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Abstract

We study the following optimization problem over a dynamical system that consists of several
linear subsystems: Given a finite set of n X n matrices and an n-dimensional vector, find a
sequence of K matrices, each chosen from the given set of matrices, to maximize a convex
function over the product of the K matrices and the given vector. This simple problem has many
applications in operations research and control, yet a moderate-sized instance is challenging
to solve to optimality for state-of-the-art optimization software. We propose a simple exact
algorithm for this problem. Our algorithm runs in polynomial time when the given set of
matrices has the oligo-vertex property, a concept we introduce in this paper for a finite set of
matrices. We derive several sufficient conditions for a set of matrices to have the oligo-vertex
property. Numerical results demonstrate the clear advantage of our algorithm in solving large-
sized instances of the problem over one state-of-the-art global optimization solver. We also
propose several open questions on the oligo-vertex property and discuss its potential connection
with the finiteness property of a set of matrices, which may be of independent interest.

1 Introduction

Many real-world systems exhibit significantly different dynamics under various modes or condi-
tions, for example a manual transmission car operating at different gears, a chemical reactor under
different temperatures and flow rates of reactants, and a group of cancer cells responding to dif-
ferent drugs. Such phenomena can be modeled under a unified framework of switched systems. A
switched system is a dynamical system that consists of several subsystems and a rule that speci-
fies the switching among the subsystems. Finding a switching rule to optimize the dynamics of a
switched system under certain criteria has found numerous applications in power system operations,
chemical process control, air traffic management, and medical treatment design [39, 26} 25] [16]. In
this paper, we study the following discrete-time switched linear system:

x(k+1) = Trx(k), T, € k=0,1,..., (1)

where z(k) is an n-dimensional real vector that captures the system state at period k, the set X
contains m real matrices in R"*", each of which describes the dynamics of a linear subsystem, and
the initial vector x(0) is a given n-dimensional real vector a. Such a system with switching only
at fixed time instants appear in many practical applications, and is also employed to approximate

*Email address: wuxx1164@Qumn.edu.
"Email address: giehe01@gmail.edu. Corresponding author.



the more complex dynamics of a continuous-time hybrid system with switching times defined over
the real line [39, 25].
We are interested in the following optimization problem (P) related to the system in :

Given a switched linear system described in , a positive integer K, and a convex function
f:R" = R, find a sequence of K matrices Ty, T1,...,Tx—1 € ¥ to maximize f(z(K)).

One type of such convex functions are the ¢, norms.

Example 1. Consider a switched linear system consisting of two subsystems with system matrices

A= E (1)] and B = [é H, an initial vector a = (2,1)7, and K = 8. Fz'gure ilustrates the

trajectory of (k) under three different switching sequences, with the final state 2(8) being (53,23) T,
(58,41) ", and (71,41) ", respectively.
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Figure 1: The trajectory of z(k) under three matrix sequences

We give three examples below to illustrate the applications of Problem (P) and its connection to
other problems in control and optimization.

The first example is on design of treatment plans. Antibiotic resistance renders diseases that
were once easily treatable dangerous infections, and has become one of the most pressing public
health problems around the world. Several groups of researchers studied how to design sequential
antibiotic treatment plans to restore susceptibility after bacteria develop resistance [29], B1]. They
model the percentages of n genotypes of an enzyme produced by bacteria in a population after
k periods of treatment with the vector z(k), and model the mutation rates among n genotypes
under each antibiotic with a probability transition matrix. The goal is to design a sequence of
antibiotics to maximize the percentage of the wild type at the end of the treatment, which is
sensitive to all antibiotics. The treatment design problem is equivalent to solve (P) with a = e, a
unit vector with the first component being 1 which denotes 100% wild type in the beginning, and
f(z(K)) = —e] z(K). In the same vein, (P) can model the sequential therapy design problem for
many other diseases when x(k) describes the related biometrics of a patient at period & and each
matrix models the evolution of patient biometrics under a particular treatment [16].

The second example is the matrix mortality problem in control [0, [7]. Given a positive integer
k, a set of matrices is said to be k-mortal if the zero matrix can be expressed as a product of k
matrices in the set (duplication allowed). A set of matrices is said to be mortal if it is k-mortal for



some finite k. The matrix mortality problem captures the stability of switched linear systems under
certain switching rules. It can be shown that a finite set of n x n non-negative matrices is k-mortal
if and only if the optimal objective value of (P) is 0 with a = 1, K =k, and f(2(K)) = —1"z(K),
where 1 is an n-dimensional vector with each component being 1.

