-Kuhn-Tucker (KKT) con-
ditions (Kuhn et al. (1951)) generalize this necessary condition for the constrained
optimization problem (3.1), under the assumption that the functions f; and g; are
differentiable. The KKT conditions can be stated as follows: Suppose z* € R" is a pri-

mal optimal point for (3.1) and A}, i =1,--- ;pand v, i =1, -+ , ¢ are dual optimal

LA function f : R™ — R is convex if f(ax + By) < af(x) + Bf(y) for all 2,y € R™ and for all
a,B € Rsuch that a + 8 =1and o, 5 > 0.
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points for (3.3). Moreover, suppose the strong duality holds, i.e., fo(z*) = g(\*,v").
Then, the optimal primal and dual points satisfy the following.

Vafol) + > NV filx) + ) viVahi(x) =0

r=x*

filz*) < 0 for i=1,---,p
h,z(x*):() fOI"L.:]_’-..’q

A>0 for i=1,---.,p

U

AL fi(x®) =0 for i=1,---,p. (3.5)

The first line follows from the fact that z* is a minimizer of the Lagrangian L(x, \*, v*).
The second, third and fourth lines indicate that z* and (\*,v*) are primal and dual
feasible. The last line is called the complementary slackness and follows from strong
duality. This condition implies that for i = 1,--- , p, either the 7' primal constraint
must be active at z* (i.e., f;(z*) = 0) or its corresponding optimal dual variable A
must be zero.

In general, the KKT conditions are only necessary conditions for optimality. In-
deed, under certain regularity conditions, local minima of the primal Problem (3.1)
satisfy the KKT conditions. However, when the primal problem is convex and there
exists x € R™ which satisfies (3.4), the KKT conditions become necessary and suf-
ficient. Motivated by this result, many of the existing convex optimization algo-
rithms are in principle algorithms for solving the KKT conditions iteratively. These
algorithms are often called descent algorithms because they generate a sequence

{2} =12 of primal feasible solutions which satisfy

fo(x®) > fo(z®™)  for k=1,2,3,---, (3.6)

k

unless z” is optimal. One example of descent algorithms is the Newton’s algorithm.

Given a primal feasible starting point 2°, Newton’s algorithm finds a sequence of
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search directions Az® € R™ and step length t* € RT such that all the iterates
P =aF P Ak Kk =1,2,3,---

are feasible and satisfy (3.6). Given a primal feasible point 2*, Newton’s algorithm

calculates the search directions Az* by first defining the convex optimization problem

fur=min | fole) + Vaho()v+ 2 ofa)e

r=xk

subject to  h;(z" +v) =0 fori=1,--- ,m. (3.7)

The objective function of Problem (3.7) is the second-order Taylor’s approximation
of the objective function fy(x) at x = 2*. Then, the KKT optimality conditions for

Problem (3.7) yield the following system of linear equations.

Vi @lme Do) | |B2F| |- el

D, h(x) 0 vk 0
where D,h(x) := [Vohi(x), -, Vah(2)]". If the coefficient matrix in (3.8) is non-
singular, then there exist a unique Newton’s search direction Az* and optimal dual
point v* for the dual to Problem (3.8). Finally, Newton’s algorithm calculates the

k1l — gk 4tk Az* | where a step length t* can be obtained using a line

new iterate as x
search method such as backtracking (Dennis Jr and Schnabel (1996)) or bisection. A
typical stopping criterion for Newton’s algorithm is fy(a*) — f k < € for some desired
€ > 0, where recall that f’“ is the minimum of the second-order Taylor’s approxima-
tion of fy at a*, subject to the equality constraints in (3.7). The difference between

fo(2*) and fk can also be interpreted as the size of Newton’s search direction defined

by the following weighted norm of Az*:
fola®) = ¥ = 1 A2¥ vz sy, = 2(A2)T V2 fo (@)oo AP, (3.9)

For a comprehensive discussion on the complexity and convergence of Newton’s algo-

rithm, refer to Boyd and Vandenberghe (2004).
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3.3 Interior-point algorithms for convex problems with inequality constraints

Suppose in Problem (3.1), f; are convex and differentiable and h; are affine and
differentiable. One of the most successful class of algorithms for solving this type of
problems is interior-point algorithms. Typically, interior-point algorithms solve this
problem in two steps: 1- Reducing the problem to a sequence of convex optimization
programs with only linear equality constraints; and 2- Applying a descent algorithm,
e.g., Newton’s algorithm, to solve the equality constrained problem. One way to
define this sequence of equality constrained problems is to incorporate the inequality
constraints into the objective function using barrier functions. For example, by using
logarithmic barrier functions one can approximate Problem (3.1) as

/1
min o) =3 () a5

subject to  h;(x) =0, i=1,---,q. (3.10)

for some b > 0. Clearly, if any of the inequality constraints becomes active (f;(z) —
0), then the objective function blows up. Thus, any solution to Problem (3.10) lies

in the interior (as the name ‘interior-point’ suggests) of the feasible set
{z eR": fi(r) <0,hj(x) =0, fori=1,---,p and j=1,---,¢}.

Since Problem (3.10) is convex, one can use Newton’s algorithm to find the optimal

solution z; for any b > 0. In particular, given b > 0 and feasible z°, Newton’s
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algorithm finds a sequence {2"}4—1 ... — 2} by solving the modified KKT conditions

Wifo(fv)—viélog(—fi(x))] Do)’ | [ At

r=xk =

D.h(z) 0 vt
- |:fo0(*75) + Vlzzpzllog(_fl(x)) — ok
0
(3.11)

for Az* and v* and setting z**! = 2% 4 t*2%. The set of optimal solutions z;} for all
b > 0 is called the central path. Corresponding to any z; in the central path, one can

verify that

A" U fori=1 d =" cpe
i = " or 1 = ,"',p an VvV = — s
b fi(z}) b

are dual feasible and together with x} yield the duality gap ?. This indicates that as
b — oo, x; converges to the optimal solution of Problem 3.1 under the assumption
that f; are convex and differentiable and h; are affine and differentiable. Based
on this result, we can summarize the interior-point barrier algorithm for inequality
constrained problems in Algorithm 3.

An alternative subclass of interior-point algorithms for solving inequality con-
strained problems is the primal-dual algorithms. Similar to the barrier algorithm,
primal-dual algorithms find their search direction by solving the KKT optimality
conditions. However, instead of incorporating the inequality constraints into the
objective function (equivalently, eliminating the dual variable A from the KKT con-
dition (3.5)), primal-dual algorithms simultaneously solve the primal problem and its
dual by computing independent Newton’s search directions Ax € R”, A\ € R? and
Av € R? for primal and dual variables z, A and v. Given a feasible point (z*, \* v/*)

for Problem (3.1) and b > 0, the basic version of primal-dual algorithms computes the
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Input: Convex functions fy,-- -, fp; affine functions hy,- - -, hy; a feasible
starting point 2°; initial barrier parameter by; tolerances €, > 0 and ey > 0 for

stopping criteria.

Initialization:
Set b = bo.

Choose p > 1.

Barrier Algorithm:
while % > ¢, do
Set x = 2°.

Set Az =100 . 1,,.
Newton’s Algorithm:

while |Azx|| as defined in (3.9) is greater than or equal to ey do

Calculate Newton’s search direction Ax by solving the system of linear

equations in (3.11).

Choose step length t using backtracking line search.

Update Newton’s iterate as x := x + t Aw.
end

Set =7 = x.

Update the barrier parameter as b := ub.

end

Output: z;: A ?-suboptimal solution to Problem (3.1).

Algorithm 3: Barrier algorithm for inequality constrained convex optimization

problems
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search directions (Axz*, AN* Av*) by approximating the modified KKT conditions

[V fo(2) + Dy f ()7 A + Dyh(z)Tv]
1

Afi(z) — 7

R(SL’, >\7 v, b) = )\pfp(llf) — % =0

hy(z)

at the point (2%, Ak, 1¥) as

R(z" 4+ AxP XF + ANF P 4 Wik D)
[VRI (.f(f, >\7 v, b)T:|

~ R(x,\,v,b) + : AN | =0,
[VRTH-]H-!] (l’, )\7 Va b)T]

(3.12)

and solving for (Az*, AN*, Av*). The primal-dual iterates are then updated according

to

A N ATAY AN U LR VA S e A S AV

Similar to the barrier algorithm, the duality gap corresponding to any feasible primal-
dual iterate (%, \¥, 1¥) is % Thus, as b — oo in (3.12), the resulting iterates converge
to the optimal solution of Problem (3.1), assuming that f; are convex and h; are affine.
In the sequel, we describe a primal-dual algorithm for solving semi-definite programs

- a class of convex optimization problems which has numerous applications in control

theory.
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3.4  Semi-definite programming

Consider the delay-differential equation

N

B(t) = Ax(t) + Y A(t — 7) (3.13)

i=1
where z(t) € R" and 7; > 0,i=1,---, N. From Repin (1965), a sufficient condition
for asymptotic stability of this system is existence of Py > 0,---, Py > 0 such that

the quadratic functional

V(z,t) = 7 (t)Pyx(t) + Z /On z(t — s)'Pa(t — s)ds

satisfies V(x,t) < 0 for all z(t) € R\ {0} and ¢ > 0. The derivative V(z,t) can be
expanded as

Vi(z,t) = ax(t)" (ATPO + P A+ Z R-) z(t) + z(t)" (Z PyA;x(t — TZ)>

i=1

+ (Z x(t — T,')TA;TFPO> x(t) — Z:ﬂ(t — 1) Pa(t — 7).

=1 i=1

Thus, V(z,t) = 2(t)TQ(Py, - - - , Px)2(t), where 2(t) := [z(t) z(t—711) - z(t —7n5)]"

and ) )
ATPy+ RA+ YN P, RA, -+ RAy
ATR, -P, -0
Q(P07' 7PN) =
AL R 0 --- —Py

Thus, stability of System (3.13) can be verified by solving the following feasibility

problem:

Find Fy>0,---,Py>0

such that Q(F,---, Py) < 0. (3.14)
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Now let us parameterize each P; as

YiL+1 YiL+2 s YiL+n

Yir+2  YiL+n+1  ° Yil4+2n—1
P(Yir41,- - Ya+1)L) =

| YiL+n YiL+2n-1 " YE+1)L |

fori =0,---,N, where L :=n(n+1)/2 and y; € R for j =0,---, (N + 1)L. Then,
we can formulate the problem of stability of System (3.13) as the convex optimization

problem

yeﬂgl]\ifillﬂ <1(N+1)L> Y)

ZGS(N+2)7L

(N+1)L
subject to Z Fy, =7
i=1

Z >0, (3.15)
where the matrices F; € SV+2" fori =1,--- (N + 1)L are defined as

F; = diag{ Py(zo, - - - ,z1), Q(Po(xo, - ,xr), -, Pn(TNpt1, - s 2 ws1)z))}s (3.16)

where

1 =i
x; = forj=1,--- (N+1)L.

0 j#i
Problem (3.15) is an example of the dual form of the Semi-Definite Programming
(SDP) problem. We define SDP as the optimization of a linear objective function

over the cone of positive definite matrices subject to linear matrix equality and linear

matrix inequality constraints. Given C' € S*", B; € S” forv = 1,--- ,k, G; € S" for
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i=1,---,1,a € R¥ and b € R, the primal SDP problem is

p’ = max tr(CX)

subject to B(X) =a
GX)<b

X >0, (3.17)

where the linear maps B : S” — R¥ and G : S” — R! are defined as

[ 2(B.X)] [ (G X)
B - tI‘(BgX) B tI‘(GQX)
xX)=| and GO =| . (3.18)
_tI‘(BkX)_ _tr(GlX)_

To derive the dual SDP to Problem (3.17), we employ Lagrange multipliers ¢ € R,

and y € R* as follows.

p* =max min tr(CX) +t7 (b — G(X)) + 4" (a — B(x))

k l
X220 yeR HERL

Then, from the min-maz inequality, i.e.,

. o
ne ey Sl ) = g S

it follows that

p" < max min tr(CX)+¢"(b— G(X)) +y (a — B(x))

- k l
yeRk teRl, X2>0

k !
= min max tr(C — Z By — Z Giti) X + aTy + b7t

kicRl X>0
yERF teR, A2 =1 i—1
Note that
X>0

k l
=1 =1
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only if C' — Zle By, — 22:1 Git; < 0. In this case, clearly the maximum occurs

when . 1
i=1 i=1

Therefore, we can the write dual SDP problem as

max aly+b't
l
yERK teR:,

k !
subject to Z By, + Z Git;—C =27

i=1 i=1

Z > 0. (3.19)

From (3.15) and (3.19) it is clear that the problem of stability of the delay-differential

Equation (3.13) can be formulated as the dual SDP defined by the elements
a = 1(N+1)L7 b:= 0, Gz = 0, C= O, Bz = FZ’,

where we have defined F; in (3.16).

SDPs are popular among controls community because not only they can be solved
efficiently using convex optimization algorithms, but also a wide variety of problems in
controls can be formulated as SDPs; e.g., robust stability (Bliman (2004a); Oliveira
and Peres (2007)) and robust performance (Peaucelle and Arzelier (2001); Scherer
(2006)) of uncertain systems, Hy/H-optimal filter design (Li and Fu (1997); Geromel
and de Oliveira (2001)), estimation of regions of attraction (Wang et al. (2005);
Tan and Packard (2008); Topcu et al. (2010)) and reachability sets (Wang et al.
(2013)) of nonlinear systems, stability and control of hybrid systems (Boukas (2006);
Papchristodoulou and Prajna (2009)) and game theory (Parrilo (2006)). In the next
section, we describe a state-of-the-art primal-dual algorithm by Helmberg et al. (2005)

for solving SDPs.
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3.5 A primal-dual interior-point algorithm for semi-definite programming

Fortunately, there exists several interior-point algorithms in the literature for solv-
ing SDPs; e.g., dual scaling (Benson (2001); Benson et al. (1998)), primal-dual (Al-
izadeh et al. (1998); Monteiro (1997); Helmberg et al. (1996)) and cutting-plane/spectral
bundle (Helmberg and Rendl (2000); Sivaramakrishnan (2010); Nayakkankuppam
(2007)) algorithms. In our study, we are particularly interested in a state-of-the-art
primal-dual algorithm proposed by Helmberg et al. (2005) mainly because at each
iteration, it preserves a certain property (see (4.47)) of the primal and dual search
directions. In Section 4.5, we will exploit this property to propose a distributed par-
allel version of this algorithm for solving large-scale SDPs in robust and/or nonlinear
stability analysis. In the following, we briefly discuss the original version of this
algorithm algorithm.

Similar to the barrier method described in Section 3.3, we can incorporate the
inequality constraints in the dual SDP (3.19) using logarithmic barrier functions and

the barrier parameter p > 0 as

yERFK teR! -
=1

l
max a'y+ bt —p <log det Z + Z log ti>

k !
subject to Z By, + Z Git;, —C =17 (3.20)

i=1 1=1

The Lagrangian for Problem (3.20) is defined as

I
LX,y,t,Z) =a"y +b"t — p <log det Z + Zloth)

i=1
k !
+ tr <<Z+C— > By —ZGJ,-) X) .
=1 =1

Then, the KKT optimality conditions for Problem (3.20) is VL(X, y,t, Z) = 0, which
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can be expanded as

k l
VxL(X,y.t,Z)=Z+C =Y Byi—» Git; =0 (3.21)
=1 i=1
V,L(X,y,t,Z) =a—B(X)=0 (3.22)
ViL(X,y,t,Z) =b—G(X) — p[1/ty,---,1/t]" =0 (3.23)
VzL( X,y t,Z)=X —pZ ' =0, (3.24)

where B(X) and G(z) are defined in (3.18).
Given a barrier parameter p > 0, at each iteration, the primal-dual algorithm finds
a search direction As := [AX, Ay, At, AZ] such that the new iterate [X + AX |y +

Ay, t+ At, Z + AZ] belongs to the central path, i.e.,
{Xu, vty Zyu) - p€ 10, 00] and X, y,, t,, Z, satisfy Conditions (3.21)-(3.24)}.

Conversely, given a point [X,y, ¢, Z], one can use (3.23) and (3.24) to find its corre-

sponding barrier parameter as

tr(ZX) + [1/ty, -+, 1/t] (b — G(X))
n+1 ’

= (3.25)

The search direction As of the primal-dual algorithm is the sum of two steps: the
predictor step A§ := [AX,A@), At, AZ] and the corrector or centering step As :=
[AX, Ay, At,AZ]. The predictor step is defined as the Newton’s step for solving
the optimality conditions (3.21)-(3.24) with p = 0, starting at any point (X, y,t, Z)
which satisfies

X>0, Z>0, t>0, G(X)<b. (3.26)

Similar to the Taylor’s approximation in (3.12), we find the Newton’s step by solving

VL(X,y,t,Z2) +V*L(X,y,t, Z)A5T =0 (3.27)
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for AS. Substituting for VL from (3.21)-(3.24) into (3.27) yields the following system

of equations for the predictor step.

A11 A12 AQ B (Z_lTX> — CL)

| = : (3.28)
Aoy Ago| | A G(Z7'TX) - b)
A k l
AX = 77'Tx — 771 (Z B;Ay + ZGiAz?) X-X (3.29)
i=1 i=1
A~ k !
AZ==T+) Bdj+) G (3.30)
i=1 i=1
where
k l
—Y By+) Git+C+Z
i=1 i=1
All = [B 1Bl . 1BkX :|
= [B Z7'\G X)) - 77\G,X ]
Aoy = [G(Z7'B1X) -+ 77 B,X)]
— [G(Z7'GiX) - G(ZTGX)] +diag{bl#(@)()’... bl—tz—(GlX)}
1 l

The corrector step is defined as the Newton’s step for solving the KKT condi-
tions (3.21)-(3.24), using the barrier parameter p as defined in (3.25) and starting
at

(X +AX,y+Aj,t+ Ai, Z + AZ],

where [X,y,t,Z] can be any point satisfying (3.26) and [AX,A@), At, AZ] can be
calculated using (3.28)-(3.30). Thus, to derive the corrector step, we substitute for
VL from KKT conditions (3.21)-(3.24) into
[VL(X, 5.6, 2) + V’L(X, 5,8, Z)] 5 _xiax A" =0
Z=Z+NZ

J=y+Aj
I=t+Af



This yields the following set of equations for the corrector step.

A A| |Ag pB(Z7Y) — B(Z'AZAX)
= 1 1 . .
(3.31)
AX = 77! (—AZAX ol — AZX) (3.32)
k l
AZ =Y BAj+)> GAE (3.33)

i=1 i=1
By solving (3.28)-(3.30) for the predictor step and solving (3.31)-(3.33) for the cor-

rector step, we can calculate the search direction as
As = |Sym(AX + AX), Aj+ Ag, Af + AL AZ + AZ] , (3.34)

where Sym (W) := (W +WT)/2 is the symmetric part of matrix . We have provided

an outline of the discussed primal-dual algorithm in Algorithm 4.
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Input: SDP elements C,a,b,B; fort=1,--- ,kand G; fori=1,---,;
starting point satisfying (3.26); tolerance € > 0 the stopping criterion.
Initialization:

Set the duality gap v = 2e.

while duality gap v > € do
Calculating the predictor step:

Solve Ag and At by solving system of the equations in (3.28).
Calculate Ag and Af using (3.29) and (3.30).

Calculating the corrector step:

Calculate the barrier parameter p using (3.25).

Solve Ay and At by solving system of the equations in (3.31).
Calculate Ay and At using (3.32) and (3.33).

Updating the primal and dual variables:

Calculate the search direction as
AX = Sym(AX +AX), Ay = Aj+Ay, At := Ai+At, AZ = AZ+AZ.

Calculate primal and dual step lengths «,, and a4 using an appropriate
line-search algorithm.

Set the primal and dual variables as

X =X+0,AX, y=y+Ay, t:=t+At, Z:=7+AZ

Calculate the duality gap as v = tr(CX) — (a’y + b't).
end

Output: [X*, y*, t*, Z*]: A y-suboptimal solution to Problems (3.17)
and (3.19).

Algorithm 4: An interior-point central-path primal-dual algorithm for SDP
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Chapter 4

PARALLEL ALGORITHMS FOR ROBUST STABILITY ANALYSIS OVER
SIMPLEX

4.1 Background and motivations

Control system theory when applied in practical situations often involves the use
of large state-space models, typically due to inherent complexity of the system, the
interconnection of subsystems, or the reduction of an infinite-dimensional or PDE
model to a finite-dimensional approximation. One approach to dealing with such
large scale models has been to use model reduction techniques such as balanced trun-
cation (Gugercin and Antoulas (2004)). However, the use of model reduction tech-
niques are not necessarily robust and can result in arbitrarily large errors. In addition
to large state-space, practical problems often contain uncertainty in the model due
to modeling errors, linearization, or fluctuation in the operating conditions. The
problem of stability and control of systems with uncertainty has been widely studied.
See, e.g. the texts Ackermann et al. (2001); Bhattacharyya et al. (1995); Green and
Limebeer (1995); Zhou and Doyle (1998); Dullerud and Paganini (2000). Famous
results such as the small-gain theorem, Popouv’s criterion, passivity theorems and
Kharitonov’s theorem have been widely used to find tractable solutions to certain
robust stability problems of a single and/or interconnected uncertain systems. As an
example, Kharitonov’s theorem reduces the stability problem of an infinite family of

differential equations

n n—1

d _
alﬁx(t) + agmx(t) +t an_ga.%’(t) + ap12(t) +any2 =0, a; € [u;, 4] CR

(4.1)
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to verifying whether the following four characteristic polynomials
k1(8) = Uy + Upi1 S + UnS” + Un—18° + Uyy_o8" + 1, 38" + -+

_ _ 2 3, - 4, - 5

ka(s) = tpqo + Uns15 4 U, 8~ + Uy 8° + Up—98" + Up—35° + - - -
_ 2 3 4 - 5

k3(S) = Upyo + Unt1S + UnS™ + Up_15” + Upy_o8" + Up_35° + - - -
_ 2, - 3, - 4 5

ky(S) = Unyo + Up 1S+ UpS™ + Un—15” + Up—28" + U,,_35° + - -

have all their roots in the open left half-plane - a problem which can be tractably
solved (in O(n?) operations) using the Routh-Hurwitz criterion. Despite all the
progress in robust control theory during the past few decades, a drawback of ex-
isting computational methods for analysis and control of systems with uncertainty is
high computational complexity. This is a consequence of the fact that a wide range
of problems in robust stability and control of systems with parametric uncertainty
are known to be NP-hard. For example, even the classical problem of stability of
#(t) = A(a)z(t) for all @ inside a hypercube (the matrix analog of System (4.1)) is
NP-hard!. Other examples are calculation of structured singular values for robust per-
formance analysis and p-synthesis (Zhou et al. (1996)), deciding null-controllability?
of z(k + 1) = f(x(k),u(k)) for a given f : R" x R™ — R" (Blondel and Tsitsik-
lis (1999)), and computing arbitrarily precise bounds on the joint spectral radius of
matrices for stability analysis of systems with time-varying uncertainty (Gripenberg
(1996)). See Blondel and Tsitsiklis (2000) for a comprehensive survey on NP-hard

problems in control theory. The result of such complexity is that for systems with

'Nemirovskii (1993) proves that the {—1, +1}-integer linear programming problem (a well-known
NP-complete problem) admits a polynomial-time reduction to the problem of verifying positive semi-

definiteness of a family of symmetric matrices with entries belonging to an interval on R.
2A system x(k + 1) = f(x(k),u(k)) is called null-controllable if for every initial state z:(0), there

exist some T > 1 and controls u(k),k =0,--- ,T — 1 such that z(T) =0
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parametric uncertainty and with hundreds of states, existing algorithms fail with the
primary point of failure usually being lack of unallocated memory.

In this dissertation, we seek to distribute the computation over an array of pro-
cessors within the context of existing computational resources; specifically cluster-
computers and supercomputers. When designing algorithms to run in a parallel
computing environment, one must both synchronize computational tasks among the
processors while minimizing communication overhead among the processors. This can
be difficult, as each architecture has a specific memory hierarchy and communication
graph (See Figure 4.1). Likewise, in a lower level, individual computing units may
have different processing architectures and memory hierarchies; e.g., see a compar-
ison of the memory hierarchy of a multi-core CPU and a GPU in Figure 4.1. We
account for communication by explicitly modeling the required communication graph
between processors. This communication graph is then mapped to the processor ar-
chitecture using the Message-Passing Interface (MPI) (Walker and Dongarra (1996)).
While there are many algorithms for robust stability analysis and control of linear
systems, ours is the first which explicitly accounts for the processing architecture in
the emerging multi-core computing environment.

Our approach to robust stability is based on the well-established use of parameter-
dependent Quadratic-In-The-State (QITS) Lyapunov functions. The use of parameter-
dependent Lyapunov QITS functions eliminates the conservativity associated with e.g.
quadratic stability (Packard and Doyle (1990)), at the cost of requiring some restric-
tion on the rate of parameter variation. Specifically, our QITS Lyapunov variables
are polynomials in the vector of uncertain parameters. This is a generalization of
the use of QITS Lyapunov functions with affine parameter dependence as in Barmish
and DeMarco (1986) and expanded in, e.g. Gahinet et al. (1996); Oliveira and Peres
(2005, 2001) and Ramos and Peres (2001). The use of polynomial QITS Lyapunov
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Figure 4.1: Various interconnections of nodes in a cluster computer (Top), Typical
memory hierarchies of a GPU and a multi-core CPU (bottom)
variables can be motivated by Bliman (2004b), wherein it is shown that any feasible
parameter-dependent LMI with parameters inside a compact set has a polynomial
solution or Peet (2009) wherein it is shown that local stability of a nonlinear vector
field implies the existence of a polynomial Lyapunov function.

There are several results which use polynomial QITS Lyapunov functions to prove
robust stability. In most cases, the stability problem is reduced to the general prob-
lem of optimization of polynomial variables subject to LMI constraints - an NP-hard
problem (Ben-Tal and Nemirovski (1998)). To avoid NP-hardness, the optimization
of polynomials problem is usually solved in an asymptotic manner by posing a se-
quence of sufficient conditions of increasing accuracy and decreasing conservatism.

For example, building on the result in Bliman (2004b), Bliman (2004a) proposes a
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sequence of increasingly precise LMIs for robust stability analysis of linear systems
with affine dependency on uncertain parameters on the complex unit ball. Necessary
and sufficient stability conditions for linear systems with one uncertain parameter are
derived in Zhang and Tsiotras (2003), providing an explicit bound on the degree of
the polynomial-type Lyapunov function. This result is extended to multi-parameter-
dependent linear systems in Zhang et al. (2005). Another important approach to
optimization of polynomials is the SOS methodology which replaces the polynomial
positivity constraint with the constraint that the polynomial admits a representation
as a sum of squares of polynomials. See Sections 2.3.4 and 1.1 for a review of this
approach. Applications of the SOS methodology in robust stability analysis of linear
and nonlinear systems can be found in Scherer and Hol (2006); Lavaei and Aghdam
(2008) and Tan and Packard (2008). While the SOS methodology have been exten-
sively utilized in the literature, we have not, as of yet, been able to adapt algorithms
for solving the resulting LMI conditions to a parallel-computing environment. Finally,
there have been multiple results in recent years on the use of Polya’s theorem to solve
optimization of polynomials problems (Oliveira and Peres (2007)) on the simplex. An
extension of Polya’s theorem for uncertain parameters on the multisimplex or hyper-
cube can be found in Oliveira et al. (2008). In this section, we propose an extension
of Polya’s theorem and its use for solving optimization of polynomials problems in a
parallel computing environment.