The third example concerns the joint spectral radius of a set of matrices, an important quantity
which has found many applications in wavelet functions, constrained coding, and network security
management, etc [I8]. The joint spectral radius of a finite set ¥ of matrices is defined as p(X) =
lim supy._y 0 2 (5, | - ) [36], where

eS| - 1) = max{|| Ty 1 Ths ... To|| /% | Ty €5,j =0,... k— 1} 2)

and || - || is some matrix norm. If we select the matrix norm in (2)) to be induced by the ¢, norm of
a vector, then

(S 11 1))F = ”S”uplmax{\lm(K)llp | @} (3)
ajlp=
Observe that the inner maximization problem of the right-hand side of is a special case of (P)
with the convex function f(z) = ||z||,. In general, let v* be the optimal objective value of (P) with
f(z) = ||z|| for some norm || - || and an initial vector a. Then (v*)'/* provides a lower bound of the
quantity pr (%, || - [])-

A simple way to solve (P) is to enumerate all possible matrix sequences, but such an approach
quickly becomes impractical as m and K increase. Even for m = 5 and K = 30, we need to
enumerate 5%° solutions, a formidable task for the current fastest computer. Another general
approach to solve (P) is to formulate it as a mixed-integer nonlinear optimization problem, which
can be solved by global optimization solvers, but the problem size that can be handled by state-of-
the-art commercial solvers is also limited. In addition, the time complexity of the tree-based search
algorithms employed by these global solvers is difficult to analyze in general. In many applications,
problem (P) has to be solved repeatedly with different parameters, so it is of vital importance to
have a fast algorithm for (P).

We now present our results. We develop a simple dynamic programming algorithm to solve
(P) exactly, which means that an optimal matrix sequence is guaranteed at the termination of the
algorithm. Our algorithm is much faster than the state-of-the-art global optimization solver Baron
in solving the same instance of (P). Another advantage of our algorithm is that it does not require
any additional property of the function f such as smoothness or strong convexity. The main idea of
our algorithm is to find out the extreme points of a polytope by iteratively constructing the convex
hull of linear transformations of another polytope’s extreme points. As pointed out by one referee,
this idea has been used before to construct a special polytope needed to compute the joint spectral
radius of a finite set of matrices [13].

Furthermore, we introduce a new concept for a finite set of matrices to analyze the time complex-
ity of our algorithm. In particular, we assume that all input data are integers and the value of the
convex function f can be queried through an oracle in constant time; we adopt the random-access
machine [32] as the model of computation, in which each basic operation (addition, comparison,
multiplication, etc.) is assume to take the same amount of time and the time complexity of an
algorithm is the number of steps/operations required to execute the algorithm. We define the fol-
lowing notations that are useful for presenting the time-complexity results. Given a finite set 3 of
n X n real matrices and a vector a € R", let

Py(3,a) :=conv({z(k) | x(k) = Tj—1---Toa,T; € ¥, =0,...,k—1})



be the convex hull of all possible values of z(k) in for each integer k > 0. Let Ny(3,a) be the
number of extreme points of P,(X,a) and

Ni(¥) = SellﬂgL{Nk(E,a)}

We introduce the following concept for a set of matrices.

Definition 1. A set of matrices X is said to have the oligo-vertex property if there exists a > 0,
positive integer kg, and positive constant d such that Ni(X) < ak? for any k > ko.

The oligo-vertex property of a set of matrices indicates the number of extreme points of Py (%, a)
grows at most polynomially in k£ for any initial vector a, despite the number of possible values of
x(k) grows exponentially with k in general. With the big-Oh notation commonly used in computer
science, the oligo-vertex property basically states that Ni(X) = O(k%) as k — oo for some positive
constant d.

Our contributions
We summarize the contributions of this paper as follows.

1. We present a simple dynamic programming algorithm to solve (P) exactly. Our algorithm
does not require any additional property of f other than convexity. Numerical experiments
demonstrate that the algorithm is much faster than state-of-the-art global optimization soft-
ware in solving large-sized instances. Our algorithm can be considered as a variant of the
algorithm for computing the joint spectral radius in [I3] with the same basic idea. On the
other hand, as it is applied to a different problem, changes such as initialization, the pruning
rule, and termination conditions have been made.

2. We introduce the concept of the oligo-vertex property for a finite set of matrices, and show
that our algorithm runs in polynomial time if the given set of matrices has the oligo-vertex
property. To the best of our knowledge, this is the first time such a property is introduced
for a set of matrices.