Our goal is to create algorithms which explicitly map computation, communica-
tion and storage to existing parallel processing architectures. This goal is motivated
by the failure of existing general-purpose Semi-Definite Programming (SDP) solvers
to efficiently utilize platforms for large-scale computation. Specifically, it is well-
established that linear programming and semi-definite programming both belong to

the complexity class P-Complete, also known as the class of inherently sequential
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problems. Although there have been several attempts to map certain SDP solvers
to a parallel computing environment (Borchers and Young (2007); Yamashita et al.
(2003)), certain critical steps cannot be distributed. The result is that as the number
of processors increases, certain computational and communication bottlenecks dom-
inate - leading to a saturation in the speed-up (the increase in processing speed per
additional processor) of these solvers (Amdahl’s law (Amdahl (1967))). We avoid
these bottlenecks by exploiting the particular structure of the LMI conditions asso-
ciated with Polya’s theorem. Note that, in principle, a perfectly designed general-
purpose SDP algorithm could identify the structure of the SDP, as we have, and map
the communication, computation and memory constraints to a parallel architecture.
Indeed, there has been a great deal of research on creating programming languages
which attempt to do just this (Kalé et al. (1994); Deitz (2005)). However, at present
such languages are mostly theoretical and have certainly not been incorporated into
existing SDP solvers.

In addition to parallel SDP solvers, there have been some efforts to exploit struc-
ture in certain polynomial optimization algorithms to reducing the size and complex-
ity of the resulting LMI’s. For example, for the case of finding SOS representations
for symmetric polynomials®, Gatermann and Parrilo (2004) exploited symmetry to
reduce the number of decision variables and constraints in the associated SDPs. An-
other example is the use of an specific sparsity structure in Parrilo (2005); Kim et al.
(2005) and Waki et al. (2008) to reduce the complexity of the linear algebra calcu-
lations associated with the SOS methodology. The use of generalized Lagrangian
duals and Groebner basis techniques for reducing the complexity of the SDPs asso-

ciated with the SOS decompositions of sparse polynomial optimization problems can

3A symmetric polynomial is a polynomial which is invariant under all permutations of its vari-

ables, e.g., f(z,y,2) =2t +y* + 2 —dayz + 2+ y + 2.
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be found in Kim et al. (2005) and Permenter and Parrilo (2012).
4.1.1 Our contributions

In this section, we focus on robust stability analysis of: 1- Systems with paramet-
ric uncertainty inside a simplex; and 2- Systems with parametric uncertainty inside
a hypercube. We solve each problem in two phases by proposing the following algo-
rithms: 1- A decentralized algorithm for Setting up the sequence of structured SDPs
associated with Polya’s theorem; and 2- A parallel SDP solver to solve the SDPs.
Note that the problem of decentralizing the set-up algorithm is significant in that
for large-scale systems, the instantiation of the problem may be beyond the memory
and computational capacity of a single processing node. For the set-up problem, the
algorithm that we propose has no centralized memory/computational requirements
whatsoever. Furthermore, we show that for a sufficiently large number of available
processors, the communication complexity is independent of the size of the state-space
or the number of Polya’s iterations.

In the second phase, we propose a variant of Helmberg’s primal-dual algorithm (Helm-
berg et al. (2005)) and map the computational, memory and communication require-
ments to a parallel computing environment. Unlike the set-up algorithm, the primal-
dual algorithm does have a “relatively small” centralized computation associated with
the update of the dual variables. However, we have structured the algorithm so that
the size of this centralized computation is solely a function of the degree of the poly-
nomial Lyapunov function and does not depend on the number of Polya’s iterations.
In addition, there is no point-to-point communication between the processors, which
means that the algorithm is compatible with most of the existing parallel computing
architectures. We will provide a graph representation of the communication architec-

ture of both the set-up and SDP algorithms.
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By linking the set-up and SDP algorithms and conducting tests on various cluster
computers, we demonstrate the ability of our algorithms in performing robust stability
analysis on systems with 1004 states and several uncertain parameters. Specifically,
we ran a series of numerical experiments using the Linux-based cluster computer
Karlin at Illinois Institute of Technology and the Blue Gene supercomputer (with 200
processor allocation). First, we applied the algorithm to a current problem in robust
stability analysis of magnetic confinement fusion using a discretized PDE model.
Next, we examine the accuracy of the algorithm as Polya’s iterations progress and
compare this accuracy with the SOS approach. We show that unlike the general-
purpose parallel SDP solver SDPARA Yamashita et al. (2003), the speed-up of our
algorithm shows no evidence of saturation. Finally, we calculate the envelope of
the algorithm on the cluster computer Karlin in terms of the maximum state-space

dimension, number of processors and Polya’s iterations.

4.2 Notation and Preliminaries on homogeneous polynomials

l
vector of variables, v € N! is the vector of exponents and >~ v; = d is the degree of
i=1

. . l : .
Let us denote an [—variate monomial as o = [[;_, a]%, where a € R’ is the

the monomial. We define

!
Wy = {VGNI :Z%:d} (4.2)

1=1

as the totally ordered set of the exponents of [—variate monomials of degree d, where
the ordering is lexicographic. Recall that in lexicographical ordering v € W, precedes
n € Wy, if the left most non-zero entry of v — 7 is positive. The lexicographical index
of every v € Wy can be calculated using the map (-) : N — N defined as (Peet and
Peet (2010))

(7)=izzf<l—j,d+1—i%—z> +1

j=1 i=1 k=1
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where

0 for 1=0
JEA=Y a1y (@ri-1) i (4.3)
I—1 )T au=) ’

is the cardinality of Wy, i.e., the number of [—variate monomials of degree d. For con-
venience, we also denote the index of a monomial a” by (7). We represent [—variate
homogeneous polynomials of degree d, as
Pla) = Z Prya,
VEW,
where Py € R™" is the matrix coefficient of the monomial o”.

Now consider the linear system
(t) = Ala)z(t), (4.4)

where A(a) € R and o € Q C R! is a vector of uncertain parameters. We assume
that A(«) is a homogeneous polynomial and Q@ = A! C R!, where A! is the unit

simplex, i.e.,

l
Al:{aeRl:Zaizl,aiEO}.

i=1
If A(«) is not homogeneous, we can homogenize it in the following manner. Suppose
A(a) with a € Al is a non-homogeneous polynomial of degree d, and has N, mono-
mials with non-zero coefficients. Define D = (dal, . ,daNa), where d,, is the degree

of the i monomial of A(a) according to the lexicographical ordering. Now define

the polynomial B(«) as per the following.

1. Let B = A.
2. Fori=1,---,N,, multiply the 7" monomial of B(«), according to lexicograph-
da—da
l K3
ical ordering, by (Z og) :
j=1

61



!

Then, since Y a; = 1, B(a) = A(«) for all @ € A! and hence all properties of i(t) =
j=1

A(a)x(t) for any a € Al are retained by the homogeneous system i(t) = B(a)z(t).

To further clarify the homogenization procedure, we provide the following example.

Ezxample: Construction of the homogeneous system (t) = B(a)xz(t).
Consider the non-homogeneous polynomial A(a) = Ca? + Day + Faz + F of
degree d, = 2, where [, g, a3] € A3. Using the above procedure, the homogeneous

polynomial B(«) can be constructed as

B(Oé) = COK% —+ DO(Q(OQ + a9 + 043) + EOég(Oél + a9 + 043) —+ F(Oél + a9 + 043)2

=(C+ F)ai + (D +2F) ajo + (E+2F) aqas + (D + F) o
—— —_— ~—— ~—

By Ba B3 By
+(D+E+2F) gz + (E+ F)aj = > Bya. (4.5)
—_—— ——
Bs Bs yeEWS

4.3 Setting up the problem of robust stability analysis over a simplex

In this section, we show that applying Polya’s Theorem to the robust stability
problem, i.e., the inequalities in Theorem 13 yields a semi-definite program with a
block-diagonal structure - hence can be an efficiently distributed among processing
units. We start by stating the following well-known Lyapunov result on stability of

System (4.4).

Theorem 13. System (4.4) is stable if and only if there exists a polynomial matriz

P(a) such that P(a) = 0 for all « € Al and
AT(a)P(a) + P(a)A(a) <0 for all « € A, (4.6)

A similar condition also holds for discrete-time linear systems. The conditions as-

sociated with Theorem 13 are infinite-dimensional LMIs, meaning they must hold at
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infinite number of points. Such problems are known to be NP-hard (Ben-Tal and Ne-
mirovski (1998)). Our goal is to derive a sequence of polynomial-time algorithms such
that their outputs converge to a solution of the parameter-dependent LMI in (5.8).
Key to this result is Polya’s Theorem (Hardy et al. (1934)). A variation of this

theorem for matrices is given as follows.

Theorem 14. (Polya’s theorem, simplex version) If a homogeneous matriz-valued
polynomial F satisfies F(a) > 0 for all « € Al, then there exists d > 0 such that all

the coefficients of

. d
(Z ai> F(a) (4.7)

are positive definite.

See Chapter 2 for a more detailed discussion on this result.

Consider the stability of the system described by Equation (4.4). We are interested
in finding a P(«) which satisfies the conditions of Theorem 13. According to Polya’s
theorem, the constraints of Theorem 13 are satisfied if for some sufficiently large d;

and ds, the polynomials

have all positive definite coefficients.

Let P(«) be a homogeneous polynomial of degree d, which can be represented as

P(a)= Y P, (4.10)

vEWq,

where the coefficients P,y € S" and where we recall that W, := {7 eN 22:1 v = dp}

is the set of the exponents of all [-variate monomials of degree d,. Since A(x) is a
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homogeneous polynomial of degree d,, we can write it as

Ale) = > Apa, (4.11)

YEW4,
where the coefficients A(,, € R"™". By substituting (4.10) and (4.11) into (4.8)
and (4.9) and defining d,, as the degree of P(a)A(«), the conditions of Theorem 14

can be represented in the form

! d1
<ZO‘> Y Ppa|= > > B Py |
=1

hGde gEdeerl hEde
and
l d2
(o) ([ et ) 3 et [ 5 et [ 5 et
i=1 hEWda hEde hEde hEWda

T
= Z Z H iy on Py + PiyHpy 9y | @7

'YEdea+d2 hGde

have all positive coefficients. This means that

Z 5(h>,<'y>P(h> >0 forall € de+d1 and (4.12)
hEde
Z (H5L>,<7>P<h> —+ P(h>H(h>,<-y>) <0 for all v E dea+d2, (4_13)
hEde

Here we have defined B () to be the scalar coefficient which multiplies Py, in the
(7)-th monomial of the homogeneous polynomial (Zizl ai)dl P(a) using the lexico-
graphical ordering. Likewise, Hy (,y € R™*" is the term which left or right multiplies
Py in the (y)-th monomial of (22:1 a,-)dz (AT (a)P(e) + P(a)A(e)) using the lex-
icographical ordering. For an intuitive explanation as to how these g and H terms

are calculated, we consider a simple example. Precise formulae for these terms will

follow the example.

Example: Calculating the 5 and H coefficients.
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Consider A(a) = Aja; + Asas and P(a) = Piag + Pyas. By expanding Equa-
tion (4.8) for d; = 1 we have (a; + ) P(a) = Pia? + (Py + Py)ajag + Paad. The

coefficients By (,) are then extracted as

Bl,l = 17 52,1 = 07 51,2 = 17 B2,2 = 17 51,3 = 07 B2,3 =1.

Next, by expanding Equation (4.9) for dy = 1 we have

(a1 + az) (AT (a)P(a) + P(a)A(a)) =
(A{Pl + PlAl) Oéil)) + (A{Pl + P1A1 + Agpl + P1A2 + A,{PQ + PQAl) OK%OKQ + (Agpl

"—PlAg + A,{PQ + PgAl + AgPQ + P2A2> 041045 —+ (Agpg + PQAQ) Oég.
The coefficients H oy are then extracted as

Hy, = A, Hy,; =0, Hio = Ay + Ay, Hyo = Ay,

H, 53 = A, Hyg = Ay + Ay, Hy 4 =0, Hyy = As.

4.3.1 General formulae for calculating coefficients  and H

The set {Bn), ()} of coeflicients can be formally defined recursively as follows. Let

the initial values for 3, () be defined as

1 ifth=x
By = for all v € Wy, and h € Wy, (4.14)

0 otherwise

Then, iterating for i = 1,...d;, we let

W (i-1)
By = O Bugioyy  forall v €Wy ;and h e W, (4.15)
AeWy

Finally, we set {B(h>,<w>} = {5?ﬁ>,<v>}'

To obtain the set {Hyy 1)} of coefficients, set the initial values as

qY = Apy forall ve Wy 1y, and h € Wy . 4.16
() p p

AEW g, :A+h=y
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Then, iterating for i = 1,...dy, we let

Hy =Y Hy) o forall vy €Wy, i and h € Wy, (4.17)

AeWr
Finally, set {Hpy, )} = {HG, ., }-

For the case of large-scale systems, computing and storing {8y () } and {Hpy 4y}
is a significant challenge due to the number of these coefficients. Specifically, the
number of terms increases with [ (number of uncertain parameters in System (4.4)),
d, (degree of P(a)), d,, (degree of P(a)A(«a)) and dy,dy (Polya’s exponents) as

follows.

4.3.2 Number of coefficients By and H gy ()

Given [, d, and dy, since h € Wy, and v € Wy, q,, the number of coefficients By ()
is the product of Ly := card(Wy,) and L := card(Wg,14,). Recall that card(Wg,) is
the number of all [-variate monomials of degree d, and can be calculated using (4.3)

as follows.

0 for [=0

Lo = f(l,dy) = dy+1—-1\  (dp+1-1)
( -1 )—W

(4.18)
for 1> 0.

Likewise, card(Wg, 44, ), i.e., the number of all [—variate monomials of degree d,, + d;

is calculated using (4.3) as follows.

0 for =0

dotdi4l—1)  (dy+di+1—1)
_ for 1> 0.
< -1 ) (A, +d)i—nn rt=0

L=f(l,d,+d) = (4.19)

The number of coefficients Sy (1) is Lo+ L. In Figure 4.2, we have plotted the number
of coefficients 3y, (,y in terms of the number of uncertain parameters [ and for different

polya’s exponents.
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Figure 4.2: Number of 3, () coefficients vs. the number of uncertain parameters
for different Polya’s exponents and for d, = 2
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Figure 4.3: Number of Hy, () coefficients vs. the number of uncertain parameters
for different Polya’s exponents and for d, = d, = 2

Given 1,d,, d, and dy, since h € Wy, and v € Wy ,14,, the number of coefficients
Hpy ) is the product of Ly := card(Wy,) and M := card(Wjy,,14,). By using (4.3),

we have

0 for [ =0

M = J(Ldpa + dz) = (dpa+d2+l—1) (dpa + do +1—1)!

(4.20)

pu— f .
-1 (ot )l =1y o =0

The number of Hy,y (-, coefficients is Lo - M. In Figure 4.3, we have plotted the

number of coefficients H) (,) in terms of the number of uncertain parameters [ and
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Figure 4.4: Memory required to store the coefficients B () and Hy oy vs. number
of uncertain parameters, for different d;,ds and d, = d, = 2
for different polya’s exponents.

We have shown the required memory to store the coefficients 3y ) and Hy () in
Figure 4.4 in terms of the number of uncertain parameters [ and for different Polya’s
exponents. It is observed from Figure 4.4 that even for small degree d, of P(«) and
small degree d, of the system matrix A(«), the required memory is in the Terabyte
range. Peet and Peet (2010) proposed a decentralized computing approach to the
calculation of {f), )} on a cluster computer. In the work, we extend this method
to the calculation of {Hy (v} and the SDP elements which will be discussed in the
following section. We express the LMIs associated with conditions (4.12) and (4.13)
as an SDP in both primal and dual forms. We will also discuss the structure of the

primal and dual SDP variables and the constraints.
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4.3.3 The elements of the SDP problem associated with Polya’s theorem

Recall from Section 3.4 that a semi-definite program can be stated either in primal

or in dual format. Given C € S™, a € REX and B; € S™, here we consider

max tr(CX)
Xegm

subject to B(X) =a
X >0, (4.21)

as the primal SDP form, where the linear operator B : S™ — R¥ is defined in (3.18).
The associated dual problem is

min  a’y
Y,z

K
subject to Z By, —C=27

=1
Z>0,yeR~K (4.22)

The elements C, B; and a of the SDP problem associated with the LMIs in (4.12)

and (4.13) are defined as follows. We define the element C' as
C = diag(Cl,-~-C’L,CL+1,-~-CL+M), (423)

where

dy! :
C; = ot (Brew, Sweiti) . for 15151 (4.24)

On, for L+1<i<L+M,

d
where recall that L = card(Wy 4q4,) is the number of monomials in (22:1 ai> P (),
d
M = card(Wa,,+4,) is the number of monomials in (22:1 ozi> i P(a)A(a), n is the
dimension of System (4.4), [ is the number of uncertain parameters and ¢ is a small

positive parameter.
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Fori=1,---, K, define B; elements as
B; = diag(Bi,h ~+Bir,Biry1, 'Bi,L—l—M)a (4.25)

where K is the number of dual variables in (4.22) and is equal to the product of
the number of upper-triangular elements in each P, € S" (the coefficients in P(«))

and the number of monomials in P(«) (i.e. the cardinality of Wy, ). Since there are

f(lvdp> = (dp;__ll_l

upper-triangular elements, we find K as

(dy+1—1)! -

) coefficients in P(c) and each coefficient has N := n(n+1)

K = 4.26
d,!(l —1)! (4.26)
To define the B, ; blocks, first we define the map Vi : Z% — Z™*™,
N
V(m(iL’) = Z E] $j+N(<h>_1) fOl" all h c de, (427)
j=1

which maps each variable to E;, where E;, j =1,-- . N define the canonical basis for
S™ (subspace of symmetric matrices) as follows.
1 ifi=k=j
[Ejlig = , for j<n and (4.28)
0 otherwise

where

1 ifimk—1=j—n
[Filig = (4.30)

0 otherwise.

Note that a different choice of basis would require a different function Vy. Then, for

t=1,---, K, we define B, ; matrices as

2new,, Dy Viw (€, for 1<j<L ()

e, (ng_Lv@(ei) n V<h>(ei)H<h>,j_L), for L+1<j<L+M, (II)
(4.31)
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where we have denoted the canonical basis for R® by ¢; = [0...0 1 0...0],7 =
1,---,n. Finally, to complete the SDP problem associated with Polya’s algorithm,
we choose a as

a=1¢eR~E (4.32)
4.3.4 A parallel algorithm for setting-up the SDP

In this section, we propose a decentralized, iterative algorithm for calculating the
terms {Bny, (1) }> {Hny, (1) }> C and B; as defined in (4.15), (4.17), (4.23) and (4.25). We
have provided an MPI implementation of this algorithm in C++. The source code
is available at https://www.sites.google.com/a/asu.edu/kamyar/Software. In
Algorithm 5, we have presented a pseudo-code for this algorithm, wherein N is the

number of available processors.
4.4  Complexity analysis of the set-up algorithm

Since verifying the positive definiteness of all representatives of a square matrix
with entries on proper real intervals is intractable (Nemirovskii (1993)), the question
of feasibility of (5.8) is also intractable. To solve the problem of inherent intractability
we establish a trade off between accuracy and complexity. In fact, we develop a
sequence of decentralized polynomial-time algorithms whose solutions converge to the
exact solution of the NP-hard problem. In other words, the translation of a polynomial
optimization problem to an LMI problem is the main source of complexity. This high
complexity is unavoidable and, in fact, is the reason we seek parallel algorithms.
Algorithm 5 distributes the computation and storage of coefficients {5y} and
{Hy ()} among the processors and their dedicated memories, respectively. In an

ideal case, where the number of available processors is sufficiently large (equal to the
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Inputs:

d,: degree of P(a), d,: degree of A(«), n: number of states, [: number of
uncertain parameters, d;, ds: number of Polya’s iterations, Coefficients of A(«).
Initialization:

Set dy = dy = 0 and dp, = d, + d,.

Calculate Ly as the number of monomials in P(«) using (4.18). Set L = Ly.
Calculate M as the number of monomials in P(a)A(«) using (4.20).

Calculate L' = floor (%) as the number of monomials in P(«) assigned to each

L
N
processor.

Calculate M’ = floor (%) as the number of monomials in P(a)A(a) assigned

to each processor.

fori=1,--- N, processor i do
Initialize f ; for j = (i — 1)L’ +1,--- ;4L and k =1, - - - Ly using (4.14).

Initialize Hy,, form = (i —1)M"+1,--- iM' & k=1,--- L, using (4.16).
end

Calculating f and H coefficients:
while d; < d; or dy < d» do
if d, < d; then
fori=1,--- N, processor i do
Set d, = d, + 1. Set dy = dy + 1.
Update L using (4.19). Update L' as L' = floor(%).

Calculate By, j = (¢ —1)L +1,--- il' & k=1,--- L, using (4.15).
end
end

if dy < dy then

fori=1,--- N, processor i do
Set dpg = dpe + 1 and dy = dy + 1.

Update M using (4.20). Update M’ as M’ = floor(%).

Calculate Hy,,, for m = (i —1)M"+1,--- iM and k=1, --- Ly.
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end
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Calculating the SDP elements:

fori=1,---, N, processor i do
Calculate the number of dual variables K using (5.24).

Set T" = floor (M),

Calculate the blocks of the SDP element C' as

Cj using (4.24) forj=(i—1)L'+1,--- L'

C; =0, forj=L+(@—-1)M+1,---  L+iM'.
Set the sub-blocks of the SDP element C' as

C; = diag (C(i—l)T’-i-la T aciT’) . (4.33)

for j=1,--- K do
Calculate the blocks of the SDP elements B; as

B, using (5.25)-1 fork=(i—1)L'+1,--- ,iL’
B, using (5.25)-11 fork=L+ (i—1)M' +1,---, L+iM".

Set the sub-blocks of the SDP element B; as

Ej,i = diag (Bj,(i—l)T’+1> T aBj,iT’) . (4.34)

end

end

Outputs:
Sub-blocks C; and Ej,i of the SDP elements for i =1,---, N and
j=1,--- K.

Algorithm 5: A parallel set-up algorithm for robust stability analysis over the

standard simplex
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number of monomials in P(a)A(«), i.e. M) only one monomial (that corresponds to

L of coefficients B, (yy and Lo of coefficients Hyp () is assigned to each processor.

4.4.1 Computational complexity analysis

The most computationally expensive part of the set-up algorithm is the calculation
of the B; ; blocks in (5.25). Considering that the cost of matrix-matrix multiplication
is ~ n?, the cost of calculating each B; ; block is ~ card(Wy,)-n?. According to (4.25)
and (5.25), the total number of B, ; blocks is K (L + M). Hence, as per Algorithm 5,
each processor processes K (floor(£) + floor(i)) of the B;; blocks, where N is
the number of available processors. Therefore, the per processor computational cost

of calculating the B, ; at each Polya’s iteration is

~ card(Wy ) -n* - K (floor (%) + floor (%)) : (4.35)

By substituting for K from (5.24), card(Wy,) from (4.18), L from (4.19) and M

from (4.20), the per processor computation cost at each iteration is

(dy+ dy +1—1)!

(=1t (n+ 1) floor | (ot D! = 1)!
d(1—1)! 2 N
(dpo + doy +1—1)!
(dpq + do)!(1 —1)!
+floor N ,

assuming that [ > 0 and N < M, i.e., the number of monomials in (Zizl a,-)de(a)A(a)
is at least as large as the number of available processors. Under the assumption that
the dynamical systems has large numbers of states and uncertain parameters (large n
and [), Table (4.1) presents the computational cost per processor of each Polya’s iter-
ation for three different numbers of available processors. For the case where d, > 3,

the number of operations grows more slowly in n than in [.
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Number of processors Ly L M

Computational
p -~ (l2dp+d1 + lep+da+d2)n5 -~ (lzdf’*dl + l2dp+da+d2)n5 ~ [2dptdatdz—dip5

cost per processor

Table 4.1: Per processor, per iteration computational complexity of the set-up al-
gorithm. Ly is the number of monomials is P(«); L is the number of monomials in

d d
(Zé:l oz,-) 1 P(a)); M is the number of monomials in (Zi.:l ai> i Pla)A(a).
4.4.2 Communication complexity analysis

Communication between processors can be modeled by a directed graph G(V, E),
where the set of nodes V' = {1,---, N} is the set of indices of the available processors
and the set of edges E = {(4,j) : i,j € V} is the set of all pairs of processors that
communicate with each other. For every directed graph, we can define an adjacency
matrix T as follows. If processor ¢ communicates with processor j, then [T¢];; = 1,
otherwise [T]);; = 0. Here we only define the adjacency matrix for the part of
the algorithm that performs Polya’s iterations on P(«). For Polya’s iterations on
P(a)A(«), the adjacency matrix can be defined in a similar manner. For simplicity,
we assume that at each iteration, the number of available processors is equal to
the number of monomials in (Zézl a;)" P(a). Using (4.19), let us define ry, and
74,41 as the numbers of monomials in (31, ;)% P(a) and (3°\_, a;)" 1 P(a). For
I=1,---,ry, define

!
Er := {lexicographical indices of monomials in <Z ozi> a1y € Wy pq, and () = I}

i=1
Then, forv=1,--- ,rg, 41 and j =1,--- 74,41, the adjacency matrix of the commu-
nication graph is

1 if i<rg andje & andi#j
[Telij =

0 otherwise.
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Figure 4.5: Graph representation of the network communication of the set-up algo-
rithm. (a) Communication directed graph for the case o € A% d, = 2. (b) Commu-
nication directed graph for the case o € A% d, = 2.

Note that this definition implies that the communication graph of the set-up algorithm
changes at every iteration. To help visualize the graph, the adjacency matrix for the

case where o € A? is

o1 o0 -~ 0 0(0 --- 0
o0 1 0 ---0
S oo 0
Tg = € RV +1XTdy+1,
0 0 0 110 0
0 010 0
0 0l0 --- 0

*Tdy - We can also illustrate the com-

where the nonzero sub-block of Ty lies in R
munication graphs for the cases @ € A% and o € A* with d, = 2 as seen in Figure 4.5.
For a given algorithm, the communication complexity is defined as the sum of

the size of all communicated messages. For simplicity, let us consider the worst case
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Number of processors Lo L M

communication cost per processor || ~ [%etdzp2 | ~ [dratd2—dipn2 |  [dpp?

Table 4.2: Per processor, per iteration communication complexity of the set-up
algorithm. L is the number of monomials is P(«); L is the number of monomials in

d; d
(Zﬁzl ozi) P(«); M is the number of monomials in (Zizl ozl-) i P(a)A(«).

scenario, where each processor is assigned more than one monomial and sends all
of its assigned coefficients B,y and Hpy oy to other processors. In this case, the
algorithm assigns floor(£) - card(W,,) of coefficients B (), each of size 1, and
(floor(£) + floor(4h)) - card(Wy,) of coefficients H (), each of size n?, to each
processor. Thus, the communication complexity of the algorithm per processor and

per iteration becomes

card (W, ) (floor (%) + floor (%) n2) | (4.36)

This indicates that increasing the number of processors (up to M) actually leads to less
communication overhead per processor and improves the scalability of the algorithm.
By substituting for card(Wg,) from (4.18), L from (4.19) and M from (4.20) and
considering large [ and n, the communication complexity per processor of each Polya’s

iteration can be represented as in Table 4.2.
4.5 A parallel SDP solver

Current state-of-the-art interior-point algorithms for solving linear and semi-definite
programs are: dual-scaling, primal-dual, cutting-plane/spectral bundle method. Al-
though we found it possible to use dual-scaling algorithms, we chose to pursue a
central-path following primal-dual algorithm. One reason that we prefer primal-dual
algorithms is because in general, primal-dual algorithms converge faster than dual-

scaling algorithms. This assertion is motivated by experience as well as bounds on
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the convergence rate, such as those found in the literature (Helmberg et al. (1996);
Benson et al. (2000)). More importantly, we prefer primal-dual algorithms because
they have the property of preserving the structure (see (4.47)) of the solution at each
iteration. We will elaborate on this property in Theorem 15.

We prefer primal-dual algorithms over cutting plane/spectral bundle algorithms
because, as we show in Section 4.6, the centralized part of our primal-dual algorithm
consists of solving a symmetric system of linear equations (see (4.61)), whereas for the
cutting plane/spectral bundle algorithm, the centralized computation would consist of
solving a constrained quadratic program (see Sivaramakrishnan (2010), Nayakkankup-
pam (2007)) with the number of variables equal to the size of the system of linear
equations. Because centralized computation is a limiting factor in a parallel algo-
rithm (Amdahl’s law), and because solving symmetric linear equations is simpler
than solving a quadratic programming problem, we chose the primal-dual approach.

The choice of a central path-following primal-dual algorithm as in Helmberg et al.
(1996) and F. Alizadeh (1994) was motivated by results in Alizadeh et al. (1998)
which demonstrated better convergence, accuracy and robustness over the other types
of primal-dual algorithms. More specifically, we chose the approach in Helmberg
et al. (1996) over F. Alizadeh (1994) because unlike the Schur Complement Matriz
(SCM) approach of the algorithm in F. Alizadeh (1994), the SCM of Helmberg et al.
(1996) is symmetric and only the upper-triangular elements need to be sent /received
by the processors. This leads to less communication overhead. The other reason
for choosing Helmberg et al. (1996) is that the symmetric SCM of the algorithm
in Helmberg et al. (1996) can be factorized using Cholesky factorization, whereas the
non-symmetric SCM of F. Alizadeh (1994) must be factorized by LU factorization
(LU factorization is roughly twice as expensive as Cholesky factorization). Since

factorization of SCM comprises the main portion of the centralized computation in our
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algorithm, it is crucial for us to use computationally-cheaper factorization methods
to achieve a better scalability.

Recall from Section 3.5 that in the primal-dual algorithm, both primal and dual
problems are solved by iteratively calculating primal and dual search directions and
step sizes, and applying these to the primal and dual variables. Let X be the primal

variable and y and Z be the dual variables. At each iteration, the variables are

updated as
Xip1 = X +,AX (4.37)
Ye+1 = Y + taAy (4.38)
Zpw1 = Zp +1dAZ, (4.39)

where AX, Ay, and AZ are the search directions defined in (3.34) and ¢, and ¢4 are
primal and dual step sizes. For the SDPs associated with Polya’s theorem (see (4.21)
and (4.22)), because the map G (defined in (3.18)) is zero, the predictor search di-

rections defined in (3.28)-(3.30) reduce to the following.
Ay=Q"" (—a+ B(Z7'GX)) (4.40)

K
AX = -X+27'G (Z BZA@) X (4.41)

=1
N K K
AZ = (Z Biyl-) —Z—-C+ (Z BA@-) , (4.42)
i=1 i=1
where

K
G=-) Byi+Z+C, (4.43)

i=1

and Q = [B(Z7'B;X) --- B(Z7'BxX)|. Similarly, the corrector search directions
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defined in (3.31)-(3.33) reduce to

A = Q! (B(MZ‘l) - B(Z*AEA)?)) (4.44)

AX =pZ ' — Z7'\AZAX — Z7'AZX (4.45)
K

AZ = BiAy,. (4.46)

i=1
In the following section, we discuss the structure of the decision variables of the SDP

defined by the Elements (4.23), (4.25) and (4.32).
4.5.1 Structure of the SDP variables

The key algorithmic insight of this study which allows us to use the primal-dual
approach presented in Algorithm 4 is that by choosing an initial value for the primal
variable with a certain block structure corresponding to the distributed structure
of the processors, the algorithm will preserve this structure on the primal and dual
variables at every iteration. Specifically, we define the following structured block-

diagonal subspace, where each block corresponds to a single processor.

St =Y C REFmmxrmn .y — diag(Yy, -+ Yi, Yigr, - - - Yigm) for ¥; € R}
(4.47)
According to the following theorem, the subspace S, , is invariant under the pre-
dictor and corrector iterations in the sense that when Algorithm 4 is applied to the
SDP problem defined by the Elements (4.23), (4.25) and (4.32) with a primal starting
point Xy € i n, then the primal and dual variables remain in the subspace at every

iteration.

Theorem 15. Consider the SDP problem defined in (4.21) and (4.22) with elements
given by (4.23), (4.25) and (4.32). Suppose L and M are the cardinalities of Wy, 14,
and Wy, +d, as defined in (4.19) and (4.20). If (4.37), (4.38) and (4.39) are initialized

80



Xo € SL,M,m Yo € RK, Zg c SL,M,m

then for all k € N,

Xi € Seovmn,  Zk € Spovn-
Proof. We proceed by induction. First, suppose for some k € N,
X, € SL,M,n and Z, € SL,M,n- (448)

We would like to show that this implies Xyi1, Zx11 € Sprn. To see this, observe
that according to (4.37), X1 = Xi + t,AX} for all £ € N. From (3.34), AXj can
be written as

AXp = AX, 4+ AX), forall keN. (4.49)

To find the structure of AX},, we focus on the structures of AX » and AX, individually.

Using (4.41), AX} is

K

i=1

where according to (4.43), Gy, is

K
Gp=C=)Y Byi+Z foralkeN (4.51)

i=1
First, we examine the structure of Gj. According to the definition of C' and B;
in (4.23) and (4.25), we know that

K
CeSpmn and Z By, € Sy, forany y e RE. (4.52)

i=1
Since all the terms on the right hand side of (4.51) are in Sp s, and Spa, is a

subspace, we conclude

Gk c SL,M,n- (453)

81



Returning to (4.50), using our assumption in (4.48) and noting that the structure
of the matrices in Sy, ps,,, is also preserved through multiplication and inversion, we

conclude

A)/Ek c SL,M,n- (454)

According to (4.45), the second term in (4.49) is
AX) = pZ;' — Z'AZWAX, — Z'AZp X, for all k€ N. (4.55)

To determine the structure of AX}, first we investigate the structure of Azk and

AZ},. According to (4.42) and (4.46) we have

K K

AZy =Y By, —Z—C+> B, for all k € N (4.56)
i=1 =1
K

AZp =) BiAp, for all k e N. (4.57)
=1

Because all the terms in the right hand side of (4.56) and (4.57) are in Sy, pr,, it
follows that

AZ, € Stotn,  AZy € Spin. (4.58)

Recalling (4.54), (4.55) and our assumption in (4.48), we have
Ayk c SL,M,n- (459)
According to (4.54), (4.58) and (4.59), the total step directions are in Sp asp,

AXp = AX,+ AX, € SL.Mm

AZk = AZ\k + AZk € SL,M,na
and it follows that

Xk—i—l =X, + tpAXk € SL,M,n

Zk—i—l =7+ tpAZk € SL,M,n-
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Thus, for any y € R¥ and k € N, if X}, Zy € Sp.arn, we have Xiy1, Zkr1 € Sparn
Since we have assumed that the initial values Xy, Zy € Sp apn, We conclude by induc-

tion that X € Sy y and Zy, € Sy, for all k € N. O
4.5.2 A parallel implementation for the SDP solver

In this section, we propose a parallel algorithm for solving the SDP problems
associated with Polya’s algorithm. In particular, we show how to map the block-
diagonal structure of the primal variable and the primal-dual search directions de-
scribed in Section 4.5 to a parallel computing structure consisting of a central root
processor with NV slave processors. Note that processor steps are simultaneous and
transitions between root and processor steps are synchronous. Processors are idle
when root is active and vice-versa. A C++ implementation of this algorithm us-
ing MPI and numerical linear algebra libraries CBLAS and CLAPACK is provided

at: www.sites.google.com/a/asu.edu/kamyar/Software. Let N be the number of

L+M

~ ) As per Algorithm 6, we assume pro-

available processors and J := floor(
cessor i has access to the sub-blocks C; and B;; defined in (4.33) and (4.34) for
j=1,---, K. Be aware that minor parts of Algorithm 6 have been abridged in order

to simplify the presentation.
4.6 Computational complexity analysis of the SDP algorithm

Complexity theory for parallel computation has been studied in some depth (Green-
law et al. (1995)). The class NC C P is often considered to be the class of problems
that can be parallelized efficiently. More precisely, a problem is in NC if there ex-
ist integers ¢ and d such that the problem can be solved in O(log(n)¢) steps using
O(n?) processors. On the other hand, the class P-complete is a class of problems

which are equivalent up to an NC reduction, but contains no problem in NC and
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Inputs: C;,B;,; fori=1,--- /N and j=1,---,K: the sub-blocks of the SDP
elements provided to processor ¢ by the set-up algorithm; Stopping criterion e.
Processors Initialization step:

fori=1,---, N, processor i do

0

Initialize primal and dual variables X?, Z? and 3° as

0 I(J+1)n, 0<i<L+M-—-NJ
Iy, L+M—-NJ<i<N,
7 =X% and 3°=0¢c R,

Calculate the complementary slackness as S; = tr(ZXY?).

Send S; to the processor root.

end

Root Initialization step:

Root processor do
Calculate the barrier parameter as = 3 Zf\il S;.
Set the SDP element a = 1 € RX.

Processors step 1:

fori=1,--- N, processor i do

for k=1,---, K do
Calculate the elements of ; (R-H-S of System (4.61))

K
Wi = tr (Bk,i(zi)l ( Z y;Bj.i + Zi + Ci) Xz’)

J=1

for(=1,--- , K do
Calculate the elements of the SCM as

Aijey = tr (Byi(Z;) ' By,iX,) (4.60)

end
end

Send w; , and N\jg;, k=1,--- , K and [ =1, ---, K to the root processor.
end 84




Root step 1:
Root processor do

Construct the R-H-S of System (4.61) and the SCM as

S Wit S A S Nk
N N N
i—1 Wi,2 i— )\',2,1 i— )\',2,1{
0 = Zl_l ‘ —a and A = ZZ Lo , , ZZ Lo
D i Wik |\ 2 Ak S Mk ) |

Solve the following system of equations for the predictor dual step Ay € R,
AAYy =y (4.61)
Send AY to all processors.

Processors step 2:
fori=1,---, N, processor i do
Calculate the predictor step directions

K K
AX; = =X, + (2;)" <_ > yiBii+Zi+ @) > AyB; X,
7j=1

J=1

K K
AZ = Z ijj,i - Zz - éz + Z A/y\jﬁj,i-

j=1 7j=1

for k=1,---, K do
Calculate the elements of Qs (R-H-S of (4.62))

5i,k = tI‘(EkJ(ZZ’)_l), 7'1'7]f = tr(Ek,Z(ZZ)_lAZA)@)

end

Send 9, and 75, K =1,---, K to the root processor.
end

Root step 2:
Construct the R-H-S of (4.62) as

T
QZ:“[ZL% S Oia e ZiN:15z,4 -
T

[Zf\ilﬂyl S Tia Zﬁ\ilTi,K]

85
Solve the following system of equations for the corrector dual variable Ay.
AAG = (4.62)

Send Ay to all processors.




Processors step 3:
fori=1,---, N, processor i do
Calculate the corrector step directions as follows.

K

j=1
AX; = —(Z:) N(AZX; + AZAX,) + p(Z;) 7!
Calculate the primal and dual total search directions as
AX, = AX; + AX;, AZ; = AZ;+AZ;, Ay=Aj+ AT
Set the primal step size ¢, and dual step size t; using an appropriate line

search method.

Update the primal and dual variables as

X=X, +t,AX;, Z;=7Z;+t;AZ;, y=y+tsAy
end

Processors step 4:

fori=1,---, N, processor i do

Calculate the contribution of X; to primal cost and complementary

slackness as
¢ =tr (C:X;) and S;=tr(ZX,).

Send S; and ng to the root processor.
end

Root step 4:
Update the barrier parameter as p = % Zf\il S;.

Calculate the primal and dual costs as ¢ = Zf\il ¢; and ¢ = aTy.

if |¢ — 9| > € then
| go to Processors step 1

end
else

Calculate the coeflicients of P(a) as P, = Zjvzl By i mi-1y for

1=1,---,Lo.
end
Output:

Coefficients P; of a polynomial P(«) such that P(a) > 0 for all & € Al and
86

satisfies the Lyapunov inequalities in (5.8).

Algorithm 6: A parallel SDP algorithm




is thought to be the simplest class of “inherently sequential” problems. It has been
proven that Linear Programming (LP) is P-complete Greenlaw et al. (1995) and SDP
is P-hard (at least as hard as any P-complete problem) and thus is unlikely to admit a
general-purpose parallel solution. Given this fact and given the observation that the
problem we are trying to solve is NP-hard, it is important to thoroughly understand
the complexity of the algorithms we are proposing and how this complexity scales
with various parameters which define the size of the stability analysis problem. To
better understand these issues, we have broken our complexity analysis down into
several cases which should be of interest to the control community. Note that the
cases below do not discuss memory complexity. This is because in the cases when a
sufficient number of processors are available, for a system with n states, the memory

requirements per block are simply proportional to n?.
4.6.1 Complexity analysis for systems with large number of states

Suppose we are considering a problem with n states. For this case, the most
computationally expensive part of the algorithm is the calculation of the Schur com-
plement matrix A by the processors in Processors step 1 (and summed by the root
in Root step 1, although we neglect this part). In particular, the computational
complexity of the algorithm is determined by the number of operations required to

calculate (4.60), restated here.
>\i,k,l =1tr (Ek,i(zi)_lﬁmxi) for k= 1, s ,K and [ = 1, cee ,K.

Since the cost of n x n matrix-matrix multiplication requires O(n?) steps and each
of X, Z;, By, has floor(%) number of blocks in R™*™, the number of operations

performed by the i processor to calculate \;;, for k=1,--- /K and [ =1,--- , K
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is proportional to

L+ M
floor( + )K2n3 N<L+M
N (4.63)

K?n3 N>L+M

at each iteration, where i = 1,--- | N. By substituting K in (4.63) from (5.24), for

N > L + M, each processor performs

(dy+1- 1))
~ @R 64

operations per iteration. Therefore, for systems with large number n of states and

fixed degree d, of P(a) and number [ of uncertain parameters, the number of opera-
tions per processor required to solve the SDP associated with parameter-dependent
feasibility problem A(a)?P(a) + P(a)A(a) < 0, is proportional to n”. Solving the
LMI associated with the parameter-independent problem A” P4+ PA < 0 using our al-
gorithm or most of the SDP solvers such as Sturm (1999); Borchers and Young (2007);
Yamashita et al. (2003) also requires O(n") operations per processor. Therefore, if
we have a sufficient number of available processors (at least L + M), the proposed
algorithm solves both the stability and robust stability problems by performing O(n")

operations per processor.
4.6.2 Complexity of increasing accuracy/decreasing Conservativeness

We now consider the effect of raising Polya’s exponent. Consider the definition of

simplex as follows.

!
Ai: {QERZ:Zai:r,aiEO}
i=1

Suppose we now define the accuracy of the algorithm as the largest value of r found
by the algorithm (if it exists) such that if the uncertain parameters lie inside the
corresponding simplex, the stability of the system is verified. Typically, increasing

Polya’s exponent d in (4.7) improves the accuracy of the algorithm. If we again only
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consider Processor step 1, according to (4.64), the number of processor operations is
independent of the Polya’s exponent d; and d,. Because this part of the algorithm
does not vary with Polya’s exponent, we look at the root processing requirements
associated with solving the systems of equations in (4.61) and (4.62) in Root step 1
using Cholesky factorization. Each of these systems consists of K equations. The
computational complexity of Cholesky factorization is O(K3). Thus, the number of

operations performed by the root processor is proportional to

s (=),
K="

In terms of communication complexity, the most significant operation between the

(4.65)

root and other processors is sending and receiving A; ., fori =1,--- /N, k=1,--- | K
and [ =1,---, K in Processors step 1 and Root step 1. Thus, the total communication

cost for N processors per iteration is

(dp+1= 1)
RIS

From (4.64), (4.65) and (4.66) it is observed that the number of processors operations,

~N-K’=N

(4.66)

root operations and communication operations are independent of Polya’s exponent
dy and dy. Therefore, we conclude that for a fixed d, and sufficiently large number
of processors N (N > L + M), improving the accuracy by increasing d; and ds does

not add any computation per processor or communication overhead.
4.6.3 Analysis of scalability/speed-up

Ts .
The speed-up of a parallel algorithm is defined as SPy = T where T} is the
N

execution time of the algorithm on a single processor and Ty is the execution time of

the parallel algorithm using N processors. The speed-up is governed by

N

SPv = 5T Ng

(4.67)
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where D is the decentralization ratio and is defined as the ratio of the total opera-
tions performed by all processors except the root to total operations performed by
all processors and root. S is the centralization ratio and is defined as the ratio of
the operations performed by the root processor to total operations performed by all
processors and the root. Suppose that the number of available processors is equal to
the number of sub-blocks in C' defined in (4.23), i.e, equal to L+ M. Using the above
definitions for D and S, Equation (4.64) as the decentralized computation and (4.65)

as the centralized computation, D and S can be approximated as

N (112
~ (d,N2((1 — 1)1)2
D~ N((dp+z 1)! )2n L (4, 1= 1P - (4.68)
(d)2((L=1H2" ()3 (1= 1)!)?
and
(4, +1- 1))
~ ()P — D"
rasc” IO - ([t - DI (4.69)

@R D" G

According to (4.19) and (4.20) the number of processors N = L + M is independent
of n. Therefore,

lim D=1 and lim S =0.

n—o0 n—ro0
By substituting D and S in (4.67) with their limit values, we have lim,, ., SPy = N.
Thus, for large n, by using L + M processors, the presented decentralized algorithm
solves large robust stability problems L + M times faster than the sequential algo-
rithms. For different values of the state-space dimension n, the theoretical speed-up
of the algorithm versus the number of processors is illustrated in Figure 4.6. As shown
in Figure 4.6, for problems with large n, by using N < L + M processors the paral-
lel algorithm solves the robust stability problems approximately N times faster than

the sequential algorithm. As n increases, the trend of speed-up becomes increasingly
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Figure 4.6: Theoretical speed-up vs. No. of processors for different system dimen-
sions n for { =10, d, = 2, d, = 3 and d; = dy = 4, where L + M = 53625
linear. Therefore, for problems with a large number of states, our algorithm becomes

increasingly efficient in terms of processor utilization.
4.6.4 Synchronization and load balancing analysis

The proposed algorithm is synchronous in that all processors must return values
before the centralized step can proceed. However, in the case where we have fewer
processors than blocks, some processors may be assigned one block more than other
processors. In this case, some processors may remain idle while waiting for the more
heavily loaded blocks to complete. In the worst case, this can result in a 50% decrease

in the execution speed. We have addressed this issue in the following manner:

1. We allocate almost the same number (£1) of blocks of the SDP elements C' and

B; to all processors, i.e., floor(£5M)+1 blocks to r processors and floor (L)
blocks to the other N —r processors, where r is the remainder of dividing L+ M

by N.

2. We assign the same routine to all of the processors in the Processors steps of

Algorithm 6.
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Figure 4.7: The number of blocks of the SDP elements assigned to each processor.
An illustration of load balancing.

If L + M is a multiple of N, then the algorithm assigns the same amount of data,
ie., % blocks of C' and B; to each processor. In this case, the processors are

perfectly synchronized. If L + M is not a multiple of N, then according to (4.63),

r of the N processors perform K2n® extra operations per iteration. This fraction

1
S
1 + floor (&)

processors. Thus in the worst case, we have a 50% reduction, although this situation

< 0.5 of the operations per iteration performed by each of r

is rare. As an example, the load balancing (distribution of data and calculation) for
the case of solving an SDP of the size L+ M = 24 using different numbers of available
processors N is demonstrated in Figure 4.7. This figure shows the number of blocks
that are allocated to each processor. According to this figure, for N = 2,12 and 24,
the processors are perfectly balanced, whereas for the case where N = 18, twelve

processors perform 50% fewer calculations.
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Figure 4.8: The communication graph of the SDP algorithm

4.6.5 Communication graph of the algorithm

The communication directed graph of the SDP algorithm (see Figure 4.8) is static
(fixed for all iterations). At each iteration, root sends messages (dual predictor and
corrector search directions Ay and A7) to all of the processors and receives messages
(elements A; ;. ; of the SCM defined in (4.60)) from all of the processors. The adjacency
matrix of the communication directed graph is defined as follows. Fori=1,--- /N

and j=1,---, N,

1 if (i=1orj=1)and (i # j)
Tclij =
0 Otherwise.

4.7 Testing and validation

In this section, we present validation data in 4 key areas. First, we present analysis
results for a realistic large-scale model of Tokamak operation using a discretized PDE
model. Next, we present accuracy and convergence data and compare our algorithm
to the SOS approach. Next, we analyze scalability and speed-up of our algorithm as
we increase the number of processors and compare our results to the state-of-the-art

general-purpose parallel SDP solver SDPARA. Finally, we explore the limits of the
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algorithm in terms of the size of the problem, when implemented on a moderately
powerful cluster computer and using a moderate processor allocation on the IBM

Blue Gene supercomputer at Argonne National Laboratory.

4.7.1 Example 1: Application to control of a discretized PDE model in fusion

research

The goal of this example is to use the proposed algorithm to solve a real-world
stability problem. A simplified model for the poloidal magnetic flux gradient in a

Tokamak reactor (Witrant et al. (2007)) is

e (z, 1) 1 0 (M%(:c%(x,t))) (4.70)

X

ot n M0a2 a_SL’

with Dirichlet boundary conditions ¢,(0,¢) = 0 and ¢, (1,t) = 0 for all t € R*, where
1, is the deviation of the flux gradient from a reference flux gradient profile, pg is
the permeability of free space, n(z) is the plasma resistivity and a is the radius of
the Last Closed Magnetic Surface (LCMS). To obtain the finite-dimensional state-
space representation of the PDE, we discretize the PDE in the spatial domain [0, 1]

at N = 7 points. The state-space model is then

Do(t) = Aln(a)u (1), (4.71)
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3 5 7 9 1 13 15
2 2 2 2 2

,‘ 1
J 2 2 2

x; 0.036 0.143 0.286 0.429 0.571 0.714 0.857 0.964

n(z;)|1.775e — 8]2.703e — 8|5.676e — 8|1.182e — 7|2.058e — 7|3.655¢ — 7|1.076e — 6{8.419¢ — 6

Table 4.3: Data for Example 1: Nominal values of the plasma resistivity

where A(n(z)) € RV*YN has the following non-zero entries.

—4 (n(xg) 27;(:5%))
aiy + )

- 3upAx?a?

T3 T3
2 4
4 U(mg)%
Ao =
2 30 Az2a? T3 ’
1 n(z;_1) .
ajj—1 Ar?jna? ( xj_; Tjq for j = 2, N —1,
—1 (@) nlw; )
aj;j = A . x; forj=2,---,N—1,
T Ax? pga? Tyl Ti 1
1 77(%4-1) .
3,j+1 A2 902 ( Tl Lj+1 for j = 2, , N —1,
4 n(@y_1)TN-1
NN-1 BArpga®  wy_1Ax
—4 2n(zy )y n(ry_ 1)y
aN,N = A + 2 ;
’ 3Axpoa? Ty 1Az Ty 1Az

where Az = % and x; ;== (j — %)Am Typically n(z;) are not precisely known (they
depend on other state variables), so we substitute for n(x;) in (4.71) with 7(z;) + oy,
where 7)(z;) are the nominal values of n(x;) and oy, for k =1, -- -, 8 are the uncertain
parameters. The values for xy,---,x; and their corresponding values of 7)(x;) are
presented in Table 4.3. Note that we have used data from the Tore Supra reactor to
estimate the nominal values 7(z;).

The uncertain system is then written as

Yal(t) = Ala)tu (1), (4.72)



where A is affine, A(a) = Ay + Y5, Asa;, where

:14.09 6.47 0 0 0 0 0 - —_2.86 1.66 0 0 0 0 0
0.41 —3.54 3.83 0 0 0 0 .62 —7.15 3.83 0 0 0 0
0 2.30 —10.24 8.97 0 0 0 0 230 —10.24 8.97 0 0 0
A= 0 6.41 —21.46 16.06 0 0 Az =g 0 6.41 —21.46 16.06 0 0
0 0 0 12.49 —39.71 28.91 0 0 0 0 12.49 —39.72 28.91 0
0 0 0 0 23.66 —101.96 86.33 0 0 0 0 23.66 —101.96 86.33
I 0 0 0 0 0 97.40 71.74e3_ _0 0 0 0 0 97.40 71.74e3<
:1‘25 6.47 0 0 0 0 0 - :1,25 6.47 0 0 0 0 0 -
D.41 —5.35 6.84 0 0 0 0 D.41 —3.54 3.83 0 0 0 0
0 410 —13.25 8.97 0 0 0 0 230 —12.25 11.77 0 0 0
Az =14 0 6.41 —21.46 16.06 0 0 Aa=1, 0 8.41 —24.27 16.06 0 0
0 0 0 12.49 —39.71 28.91 0 0 0 0 12.49 —39.72 28.91 0
0 0 0 0 23.66 —101.96 86.33 0 0 0 0 23.66 —101.96 86.33
_0 0 0 0 0 97.40 —1‘74«53_ _0 0 0 0 0 97.40 —1.7483_
:1‘25 6.47 0 0 0 0 0 - :1,25 6.47 0 0 0 0 0 -
41 —3.54 3.83 0 0 0 0 41 —3.54 3.83 0 0 0 0
0 230 —10.24 8.97 0 0 0 0 230 —10.24 8.97 0 0 0
45 = | 0 6.41 —23.57 18.76 0 0 4= | 0 6.41 —21.46 16.06 0 0
0 0 0 14.59 —42.42 28.91 0 0 0 0 12.49 —41.88 31.56 0
0 0 0 0 23.66 —101.96 86.33 0 0 0 0 25.82 —104.61 86.33
_o 0 0 0 0 97.40 71.74e3_ _0 0 0 0 0 97.40 71.74e3_
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+1.25 6.47 0 0 0 0 0 +1.25 6.47 0 0 0 0 0
p.41 —3.54 3.83 0 0 0 0 p.41 —-3.54 3.83 0 0 0 0
0 2.30 —10.24 8.97 0 0 0 0 2.30 —10.24 8.97 0 0 0
A7 = 0 0 6.41 —21.46 16.06 0 0 Ag = 0 0 6.41 —21.46 16.06 0 0
0 0 0 12.49 —-39.71 28.91 0 0 0 0 12.49 -39.71 28.91 0
0 0 0 0 23.66 —104.17 88.94 0 0 0 0 23.66 —101.96 86.33
0 0 0 0 0 100.34 —1.74e3 ] 0 0 0 0 0 97.40 71.7463<

For a given p, we restrict the uncertain parameters ay, to S,, defined as

8
Sp={aeR*: > a; = —6p|, —[p| < o: < |p]},
=1

which is a simplex translated to the origin. We would like to determine the maximum

value of p such that the system is stable by solving the following optimization problem.

*

p*i=max p
subject to  System (4.72) is stable for all « € S,,. (4.73)

To represent S, using the standard unit simplex defined in (2.15), we define the

invertible map g : A®* — S, as
g9(@) = [gr(a) -+ gs(@)], gi(e) == 2|p[(e; = 0.5). (4.74)
Then, if we let A'(a) = A(g(a)), since ¢ is one-to-one,
{A(d) 1/ €S} = {A(g(a) : 0 € A®} = {A(a) : a € AP},

Thus, stability of ¢, (t) = A'(a),(t), for all & € Al is equivalent to stability of

Equation (4.72) for all a € S,,.

97



Speed-up

10 20 30 40 50 60
No. of Processors

Figure 4.9: Speed-up of set-up and SDP algorithms vs. number of processors for a
discretized model of magnetic flux in Tokamak

We solve the optimization problem in (4.73) using bisection. For each trial value of
p, we use the proposed parallel SDP solver in Algorithm 6 to solve the associated SDP
obtained by our parallel set-up Algorithm 5. The SDP problems have 224 constraints

L
? N(w15/2)

found to be 0.0019, where 7)(215/2) = 8.419 - 107° from Table 4.3. In this particular

with the primal variable X € R!092x1092 " The normalized value of p*, i.e

example, the optimal value of p does not change with the degrees of P(«) and Polya’s
exponents d; and dy, primarily because the model is affine. The SDPs are constructed
and solved on a parallel Linux-based cluster Cosmea at Argonne National Laboratory.
Figure 4.9 shows the algorithm speed-up vs. the number of processors. Note that
solving this problem by SOSTOOLS (Papachristodoulou et al. (2013)) on the same

machine is impossible due to the lack of unallocated memory.
4.7.2 Example 2: Accuracy and convergence

The goal of this example is to investigate the effect of the degree d,, of P(«) and the

Polya’s exponents, di,ds on the accuracy of our algorithms. Given a computer with
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a fixed amount of RAM, we compare the accuracy (as we defined in Section 4.6.2) of
the proposed algorithms to the SOS algorithm. Consider the system @(t) = A(a)z(¢)

where A is a polynomial degree 3 defined as

Ala) = Ao} + Asaias + Asayasos + Agjanof + Asal + Agal (4.75)

with the constraint

3
aESL::{QGR?’:ZQZ-:QL—Fl,LSaigl},

i=1

where A; matrices are defined as

—0.61 —0.56 0.402

—0.484 -0.86 1.5

—0.357 0.344 —0.661

A1 = 1-0.48 —0.5500.671|, A2=|-0.732 -0.841 —0.126| , A3 = [—0.210 —0.505 0.588 |,
—1.01 —0.918 0.029 0.685 0.305 0.106 0.268 0.487 —0.846
—0.881 —0.436 0.228 —0.703 —0.298 —0.178 —0.201 —0.182 —0.557

Ay = 0503 —0.812 0.249 |, As = | 0.402 —0.761 —0.300| , A6 = | 0.803 —0.412 —0.203] -

—0.012 0.542 —0.536

—0.010 0.461 —0.588

—0.440 0.011 —0.881

Defining ¢ as in Example 1, the problem is

A(g())z(t) is stable for all o € A®. (4.76)

Using bisection in L, as in Example 1, we varied the parameters d,, d; and dy. The
cluster computer Karlin at Illinois Institute of Technology with 24 Gbytes/node of
RAM (216 Gbytes total memory) was used to run our algorithm. The upper bounds
on the optimal L are shown in Figure 4.10 in terms of d; and d, and for different
d,. Considering the optimal value of L to be Ly, = —0.111, Figure 4.10 shows
how increasing d, and/or di,ds - when they are still relatively small - improves the

accuracy of the algorithm. Figure 4.11 demonstrates how the error in our upper

bound for L, decreases by increasing d, and/or dy, ds.
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Table 4.4: Upper bounds found for L, by the SOS algorithm using different degrees
for  and « (inf: infeasible, O.M.: Out of Memory)

Degree in «
0 1 2
Degree in z
1 Infeasible|  Infeasible Infeasible
2 Infeasible -0.102 Out of Memory
3 Infeasible|Out of Memory|Out of Memory

For comparison, we solved the same stability problem using the SOS algorithm (Pa-
pachristodoulou et al. (2013)) using only a single node of the same cluster computer
and 24 Gbytes of RAM. We used Putinar’s Positivstellensatz (see Section 2.3.4) to
impose the constraints Z?:l a; =2L+1 and L < a; < 1. Table 4.4 shows the upper
bounds on L given by the SOS algorithm using different degrees for x and a. By
considering a Lyapunov function of degree two in z and degree one in «, the SOS
algorithm gives —0.102 as an upper bound on L,, as compared with our value of
—0.111. Increasing the degree of « in the Lyapunov function beyond two resulted in

a failure due to lack of memory.
4.7.3 Example 3: Evaluating speed-up

In this example, we evaluate the efficiency of the algorithm in using additional pro-
cessors to decrease computation time. As mentioned in Section 4.6 on computational
complexity, the measure of this efficiency is termed speed-up and in Section 4.6.3,
we gave a formula for this number. To evaluate the true speed-up, we first ran the
set-up algorithm on the Blue Gene supercomputer at Argonne National Laboratory
using three random linear systems with different state-space dimensions and numbers

of uncertain parameters. Figure 4.12 shows a log-log plot of the computation time
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Figure 4.10: Upper bound on optimal L vs. Polya’s exponents d; and ds, for
different degrees of P(«). (dy = dy).
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Figure 4.11: Error of the approximation for the optimal value of L vs. degrees of
P(«), for different Polya’s exponents
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of the set-up algorithm vs. the number of processors. One can be observed that
the scalability of the algorithm is practically ideal for several different state-space
dimensions and numbers of uncertain parameters.

To evaluate the speed-up of the SDP portion of the algorithm, we solved three
random SDP problems with different dimensions using the Karlin cluster computer.
Figure 4.13 gives a log-log plot of the computation time of the SDP algorithm vs. the
number of processors for three different dimensions of the primal variable X and the
dual variable y. As indicated in the figure, the three dimensions of the primal variable
X are 200, 385 and 1092, and the dimensions of the dual variable y are K = 50, 90
and 224, respectively. In all cases, d, = 2 and d; = dy = 1. The linearity of the Time
vs. Number of Processors curves in all three cases demonstrates the scalability of the
SDP algorithm.

For comparison, we plot the speed-up of our algorithm vs. that of the general-
purpose parallel SDP solver SDPARA 7.3.1 as illustrated in Figure 4.14. Although
similar for a small number of processors, for a larger number of processors, SDPARA

saturates, while our algorithm remains approximately linear.

10
@
2
g 10
pat ——n=10, I=5
2 10t | || —=—n=10, =10
g —e—n=10, I=15
CEL ——n=10, I=20
S o ->-n=20, I=5
© 10 -0-n=20, =10
-8-n=20, =15
-1 ‘ -9-n=20, =20

4 10 2‘0 4‘0 6‘0 8‘0 léO 260
No. of processors

Figure 4.12: Computation time of the parallel set-up algorithm vs. number of

processors for different dimensions of linear system n and numbers of uncertain pa-

rameters [- executed on Blue Gene supercomputer of Argonne National Labratory
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10 ——(L+M)n=385,K=90 ||
= —— (L+M)n=1092, K=224
q_) L
E10'}
C
il
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o
=
S.
107
107

1 l‘O 2‘0 46 6‘0 8‘0
No. of processors
Figure 4.13: Computation time of the parallel SDP algorithm vs. number of pro-

cessors for different dimensions of primal variable (L + M)n and of dual variable K-
executed on Karlin cluster computer

4.7.4 Example 4: Maximum state-space and parameter dimensions for a 9-node

Linux-based cluster computer

The goal of this example is to show that given moderate computational resources,
the proposed decentralized algorithms can solve robust stability problems for systems
with 100+ states. We used the Karlin cluster computer with 24 Gbytes/node of
RAM and nine nodes. We ran the set-up and the SDP algorithms to solve the robust
stability problem with dimension n and [ uncertain parameters on one and nine nodes
of Karlin cluster computer. Thus, the total accessible memory was 24 Gbytes and
216 Gbytes, respectively. Using trial and error, for different n and d;, ds we found
the largest [ for which the algorithms do not terminate due to insufficient memory
(Figure 4.15). In all of the runs d, = d, = 1. Figure 4.15 shows that by using
216 Gbytes of RAM, the algorithms can solve the stability problem of size n = 100
with 4 uncertain parameters in dy = d; = 1 Polya’s iteration and with 3 uncertain

parameters in d; = dy = 4 Polya’s iterations.
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Figure 4.14: Comparison between the speed-up of the present SDP solver and
SDPARA 7.3.1, executed on Karlin cluster computer

30 25 ‘ ‘ : : : : :
: ——d=1, 216 Gig
——d=1, 216 Gig —e—d=2, 216 Gig
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Largest No. of uncertain parameters |
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Figure 4.15: Largest number of uncertain parameters of n-dimensional systems
for which the set-up algorithm (Left) and SDP solver (Right) can solve the robust
stability problem of the system using 24 and 216 Gig of RAM
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Chapter 5

PARALLEL ALGORITHMS FOR ROBUST STABILITY ANALYSIS OVER
HYPERCUBES

5.1 Background and motivation

In Chapter 4, we proposed a distributed parallel algorithm for stability analysis
over a simplex. Unfortunately, simplices are rather restrictive forms of uncertainty set
in that they do not allow for parameters which take values on intervals or polytopes.
Additionally, we hope to eventually extend our algorithms to the problem of nonlinear
stability, which requires search over positive polynomials defined over a set which
contains the origin. Since simplicies do not include the origin, our algorithms cannot
be readily applied to such problems.

In this chapter, our goal is to generalize our algorithms in Chapter 4 in order to
perform robust stability analysis on linear systems with uncertain parameters defined
over hypercubes. Several recent papers such as Chesi et al. (2005) and Bliman (2004a),
have proposed LMI-based techniques to construct parameter-dependent quadratic-in-
state Lyapunov functions for this class of systems. In particular, researchers (Chesi
(2005)) have recently turned to SOS methods and the Positivstellensatz results (see
Section 2.1) to construct increasingly accurate and increasingly complex LMI-based
tests for stability over hypercubes. Unfortunately, due to the inherent intractability
of the problem of polynomial optimization, SOS based algorithms typically run out
of memory for even relatively small-sized problems; see e.g., Table 4.4 of Section 4.7.
This makes it difficult to solve SOS-based algorithms on desktop computers. In this

chapter, we seek for a parallel methodology to distribute the required memory and
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computation among hundreds of processors - each processor possessing a dedicated

memory.
5.1.1 Our Contributions

We start by proposing an extension to Polya’s theorem. This new result param-
eterizes every multi-homogeneous polynomial which is positive over a given multi-
simplex /hypercube. Based on this result, we propose a parallel algorithm to set-up a
sequence of block-structured LMIs (similar to the case of a single simplex). Solutions
to these LMIs define parameter-dependent Lyapunov functions for the system. Fi-
nally, we use our parallel SDP solver in Section 4.5 to efficiently solve these structured
LMIs. Similar to Algorithm 7, the proposed set-up algorithm in this chapter has no
centralized computation, memory or communication, hence resulting in a near-ideal
speed-up. Specifically, we show that the communication operations per processor is
proportional to N%v where N, is the number of processors used by the algorithm.
This implies that by increasing the number of processors, we actually decrease the
communication overhead per processor and improve the speed-up. Naturally, there
exists an upper-bound for the number of processors which can be used by the algo-
rithm, beyond which, no speed-up is gained. This upper-bound is proportional to the

number of uncertain parameters in the system and for practical problems will be far

larger than the number of available processors.

5.2 Notation and preliminaries on multi-homogeneous polynomials

Vi
7

Recall from Section 4.2 that we denote a monomial by a? = Hézla where
a € R is the vector of variables and v € W, is the vector of exponents, were W, is
the set of exponents defined in (4.2). Now consider the case where a = [y, - -, ]

with a; € R, and h = [hy,- -+, h,], where h; € Wa,,. Then, we define the set of
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n-variate multi-homogeneous polynomials of degree vector D = [dy,--- ,d,| € N" as
(a generalization of (2.19))

P eRlag, - ,a,]: Pla) = Z Z Pipy o gyt aln b (5.1)

hieWy, — heWq,

Note that for any i € {1,--- ,n}, the element d; of the degree vector D is the degree of
ol in P. For brevity, we denote the index set {hy,--- , h,} by H, and {ha, - by}
by H,j, where h;; is defined as the j™ element of h; € Wy, using lexicographical
ordering. We define the unit multi-simplex AtlIn} a9 the Cartesian product of N
unit simplexes; ie., Ath-ivd .= Al x ... x AN Given r; € R, let us define the

hypercube ®" C R" as
" — {O&ER” . |Oéz| Sri’izl’... 7n}.

Claim 1: For every non-homogeneous polynomial F (o) with o € Athroind = there

exists a multi-homogeneous polynomial P such that

{F(a) ER:ac A{ll"”’l”}} — {P(ﬁ) eR: B¢ A{““”’l”}} .

To construct P, first let Ny be the number of monomials in F. Define t%) :=
[tgk), cee 2’“)] for k=1, ---, Np, where tl(-k) is the sum of the exponents of the vari-
ables inside A%, in the k' monomial of F'. Then, one can construct P by multiplying

the k' monomial of I (according to lexicographical ordering) for k = 1,---, Np by

L Ti—t(.k)
ke{l,-,Np}

i=1 \j=1
For more clarification, we provide the following example of constructing the multi-

homogeneous polynomial P.

Example: Consider the non-homogeneous polynomial

F(O{) = Fl(al,l + Oé12)042,1 —+ FQO{iz + F30é2’27
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where (ay,, a,), (s, , as,) € A%t =12 =[1,1],+®) = [2,0] and t® = [0, 1]. Then,

the multi-homogeneous polynomial P(«) is

P(Oé) = F1 (Oéll + 0412)20421 + FQOK%Q (0421 + 0422) + Fg(Oéh + 0412)20422
= F{20),01 0%, 02, + F{2,0),0107, @2, + F{1,1),00) 01, 1,02,

+ Fyan, 0.0, 01,02, + Fio),0,0101,02, + F02),0,1)) 07,02,
Thus, the coefficients of the multi-homogeneous polynomial P are
Pao.aoy = 1, P00y = I3, Prap.aoy =20
P10,y = 2F3, Pyo.2),1,0y = F1 + Fy, Pyo.2),0,1y = F2 + F3.

Claim 2: For every polynomial F(x) with x € ®", there exists a multi-homogeneous

polynomial P such that

{F(:);)G]R::BG(I)"}:{P(Q,S)GR: o, €R" and (a5, ;) € A* fori=1,--- ,n}.
(5.2)

To construct P, we propose the following steps.
1. Define new variables o; := #* € [0,1] for i =1, -+, m.
2. Define Q(aq, -, ) = F(2rioq — 11, , 21000 — Ty).
3. Define a new set of variables §; :=1—q; fori=1,--- n.

4. Let Ng be the number of monomials in (). Define tk) = [tgk), e ,t%k)} for
k=1,---,Ng, where tl(-k) is the sum of the exponents of the variables inside
A?, in the k™ monomial of (). Then, for k = 1,---, Np, multiply the k'

monomial of @) (according to lexicographical ordering) by

L L)
H (i + ;) Tl B To:=  max t(k).
i=1 k€{17 7NQ}
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We provide the following example to further clarify this procedure.
Ezample: Suppose F(x1,x9) = 23 + x9, with 71 € [-2,2] and x5 € [—1,1]. Define

ap =22 € [0,1] and as := 22 € [0,1]. Then, define
Qo ag) := f(day — 2,205 — 1) = 1602 — 1607 + 205 + 3
By homogenizing ) we obtain the multi-homogeneous polynomial

P(a, B) =16a7 (a2 + B2) — 16as (a1 + B1)(as + Ba) 4 2a2(aq + Bi)?

+3(ay + B1) (g + B2), (a1, B1), (as, Bo) € A?

with the degree vector D = [2,1], where d; = 2 is the sum of exponents of o and [
in every monomial of P, and dy = 1 is the sum of exponents of as and 5 in every
monomial of P.

In the following theorem (Kamyar and Peet (2012b)), we parameterize all of the

multi-homogeneous polynomials which are positive over a multi-simplex.

Theorem 16. (Polya’s theorem, multi-simplex version) A matriz-valued multi-homogeneous
polynomial F satisfies F(a,8) > 0 for all (g, 3;) € A% i = 1,---,n, if there exist

e > 0 such that all the coefficients of
( (i + @')e) F(a,B)
i=1
are positive definite.

Proof. We use induction as follows.
Basis step: Suppose n = 1. Then, from the simplex version of Polya’s theorem
(Theorem 2) it follows that for every F(a, 8) > 0 with (a, ) € A2, there exists some

e > 0 such that all of the coefficients of (a; + f1)¢F(av, §) are positive definite.
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Induction hypothesis: Suppose for every F(a,3) > 0 with (o, 8;) € A% i =

1,- -+, k there exists some e > 0 such that all of the coefficients of
k
(H (i + @')e) F(a, )
i=1
are positive definite.
We need to prove that for every F(a, 8) > 0 with (g, 8;) € A%, i =1,--- , k+1 there
exists some e* > 0 such that all of the coefficients of
k+1
(H (i + Bi)° ) F(a, B)
i=1
are positive definite. From the induction hypothesis it follows that for any fixed
(OAK,B) € A27 if F(ala"' 7O‘k7&7517"' 7Bk73) > 0 for all (alﬁﬁi) € A27 L= 17 7k7
then there exists some e > 0 such that all of the coefficients of
k
<H (al_'_ﬁl)e) F(ala"' 7ak7a7517'” 7Bk7ﬁ) (53)
i=1

are positive definite. Using our notation in (2.19), we can expand (5.3) as

k
<H (az +57,)6> F(Oél, T >akadaﬁla e 75]693) = Z fh,g(daﬁ)aiuﬁfl o 'a2k5£k>

=1 h,geNF
h+g=d+e-1j

(5.4)
in which we have denoted the coefficients of Product (5.3) by fu4(d, 3) and we have
denoted the degree vector of F' by d. Also 1, € N* denotes the vector of ones.
Because F' is a homogeneous polynomial, fj,, are also homogeneous polynomials.
Since fi4(d,3) > 0 for all (h,g) € My, := {(h,9) e N x N*: h4+g=d+e-1},
Polya’s theorem implies that there exist {;;, > 0 for any h,g € My, such that all of
the coefficients of (& 4 ()% f,4(&, 3) are positive definite. Let us define

et = max{ max {lyn}, e} .

h:ge d,e
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Then, clearly all of the coefficients in (& + B)e fon(a, B) are also positive definite. By

multiplying both sides of (5.4) by (& + )¢ we have

A

k
< (Oéi+5z’)e) (54+5A)6*F(041,"' 0, &, By B, B)
i=1

= Y (@D fagla Balpy - alipE. (55)
h,geNF
h+g=d+e-1;
Since all of the coefficients of (& + B)e fhgld, B) are positive definite, all of the coeffi-

cients of the monomials on the right hand side of (5.5) are positive definite. Moreover,

because e* > e

A * A~

k
( (ai_‘_ﬁi)e*) (d_‘_ﬁ)e F(ala'” >O‘kadaﬁla"' 75]@75) (56)
i=1

will also have all positive definite coefficients. Since we chose (&, 3) arbitrarily from

the simplex A2, by replacing & and § with agy; and By in (5.6),

k+1
(H (e +Bi)e*> F(a, B) with (a;, 8;) € A% i=1,--- k+1

i=1

will have all positive definite coefficients. O
5.3 Setting up the problem of robust stability analysis over multi-simplex

In this section, we focus on the problem of robust stability of a system the form

z(t) = A(a)z(t), (5.7)

where A(a) € R™" is a multi-homogeneous polynomial of degree vector D, and
o € Atin} denotes the parametric uncertainty in the system. Note that if A is
not homogeneous, one can use Claim 1 to find a multi-homogeneous representation
for A over the multi-simplex. Furthermore, if & € ®V, then one can use Claim 2 to

find an equivalent representation for A over the multi-simplex AlltIn},
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The following theorem gives necessary and sufficient conditions for asymptotic

stability of System (5.7).

Theorem 17. The linear system (5.7) is stable if and only if there exists a polynomial

matriz P(a) such that P(a) > 0 and
AT(a)P(a) + P(a)A(a) <0 for all o € Alhrin}, (5.8)

Unfortunately, the question of feasibility of the inequalities in Theorem 17 is
NP-hard. In this section, we show that applying Theorem 16 yields a sequence of
SDPs of increasing size (and precision) whose solutions converge to a solution of
the inequalities in Theorem 17. Motivated by the result in Bliman et al. (2006),
we consider P(a) to be homogeneous. In particular, let P be a multi-homogeneous
matrix-valued polynomial of form

Pla)y= Y - > Pyoft--ahy, (5.9)

hneEWay, h1€Wq,,

with degree d, = S d,, and unknown coefficients Py, € S". Moreover, let A(a)

be of the form

Z Z A?—LNal OéN y (510)

h1€Wda1 hNeraN
with degree d, = Zf\il d,,. It follows from Theorem 16 that the Lyapunov inequalities
in Theorem 17 hold for all @ € AlltIn} if there exist some d; > 0 and dy > 0 such

that

H(i:a,-j) P(a) and (5.11)

N /L d2
-11 (Z o%) (AT(a)P(a) + P(a)A(a)) (5.12)
have all positive definite coefficients. By substituting for A(a) and P(a) in (5.11)

and (5.12) from (5.10) and (5.9), we find that the inequalities of Theorem 17 hold if
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there exists dy, dy > 0 such that
Z o Z ﬁ{HN,FN}PHN >0 (5.13)
hlEWdl hNEWdN
for all v1 € Wy, 4a,. -+, Yv € Wiy, 44, and
Yoo Y (HburgyPus + PusHipyryy) <0 (5.14)
hlerl hNerN

for all v1 € Wa,,, +dy, -+ YN € Way,  +d,, Where recall that H y denotes {h1,--- ,hn},

[y denotes {71, -+, v} and dpe, = dp, + dg, fori=1,---  N.
5.3.1 General formulae for calculating coefficients § and H

To calculate the {S, ry}} coefficients and {Hy, ry;} we provide the follow-
ing recursive formulae. These formulae are generalization of the recursive formulae
in 4.3.1 for the case of a single simplex. First, for all 1 € Wy, ,---, v € Wy, , and
for all hy, € de’ - hy € deN set

L ifhy =y, hy =N
(0) _
Bty rny = (5.15)
0 otherwise.

Then, for i = 1,--- ,dy, for all v € Wy, +4,---,yv € Wy, + ¢ and for all hy €

Wa, s hy € Wa, ﬁglN ry} can be calculated using

(i—1)
{HNFN} Z Z 5{% {n=An v =An}) (5.16)

AN EW] A e

Finally, set By, ryy = ﬁg};”}, where v € Wy, 14,
To calculate { Hgpy vy} b, first let

0
H‘E?ZNTN} - Z T Z A{)\lv“'v)\N}' (5’17)

)\NEWdaN: )qEWdal:
AN+thN=7N A1+hi=m
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for v; € Wi st 3 IN € deN and h; € Wa, Jhy € deN. Then, for ¢ =

1,.. .,d, T € dea1+i7 o.M € WdPaN‘i'i and h; € de" . ,hN S deN we have

() _ (i—1)
Higtyryy = Z Z H{HN (M =AL AIN=AN DY (5.18)
ANEW] A EW,
Finally, set Hzy ryy = H{ﬁN T where v1 € Wa,, 4dyr YN € Wi, +da-

5.3.2 The SDP elements associated with the multi-simplex version of Polya’s

theorem

To solve the LMI conditions in (5.13) and (5.14), we express them in the form of a
dual Semi-Definite Programming (SDP) problem with a block-diagonal structure that
is suitable for parallel computation. Define the element C' of the SDP formulation of

Conditions (5.13) and (5.14) as
C .= diag(Cl,---C’L,C'L+1,---CL+M), (519)

where for given Polya’s exponents d; and da,

(dy, +dy +1; — 1)!
L= Z 2
Ild Fd)I(l; - 1) (5:20)

dy
N [ U
is the number of monomials in [] ( am) P(a) and

i=1 \ j=1

N
(dp, +do, +da +1; — 1)!
M = : : 5.21
paley (dp, + do, + do)!(l; — 1)! ( )
is the number of monomials in
N li d2
11 (Z %j) (AT(2)P(0) + P(a) Ala)),
i=1 \j=1
and for j=1,--- , L+ M,
EInC(J) if1<;<L
C; = (5.22)

On, ifL+1<j<L+M,
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where ¢ > 0. In (5.22), we define (/) € N” recursively as follows. First, let

(dPN +d1)! (de +d1)!
C(O) — | v ’ "y :
[[1 h(n,i! 1:[1 RN i f (i ey +d))!

where we have denoted the exponent of the " variable in the j* (according to

lexicographical ordering) element of Wap, by hn,j). Recall that

(l+g—1)
gl(l—1)!

is the number of monomials in a polynomial of degree g with [ variables. Then, for

f(l,g) =

k=1,---,N, define

(dpr(k) + dl)! o (dpr(k) + dl)!
g(k g(k 1) Lok ) "lon) ’
E hr(m),in)! 1]1 R (k)

where r(k) :== N — k + 1 and s(k) := f(l;x), dp,,, + d1). Finally, set ¢ = ¢,
Fori=1,---, K, define the elements B; of the SDP as

Bi = dlag (Bi,17 ) Bi,L7 Bi,L-{-l) ) Bi,L+M) ; (523)
where
N
n(n+1) yp (dp, + 1L — 1)!
K= 2 5.24
- e o 524

is the total number of dual variables in the SDP problem (i.e., the total number of

upper-triangular elements in all of the coefficients of P(«)) and where

Z Z S{HerN,j}VHN(ei)’ it1<;<L
hNGdeN h1€de1
Bi,j -
-y 3 H{THN I, L}VHN(ei) +Vay(€)Hppyry,py fL+1<j5< L+ M,
hNGdeN h1€de1
(5.25)
where recall from Section 5.2 that 'y ; = {y1,,- -+ ,7n,}, Where v;; is the 5t element

of Wa, 14, using lexicographical ordering, and

N
Vi (2) = Eg Zren (1, -1),
k=1
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where Ej, is the canonical basis for S™ defined in (4.28), I3, is the lexicographical

= "("2+1). Finally, we complete the definition

index of monomial /" --- k¥, and N :=
of the SDP problem by setting @ = 1 € R¥. In the following section, we propose a

parallel set-up algorithm to calculate the SDP elements defined in this section.
5.3.3 A parallel algorithm for setting up the SDP

In this section, we propose a parallel set-up algorithm for computing the SDP
elements in (5.19) and (5.23). An abridged description of the algorithm is presented
in Algorithm 7, wherein we suppose the algorithm is executed on N, number of
processors. A C++ parallel implementation of the algorithm is available at:

www.sites.google.com/a/asu.edu/kamyar/software.
5.4 Computational complexity analysis of the set-up algorithm

In this section, we discuss the performance of Algorithm 7 in terms of speed-up,

computation cost, communication cost and memory requirement.
5.4.1 Computational cost of the set-up algorithm:

The most computationally expensive part of the algorithm is calculation of the
elements B;; elements for ¢ = 1,--- K and j = 1,---,L + M. If the number of

available processors is
B ﬁ (dp, +1; = 1)!
B (L, — 1)

=1

then the number of operations per processor at each Polya’s iteration of Algorithm 7
is

L M 3 5 N 2dpi+dai+d2
~ K - Ly | floor N + floor N ) Hli , (5.27)

i=1
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Inputs:

N : dimension of multi-simplex; [, - -,y : dimensions of simplexes; D, D, :

degree vectors of P and A; coefficients of A; ch, dy Polya’s exponents.

Initialization:

fori=1,---, N, processor i do

ie.,

Set dy = dy = 0 and dp, = d, + d,.
Calculate the number of monomials in P(«), i.e., L using (5.20).
Calculate the number of monomials in P(«)A(«), i.e., M using (5.21).

Calculate the per-processor number of monomials in P(a) and P(«a)A(«),

L' = floor (L/N.) and M'= floor (M/N.). (5.26)

for Y1, hl - del, © L UN, hN € deN do
| Calculate B, ry} using (5.15).

end
for i e Wy, -+ ;v € Wy, and hy € Wy, -+ hy € Wy, do
‘ Calculate Hyy, ry} using (5.17).
end
end

Polya’s iterations:

fori=1,---, N, processor i do

end

ford; =1,---,d; do

Set d, = d, + 1. Update L and L’ according to (5.20) and (5.26).
for h, € de"” ,hN € deN do

Update B{HNIN} for Yi-1nL+1 € de(i—l)L’+1’ YL € deiy as
in (5.16).
end

end
for dy =1, ,dy do

Set dp, = dpe + 1. Update M and M’ according to (5.21) and (5.26).

for h, Ede"" s hy EdeN do

Update H{HNI‘N} for Vi-nmr+1 € de“(ia)M/ﬂ’ v Yamr € deaiM'

using (5.18).
end 117
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Calculating the SDP elements:
fori=1,---, N, processor i do

for j=(i— 1)L/ +1, - il/,L+ (i — )M +1,--- ,iM’ do
Calculate C; using (5.22).

Calculate B; for using (5.23).

end

end
Outputs:
The SDP elements C' and B; fori=1,--- | K.

Algorithm 7: A parallel set-up algorithm for robust stability analysis over the

multi-simplex

where recall that d, is the degree of a! in polynomial P(a) (see (5.9)), dg, is the
degree of the variable o/ in the polynomial A(a) (see (5.10)), and d, is the Polya’s
exponent. Note that for the case of systems with uncertain parameters inside a
simplex, (5.27) reduces to our results in Table 4.2. The number of operations versus
the dimension of hypercube N is plotted in Figure 5.1 for different Polya’s exponents
d := d; = dy. The figure shows that for the case of analysis over a hypercube,
the number of operations grows exponentially with the dimension of the hypercube,
whereas in analysis over a simplex, the number of operations grows polynomially. This
is due to the fact that an N-dimensional hypercube is represented by the Cartesian

product of N two-dimensional simplices.
5.4.2 Communication cost of the set-up algorithm:

In the worst case scenario, where each processor sends all of its assigned coefficients

{Hy An1} to other processors (a very rare situation), the communication cost per
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-e-d=0, (H)

--d=0, (S)
2 -=d=1, (S) AR
3 :i—dzz,(H) LY T )
S _ . . .-
; -¥d=3, (S) Zkﬂ -
g or o- -0
3 o

Dimension of hypercube and simplex N

Figure 5.1: Number of operations versus dimension of the hypercube, for different
Polya’s exponents d; = dy = d. (H): hypercube and (S): simplex.

processor at each Polya’s iteration is

L M 2 2 al dpai+d2
~ Lo ( floor N + floor N )~ Hli : (5.28)
¢ i=1

C

assuming the number of processors N. = Ly. Therefore, in this case, by increasing
the number of processors, the communication cost per processor decreases and the
scalability of the algorithm improves. for the case where the uncertain parameters
belong to a simplex, (5.28) reduces to our results in Table 4.2. Again, it can be
shown that the communication cost increases exponentially with the dimension of
the hypercube, whereas in analysis over a simplex, the communication cost increases

polynomially.
5.4.3 Speed-up and memory requirement of the set-up algorithm:

In the proposed set-up algorithm (Algorithm 7), calculation of the coefficients {3}
and {H } is distributed among all of the available processors such that there exists no

centralized computation. As a result, the algorithm can theoretically achieve ideal
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—e—n=10,d=2 (H)
- @-n=10,d=5 (H)
—8—n=40,d=2 (H)
S - ® -n=40,d=5 (H)
| —A—n=100,d=2 (H)
- A -n=100,d=5 (H)
—©-n=10,d=2 (S)
@[ -0-n=10,d=5 (S)
—B-n=40,d=2 (S)
-H-n=40,d=5 (S)
—A—n=100,d=2 (S)
-A-n=100,d=5 (S)

Required memory (Gigabyte)

No. of uncertain parameters

Figure 5.2: Required memory for the calculation of SDP elements vs. number of
uncertain parameters in hypercube and simplex, for different state-space dimensions
and Polya’s exponents d; = dy. (H): hypercube, (S): simplex.

(linear) speed-up. In other words, the speed-up

N N
= pum— :N
D+NS 140 ’

SPy

Where D = 1 is the ratio of the operations performed by all processors simultane-
ously to the total operations performed simultaneously and sequentially, and S is
the ratio of the operations performed sequentially to the total operations performed
simultaneously and sequentially.

In Figure 5.2, we have shown the amount of memory required for storing the SDP
elements versus the number of uncertain parameters in the unit hypercube and the
unit simplex. The figure shows the required memory for different dimensions of the
state-space n and Polya’s exponents d. In all of the cases, we use d,, = d,, = 1 for
1 =1,---,N. The figure shows that for the case analysis over the hypercube, the
required memory increases exponentially with the number of uncertain parameters,
whereas for the case of the simplex the required memory increases polynomially.

This is again because an N-dimensional hypercube is the Cartesian product of N
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two-dimensional simplices, i.e., A? x --- x A%
—_——

N times

5.5  Testing and validation

In this section, we evaluate the scalability and accuracy of our algorithm through
numerical examples. In example 1, we evaluate the speed-up of our algorithm through
numerical experiments. In examples 2 and 3, we evaluate the conservativeness of our

algorithm and compare it to other methods in the literature.
5.5.1 Example 1: Evaluating speed-up

A parallel algorithm is scalable, if by using NV, processors it can solve a problem N,
times faster than solving the same problem using one processor. Thus, the speed-up of
the ideal scalable algorithm is linear. To test the scalability of our algorithm, we run
the algorithm using two random uncertain systems with state-space dimensions n = 5
and n = 10. The tests were performed on a linux-based Karlin cluster computer at
Illinois Institute of Technology. In all of the runs, D, = [2,2,2,2], D, = [1,1,1,1] and
a € ®*. Figure 5.3 shows the computation time of the algorithm versus the number
of processors, for two different state-space dimensions and two different number of
Polya’s iterations (Polya’s exponents d = d; = dy). The linearity of the curves in all

of the executions implies near-perfect scalability of the algorithm.
5.5.2 Example 2: Verifying robust stability over a hypercube
Consider the system #(t) = A(a)x(t), where
Ala) = Ag + Ajad + Ayaqasnas + Azaianas,

o1 € [—1, 1], g € [—05,05], 3 € [—01,01],
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—a—-n=5, d=2
-m-n=5,d=5
——n=10, d=2
0.05|-®-n=10, d=5

Computation time (s)

1 4 8 16 32 64 100
Number of processors
Figure 5.3: Execution time of the set-up algorithm vs. number of processors, for
different state-space dimensions n and Polya’s exponents

where
(30 0 —1.7 3.0 [ 29 —54-08-22
—0.2-29-1.7-2.60 44 14 —3.0 0.8
AO — Al —
06 2.6 —5.8—2.60 —24-92 14 6.0
0.7 2.9 —3.3-2.10 | 2.4 —4.4-6.4 0.18
[—8.0—-13.5-0.5 —3.0 [ 3.0 75 2.5 -8.0
18.0 —2.0 05 —11.5 1.0 05 1.0 1.5
A2: A3:
55 —10.0 35 9.0 —05-1.01.0 6.0
(130 7.5 5.0 —4.0 | 2.5 -6.08.5 14.25

The problem is to investigate asymptotic stability of this system for all « in the given
intervals using Algorithm 7 and our solver in Algorithm 6. We first represented A(a)
defined over the hypercube [—1,1] x [—0.5,0.5] x [—0.1,0.1] by a multi-homogeneous
polynomial B(3,n) with (5;,1;) € A% and with the degree vector Dy, = [2,1,2]. Then,
in one Polya’s iteration (i.e., d; = dy = 1) our algorithm found the following Lyapunov

function as a certificate for asymptotic stability of the system.

Viz,B,m) = SL’TP(ﬁ, nx = xT(ﬁl(P152ﬁ3 + Py fBams + Py B3 + Pynans)

+11(Ps 5285 + PofBang + Prmafs + Psnans))x,

122



where 8; = 0.5 +0.5, B2 = ap+0.5, B3 = 5a3+0.5,1m = 1=F1,m = 1=, 13 = 1—33

and
[ 5.807 0.010 —0.187 —1.186 [ 7409 —0.803 1.804 —1.594]
p_ | 0010 5012 ~0.369 0.227 |, |-0.803 6.016 0.042 —0.538
" 20187 -0.369 8227 —1.824| | 1.804 0.042 7.894 —1.118
1186 0.227 —1.824 8.127 | ~1.594 —0.538 —1.118 8.500
[ 6.095 —0.873 0.512 —1.125] [ 5.388  0.130 —0.363 —0.333]
b | 70873 5934 —0.161 0.503 | , [ 0130 5.044 —0.113 -0.117
’ 0512 —0.161 7.417 —0538| ' |=0.363 —0.113 6.156 —0.236
| ~1.125 0.503 —0.538 6.896 | | —0.333 —0.117 —0.236 5.653 |
[ 7410 —0.803 1.804 —1.594] [ 5.807 0.010 —0.187 —1.186
b _ | 70803 6016 0.042 —0.538| , | 0.010 5.042 ~0.360 0.227
i 1804 0.042 7.894 —1.118] °  |—0.187 —0.369 8.227 —1.824
| —1.594 —0.538 —1.118 8.500 1186 0.227 —1.824 8.127
[ 5.388 0.130 —0.363 —0.333 [ 6.095 —0.873 0.512 —1.125
» 0130 5.044 —0.113-0.117| , _ |-0.873 5934 ~0.161 0.503
" 120363 -0.113 6.156 —0.236| ° | 0512 —0.161 7.417 —0.538
| —0.333 —0.117 —0.236 5.653 | ~1.125 0.503 —0.538 6.896

In this example, we used our algorithm to find lower bounds on r* = max r such

5.5.3 Example 2: Evaluating accuracy

that &(t) = A(a)z(t) with

4
Ale) = Ao+ Ao,

1=1

=30 0 —-1.7 3.0
-0.2-29-1.7-26
0.6 26 —5.8-2.6
—-0.7 29 -33-24

1.1 —2.7-04-1.1 1.6 2.7 0.1 0.6

22 0.7 —15 04 -3.6 0.4 —0.1 2.3
7A1: 7A2: )

-1.2-1.1 0.7 3.0 -1.1 2 —-0.7-1.8

-12-22-32-14 —-2.6-1.5-1.0 0.8

0=
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—-06 1.5 05 —1.6 -0.4-0.1 -0.30.1

0.2 -0.1 0.2 0.3 0.1 0.3 0.2 0.0
A3 = 7A4 =

—-0.1 -0.2-0.2 1.2 0.0 0.2 -0.30.1

—-0.5-12 1.7 -0.1 0.1 —0.2-0.20.0

is asymptotically stable for all @ € {« € R* : |a;| < r}. In Table 5.1, we have
shown the computed lower bounds on r* for different degree vectors D, (degree vec-
tor of polynomial P in Theorem 17). In all of the cases, we set the Polya’s exponents
d; = dy = 0. For comparison, we have also included the lower-bounds computed by

the methods in Bliman (2004a) and Chesi (2005) in Table 5.1.

Table 5.1: The lower-bounds on r* computed by Algorithm 7 using different degree
vector D, and using methods in Bliman (2004a) and Chesi (2005).

D, =[0,0,0,0]| D, =[0,1,0,1]| D, =[1,0,1,0]| D, =[1,1,1,1]| D, =[2,2,2,2]|Bliman (2004a) |Chesi (2005)

Bound on r* 0.494 0.508 0.615 0.731 0.840 0.4494 0.8739
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Chapter 6

PARALLEL ALGORITHMS FOR NONLINEAR STABILITY ANALYSIS

6.1 Background and Motivation

One approach to stability analysis of nonlinear systems is the search for a decreas-
ing Lyapunov function. For those systems with polynomial vector fields, Peet (2009)
has shown that searching for polynomial Lyapunov functions is necessary and suffi-
cient for stability on any bounded set. However, searching for a polynomial Lyapunov
function which proves local stability requires enforcing positivity on a neighborhood of
the equilibrium. Unfortunately, while we do have necessary and sufficient conditions
for positivity of a polynomial (e.g. Tarski-Seidenberg’s algorithm in Tarski (1951)
and Artin’s theorem in Artin (1927)), it has been shown that the general problem of
determining whether a polynomial is positive is NP-hard (L. Blum and Smale (1998)).

Based on Artin’s theorem, non-negativity of a polynomial is equivalent to existence
of a representation in the form of sum of quotients of squared polynomials. If we
leave off the quotient, the search for a Sum-of-Squares (SOS) is a common sufficient
condition for positivity of a polynomial. The advantage of the SOS approach is
that verifying the existence of an SOS representation is a semidefinite programming
problem. This approach was first articulated in Parrilo (2000). SOS programming
has been used extensively in stability analysis and control including stability analysis
of nonlinear systems (Tan and Packard (2008)), robust stability analysis of switched
and hybrid systems Prajna and Papachristodoulou (2003), and stability analysis of
time-delay systems (Papachristodoulou et al. (2009)).

The downside to the use of SOS (with Positivstellensatz multipliers) for stability
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analysis of nonlinear systems with many states is computational complexity. Specif-
ically, this approach requires us to set up and solve large SDPs. As an example,
applying SOS method to find a degree 8 Lyapunov function for a nonlinear system
with 10 states requires at least 900 GB of memory and more than 116 days as compu-
tation time on a single-core 2.5 GHz processor. Although Polya’s algorithm implies
similar complexity to SOS, as we showed in Section 4.3.3, the SDPs associated with
Polya’s algorithm possess a block-diagonal structure. This allowed us to develop par-
allel algorithms (see Algorithms 5, 6, and 7) for robust stability analysis of linear
systems. Unfortunately, Polya’s theorem cannot be used to represent polynomials
which have zeros in the interior of the unit simplex (see Powers and Reznick (2006)
for an elementary proof of this). From the same reasoning as in Powers and Reznick
(2006) it follows that our multi-simplex version of Polya’s theorem (See theorem 16)
cannot be used to represent polynomials which have zeros in the interior of a multi-
simplex/hypercube. Our proposed solution to this problem is to reformulate the
nonlinear stability problem using only strictly positive forms. Specifically, we con-
sider Lyapunov functions of the form V(x) = 27 P(z)z, where P is a strictly positive
matrix-valued polynomial on the hypercube. This way, we can use our multi-simplex
version of Polya’s theorem to search for a polynomial P(x) such that P(z) > 0 for
all z € @\ {0} and (VT P(x)x, f(z)) < 0 for all x € ® - hence proving asymptotic
local stability of @(t) = f(z(t)) for some f € R[z].

Although Polya’s algorithm has been generalized to positivity over simplices and
hypercubes; as yet no further generalization to arbitrary convex polytopes exists. In
order to perform analysis on more complicated geometries such as arbitrary convex
polytopes, in this chapter, we look into Handelman’s theorem (see Theorem 19).
Some preliminary work on the use of Handelman’s theorem and interval evaluation

for Lyapunov functions on the hypercube has been suggested in Sankaranarayanan
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et al. (2013) and has also been applied to robust stability of positive linear systems
in Briat (2013). One difficulty in using Handelman’s theorem in stability analysis is
that then theorem cannot be readily used to represent polynomials which have zeros
in the interior of a given polytope. To see this, suppose a polynomial g (g is not

identically zero) is zero at = a, where a is in the interior of a polytope
M ={reR" :w/z+u;>0,i=1,-- ,K}.

Suppose there exist b, > 0, € N¥ such that for some d € N,

g(aj) — Z ba(wfx+u1)al ,..(w%;x_i_uK)aK.
aeNK: a1 <d
Then,
g(a) — Z ba(w;{‘a—i—ul)al ,..(w%;a_i_uK)aK — O
a€eNF:|a; 1 <d
From the assumption a € int(FK) it follows that wiTa +u; > 0fori=1,--- K.

Hence b, < 0 for at least one a € {a € N¥ : ||a||; < d}. This contradicts with
the assumption that all b, > 0. Based on the this reasoning, one cannot readily

use Handelman’s theorem to search for a polynomial V' such that V(z) > 0 for all

r € '\ {0} and V(0) = 0.
6.1.1 Our contributions

In this chapter, we consider a new approach to the use of Handelman’s theorem
for computing regions of attraction of stable equilibria by constructing piecewise-
polynomial Lyapunov functions over arbitrary convex polytopes. Specifically, we
decompose a given convex polytope into a set of convex sub-polytopes that share
a common vertex at the origin. Then, on each sub-polytope, we use Handelman’s
conditions to define linear programming constraints. Additional constraints are then

proposed which ensure continuity of the Lyapunov function over the entire polytope.
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We then show the resulting algorithm has polynomial complexity in the number of
states and compare this complexity with algorithms based on SOS and Polya’s theo-
rem. Finally, we evaluate the accuracy of our algorithm by numerically approximating

the domain of attraction of two nonlinear dynamical systems.
6.2 Definitions and Notation

In this section, we present/review notations and definitions of convex polytopes,

facets of polytopes, decompositions and Handelman bases.

Definition 1. (Convex Polytope) Given the set of vertices P := {p; € R",i =

1,---, K}, define the convex polytope I'p as

K K

Ip:={reR" :xzz,uipi i € 10,1] and Z,ui: 1}.
i=1 i=1

Every convex polytope can be represented as

M={zeR"wiz+u;20,i=1- K},

for some w; € R", u; € R,i =1,---, K. Throughout the chapter, every polytope that
we use contains the origin. Moreover, for brevity, we will drop the superscript K in

k.

Definition 2. Given a bounded polytope of the form I == {x € R" : wlzx + u; >
0,i=1,---, K}, we call

CZ(F) = {xGR”:wiijLui:O andijijujZO fOTjE{1,~-~ 7}(}}

the i—th facet of T if C'(T') # 0.
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Figure 6.1: An illustration of a D-decomposition of a 2D polytope. \;(z) := h;fj:c +
gijfor j =1, my.

Definition 3. (D—decomposition) Given a bounded polytope of the form I := {z €
R : wlz +u; >0,i=1,--- K}, we call Dr := {D;}i=1.... . a D—decomposition
of I' if

Di={x€R":hl jx+g;>0,j=1,-- ,m}

for some h;; € R, g;; € R, such that UL D; = T, Nk, D; = {0} and int(D;) N
In Figure 6.1, we have illustrated a D-decomposition of a two-dimensional polytope.

Definition 4. (The Handelman basis associated with a polytope) Given a polytope of
the form

I'.= {xeR":wiTx—i—uZ-ZO, =1, ,K},
we define the set of Handelman bases, indezxed by
a € Byi i={aeN:]a|; <d} (6.1)
as

O4() := {pa(x) D palT) = H(wfx +u;)™, a € Ed7K} :

1=1

129



Definition 5. (Restriction of a polynomial to a facet) Given a polytope of the form
F={zeR":w/z+u;, i=1,---,K}, and a polynomial P(x) of the form

K

P(x)= " ba ][]z +u),

aEEd’K i=1
define the restriction of P(x) to the k-th facet of T' as the function
K
Ple(z) = Y bo [ J(wlz+u)>.
aceE :0,=0 =1

We will use the maps defined below in future sections.

Definition 6. Given w;, h;,; € R" and u;,9;; € R, let I be a convex polytope as

defined in Definition 1 with D—decomposition Dy := {D;};—1 ... 1 as defined in Def-

inition 3, and let \®) k = 1,--- B be the elements of Ey,, as defined in (6.1), for
(k)

some d,n, € N. For any \¥) € Ein, let ppw o) be the coefficient of b ox™ in

m;

Pix):= Y bia [0z + i) (6.2)

a€Eam, =1

Let N; be the cardinality of Eqm,, and denote by b; € RYi the vector of all coefficients
bi.a-

Define F; : RMi x N — R as

T

Fi(bi, d) == Z p{,\(l)ﬂ,i}bi,a, B Z p{)\(B),aJ}bi,a (6.3)

aGE’dymi O‘EEd,mi
for i =1,--- L. In other words, F;(b;,d) is the vector of the coefficients of Pi(x)

after expansion.

Define H; : RN x N — R as

H;(bi, d) := Z p{(;(l),aﬂ-}bi,a, Tt Z p{&(Q)@,i}bi,a (6.4)

O‘EEd,mi QEEd,mi
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fori=1,--- L, where we have denoted the elements of {0 € N" : § = 2e; for j =
L---,n} by 0% k =1,---,Q, where e; are the canonical basis for N". In other

words, H;(b;,d) is the vector of coefficients of square terms of P;(z) after expansion.

Define J; : RY x N x {1,--- ., m;} — R? as

T
Ji(bi7d7 ]f) = Z p{)\(l)@,i}bi,a T, Z p{A(B>,a7i}bi,a (6-5)
QEEd,mi QEEd,mi
ap=0 ap=0

fori =1,---,L. In other words, J;(b;,d, k) is the vector of coefficients of P;|i(x)

after expansion.

Given a polynomial vector field f(x) of degree dy, define G; : RY x N — RZ as

T

Gilbi,d) == | D spwanbia: s D S apbie (6.6)

a€E g m, € g,
fori=1,--- L, and where we have denoted the elements of Egya;—1n by n® | k=
1,---,Z. For any n(k) € Eavdy—1,n, we define Stn® aiy 05 the coefficient of bmx"(k) n
(VP(z), f(x)), where P;(x) is defined in (6.2). In other words, G;(b;,d) is the vector
of coefficients of (VP;(x), f(x)).

Define R;(bj,d) : RN x N — RY as
Ri(bi,d) == [b s , -, byger] (6.7)
forv=1,--- L, where we have denoted the elements of
Sam, ={B € Egm, : 8 =0 forje{jeN:g,;=0}}

by B, k=1,---,C. Consider P, in the Handelman basis ©4(I'). Then, R;(b;, d) is
the vector of coefficients of monomials of P; which are nonzero at the origin.

It can be shown that the maps F;, H;, J;, G; and R; are affine in b;.
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Definition 7. (Upper Dini Derivative) Let f : R" — R™ be a continuous map. Then,

define the upper Dini derivative of a function V : R™ — R in the direction f(z) as

X o V(+hf@) - V()
D*(V(). f(x)) = lim sup : .

It can be shown that for a continuously differentiable V'(z),

D¥(V(x), f(z)) = (VV(x), f(z)).

6.3 Statement of the stability problem

We address the problem of local stability of nonlinear systems of the form

2(t) = f(x(t)), (6.8)

about the zero equilibrium, where f : R" — R". We use the following Lyapunov

stability condition.

Theorem 18. For any 2 C R™ with 0 € ), suppose there exists a continuous function

V :R™ = R and continuous positive definite functions Wy, Wy, W3,

Wi(x) < V(z) < Wy(z) forxz € Q and

D*(V(x), f(x)) < —Ws(x) for x € Q,

then System (6.8) is asymptotically stable on {z : {y: V(y) < V(x)} C Q}.

In this paper, we construct piecewise-polynomial Lyapunov functions which may
not have classical derivatives. As such, we use Dini derivatives which are known to

exist for piecewise-polynomial functions.

Problem statement: Given the vertices p; € R",i = 1,--- , K, we would like
to find the largest positive s such that there exists a polynomial V(x) where V(z)
satisfies the conditions of Theorem 18 on the convex polytope
K K
{m E]R”:m:z,uipi : i € 10, 8] and ZM’IS}-
i=1 =1
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Given a convex polytope, the following result (Handelman (1988a)) parameterizes

the set of polynomials which are positive on that polytope using the positive orthant.

Theorem 19. (Handelman’s Theorem) Given w; € R" u; € Ry = 1,--- K, let T
be a convex polytope as defined in definition 1. If polynomial P(z) > 0 for all x € T,

then there exist by, > 0, a € NX such that for some d € N,

P(z) =Y bo [[(wfz+u)>.

aEEd’K _]Zzl

Given a D-decomposition Dr := {D;};—;.... 1, of the form
Di={x€R":hlx+gi;>0,j=1,-- ,m}

of some polytope I', we parameterize a cone of piecewise-polynomial Lyapunov func-

tions which are positive on I' as

V(z) =Vi(z) = Z bi,aH(hfjx +¢;;)% forzeD;andi=1,--- L.
=1

aeEd,mi J
We will use a similar parameterization of piecewise-polynomials which are negative
on I' in order to enforce negativity of the derivative of the Lyapunov function. We will

also use linear equality constraints to enforce continuity of the Lyapunov function.
6.4 Expressing the stability problem as a linear program

We first present some lemmas necessary for the proof of our main result. The
following lemma provides a sufficient condition for a polynomial represented in the

Handelman basis to vanish at the origin (V' (0) = 0).
Lemma 1. Let Dy := {D;}i—1 ... 1 be a D-decomposition of a convex polytope I', where

Di:={zeR":hlx+g,;>0j=1--,m}.

133



For eachi € {1--- L}, let

Z bzaH x+gi,j)aj7

aGEd m;

N; be the cardinality Ey,,, as defined in (6.1), and let b; € RYi be the vector of the
coefficients b; o, . Consider R; : RN x N — RY as defined in (6.7). If R;(b;,d) = 0,
then Py(x) =0 for allie {1---,L}.

Proof. We can write

ms

P(x)= > bo [l +g)+ bmH a4+ gi5)™,

aeEd,mi \demi j=1 a€Sg ,m;
where

Sam; ={a € Egp, caj=0forje{jeN:g,;=0}}

By the definitions of Ej,,, and Sy, we know that for each o € Eg,,,\Sqm,; for
i € {1,---,L}, there exists at least one j € {1,---,m;} such that g;; = 0 and

ag > 0. Thus, at £ =0,

Z bi o (hT:c+gZJ)ai:0 forallic {1,---,L}.

O‘eEd,mi\Sd,mi ] 1
Recall the definition of the map R; from (6.7). Since R;(b;,d) = 0 for each i €
{1,---, L}, it follows from that b; , = 0 for each a € Sy, and ¢ € {1,---, L}. Thus,

Z bzaH x+gi7j)ai:O foralli e {1,---,L}.

O565d my

Thus, P;(0) =0 for alli e {1,---,L}. O

This Lemma provides a condition which ensures that a piecewise-polynomial func-

tion on a D-decomposition is continuous.
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Lemma 2. Let Dp :={D,};—1.. 1 be a D-decomposition of a polytope I, where
Di={zxeR":hlx+g;>0j=1--- m}.

For each i€ {1--- L}, let

Pe)= 2 bia ][z +9:0)™,
aeEd,mi j:l

N; be the cardinality of Egqm, as defined in (6.1), and let b; € RN: be the vector of the

coefficients b; o. Giveni,j e {1,--- L}, i # 7, let

Aij(Dr) :=={k,leN:ke{l,-- m}le{l, - m}:("D;) #0 and ¢"(D;) = (D)} .
(6.9)
Consider J; : RNi x N x {1+ m;} — R as defined in (6.5). If

Jl(bl, d, k) - Jj(bj, d, l)

for alli,j € {1,--- L}, i # j and k,l € A, j(Dr), then the piecewise-polynomial
function

P(z) = P(x), forzeD;i=1,---,L
15 continuous for all x € T

Proof. From (6.5), Ji(b;, d, k) is the vector of coefficients of P;|,(x) after expansion.

Therefore, if
Ji(bi,d, k) = J;(b;,d,l) forall i,j€{1,--- L}, i#j
and (k,l) € A; j(Dr), then
Pji(x) = Pj|i(x) for all i,j € {1,--- ,L}, i # j and (k,l) € A, j(Dr). (6.10)

On the other hand, from definition 5, it follows that for any ¢ € {1,---, L} and

ked{l, - ,m},

Pi|i(z) = Pi(z) for all z € ¢¥(D;). (6.11)
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Furthermore, from the definition of A; ;(Dr), we know that
¢M(D;) = ¢'(Dy) € D;N D, (6.12)

for any 7,5 € {1---,L}, ¢ # j and any (k,l) € A;;(Dr). Thus, from (6.10), (6.11)
and (6.12), it follows that for any 4,5 € {1,---, L}, i # j, we have P;(x) = P;(x) for

J

all x € D; N D; . Since for each i € {1,---,L}, P,(z) is continuous on D; and for
any 4,5 € {1---,L}, i # j, Pi(x) = Pj(x) for all x € D; N D;, we conclude that the

piecewise polynomial function

is continuous for all z € I O

Theorem 20. (Main Result) Let dy be the degree of the polynomial vector field f(x)

of System (6.8). Given w;, h;; € R" and u;, g;; € R, define the polytope
lN={recR":wa4u>0i=1,---,K},
with D-decomposition Dy := {D;};_1.... ., where
Di:={zeR":hljx+g;>0j=1--- m}.

Let N; be the cardinality of Eq.,,, as defined in (6.1) and let M; be the cardinality
of Eara;—1,m;- Consider the maps R;, H;, F;, G;, and J; as defined in definition 6,
and A; ;(Dr) as defined in (6.9) fori,j € {1,---,L}. If there exists d € N such that
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max -y in the linear program (LP),

max
~ER,b; eRNi ¢; eRMi

subject to

b; >0 foro=1,--- L

<0 fori=1,--- L

R;(b;,d) =0 fori=1,--- L

H;(bj,d) > 1 fori=1,--- L

Hi(ci,d+df—1)<—v-1 fori=1,---,L

Gi(bi,d) = Fi(¢i,d+dy—1)  fori=1,--- L

Ji(bi,d, k) = J;(b;,d,1) fori,j=1,---,L and k,l € A; ;(Dr) (6.13)

s positive, then the origin is an asymptotically stable equilibrium for System 6.8.

Furthermore,
V(I’) :‘/Z(x) = Z bz,aH(hgj'x_’_gl,j)a] fO’I",’L’ € Di7 1= 17 7L
aEEd’mi j:1

with b; o as the elements of b;, is a piecewise polynomial Lyapunov function proving

stability of System (6.8).

Proof. Let us choose
V(z)=Vi(x) = > b [[(Wl2+gi5)% forze Dy i=1,--- L
0€Eqm,  J=1

In order to show that V' (z) is a Lyapunov function for system 6.8, we need to prove

the following:
1. Vi(x) > aTaforallz € D;, i=1,---, L,

2. DY (Vi(x), f(z)) < —yalz forallz € D;, i =1,---, L and for some v > 0,
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4. V(x) is continuous on I'.

Then, by Theorem 18, it follows that System (6.8) is asymptotically stable at the ori-
gin. Now, let us prove items (1)-(4). For some d € N, suppose v > 0, b; and ¢; for i =

1,--+, L is a solution to linear program (6.13).

Item 1. First, we show that Vi(x) > 2Tz for all x € D;, ¢ = 1,---, L. From the

definition of the D-decomposition in the theorem statement, hzjx +¢i; > 0, for all

reD;, jg=1,--- ,m;. Furthermore, b; > 0. Thus,
Vi) = > bio [ (W2 +9i)% >0 (6.14)
aeEd,mi j=1

for all x € D;\, i« = 1,---,L. From (6.4), H;(b;,d) > 1 for each i = 1,--- L
implies that all the coefficients of the expansion of 27z in V() are greater than 1 for
i=1,---,L. This, together with (6.14), prove that V;(z) > a'z for all x € D;, i =

1,---,L.

Item 2. Next, we show that Dt (V;(z), f(z)) < —vyalaz forallz € D;, i =1,---, L.
Fori=1,---, L, let us refer the elements of ¢; as ¢; g, where 8 € Eqyd;,—1,m, - From
(6.13), ¢; <0 for i = 1,---, L. Furthermore, since h! .x + g;; > 0 for all z € D;, it

5]

follows that

Zi(x)= Y cpi [z +gi)P <0 (6.15)

BE€Fara;1  j=1
forallz € D;, i=1,---,L. From (6.4), Hi(¢;;d+d;—1) < —y-1fori=1,---,L
implies that all the coefficients of the expansion of 2”7z in Z;(x) are less than —~ for
i=1,---,L. This, together with (6.15), prove that Z;(z) < —ya'lz for all x € Dy,

fori=1,---, L. Lastly, by the definitions of the maps G; and F; in (6.6) and (6.3),
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if G;(bi,d) = Fi(c;,d+dy — 1), then
(VVi(z), f(z)) = Zi(z) < —ya"x forallz € D; and i€ {1---,L}.

Since DT (Vi(x), f(z)) = (VVi(z), f(x)) for all = € D, it follows that D*(V;(z), f(z)) <
—yxlx forallx € Dy, i€ {1---,L}.

Item 3. Now, we show that V' (0) = 0. By Lemma 1, R;(b;,d) = 0 implies V;(0) = 0
for each i € {1,---,L}.

Item 4. Finally, we show that V(z) is continuous for € I'. By Lemma 2,
Ji(bi,d, k) = J;(b;,d,1) for all 4,5 € {1,---,L}, k,l € A;;(Dr) implies that V(x)

is continuous for all z € I O

Using Theorem 20, we define Algorithm 8 to search for piecewise-polynomial Lya-
punov functions to verify local stability of system (6.8) on convex polytopes. We have
provided a Matlab implementation for Algorithm 8 at: www.sites.google.com/a/

asu.edu/kamyar/Software.
6.5 Computational complexity analysis

In this section, we analyze and compare the complexity of the LP in (6.13) with
the complexity of the SDPs associated with Polya’s algorithm in Kamyar and Peet
(2013) and an SOS approach using Positivstellensatz multipliers. For simplicity, we
consider Lyapunov functions defined on a hypercube centered at the origin. Note

that we make frequent use of the formula

H—K—l
il( —1"

vars .

@M&

which gives the number of basis functions in ©4(I") for a convex polytope I' with K

facets.
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Inputs:
Vertices of the polytope: p; fort =1,--- | K.
hi;and g;j fori=1,--- K and j=1,---,m,.
Coefficients and degree of the polynomial vector field in (6.8).

Maximum degree of the Lyapunov function: d,,..

while d < d,,,, do

if the LP defined in (6.13) is feasible then
| Break the while loop.

else
| Setd=d+1

end

end

Outputs:

If the LP in (6.13) is feasible, then the output is the coefficients b; , of the

Lyapunov function

V(z)=Vi(z) = Z bi,aH(thx +g;) forx e D;, i=1,---,L
aeEd,mi 7j=1

Algorithm 8: Search for piecewise polynomial Lyapunov functions using Han-

delman’s theorem
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*r—o—0
1D hypercube with 2 intervals

2D hypercube with 4 triangular
sub-polytopes
3D hypercube with 6 pyramidal
sub-polytopes

Figure 6.2: Decomposition of the hypercube in 1—,2— and 3—dimensions

6.5.1 Complexity of the LP associated with Handelman’s representation

Consider the following assumption on our D—decomposition.

Assumption 1. We perform the analysis on an n—dimensional hypercube, centered
at the origin. The hypercube is decomposed into L = 2n sub-polytopes such that
the i-th sub-polytope has m = 2n — 1 facets. Figure 6.2 shows the 1—, 2— and

3—dimensional decomposed hypercube.

Let n be the number of states in System (6.8). Let dy be the degree of the
polynomial vector field in System (6.8). Suppose we use Algorithm 1 to search for a

Lyapunov function of degree dy,. Then, the number of decision variables in the LP is

dV dv—‘rdf—l

NE —[ Z%ju > %—(dvﬂ) (6.16)
! !  d !

where the first term is the number of b; , coefficients, the second term is the number
of ¢; 5 coefficients and the third term is the dimension of R;(b;,d) in (6.13). By

substituting for L and m in (6.16), from Assumption 1 we have

dy dv—‘rdf—l
d+2n —2)! (d+2n—2)!
N =9 (— —— —dy — 1
vars = 210 ; den—2) " d; aen—21 W

Then, for large number of states, i.e., large n,

H
Nvars

~2n ((2n —2)% + (2n — 2)W U~ pdvEds,
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Meanwhile, the number of constraints in the LP is

dV dv—l—df—l

d+n—1)! (d+n—1)!
N — NH L (7 —_— 1
cons vars _'_ ; d!(n _ 1)! + dz d!(n _ 1)! ) (6 7)

where the first term is the total number of inequality constraints associated with
the positivity of b; and negativity of ¢;, the second term is the number of equality
constraints on the coefficients of the Lyapunov function required to ensure continuity
(Ji(bi,d, k) = Jj(b;,d,l) in the LP (6.13)) and the third term is the number of equality
constraints associated with negativity of the Lie derivative of the Lyapunov function
(Gi(bi,d) = Fi(¢;,d+dy — 1) in the LP (6.13)). By substituting for L in (6.17), from

Assumption 1 for large n we get

NE ~n®Fidr 4 op(n® 4 pdvrds=ty  pdvrdr,

The complexity of an LP using interior-point algorithms is approximately O (N2, Neons)
(Boyd and Vandenberghe (2004)). Therefore, the computational cost of solving the
LP (6.13) is

~ n3(dv+df) ]

6.5.2 Complexity of the SDP associated with Polya’s algorithm

Recall our approach in Section 5.3 for applying Polya’s algorithm to analyze sta-
bility over hypercubes. In Kamyar and Peet (2013), we used the same approach
to construct Lyapunov functions for nonlinear ODEs with polynomial vector fields.
In particular, this approach uses semi-definite programming to search for the coef-
ficients of a matrix-valued polynomial P(x) which defines a Lyapunov function as
V(x) = 2T P(x)x. Using a similar complexity analysis as in 5.4, we determine that
the number of decision variables in the associated SDP is

dy —2

p _n(n+1) (d+mn—1)!
Nuars = 2 Z dl(n—1)!
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The number of constraints in the SDP is

+1
Ncﬁns:%((dvjte—1)”+(dv+df+e—2)"),

where here we have denoted Polya’s exponent by e. Then, for large n, NL . ~

n® and NP

~ (dy + df + e — 2)". Since solving an SDP with an interior-point
algorithm typically requires O(N3  + N3 Npns + N2, N2 ) operations (Boyd and

Vandenberghe (2004)), the computational cost of solving the SDP associated with

Polya’s algorithm is estimated as
~ (dy +dj +e—2)*".
6.5.3 Complexity of the SDP associated with SOS algorithm
To find a Lyapunov function for (6.8) over the polytope
F={zeR":w/z+u;>0,ie{l,-- , K}}

using the SOS approach with Positivstellensatz multipliers Stengle (1974), we search

for a polynomial V' (z) and SOS polynomials s;(z) and ¢;(z) such that for any € > 0

K
V() —ex’w — Z si(z)(w] T + ;) is SOS

i=1

—(VV(2), f(2)) — exTa — Zti(x)(w?x +u;) is SOS.

Suppose we choose the degree of the s;(x) to be dyy — 2 and the degree of the ¢;(z) to
be dy + d; — 2. Then, it can be shown that the total number of decision variables in

the SDP associated with the SOS approach is

Ns M+ +KN2(N2 +1) n VsV + 1)

vars 2 2 2 ?

(6.18)

where Nj is the number of monomials in a polynomial of degree dy /2 , N, is the

number of monomials in a polynomial of degree (dy — 2)/2 and N3 is the number of
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monomials in a polynomial of degree (dy + dy — 2)/2 calculated as
dy /2 (dv—2)/2 (dv+d;—2)/2

B (d+n—1)! B (d+n—1)! B (d+n—1)!
Nl_;(d)!(n—l)!’ Ne = d;) @i =11 4 M= dZ:O @ln =1

The first terms in (6.18) is the number of scalar decision variables associated with

the polynomial V' (z). The second and third terms are the number of scalar variables

in the polynomials s; and t;, respectively. The number of constraints in the SDP is

N? =N+ K Ny + K N3+ Ny, (6.19)

cons

where
(dv+dy)/2

B (d+n—1)!
Ny = d;) (d)!(n—1)"

The first term in (6.19) is the number of constraints associated with positivity of V' (z),
the second and third terms are the number of constraints associated with positivity of
the polynomials s; and t;, respectively. The fourth term is the number of constraints
associated with negativity of the Lie derivative. By substituting K = 2n (For the

case of a hypercube), for large n we have N5~ N2 ~ ndvFdr=1 and

NS ~ KN3+ Ny ~n N+ Ny ~ n02dvtds)

cons

Finally, using an interior-point algorithm with complexity O(N2 =+ N3 Neons +

cons var

N2 N2 ) to solve the SDP associated the SOS algorithm requires ~ n35(dv+ds)=3

var cons

operations. As an additional comparison, we also consider the SOS algorithm for
global stability analysis, which does not use Positivstellensatz multipliers. For a large
number of states, we have N° ~ n0%v and N3~ nO5@v+ds) T this case, the

vars cons

complexity of the SDP is
~ nl.5(dv+df) _I_ n2dV+df.
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6.5.4 Comparison of the Complexities
We draw the following conclusions from our complexity analysis.

1. For large number of states, the complexity of the LP defined in (6.13) and
the SDP associated with SOS are both polynomial in the number of states,
whereas the complexity of the SDP associated with Polya’s algorithm grows
exponentially in the number of states. For a large number of states and
large degree of the Lyapunov polynomial, the LP has the least computational

complexity:.

2. The complexity of the LP defined in (6.13) scales linearly with the number of

sub-polytopes L.

3. In Figure 6.3, we show the number of decision variables and constraints for the
LP and SDPs using different degrees of the Lyapunov function and different
degrees of the vector field. The figure shows that in general, the SDP associ-
ated with Polya’s algorithm has the least number of variables and the greatest
number of constraints, whereas the SDP associated with SOS has the greatest

number of variables and the least number of constraints.

6.6 Numerical results

In this section, we first use our algorithm to construct a Lyapunov function for
a nonlinear system. we then assess the accuracy of our algorithm in estimating the

region of attraction of the equilibrium point using different types of convex polytopes.
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Figure 6.3: Number of decision variables and constraints of the optimization prob-
lems associated with Algorithm 1, Polya’s algorithm and SOS algorithm for different
degrees of the Lyapunov function and the vector field f(x)

Numerical Example 1:

Consider the following nonlinear system (G. Chesi and Vicino (2005)).

X1 = Tg,

To = —2T1 — To + xlxg — x? + xlxg + xg
Using the polytope

I' = {z, 2, € R? :1.4282 4+ x5 — 0.625 > 0, —1.428z; + x5 + 0.625 > 0,

1.42821 + x5 + 0.625 > 0, —1.428z; + 25 — 0.625 > 0},  (6.20)
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and D—decomposition

Dy = {x, 1, € R?:
Dy = {1’1,1’2 € R?:
Dy = {LEl,LUQ c ]R2 :
Dy = {x, 1, € R?:
we set-up the LP in (6.13) with d = 4. The solution to the LP certified asymp-

totic stability of the origin and yielded the following piecewise polynomial Lyapunov

function. Figure 6.4 shows the largest level set of V' (z) inscribed in the polytope T'.

—I Z 0, i) Z 0, —14281’1 + X9 — 0.625 Z O}
T Z 0, i) Z O, 14281’1 + o + 0.625 Z 0}
x1 > 0,—x9 > 0,—1.42821 + 25 + 0.625 > 0}

—21 >0, -z > 0, 142821 + x5 + 0.625 > 0},

0.8y

0.6

0.4y

0.2

Figure 6.4: The largest level-set of Lyapunov function (6.21) inscribed in Poly-

tope (6.20)
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;

0.54322 + 0.23322 + 0.01823 — 0.074z122 — 0.3123

+0.00425 — 0.013z123 4 0.0152723 + 0.3152] if z € Dy

0.54322 + 0.3202,25 + 0.23322 + 0.01823 + 0.0312,22
+0.08623z9 + 0.323 + 0.004x3 + 0.00921 23 + 0.01523 23

+0.00823 x4 + 0.3152% it v € Dy

0.05432% + 0.023323 — 0.0018z3 + 0.0074z 23 + 0.03x3

+0.00423 — 0.013z123 4 0.015232% + 0.315x] if z € D3

0.54322 + 0.3202125 + 0.23322 — 0.01823 — 0.0312,42
—0.08622x9 — 0.323 + 0.004z3 + 0.009z123 + 0.01522 23

+0.008z325 + 0.3152] if 2 € D,

(6.21)

(6.22)

Numerical Example 2:
In this example, we test the accuracy of our algorithm in approximating the region
of attraction of a locally-stable nonlinear system known as the reverse-time Van Der

Pol oscillator. The system is defined as
T = —Ty, To = 21 + To(2? — 1). (6.23)
We considered the following convex polytopes:
1. Parallelogram I'p, Py := {sp; }i=1,... 4, Where

pr=[~1.31,0.18], ps=[0.56,1.92], p3=[—0.56,—1.92], ps=[1.31,—0.18]
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2. Square I'g,, Qs := {s¢i}i=1,... 4, where
a=[-L1, ¢@=[L1, @a=[1,-1, @=I[-1-1]
3. Diamond I'g,, Ry := {s7;}i=1,... 4, Where
ri=[~1.41,0], 7o =1[0,1.41], r5=[141,0], 74 = [0, —1.41]

where s € R, is a scaling factor. We decompose the parallelogram and the diamond
into 4 triangles and decompose the square into 4 squares. We solved the following

optimization problem for Lyapunov functions of degree d = 2,4,6,8:

max S
s€RT

subject to max 7 in LP (6.13) is positive, where

4 K
I'=Tp, ::{xERQ:x:stpi:,uiEOand Z,uizl}.
i=1 i=1

To solve this problem, we use a bisection search on s in an outer-loop and an LP
solver in the inner loop. Figure 6.5 illustrates the largest ['p,, i.e.

4 4

I'p. = {xER”:x:Z,uis*pi:,ui > (0 and Z,ui: 1}

i=1 i=1
and the largest level-set of V;(x) inscribed in I'p_, , for different degrees of V;(x). Sim-
ilarly, we solved the same optimization problem replacing I'p, with the square I'g,
and diamond I'p,. In all cases, increasing d resulted in a larger maximum inscribed
sub-level set of V' (z) (see Figure 6.6). We obtained the best results using the parallel-
ogram ['p, which achieved the scaling factor s* = 1.639. The maximum scaling factor

for I'g, was s* = 1.800 and the maximum scaling factor for ', was s* = 1.666.
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Figure 6.5: Largest level sets of Lyapunov functions of different degrees and their
associated parallelograms
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Figure 6.6: Largest level sets of Lyapunov functions of different degrees and their
associated polytopes
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Chapter 7

OPTIMIZATION OF SMART GRID OPERATION: OPTIMAL UTILITY
PRICING AND DEMAND RESPONSE

7.1 Background and motivation

Reliable and efficient production and transmission of electricity are essential to the
progress of modern industrial societies. Engineers have strived for years to operate
power generating systems in a way to achieve the following objectives: 1) Reliability:
maintaining an uninterrupted balance between the generated power and demand; 2)
Minimizing the cost of generation and transmission of electricity; 3) Reducing the
adverse effects of the system on the environment by increasingly the use of renewable
sources such as solar energy. Unfortunately, the first two objectives are in conflict:
increasing reliability (often by increasing the maximum capacity of generation) results
in higher costs. Moreover, the dependence of reliability of power networks and costs
on integration of renewables is not yet well-understood.

One concern of electric utilities is that rapid increase in distributed solar gener-
ation may change customers’ consumption pattern in ways that current generating
units cannot accommodate for these changes. One example of such a change is shown
in Figure 7.1 (Arizona Public Service (2014)). In this figure, we have compared the
daily net demand profile of Arizona’s customers in 2014 with its projection in 2029.
Because of the misalignment between the solar generation peak (at noon) and the de-
mand peak (at 6 PM), as the solar penetration increases, the resulting demand profile
will reshape to a double-peak curve (see Figure 7.1). To respond to such variability

in the demand profile, utilities will be required to re-structure their generating ca-
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Figure 7.1: Effect of solar power on demand: Net loads for typical summer and
winter days in Arizona in 2014 and for 2029 (projected), from Arizona Public Service
(2014)

pacity by installing generating units which possess a shorter start-up time and higher
generation ramp rates. Moreover, as solar generation by users increases, the total en-
ergy provided by the utility will decrease - implying a reduction in revenue for utility
companies which charge users based on their total energy consumption. This type
of change in the demand can indeed already be seen in a report by the US Energy
Information Administration (EIA) as a significant increase in the ratio of the annual
demand peak to annual average demand (see Figuew 7.2). Because utilities must
pay to build and maintain generating capacity as determined by peak demand, the
increasing use of solar will thus result in a decrease in revenue, yet no decrease in this
form of cost. Ultimately, utilities might have a significant fraction of solar users with
negative energy consumption (kWh) during the day and positive consumption during
the evening and morning. Due to net metering, such users might pay nothing for
electricity while contributing substantially to the costs of building and maintaining
generating capacity.

Recently, there has been extensive research on how to exploit smart grid fea-
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Figure 7.2: Peak to average demand of electricity and its trend-line in California
and New England from 1993 to 2012, data adopted from Shear (2014)

tures such as smart metering, energy storage, thermostat programming and vari-
able/dynamic pricing in order to reduce peak demands and cost of generation, en-
hance monitoring and security of networks, and prevent unintended events such as
cascade failures and blackouts. Smart metering enables two-way communications be-
tween consumers and utilities. It provides utilities with real-time data of consumption
- hence enables them to directly control the load and/or apply prices as a function of
consumption. Naturally, utilities have been studying this problem for some time and
with the widespread adoption of smart-metering (95% in Arizona), have begun to im-
plement various pricing strategies at scale. Examples of this include on-peak, off-peak
and super-peak pricing - rate plans wherein the energy price ($/kWh) depends on the
time of day. By charging more during peak hours, utilities encourage conservation
or deferred consumption during hours of peak demand. Quite recently, some utili-
ties have introduced demand charges for residential customers (SRP (2015),Rumolo
(2013)). These charges are not based on energy consumption, but rather the max-
imum rate of consumption (3/kW) over a billing period. While such charges more

accurately reflect the cost of generation for the utilities, in practice the effects of such
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charges on consumption are not well-understood - meaning that the magnitude of the
demand charge must be set in an ad-hoc manner (typically proportional to marginal
cost of adding generating capacity).

An alternative approach to reducing peaks in demand is to use energy storage. In
this scenario, batteries, pumping and retained heat are used during periods of low de-
mand to create reservoirs of energy which can then be tapped during periods of high
demand - thus reducing the need to increase maximum generating capacity. Indeed,
the optimal usage of energy storage in a smart-grid environment with dynamic pricing
has been recently studied in, for example, Li et al. (2011). See Ma et al. (2014) for
optimal distributed load scheduling in the presence of network capacity constraints.
However, to date the high marginal costs of storage infrastructure relative to incen-
tives/marginal cost of additional generating capacity have limited the widespread use
of energy storage by consumers/utilities (EPRI-DOE (2003)). As a cost-free alter-
native to direct energy storage, it has been demonstrated experimentally by Braun
et al. (2002), Braun (2003), and in-silico by Braun et al. (2001) and Keeney and Braun
(1997) that the interior structure of buildings and appliances can be exploited as a
passive thermal energy storage system to reduce the peak-load of HVAC. A typical
strategy - known as pre-cooling - is to artificially cool the interior thermal mass (e.g.,
walls and floor) during periods of low demand. Then, during periods of high demand,
heat absorption by these cool interior structures supplements or replaces electricity
which would otherwise be consumed by the HVAC. Quantitative assessments of the
effect of pre-cooling on demand peak and electricity bills can be found in Braun and
Lee (2006) and Sun et al. (2013). Furthermore, there is an extensive literature on
thermostat programming for HVAC systems for on-peak/off-peak pricing (Lu et al.
(2005); Arguello-Serrano and Velez-Reyes (1999)) as well as real-time pricing (Old-
ewurtel and Morari (2010); Henze et al. (2004); Chen (2001)) using Model Predictive
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Control (MPC). Kintner-Meyer and Emery (1995) consider optimal thermostat pro-
gramming with passive thermal energy storage and on-peak/off-peak rates. Braun and
Lee (2006) use the concept of deep and shallow mass to create a simplified analogue
circuit model of the thermal dynamics of the structure. By using this model and
certain assumptions on the gains of the circuit elements, Braun and Lee (2006) derive
an analytical optimal temperature set-point for the demand limiting period which
minimizes the demand peak. This scenario would be equivalent to minimizing the
demand charge while ignoring on-peak or off-peak rates. Finally, Henze et al. (2004)
use the heat equation to model the thermal energy storage in the walls and apply
MPC to minimize monthly electricity bill in the presence of on-peak and off-peak

charges.
7.1.1 Our contributions

In this chapter, we design a computational framework to achieve the three ob-
jectives of a modern power network: reliability, cost minimization and integration
of renewables to promote sustainability. This framework relies on smart metering,
thermal-mass energy storage, distributed solar generation and on-peak, off-peak and
demand pricing. This framework consists of two nested optimization problems: 1)
Optimal thermostat programming (user-level problem); 2) Optimal utility pricing
(utility-level problem). In the first problem, we consider optimal HVAC usage for a
consumer with fixed on-peak, off-peak and demand charges and model passive ther-
mal energy storage using the heat equation. We address both solar and non-solar
consumers. For a given range of acceptable temperatures and using typical data for
exterior temperature, we pose the optimal thermostat programming problem as a con-
strained optimization problem and present a Dynamic Programming (DP) algorithm

which is guaranteed to converge to the solution. This yields the temperature set-
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points which minimize the monthly electricity bill for the consumer. For the benefit
of the consumers who do not have access to continuously adjustable thermostats, we
also develop thermostat programming solutions which include only four programming
periods, where each period has a constant interior temperature.

After solving the thermostat programming problem, we use this solution as a
model of user behaviour in order to quantify the consumer response to changes in
on-peak rates, off-peak rates, and demand charges. Then in the second optimization
problem, we apply a descent algorithm to this model in order to determine the prices
which minimize the cost-of-generation for the utility. Through several case studies, we
show that the optimal prices are NOT necessarily proportional to the marginal costs of
generation - meaning that current pricing strategies may be inefficient. Furthermore,
we show that in a network of solar and non-solar customers who use our optimal
thermostat, the influence of solar generated power on the electricity bills of non-
solar customers is NOT significant. Finally, we conclude that although the policy
of calculating the demand charge based on the peak consumption over a full-day
(rather than the on-peak hours) can substantially reduce the demand peak, it may
not reduce optimal cost of production. Our study differs from existing literature (in
particular Braun and Lee (2006), Braun (1990), Henze et al. (2004) and Kintner-
Meyer and Emery (1995)) in that it: 1) Considers demand charges (demand charges
are far more effective at reducing demand peaks than dynamic pricing) 2) Uses a PDE
model for thermal storage (yields a more accurate model of thermal storage) 3) Uses
a regulated model for the utility (although unregulated utility models are popular,
the fact is that most US utilities remain regulated) 4) Considers the effect of solar

generation on the electricity prices and cost of production.
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7.2 Problem statement: user-level and utility level problems

In this section, we first define a model of the thermodynamics which govern heating
and cooling of the interior structures of a building. We then use this model to pose
the user-level (optimal thermostat programming) problem in Sections 7.2.3 and 7.2.4
as minimization of a monthly electricity bill (with on/peak, off-peak and demand
charges) subject to constraints on the interior temperature of the building. Finally,
we use this map of on-peak, off-peak and demand prices to electricity consumption to
define the utility-level problem in Section 7.2.5 as minimizing the cost of generation,

transmission and distribution of electricity.
7.2.1 A model for the building thermodynamics

In 1822, J. Fourier proposed a PDE to model the dynamics of temperature and
energy in a solid mass. Now known as the classical one-dimensional unsteady heat

conduction equation, this PDE can be applied to an interior wall as

or(t,z) aﬁzT(t,z)

(7.1)

ot ox?

where T : RT x [0, L;,] — R represents the temperature distribution in the interior
walls/floor with nominal width L;,, and where o = %’; is the coefficient of thermal
diffusivity. Here k;,, is the coefficient of thermal conductivity, p is the density and C,
is the specific heat capacity. The wall is coupled to the interior air temperature using
Dirichlet boundary conditions, i.e., T'(t,0) = T(¢, L) = u(t) for all t € R, where
u(t) represents the interior temperature which we assume can be controlled instanta-

neously by the thermostat. In the Fourier model, the heat/energy flux through the

surface of the interior walls is modelled as

or

Gin(T'(t,x)) :== QC'm%

(t,0), (7.2)
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where C, = k;,A;, is the thermal capacitance of the interior walls and A;, is the
nominal area of the interior walls. We assume that all energy storage occurs in the
interior walls and surfaces and that energy transport through exterior walls can be
modelled using a steady-state version of the heat equation. This implies that the heat

flux ¢oss through the exterior walls is the linear sink

T.(t) — u(t)

Qloss(ta u(t)) = Re ) (73)

where T,(t) is the outside temperature and R, = L./(k.A.) is the thermal resistance
of the exterior walls, where L, is the nominal width of exterior walls, k. is the coef-
ficient of thermal conductivity and A, is the nominal area of the exterior walls. By
conservation of energy, the power required from the HVAC to maintain the interior

air temperature is

q(t,u(t), T(t,x)) = qoss(u(t), Te(t)) + qin(T(x,1)). (7.4)

See Figure 7.3 for an illustration of the model.

Eqn. (7.1) is a PDE. For optimization purposes, we discretize (7.1) in space, using

T(t) € RM to replace T'(t,x) € R, where Tj(t) denotes T'(t,i Ax), where Ax := i

M+1"
Then
T(t) = AT(t) + Bult), (7.5)
210 0 1
1 .. 0 0
0] .ot [0
here A = —— B=—|: RM,
where A2 oo ’ Az? |- <
0 .. 1 0
0 0 1 —2 1

We then discretize in time, using T(t) ~ (T(t + At) — T(t))/At to rewrite Equa-
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Figure 7.3: A schematic view of our thermal mass model

tion (7.5) as a difference equation.

(i Fi(TF, )
THY = | | = f(TF ) = : = (I +AAH)T" + BAtu,  (7.6)
T]@H fM(Tk’ uk)

for k=0,---,N; — 1, where T* = T'(k At) and u = u(k At).

7.2.2 Calibrating the thermodynamics model

To find empirical values for the parameters «, C;,, R, and L;, in the thermody-
namic model in Section 7.2.1, we collected data from a 4600 sq ft residential building
in Scottsdale, Arizona. The building was equipped with a 5 ton two-stage and three
2.5 ton single-stage RHEEM/RUUD heat pumps, 4-set point thermostats, and 5-
min data metering for energy consumption and interior and exterior temperature. In
this experiment, we applied two different thermostat programming sequences for two
non-consecutive summer days. On the first day, we applied a pre-cooling strategy
which lowers the interior temperature to 23.9°C' during the off-peak hours and allows
the temperature to increase to 27.8°C' during the on-peak hours, i.e., 12:00 PM to
7:00 PM. In the second day, we applied the same pre-cooling strategy except that
the temperature is again lowered to 23.9°C between 2:00 PM and 4:00 PM. We then

used Matlab’s least squares optimization algorithm to optimize the parameters such
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Figure 7.4: Simulated and measured power consumptions

that the root-mean-squared error between the measured power consumption and the
simulated power consumption during the entire two days is minimized. The result
was the following values for the parameters: L;, = 0.4(m), a = 8.3 x 1077(m?/s),
R. = 0.0015(K/W) and Cy, = 45(Wm/K). In Figure 7.4, we have compared the

resulting simulated and measured power consumption for the entire two days.

7.2.3 User-level problem I: optimal thermostat programming

In this section, we define the problem of optimal thermostat programming. We
first divide each day into three periods: off-peak hours from 12 AM to t,, with
electricity price pog ($/kWh); on-peak hours beginning at t., and ending at t,g >
ton With electricity price pon (3/kWh); and off-peak hours from ¢,z to 12 AM with
electricity price pog ($/kWh). In addition to the on-peak and off-peak charges, we
consider a monthly charge which is proportional to the maximum rate of consumption
during the peak hours. The proportionality constant is called the demand price

pa (3/kW). Given p := [pon, Poft, Pa), the total cost of consumption (daily electricity
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bill) is divided as
Ji(u, Ty, p) = Je(u, T1, pon; post) + Ja(u, 11, pa), (7.7)
where J, is the energy cost, J; is the demand cost and
u = [ug, -+, un;1] € RNy

is the vector temperature settings. The energy cost is

']( T17p0n7poﬁ (poﬁ Z k uka _'_pon Z g(kvuvalk>)At7 (78>
kESom k€Son

where k € So, if kKAt € [ton, tog] and k& € Sog otherwise. That is, Sy, and Sog
correspond to the set of on-peak and off-peak sampling times, respectively. The
function g is a discretized version of ¢ (Eqn. (7.4)):

Tk — Tk —
L Yo
R, Ax

gk, ug, TF) = (7.9)

i.e., g the power consumed by the HVAC at time step k, where T* denotes the external
temperature at time-step k. If demand charges are calculated monthly, the demand

cost, Jg, for a single day can be considered as

Ja(w, Ti.pa) = 55 mas g(k,u, TF). (7.10)

on

We now define the optimal thermostat programming (or user-level) problem as
minimization of the total cost of consumption, J;, as defined in (7.7), subject to the

building thermodynamics in (7.6) and interior temperature constraints:

J*(p) = uk,yeﬁiﬁew Je(u, T3, Pon, Do) + % Y
subject to g(k, ug, TF) < v for k € Son
TH = F(T%, w) for k € Sop U Sog
Tnin < up < Thax for k € Son U Sosr
T° = [T (Az), - -, T (M Ax)]7, (7.11)
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where Thin, Tmax are the acceptable bounds on interior temperature. Note that this
optimization problem depends implicitly on the external temperature through the

time-varying function g.
7.2.4  User-level problem II: 4-setpoint thermostat program

Most of the commercially available programmable thermostats only include four
programming periods per-day, each period possessing a constant temperature. In this
section, we account for this contraint. First, we partition the day into programming

periods: P; := [t;_1,t;],i=1,---,4 such that

4

P =10,24], tii<ti, to=0 and t;=24.
We call tg, - - ,t;gzluitching times. Similar to the previous model, u; € [Tinin, Timax)
denotes the temperature setting corresponding to the programming period P;.

To simplify the mathematical formulation of our problem, we introduce some
additional notation. Define the set S; by k € S; if kAt € P;. Denote L; := maxyeg, k.
For clarity, we have depicted L; in Figure 7.5. Moreover, for each P;, we define At; as
the period between the last time-step of P, and the end of P,, i.e., At; :=t;, — L; At.
See Figure 7.5 for an illustration of At;. In this framework, the daily consumption
charge is

[t(u> Tl,p) = Ie(u> Tlaponapoff) + Id(ua Tlapd)

where [, is the energy cost
4
[e(u7 Tlvponapoﬁ) = Z (Z (T(k)g(kv Ui,y T1]€>At) + T(Lz)g(kv Ui,y TILZ)EZ> ’ (712)
=1 keS;
and I, is the demand cost Iy(u, T}, ps) = maxges,, 9(k,u, TF), where Ly = 0 and 7 is
defined as

Pon toff S k At < ton
r(k) =

Do Otherwise.
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Figure 7.5: Anillustration for the programming periods of the 4-Setpoint thermostat
problem, switching times t;, pricing function r, L; and At;.

Assuming that the demand cost for a single day is £ maxcs,, 9(k, u, TF), we define

the 4-setpoint thermostat programming problem as

min Ie(u> Tlaponapoff) + &7 SU-b.jeCt to
Uy, ug €ER 30
tl,tz,t;g,’yE]R,TkE]R]w

gk, us, TF) < v for k € Son, i € {1,2,3,4}

T = F(T% uy) for k € S; and i € {1,2,3,4}

Tmin S U; S Tmax for ¢ € {1, 2, 3, 4}

O§t2_1§t1§24 fOIiE{1,2,3,4}

T° = [Thie(Az), - -, Tinie(M Az)]", (7.13)

where t5 = 0 and £, = 24.

7.2.5 Utility-level optimization problem

Regulated utilities must meet expected load while maintaining a balance between
revenue and costs. Therefore, we define the utility-level optimization problem as min-
imization of the total cost of generation, transmission and distribution of electricity

such that generation is equal to consumption, and the total cost is a fixed percent-
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age of the revenue of the utility company. Note that in this dissertation, we focus
on vertically integrated utility companies - meaning that the company provides all
aspects of electric services including generation, transmission, distribution, metering
and billing services as a single firm. Let s(¢) be the amount of electricity produced as
a function of time and let s := [sg, - - - , s, 1], where s, = s(k At). The vector s is de-
termined by the electricity consumed by the users, which we model as a small number
of user groups which are lumped according to different building models, temperature
limits, and solar generating capacity so that aggregate user group ¢ has N; members.
Next, we define uzl(p) to be the minimizing user temperature setting for user i at
time k with prices p and T; ’*’k(p) to be the minimizing interior wall temperatures for
aggregate user ¢ at time k and discretization point j for prices p, where minimiza-
tion is with respect to the user-level problem defined in (7.11). Then the model of
electricity consumption by the rational user i at time step k for prices p is given by

g(k,ul(p), T (p)). Thus the constraint that production equals consumption at all

time implies

sk=>_ Nig(k,uy'(p), Ty""(p)) for all k = 0,--- , N; — 1. (7.14)

Now, since utility’s revenue equals the amount paid by the users, the model for revenue
from rational user i becomes J,(u**(p), Ti*(p),p), where J, is defined in (7.7). We
may now define the utility-level optimization problem as minimization of the total
cost subject to equality of generation and consumption and proportionality of revenue

and total costs.

min C(s)

Pon,Poff,PdER

subject to s = Z N; g(k,ul' (p), Ty (p)) k=0,--- Ny —1

C(s) = A Z N; Jy(w* (p), T{™ (p), p), (7.15)
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where A < 1 is usually determined by the company’s assets, accumulated deprecia-
tion and allowed rate of return. We refer to the minimizers p}, pigs, p; which solve

Problem (7.15) as optimal electricity prices.

Model of total cost, C(s), to utility company The algorithm defined in the
following section was chosen so that only a black-box model of utility costs is required.
However, for the case studies included in Section 7.4, we use two models of utility
costs based on ongoing discussions and collaboration with Arizona’s utility company
SRP. In the first model, we consider a linear representation of both fuel and capacity

costs.

C(s):=a Z Sk At+bgg§i Sk, (7.16)

k€SonUSom

where a ($/kWh) is the marginal cost of producing the next kWh of energy and
b ($/kW) is the marginal cost of installing and maintaining the next kW of capacity.
Estimated values of the coefficients a and b for SRP can be found in SRP (2014) as
a = 0.0814$/kWh and b = 59.76%/kW. According to SRP (2014), these marginal
costs include fuel, building, operation and maintenance of facilities, transmission and
distribution costs. The advantage of this model is that the solution to the utility
optimization problem does not depend on the number of users, but rather the fraction
of users in each group.

Our second model for utility costs includes a quadratic term to represent fuel costs.
The quadratic term reflects the increasing fuel costs associated with the required use
of older, less-efficient generators when demand increases.

2
C(s):=r1 ( keggsojk At) + Zeggsojk At+b Iax sy (7.17)
This model was calibrated using artificially modified fuel, operation and maintenance

data provided by SRP, yielding estimated coefficients 7 =0.00401 $/(MWh)? and
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v =4.54351 $/(MWh).
7.3 Solving user- and utility-level problems by dynamic programming

First, we solve the optimal thermostat programming problem using a variant of
dynamic programming. This yields consumption as a function of prices pon, Poft, Pd-
Next, we embed this implicit function in the Nelder-Mead simplex algorithm in order
to find prices which minimize the production cost in the utility-level optimization
problem as formulated in (7.15). We start the user-level problem by fixing the variable

v € R* and defining a cost-to-go function, Vj. At the final time Ny At = 24, we have

Vi, () = %7. (7.18)

Here for simplicity, we use z = T' € RM to represent the discretized temperature

distribution in the wall. We define the dilated vector of prices by p; = pog if j € Sos

and p; = pon otherwise. Then, we construct the cost-to-go function inductively as

Viaa(e) = min (pj19( = 1w, 1) At + Vi(f (z, ))) (7.19)
UEWy,j—1(T
for j=1,---, Ny, where W, ;(z) is the set of allowable inputs (interior air tempera-

tures) at time j and state x:

{u S R . Tmin S U S Tmamg(jauaxl) S 7}) ] S Son
W, j(x) =
{U S R: Tmin S U S Tmax}7 .] c Soff-

Now we present the main result.

Theorem 21. Given v € RT, suppose that V; satisfies (7.18) and (7.19). Then
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Vo(T?) = J*, where

* . b
J (p) - min Je(u> Tlapompoﬁ) + = Y

ug,, Tk ERM 30
subject to  g(k,up, TF) < v fork € Sy,
TH = f(TF uy) for k€ S, USop
Tinin < U < Thnax for k € S,, U Sy
T° = [Tini(A), - -+, Tinir(M Az)]". (7.20)

To prove Theorem 21, we require the following definitions.

Definition 8. Given p,g, pon, pa, ¥ € R, Ny € NT, and t,g,ton, At € RT such that

%, tA’if € N, define the cost-to-go functions

Q; : RMT x RV xR x RT - R forj=0,---,N; as

Q](LU, y7p0n7p0ﬁ> =

;

3
Pogr Y 9k, T, y) + Pon > gk ziyi) | A+ T if 0 < j < Noy
kesoﬁf kESon 1=1
k¢{07'"7j_1}

F1: Pon Z g(kaxkuyk)_'_ij” Z g(kaxkvyk> At+F2+F3 ifNon§j<Noﬁ
kESon kESoﬁ

k¢{N0n7"'7j_l} k%{o,---,Non—l}
Lo =pog > gk, vk, yp) At + T3 if Nogp < 7 < Ny
kE{j, Np—1}
Ty = 24, if j = Ny,
\ 30
(7.21)
where g is defined as in (7.9), and N,, = 2—7; and N,z = tA“—fZ are the time-steps

corresponding to start and end of the on-peak hours.
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Pd

Note that from (7.8), it is clear that Qg = J. + 507"

Definition 9. Given v, Tiin, Tmax € R and Ny, M € NT, define the set

Uj(z) == {(uj, - - ,uNf_l) e RN+ .

gk, up, TF) < v for all k € Sy,
T9 = x and T* = f(T*, uy) forallk € {j,--- , Ny —1},
Toin < Ui < Thax for all k € Sy, U Sop} (7.22)

for any x € RM and for every j € {0,--- , Ny — 1}, where f and g are defined as
in (7.6) and (7.9).

Definition 10. Given Ny, M € N*, j € {0,---, Ny — 1}, let

ﬁj = [:U“jf t a,uNf—l]

where p : RM — R for k= j,--- Ny — 1. Consider U; as defined in (7.22) and f as
defined in (7.6). If

7 (1) = [y (), s (T -+ g, 2 (T¥)] € U (1)
for any w € RM | where
T = f(T*, o (T), T = w fork=j,--+ Ny =2,
then we call 11; an admissible control law for the system
TH = f(T% ua(T5)), k=g, Ny — 1
for any w € RM,
We now present a proof for Theorem 21.
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Proof. Since the cost-to-go function @y = J. + 307, if we show that

. _T] T ons Do — V. Tj 793
@ oy QI FT), T Pon, por) = V3(T7) (7.23)

for j =0,---, Ny and for any 77 € RM | where
T = [ij f(ij :uj(Tj))7 T 7f(TNf_17 :uNf—l(TNf_1>>]7

then it will follow that J* = V4(T°). For brevity, we denote 72,(77) by 7;, U;(T7) by
U, and we drop the last two arguments of ;. To show (7.23), we use induction as
follows.

Basis step: If j = Ny, then from (7.18) and (7.21) we have Vi (T™f) = £dry.

Induction hypothesis: Suppose

min Qk(uk,Tl) Vk(Tk)

1€V
for some k € {0,---, Ny} and for any 7% € R™. Then, we need to prove that
Lomin Qe (-, Ti) = Via (TH7) (7.24)
for any 7% € R™. Here, we only prove (7.24) for the case which Nog < k < N; — 1.
The proofs for the cases 0 < k < N, and N,, < k < Nyg follow the same exact logic.

Assume that Nog < kK < Ny — 1. Then, from Definition 8

min - Qr_1 (7)1, T1)

Pr—1€Uk—1
Nj—2
= min Doft Z g .] :U’jvT] At

He—15"" 7#Nf71€R

j=k—1
Ny—2
= min o k — 17 B ,Tk_l + .’ -’Tj At, 795
uk717~~~,ufoleRp ft g( Pr=1, 41 ) ; 9(9 M 1) ( )

where R := {x € R : Tiyin < & < Thax}- From the principle of optimality (Bellman and
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Dreyfus (1962)) it follows that

Ny—1
min o k—1, e, TFY) + s, T9) | At
Hkﬂ,"',uquGRp ff g( Prk—1, 41 ) ; g(] Hj 1)
Ny—1
= min o k—1, pe_r, TF 1) At + min o L, T9) | At
(7.26)
By combining (7.25) and (7.26) we have
min - Qp (B, 1) = min (porg (b —1,m0), T 1) At
r—1€Uk-1 pwr—1€R
Ny—1
+  min o L, T9) | At 7.27
i oiN 1 ER Pott ; ACATRGY (7.27)
From Definition 8, we can write
Ny—1
min off At i1, T9) = min T, 17). 7.28
ka--,uNfap g ; g (] Hi 1) P €U Qk('uk 1) ( )

Then, by combining (7.27) and (7.28) and using the induction hypothesis it follows

that

min -~ Qr_1(,_1,T1) = pmilelR (pmcfg (k: — 1, g1, le—l) At + min Q(fi, Tl))
k—1

Pr—1€Uk_1 €U

= min_ (porg (k — 1, 1, TF 1) At + Vi (T"))

Hr—1€ER
for any T* € RM. By substituting for 7% from (7.6) and using the definition of V'

in (7.19) we have

min = Qp1(T_y, T1) = min_ (porg (k — 1, oy, TF 1) At
Ekflekale (72,1, Th) MkileR(pffg( fo1, T )

Vi (F (T puea (7)) = Vi (T°7)

for any 7%~ € R™. By using the same logic it can be shown that

min - Qp_1(fi_1, 1) = Vit (TF71)

Pr—1€Uk-1
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for any k € {0,---, Nog — 1} and for any T*~1 € RM. Therefore, by induction, (7.23)

is true. Thus, J* = V,(T°). O

The optimal temperature set-points for Problem (7.20) can be found as the se-
quence of minimizing arguments in the value function (7.19). However, this is not
a solution to the original user-level optimization problem in (7.11), as the solution
only applies for a fixed consumption bound, v. However, as this consumption bound
is scalar, we may apply a bisection on 7 to solve the original optimization problem
as formulated in (7.11). Details are presented in Algorithm 9. The computational
complexity of this algorithm is proportional to N;-n? -n,, where N; is the number of
discretization points in time, M is the state-space dimension of the discretized system
in (7.6), ng is the number of possible discrete values for each state, T and n, is the
number of possible discrete values for the control input (interior air temperature). In
all of the case studies in Section 7.4, we use Ny = 73, M = 3,ny = n, = 13. The
execution time of our Matlab implementation of Algorithm 9 for solving the three-
day user-level problem on a Core i7 processor with 8 GB of RAM was less than 4.5
minutes.

Finding a solution to the 4-Setpoint thermostat programming problem (7.13) is
significantly more difficult due to the presence of the switching times tq, to, t3 as
decision variables. However, for this specific problem, a simple approach is to use
Algorithm 9 as an inner loop for fixed t; and then use a Monte Carlo search over
t;. For fixed t;, our Matlab implementation for Algorithm 9 solves the 4-Setpoint
thermostat programming problem in less than 17 seconds on a Core i7 processor with
8 GB of RAM. Our experiments on the same machine show that the total execution
time for a Monte Carlo search over 300 valid (i.e., ¢; < ¢;11) random combinations of

t1, tg, t3 is less than 1.41 hours.
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To solve the utility-level problem in (7.15), we used Algorithm 9 as an inner loop
for the Nelder-Mead simplex algorithm (Olsson and Nelson (1975)). The Nelder-Mead
simplex algorithm is a heuristic optimization algorithm which is typically applied to
problems where the derivatives of the objective function and/or constraint functions
are unknown. Each iteration is defined by a reflection step and possibly a contraction
or expansion step. The reflection begins by evaluation of the inner loop (Algorithm 9)
at each of 4 vertices of a polytope. The polytope is then reflected about the hyperplane
defined by the vertices with the best three objective values. The polytope is then
either dilated or contracted depending on the objective value of the new vertex. In all
of our case studies in Section 7.4, this hybrid algorithm achieved an error convergence
of < 107 in less than 15 iterations. Using a Core i7 machine with 8 GB of RAM,
the execution time of the hybrid algorithm for solving the utility-level problem was

less than 2.25 hours.

7.4 Policy implications and analysis

In this section, we use Algorithms 9 and 10 in three case studies to assess the effects
of passive thermal storage, solar power and various cooling strategies on utility prices,
peak demand and cost to the utility company.

In Case I, we compare our optimal thermostat program with other HVAC pro-
gramming strategies and analyze the resulting peak demands and electricity bills for
a set of electricity prices.

In Case II, we apply the Nelder-Mead simplex and Algorithm 9 to the user-level
problem in (7.11) and the utility-level problem in (7.15) to compute optimal electricity
prices and optimal cost of production.

In Case III, we first define an optimal thermostat program for solar users. Then,

we examine the effect of solar power generation on the electricity prices of non-solar
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Inputs: pon, Poft, Pds Te, ton, toft, Res Cin, Tinit, At, Az, Thin, Tmax, maximum number of
bisection iterations by,ax, lower bound ~; and upper bound ~, for bisection search.

Main loop:

Set k= 0.

while £ < by.x do
Set v = 'Y“TJF'”

if Vp in (7.19) exists then
Calculate ug, - -+ ,un,—1 as the minimizers of the RHS of (7.19) using a policy

iteration technique.

Set v, = . Set uf =wu; fori=0,--- ,Ng_1.

else
| Set v =n.
end
Set k=Fk+1.
end
Outputs: Optimal interior temperature setting: ug, - - - 7“7vf71-

Algorithm 9: A bisection/dynamic programming algorithm for optimal ther-

mostat programming

users by solving a two-user single-utility optimization problem. We ran all cases for
three consecutive days prorated from a one month billing cycle with the time-step
At = 1 hr, spatial-step Ax = 0.1 m and with the building parameters in Table 7.1.
These parameters were determined using the model calibration procedure described
in Section 7.2.2. We used an external temperature profile measured for three typical
summer days in Phoenix, Arizona (see Figure 7.6). For each day, the on-peak period
starts at 12 PM and ends at 7 PM. We used min and max interior temperatures as

Tinin = 22°C" and T = 28°C.
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Inputs: a, b, reflection parameter 6, expansion parameter x, contraction parameter (,
reduction parameter 7, initial prices p , p,. such that p§ + pd, <1fori=1,--- 4,

stopping threshold € and inputs to Algorithm 9.

Initialization:

Set pa, = Y, Pon, = Pin,» Poit, = 1 = Pon, = Pas» Pold, = [10'2,102,10'2] for i = 1,--- 4.
Main loop:

while >0, [[pot, — pill3 > € do

for i=1,---,4do
Calculate opt. temp. setting ug ;, - - - ,ujvf_u associated with prices p; using Alg. 9.

Calculate the cost C; associated with ug;, -+, u}y,_; ; using (7.16) and (7.14).
end
Re-index the costs and their associated prices and temperature settings such that
C1 <0y <05 < (4. Set p* =py.
Calculate the centroid of all the prices as p = [2?21 Doft; » Z?:1 Pon; Z?:l Pd; |-
Calculate reflected prices as p,. = p+ 0(p + p4).
Calculate optimal temperature setting ug ., - - - ,ujvf_l)r and the cost C) associated with

the reflected prices using Algorithm 9.

if ¢1 <, < (5 then
Set polg, = p4 and ps = p,. Go to the beginning of the loop.

else if C,. < C] then
Calculate expanded prices as p. = p+ k(P + pa).

Calculate optimal temperature setting ug ., -, u},_y, and the cost Ce associated

with expanded prices using Algorithm 9.

if C. < C, then Set Poldy, = P4 and P4 = Pe- Set p* = Pe.
else Set pola, = pa and py = p,. Set p* = p,.
Go back to While loop.

else
Calculate contraction prices as p. = p+ &(p + pa)-

Calculate optimal temperature setting ug ., - - - ,u}‘vf_l . and the cost C, associated

with expanded prices using Algorithm 9.

if C. < Cy then Set pola, = psa and ps = p.. Go back to While loop.

else Set pola, = p; for i = 2,3,4. Update prices as p; = p1 +7(p; —p1) for i = 2,3, 4.

end

end 174
Outputs: Optimal electricity prices p*.

Algorithm 10: An algorithm for computing optimal electricity prices
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Figure 7.6: External temperature of three typical summer days in Phoenix, Arizona.
Shaded areas correspond to on-peak hours.

Table 7.1: Building’s parameters as determined in Section 7.2.1

Lin(m)| a(m?/s) | Ro(K/W)|Cin(Wm /)| Az(m)
0.4 |83 x 107" 0.0015 45 0.1

7.4.1 Effect of electricity prices on peak demand and production costs

In this case, we first applied Algorithm 9 to the optimal and 4-Setpoint thermostat
programming problems (See (7.11) and (7.13)) for a non-solar customer using the
electricity prices determined by APS in Table 7.2 (Rumolo (2013)). The resulting
electricity bills are given in Table 7.3 as the total cost paid for three days prorated from
a one month billing cycle with the external temperature profile shown in Figure 7.6.
Prorated in this case means that for a 30-day month, the bill is one-tenth of the
monthly bill based on repetition of the three-day cycle ten times. Practically, what
this means is that the period in Problems (7.11) and (7.13) is tripled while the demand
charge in Problems (7.11) and (7.13) uses a demand price 15ps = 1.35%. For
comparison, we have solved Problem (7.11) using the general-purpose optimization
solver GPOPS (Patterson and Rao (2013)). We have also compared our results with a
naive strategy of setting the temperature to Ty, (constant) and a pre-cooling strategy
with the temperature setting: u = 25°C from 12 AM to 8 AM; u = Ty, = 22°C from
8 AM to 12 PM; u = T = 28°C from 12 PM to 8 PM; u = 25°C from 8 PM to

12 AM. As can be seen from Table 7.3, our algorithm offers significant improvement
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Table 7.2: On-peak, off-peak & demand prices of Arizona utility APS

On-peak (%) Off-peak (%) Demand (

APS 0.089 0.044 13.50

$
)

over heuristic approaches. The power consumption and the temperature setting as a
function of time for each strategy can be found in Figure 7.7. For convenience, the
on-peak and off-peak intervals are indicated on the figure.

To examine the impact of changes in electricity prices on peak demand, we next
chose several different prices corresponding to high, medium and low penalties for
peak demand. Again, in each case, our algorithms (optimal and 4-setpoint) are
compared to GPOPS and the same pre-cooling strategy. The results are summarized
in Table 7.4. Note that for brevity, in this section, we refer to the total cost of
generation, transmission and distribution as simply production cost. For each price,
the smallest computed production cost and associated demand peak are listed in
bold. The power consumption and the temperature settings as a function of time
for the optimal and 4-Setpoint strategies can be found in Figures 7.8 and 7.9. For
the optimal strategy, notice that by increasing the demand penalty, relative to the
low-penalty case, the peak consumption is reduced by 14% and 23% in the medium
and high penalty cases respectively. Furthermore, notice that by using the optimal
strategy and the high demand-limiting prices, we have reduced the demand peak
by 29% with respect to the constant strategy in Table 7.3. Of course, a moderate
reduction in peak demand at the expense of large additional production costs may
not be desirable. Indeed, the question of optimal distribution of electricity prices for

minimizing the production cost is discussed in Case II.
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Table 7.3: CASE [: Electricity bills (for three days) and demand peaks for different
strategies. Electricity prices are from APS.

‘ Temperature setting ‘Electricity bill ($)‘Demand peak (kW)‘
Optimal (Theorem 21) 36.58 9.222
GPOPS (Patterson and Rao (2013)) 37.03 9.155
4-Setpoint (Theorem 21) 37.71 9.401
Pre-cooling 39.23 8.803
Constant 39.42 10.462

Table 7.4: CASE I: Costs of production (for three days) and Demand peaks for
various prices and strategies. Prices are non-regulated and SRP’s coefficients of utility
cost are: 7 =0.00401 $/(MWh)?, v =4.54351 $/(MWh)

Prices [poft, Pon, Pa] | Demand-limiting| Production cost |Demand peak
=[0.007,0.010, 13.616] high 46.78% (0.0865) | 7.4132 kW
% [0.015,0.045, 13.573] medium 51.56% (0.116%%) 8.2898 kW
< [0.065,0.095, 13.473] low 59.42§ (0.168%%) 9.6749 kW

Prices [poft, Pon, Pa] | Demand-limiting| Production cost |Demand peak
% [0.007,0.010, 13.616] high 53.47% (0.114%) 8.5914 kW
;% [0.015,0.045, 13.573] medium 55.19% (0.130%) 8.910 kW
< 1[0.065,0.095, 13.473] low 61.24% (0.169%) 9.974 kW

Prices [poft, Pon, Pa] | Demand-limiting| Production cost |Demand peak

@ [0.007,0.010, 13.616] high 49.53% (0.109%) 7.9440 EW
8 [0.015,0.045, 13.573] medium 56.48% (0.142%) 9.1486 kW
© [0.065,0.095, 13.473] low 59.19% (0.159%) 9.6221 kW
Prices [poft, Pon, Pa] | Demand-limiting| Production cost |Demand peak
éo [0.007,0.010, 13.616] high 54.75% (0.116%) 8.8031 kW
§ [0.015,0.045, 13.573] medium 54.75% (0.116%) 8.8031 kW
& [0.065,0.095, 13.473] low 54.75% (0.1162-) | 8.8031 kW
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Figure 7.9: CASE I: Power consumption and temperature settings for high, medium
and low demand penalties using 4-Setpoint thermostat programming.

7.4.2 Optimal thermostat programming with optimal electricity prices

In this case, we consider the quadratic model of fuel cost defined in Section (7.17).
A typical pricing strategy for SRP and other utilities is to set prices proportional
to marginal production costs. SRP estimates the mean marginal fuel cost at a =
0.0814%/kEW h (See (7.16)). Linearizing our quadratic model of fuel cost and equating
to this estimate of the marginal cost yields an estimate of the mean load. Dividing
this mean load by the aggregate user defined in Case I yields an estimate of the mean
number of users of this class at N = 24,405.

To compare the marginal pricing strategy with the optimal pricing strategy, we use
this mean number of users in the utility optimization problem under the assumption
that the building parameters in Section 7.2.2 represent a single aggregate rational
user. The resulting optimal prices, associated production cost, and associated peak
demand are listed in Table 7.5. For comparison, we also included in Table 7.5 the
production cost and demand peak for the same rational user subject to prices based

solely on the marginal costs, where these prices are scaled so that revenue equals
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costs. In other words, we solved (7.15) for A\ = 1, meaning that the regulated utility
does not make any profit from generation, transmission and distribution.

From Table 7.5, optimal pricing results in a slight reduction ($82,000) in pro-
duction costs. The discrepancy between optimal prices and marginal costs may be
surprising given that both the user and utility are trying to minimize the cost of
electricity. However, there are several reasons for this difference. The first and most
obvious reason is that the price structure for the user and the cost structure for the
utility are not perfectly aligned. In the first place, the utility has a quadratic in
consumption model for costs, where the user has a linear model. The second mis-
alignment is that the capacity cost for the utility is calculated as a maximum over 24
hours and the demand charge for the user is calculated only during peak hours. An
additional reason that marginal costs will not always be optimal prices is nonlinearity
of the cost function and heterogeneity of the users. To see this, suppose that cost
function exactly equaled the price function for each user. The problem in this case is
that the sum of the individual bills is NOT equal to the total production cost. This

can be seen in the demand charge, where sup, f(x) + sup, g(z) # sup,(f(z) + g(x)).

Table 7.5: CASE II: Production costs (for three days) and demand peaks associated
with regulated optimal electricity prices (calculated by Algorithm 10) and SRP’s

electricity prices. SRP’s marginal costs: a = 0.0814%, b= 59.76%

Strategy [pog(%), pon(%), pa(2=)] | Production cost | Demand peak

kW
Optimal | [0.0564,0.0667,51.1859 1,595,309 § | 195.607 MW
1,677,516 $ 211.79 MW

SRP [0.0668, 0.0668,49.0018

]
]
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7.4.3 Optimal thermostat programming for solar customers - impact of distributed

solar generation on non-solar customers

We now evaluate the impact of solar power on the bills of non-solar users in a
regulated electricity market. We consider a network consisting of a utility company
and two aggregate users - one solar and one non-solar. For the non-solar user, we
define optimal thermostat programming as in (7.11). For the solar user, the optimal
thermostat programming problem is as defined in (7.11), where we have now redefined

the consumption function as

Tk

e — Ug Tk — U
g(k7 Uk, le) = T@ + 2 CznlAT - Qk7 (729)

where ()}, is the power supplied locally by solar panels. We assume that solar penetra-
tion is 50%, so that both aggregate users contribute equally to revenue and costs to
the utility. For @, we used data generated on June 4-7 from a typical 13kW south-
facing rooftop PV array in Scottsdale, AZ. We applied Algorithm 10 separately to
each user, while considering (7.16) as the utility cost model. The results are presented
in Table 7.6. For comparison, we have also included optimal prices, prorated electric-
ity bills over three days and demand peaks of both users. From Table 7.6 we observe
that the difference between the electricity bill of a non-solar user in a single-user net-
work and the bill of a non-solar user in a two-user network (solar and non-solar) is
< 2%. This increase in bill for the solar user is < 8%. The utility-generated power,

solar-generated power and optimal temperature settings are shown in Figure 7.10.
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Figure 7.10: CASE III: Power consumption, solar generated power and optimal
temperature settings for the non-solar and solar users.

Table 7.6: CASE III: Optimal electricity prices, bills (for three days) and demand

peaks for various customers. Marginal costs from SRP: a = 0.0814%, b= 59.76%
Customers | [plg(:o), Pin (77 ), Py()] | Elect. Bill|Demand peak
Solar & $ 50.052 | 6.1947 kW
[0.089,0.115,51.988]
Non-solar $ 84.717 | 8.6787 kW
Single Non-solar [0.081,0.108, 54.004] $ 83.333 | 8.3008 kW
Single Solar [0.088,0.118, 58.556] $ 54.311 | 6.1916 kW
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Chapter 8

SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS OF OUR
RESEARCH

8.1 Summary and conclusions

Thanks to the development of converse Lyapunov theory, a broad class of problems
in stability analysis and control can be formulated as optimization of polynomials.
In this dissertation, we focus on design and implementation of parallel algorithms for
optimization of polynomials. In Chapter 1, we provide a brief overview of the existing
state-of-the-art algorithms for solving polynomial optimization and optimization of
polynomials problems. As our contribution, we chose to design our optimization
algorithms based on two well-known results in algebraic geometry, known as Polya’s
theorem and Handelman’s theorem. Our motivation behind this choice is that these
theorems define structured parameterizations' for positive polynomials - a property
that our parallel algorithms exploit to achieve near-linear speed-up and scalability.

In Chapter 2, we discuss how variants of Polya’s theorem, Handelman’s theo-
rem and the Positivstellensatz results can be applied to optimization of polynomials
defined over various compact sets, e.g., simplex, hypercube, convex polytopes and
semi-algebraic sets. We show that applying these theorems to an optimization of
polynomials problem yields convex optimization problems in the form of LPs and/or
SDPs. By solving these LPs and SDPs, one can find asymptotic solutions to the
optimization of polynomials problems (as we define in (2.12)). Subsequently, by com-

bining this method with a branch-and-bound algorithm, one can find solutions to

LA detailed discussion on the structure of these parameterizations can be found in Section 4.3.3
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polynomial optimization problems (as we define in (2.10)).

In Chapter 3, we briefly review Newton-based descent algorithms for constrained
optimization of convex functions. In particular, we discuss a state-of-the-art primal-
dual interior-point path-following algorithm (Helmberg et al. (2005)) for solving semi-
definite programs. We later decentralize the computation of the search directions of
this algorithm to design a parallel SDP solver in Chapter 4.

In Chapter 4, we propose a parallel-computing approach to stability analysis of
large-scale linear systems of the form #(t) = A(a)x(t), where A is a real-valued poly-
nomial, o« € A’ C R! and € R™. This approach is based on mapping the structure
of the SDPs associated with Polya’s theorem to a parallel computing environment.
We first design a parallel set-up algorithm with no centralized computation to con-
struct the SDPs associated with Polya’s theorem. We then show that by choosing a
block-diagonal starting point for the SDP algorithm in Helmberg et al. (2005), the
primal and dual search directions will preserve their block-diagonal structure at every
iteration. By exploiting this property, we decentralize the computation of the search
directions - the most computationally expensive step of an SDP algorithm. The result
is a parallel algorithm which under certain conditions, can solve the NP-hard prob-
lem of robust stability of linear systems at the same per-core computational cost as
solving the Lyapunov inequality for a linear system with no parametric uncertainty.
Theoretical and experimental results verify near-linear speed-up and scalability of our
algorithm for up to 200 processors. In particular, our numerical tests on cluster com-
puters show that our MPI/C++ implementation of the SDP algorithm outperforms
the existing state-of-the-art SDP solvers such as SDPARA (Yamashita et al. (2003))
in terms of speed-up. Moreover, our experimental tests on a mid-size (9-node) Linux-
based cluster computer demonstrate the ability of our algorithm in performing robust

stability analysis of systems with 100+ states and several uncertain parameters. A
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comprehensive complexity analysis of both set-up and solver algorithms can be found
in Sections 4.4 and 4.6.1.

In Chapter 5, we further extend our analysis to consider linear systems with un-
certain parameters inside hypercubes. We propose an extended version of Polya’s
theorem for positivity over a multi-simplex (Cartesian product of standard simpli-
cies). We claim that every polynomial defined over a hypercube has an equivalent
homogeneous representation over the multi-simplex. Therefore, our the multi-simplex
version of Polya’s theorem can be used to verify positivity over hypercubes. In the
next step, we generalize our parallel set-up algorithm from Chapter 4 to construct
the SDPs associated with our multi-simplex version of Polya’s theorem. Our com-
plexity analysis shows that for sufficiently large number of available processors, at
each Polya’s iteration, the per processor computation and communication cost of
the algorithm scales polynomially with the number of states and uncertain parame-
ters. Through numerical experiments on a large cluster computer, we show that the
algorithm can achieve a near-perfect speed-up.

In Chapter 6, we extend our approach to consider optimization of polynomials
defined over more complicated geometries such as convex polytopes. Specifically, we
apply Handelman’s theorem to construct piecewise polynomial Lyapunov functions
for nonlinear dynamical systems defined by polynomial vector fields. Unfortunately,
neither Polya’s theorem nor Handelman’s theorem can readily certify non-negativity
of polynomials which have zeros in the interior of a simplex/polytope. Our proposed
solution to this problem is to decompose the domain of analysis (in this case a poly-
tope) into several convex sub-polytopes with a common vertex at the equilibrium.
Then, by using Handelman’s theorem, we derive a new set of affine feasibility condi-
tions - solvable by linear programming - on each sub-polytope. Any solution to this

feasibility problem yields a piecewise polynomial Lyapunov function on the entire
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polytope. In a computational complexity analysis, we show that for large number of
states and large degrees of the Lyapunov function, the complexity of the proposed
feasibility problem is less than the complexity of certain semi-definite programs asso-
ciated with alternative methods based on Sum-of-Squares and Polya’s theorem.
Finally, in chapter 7, we address a real-world optimization problem in energy plan-
ning and smart grid control. We consider the coupled problems of optimal control of
HVAC systems for residential customers and optimal pricing of electricity by utility
companies. Our framework consists of multiple users (solar and non-solar customers)
and a single regulated utility company. The utility company sets prices for the users,
who pay for both total energy consumed ($/kWh, including peak and off-peak rates)
and the peak rate of consumption in a month (a demand charge) ($/kW). The cost of
electricity for the utility company is based on a combination of capacity costs ($/kW)
and fuel costs ($/kWh). On the demand side, the users minimize the amount paid
for electricity while staying within a pre-defined temperature range. The users have
access to energy storage in the form of thermal capacitance of interior structures.
Meanwhile, the utility sets prices designed to minimize the total cost of generation,
transmission and distribution of electricity. To solve the user-level problem, we use
a variant of dynamic programming. To solve the utility-level problem, we use the
Nelder-Mead simplex algorithm coupled with our dynamic programming code - yield-
ing optimal on-peak, off-peak and demand prices. We then apply our algorithms to a
variety of scenarios in which show that: 1) Thermal storage and optimal thermostat
programming can reduce electricity bills using current rates from utilities Arizona
Public Service (APS) and Salt River Project (SRP). 2) Our optimal pricing can re-
duce the total cost to the utility companies. 3) In the presence of demand charges,
the impact of distributed solar generation on the electricity bills of the non-solar users

is not significant (< 2%).
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8.2 Future directions of our research

In the following sections, we discuss how the proposed algorithms in this dis-
sertation can be extended to solve three well-known problems in controls: 1) Robust
stability analysis of nonlinear systems; 2) Synthesis of parameter-varying H..-optimal
controller; 3) Computing value functions in approximate dynamic programming prob-

lems.
8.2.1 A Parallel algorithm for nonlinear stability analysis using Polya’s theorem
Consider the problem of local stability analysis of a nonlinear system of the form
(t) = Az, a)x(t), (8.1)

where A : R” x R™ — R™" is a matrix-valued polynomial and A(0,0) # 0. From
converse Lyapunov theory, this problem can be expressed as a search for a polynomial

V i R" x R™ — R which satisfies the Lyapunov inequalities
Wiz, o) < V(z,a) < Wy(z, a)

<VIE‘/7 f> < _W3(x7 Oé)

for all x,a € 2 C R, where 0 € ). However, as we discussed in Section 6.1, Polya’s
theorem (simplex and multi-simplex versions) cannot certify positivity of polynomials
which have zeros in the interior of the unit- and/or multi-simplex. Moreover, if F'(x)
in (5.2) has a zero in the interior of ®", then any multi-homogeneous polynomial
P(x,y) that satisfies (5.2) has a zero in the interior of the multi-simplex A? X - -+ x
A? - hence cannot be parameterized by Polya’s theorem. One way to enforce the
condition V(0,0) = 0 is to search for coefficients of a matrix-valued polynomial P

which defines a Lyapunov function of the form V(x,a) = 2T P(z,a)z. It can be
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shown that V (x, o) = 27 P(x, )z is a Lyapunov function for System (8.1) if and only

if v* in the following optimization of polynomials problem is positive.

v = max
YER, o, PER[z,0]

P(z,«) 0
—Q(SL’, Oé)

subject to

] —~vI >0 forallz € ", o € O™, (8.2)
where

Q(x,a) = AT (2, a)P(z, )+ P(x,a)A(z, a)

xT@Pa(x,a) xT@P@(x,a) T
1 r1 ZT1
+§ AT(z,a) : + : Az, o)
T OP(x,a) T OP(x,0)
z OTn z OTn

As we discussed in Section 2.3.2, by applying bisection search on 7 and using the
multi-simplex version of Polya’s theorem (Theorem 16) as a test for feasibility of
Constraint (8.2), we can compute lower bounds on 7*. Suppose there exists a
matrix-valued multi-homogeneous polynomial S of degree vector d, € N" (d, =

ey -+ ds, ds, s 5 d |, where for ¢ € {1,---,n}, d, is the degree of y; and

» WSn4+m

forie {n+1,---,m}, ds, is the degree of ;) such that

{P(z,a) eS":2€ d", ac d"} =

{S(y, =z, B,m) € S": (yi, z:), (B;,m;) cA*i=1,---,nand j=1,---,m}.

Likewise, suppose there exist matrix-valued multi-homogeneous polynomials B and

C of degree vectors d, € N and d. = ds, € N such that

{A(z,a) e R"" :x € P"} =

{B(yv’Z’B?n) eRan : (yi7zi)7(ﬁj7nj> €A2,’i: 17 y T, a“nd.j = 17 7m}
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and

{[6196(96,01)1,’ e 9P@) .| ¢ R™*" . 1 € ®" and « € (I)m} =
1 Oxn,

{C(yvzvﬁvm e R™": (yi7zi>7(ﬁj7nj) Eszi: L~ n,and j=1,--- 7m}'

Given v € R, it follows from Theorem 16 that the inequality condition in (8.2) holds

for all o € P if there exist e > 0 such that

(H yl_l_zze Hﬁﬂ_‘_nj ) (S(yaz>5an)_7[ (H yz_l'zz dp’ Hﬁm”%)d’”))
i=1 7j=1 =1
(8.3

i=1

and

(H(yﬁzz ) T8 +m) ) "y, 2,8,m)S(y, 2 8,1 + S(y, 2, 8,1 By, 2, 1)
i=1 j=1
+% (B"(y,2.8,mC" (y, 2. 8,n) + Cly. 2 B.n)B(y, 2 B,n))

I [T+ 2% - T3 +m d)) (8.4)
i=1 7j=1

have all positive coefficients, where d,,, and chi are the degrees of z; and «; in P(z, «),

and d, and d,, are the degrees of z; and o; in Q(z, ). Now, let S, B and C be of the

following forms.

h h7 h'r hn m n4+m
Sz 8m) = D Swgyltalt oy 2l B g Geemgns (8.5)
h,gEN"er
h+g:ds

B(y, z, 8, 77) _ Z Bh,gy?lzfl . ynnzgnﬁl n+1 gn+1 ‘ﬁgln+mn7ﬂ;:l+m (8.6)

h,gENn+m
h+g=dy
h1 91 g n+1 g+1 hntm In+m
(yvz B 7] § Chgyl <1 "z nﬁl L " 'ﬁer nm+ (87)
h geNn+m
h+g:dc

Note that the coefficients C}, , can be written as linear combinations of S} 4. For

brevity we have denoted Cj,4(Shy) as Ch,. By combining (8.5), (8.6) and (8.7)
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with (8.3) and (8.4) it follows that for a given « € R, the inequality condition in (8.2)

holds for all a € O™ if there exist some e > 0 such that

Z ftartingtSng >0 forall gr e N :qg+r=ds+2e-1,4p (8.8)
h,gENH™
h+g:ds

and

Z M"{Z;l,v}7{h7g}5hvg _I_ Shng{uvv}7{h7g} + N"{Z;L,U}7{h7g}0}{:g _I_ Ch,gN{u,v},{h,g} < 0 (89)
h,geNn+m
h+g:d5
for all u,v € N .y +v =d,+dy+2e€- 1,4, where we define fiar){n,g to be the

coefficient of

Shg Y121 -y By Bl
after substituting (8.5) into (8.3). Likewise, we define My, ) (1,4} to be the coefficient
of

ul U1, o Un ,Un QUn+1, Untl = OUntmpyUntm
Sh,g yl zl yn Zn Bl 7]1 Bm nm

and Ny} ¢h,gy to be the coefficient of

UL L1 W (3 Un+1 U7L+1‘.‘ Un+ Un+
Ch7g Y1 =1 ynnznnﬁl Ut 5mn mnn;l "

after substituting (8.6) and (8.7) into (8.4). For any v € R, if there exist e > 0 and
{Sh,¢} such that Conditions (8.8) and (8.9) hold, then v is a lower bound for * as
defined in (8.2). Furthermore, if 7 is positive, then origin is an asymptotically stable
equilibrium for System (8.1). Fortunately, Conditions (8.8) and (8.9) form an SDP
with a block-diagonal structure - hence an algorithm similar to Algorithm 7 can be
developed to set-up the SDP in parallel. Furthermore, our parallel SDP solver in

Section 4.5 can be used to efficiently solve the SDP.
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8.2.2 Parallel computation for parameter-varying H..-optimal control synthesis

Algorithm 5 can be generalized to consider a more general class of feasibility prob-
lems, i.e.,

N

Z (Ai(a) X (a)Bi(a) + Bl ()X (a)A] (a) + Ri(@)) < —vI for all a € Al

i=1
where A;, B; and R; are polynomials. Formulations such as this can be used to solve
a wide variety of problem in systems analysis and control such as H..-optimal control
synthesis for systems with parametric uncertainty. To see this, consider a plant G

with the state-space formulation

#(t) = A@)2(t) + [Bi(a) Ba(o) [“"“)] ,

Dll(a) Dlg(a) W(t)
z(t , 8.10
0 [D21<a> 0 ] [u(t)] (&40

where o € Q C R, z(t) € R, u(t) € R™ is the control input, w(t) € R? is the external

input and z(t) € R? is the external output. Suppose (A(«), By(«)) is stabilizable and
(Co(a), A()) is detectable for all & € ). According to P. Gahinet (1994) there exists

a state feedback gain K («) € R™*" such that
I5(G, K(a)) |l <7, forall a € @,

if and only if there exist P(a) > 0 and R(a) € R™*" such that K(a) = R(a)P™(«)

and
[ « AT (« ]
| A(0)By(0)] [PEQ; +P(a)R" ()] Bgi@; %
BT («) —I % | <0, (8.11)
(C1(@) Diafa) Péz; Duy(a) =1
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for all @ € @, where v > 0 and S(G, K(«)) is the map from the external input w
to the external output z of the closed loop system with a static full state feedback
controller. The symbol x denotes the symmetric blocks in the matrix inequality. To
find a solution to the robust H..-optimal static state-feedback controller problem with
optimal feedback gain K(a) = P(a)R™!(«), one can solve the following optimization

of polynomials problem.

= min

P,RER[a] 7€R
subject to
[—P(«) * * x|
P(a) A (a) 0000
0 [A(oz)Bz(oz)} Rla +[P(o¢)RT(o¢)] BT (a) x % 0000 0
0 BT (a) 0o «  Tlooro| =
0001
o (C1(@) Diafa)] ; EZ Du(@)0
for all @ € Q.

(8.12)

In Problem (8.12), if Q = A! as defined in (2.15), then we can apply Polya’s theorem
as described in Section 2.3.1 to find a v < v* and P and R which satisfy the inequal-
ity in (8.12). Suppose P, A, By, By, C1, D11 and Djy are homogeneous polynomials

(otherwise use the procedure in Section 4.2 to homogenize them). Let

—P(a) * * %
P(a AT (a
0 [A(PBa(a) () +Pa)R" ()] T( .
_ R(a) B; (@)
F(Pla)R)) = | S L
P«
0 |:Cl (Oé) Dlg(a):| REQ; DH(Oé) 0
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and denote the degree of F' by dy. Given v € R, the inequality in (8.12) holds if there

exist e > 0 such that all of the coefficients of the polynomial

0000

(Za:-) F(P(a), @)~ | (Zai) (5.13)
_OOOI_

are negative-definite. Let P and R be of the forms

Pla)= Y P, P eS" (8.14)
hEde
and
R(a)= > Ruaj--of, R, € R™", (8.15)
hEWdT

where Wy, and W, are the exponent sets defined in (4.2). By combining (8.14)
and (8.15) with (8.13) it follows from Polya’s theorem that for a given +, the inequality
in (8.12) holds, if there exist e > 0 such that

> (M P+ PiMyg) + > (NiRE + RyNyg) <0 forall g € Wy ., (8.16)
hEde hEWdT

where we define M), , € R™*™ as the coefficient of P,ai' - - - o} after substituting (8.14)
and (8.15) into (8.13). Likewise, Nj, € R™*" is the coefficient of Ryaf" ---af' after
substituting (8.14) and (8.15) into (8.13). For given > 0, if there exist e > 0 such

that LMI (8.16) has a solution, say Py, h € Wy, and Ry, g € Wy, , then
—1

K(a) = Z Pyl ol Z R,af" - -af

heWq, 9€Wa,

is a feedback law of an H..-suboptimal static state-feedback controller for System (8.10).
By performing bisection search on 7 and solving (8.16) for each 7 of the bisection,

one may find an H,.-optimal controller for System (8.10).
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8.2.3 Parallel computation of value functions for approximate dynamic

programming

Consider the discrete-time optimal control problem

J* == min Zﬁkg(l"k,uk)
k=0

up€eU
subject to xpyr1 = f(xg, ug) for k=1,2,3,---

To=2 € X for k=1,2,3,---, (8.17)

where f:R" x R™ — R™ and g : R” x R™ — R" are given polynomials, § € (0,1] is
a discount factor, U C R™, X C R", and 2z € R" is a given initial condition for the
dynamical system. It is well-known that dynamic programming approach (Bertsekas
et al. (1995)) provides sufficient conditions for existence of a solution to the optimal
control problem in (8.17). The key idea underlying dynamic programming is that
optimization over-time can often be considered as optimization in stages. In such
framework, optimal control is any decision which minimizes the sum of: 1. cost of
transition from current stage k to the next stage k + 1; and 2. cost of all stages
subsequent to k£ + 1, incurred by the decision made at stage k. This is referred to as
the principle of optimality and was first formulated by Bellman (Bellman and Kalaba
(1965)) as

J*=V*(z) = (PV*)(z) := 7ilglf]{g(z,v) + BV (f(z,v)} forall ze X. (8.18)

The unique solution to Bellman’s equation is called the value function - can be thought
of as the minimum cost-to-go from the current state. Existence of the value functions
is a sufficient condition for existence of an optimal control. In fact, an optimal policy

w*: X — U can be expressed in terms of the value function V*:

p'(2) = argmin{g(z,u) + SV (f(z,u))}

uelU
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for any x¢g € X. Thus, Bellman’s equation solves the optimal control problem by
providing a closed-loop feedback law for every initial condition.
It is shown that the Bellman’s operator P defined in (8.18) possesses the following

two properties:

1. Tteratively applying of Bellman’s operator P on any function h : X — R results

in a pointwise convergence to a value function, i.e.,

V*(x) = lim (P*h)(x) forall z € X. (8.19)

k—o0

2. Bellman’s operator is monotonic: If V satisfies the Bellman’s inequality V (z) <

(PV)(x) for all z € X, then V(z) < (P*V)(z) for all z € X and for any k > 1.
From these two properties one can conclude that
V<PV forsomek>1 = V< V"

Unfortunately, for k > 1, the constraint ¥V < P*V is non-convex in the coefficients
of polynomial V. A sufficient condition for V' < P*V is to search for polynomials V/

and W;, i =1,---, k such that
V <PWy, Wy <PWs,, -+ Wiy <PV.

Note that all of these constraints are convex in the coefficients of V and W,. Let V'

and W; be polynomials of forms

V(x) = Z Vox® and Wi(x) = Z Wi az®,

a€l(dy) ael(dw,)

where I(d) := {o € N" : ||a||; < d}. Then, any polynomial V' which solves the convex
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optimization problem

Ji ;= max Z V,z*

Va7Wi,a
(xEI(dv)
subject to Z Vox® <P Z Wi qa® forall x € X

acl(dy) acl(dw,)

Z Wiqx® <P Z Wit102% forallze X andi=1,--- k-2
a€l(dw,) ael(dWlH)

> Witaz® <P Y Vo forallz € X (8.20)

aGI(deil) aEI(dv)

for any initial condition z € X and some k > 1, is an under-estimator for the value

function V*. Moreover, from monotonicity of P it follows that
N << ST < SV (2).

In other words, by increasing k, the lower bound J, defined in (8.20) can only improve
or remain constant. By substituting for P in (8.20) from (8.18), removing the infimum
and enforcing the constraints of Problem 8.20 for all control inputs u € U, we get the

following optimization of polynomials problem.

subject to Z Vor® < g(z,u)+ Z (Wiaf(z,u)®) forxe X,uelU

acl(dy) a€l(dw,)

Z Wi az® < g(z,u) —i—ﬁz Witiaf(z,u)®) forxe X,ueUi=1,---

a€l(dw,) acl(dw, )
Z Wi102% < g(z,u) + 3 Z (Vof (z,u)*) for z € X,u e U,
ae[(dwkil) OCEI(dv)

(8.21)
where for brevity, we have denoted fi(x,u)* --- f,(x,u)* by f(x,u)®.
Problem (8.21) has some interesting computational properties. Since all of the

constraints in this problem have the same structure, if we choose the same degree for
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V and W, it is then sufficient to set-up only one of the constraints in order to set-up
the entire Problem (8.21). If X and U are simplicies, Algorithm 5 can be used to
perform Polya’s iterations on the constraints of Problem (8.21). The result is a linear
program whose solution yields an under-estimator for the value function V* defined
in (8.18). Likewise, if X and U are hypercubes (or polytopes), then Algorithm 7 (or
Algorithm 2) can be used to perform Polya’s iterations (or Handelman’s iterations)
on the constraints of Problem (8.21). Another interesting property of Problem (8.21)
is that increasing the accuracy of the under-estimations (by increasing k) amounts to

a linear growth in the number of decision variables and number of constraints.
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