3. We derive several sufficient conditions for a set of matrices to have the oligo-vertex property.
On the other hand, we show that (P) is NP-hard for a pair of stochastic matrices or a pair
of binary matrices, which implies that the oligo-vertex property is unlikely to hold for an
arbitrary pair of n x n matrices unless P=NP. Finally we propose several open questions on
the oligo-vertex property.

The oligo-vertex property we propose may be of independent interest to readers. We want to
point out some similarities between the oligo-vertex property and another important property for
a set of matrices that is also concerned with long matrix products—the finiteness property. A
finite set ¥ of matrices is said to have the finiteness property if the joint spectral radius p(X) is
equal to (pg(Th—1Tk—2 ... Ty))"/* with Tj_1,Ts_o,...,Tp € ¥ for some finite integer k, where p(T)
denotes the spectral radius of the matrix 7. The finiteness property has been studied extensively
for different families of matrices [24] 19], as it has many implications on stability and stabilization of
switched systems. The finiteness property and the oligo-vertex property both hold for the following
sets of matrices: commuting matrices, any finite set of matrices with at most one matrix’s rank
being greater than one [27], and a pair of 2 x 2 binary matrices [20]. We suspect that there is a
deeper connection between these two properties. We pose several open questions on the oligo-vertex
property at the end of this paper.



The rest of the paper is organized as follows. In Section [2, we review results related to the
problem we study, with a main focus on computational complexity. In Section [3| we first prove
that (P) is NP-hard for a pair of stochastic matrices or binary matrices, and then introduce an
exact algorithm for (P) and analyze its time complexity for general n and n = 2. In Section
we present several sufficient conditions for a set of matrices to have the oligo-vertex property. In
Section b, we prove that a pair of 2 x 2 binary matrices has the oligo-vertex property. We present
some computational results in Section [6] and conclude in Section [7] with some open problems.

2 Related Work

Our problem aims to find the optimal switching rule of a discrete-time switched linear system
without continuous control input. There have been a rich body of theoretical and computational
results on optimal control of switched linear systems, such as finding optimal switching instants
given a fixed switching sequence [43], minimizing the number of switches with known initial and final
states [10], finding suboptimal policies [3], study of the exponential growth rates of the trajectories
under different switching rules [I7], and characterizing the value function of switched linear systems
with linear and quadratic objectives [44]. We refer interested readers to the books [39} 25] and recent
surveys [40, [45] for more details on switched linear systems. Finding the optimal switching sequence
for a switched linear system also belongs to a broader class of problems called mixed-integer optimal
control [37, [38] or optimal control of hybrid systems [2], which can be formulated as a mixed-integer
nonlinear optimization problem and solved by general mixed-integer optimization solvers.

We now survey results in the literature that are closely related to the problem we study. Blondel
and Tsitsiklis showed that the matrix mortality problem is undecidable for a pair of 48 x 48 integer
matrices and the matrix k-mortality problem is NP-complete for a pair of n X n binary matrices
with n being an input parameter [6]. The complexity of the matrix k-mortality problem is however
unknown when the matrix dimension n is fixed. For the antibiotics time machine problem, Mira et
al. used exhaustive search to find the optimal sequence of antibiotics for a small sized problem [29].
Tran and Yang showed that the antibiotics time machine problem is NP-hard when the number of
matrices and the matrix dimension are both input parameters [41]. The antibiotics time machine
can be also seen as a special finite-horizon discrete-time Markov decision process in which no state is
observable. It has been shown in [33] that the finite-horizon unobservable Markov decision process
is NP-hard. Therefore, our results identify several polynomially solvable cases of finite-horizon
unobservable Markov decision processes. Computing the joint spectral radius for a finite set of
matrices either exactly or approximately has been shown to be NP-hard [42], and has been a topic
of active research [4 [34] [1]. Guglielmi and Protasov proposed an algorithm to compute the joint
spectral radius of a finite set of matrices [I3]. The key component of the algorithm is to construct a
special polytope P from which the joint spectral radius of the given set of matrices can be computed
accordingly. Similar to our algorithm, the polytope P is constructed by finding out its extreme
points, through an iterative procedure of taking the convex hull of linear transformation of extreme
points of another polytope. However, the purposes, the running time, and the implementation
details of the two algorithms are different. The algorithm in [I3] aims to find a polytope that gives
an extremal norm for the given set of matrices, and only terminates in finite time for the set of
matrices satisfying certain conditions. On the other hand, our algorithm aims to construct the
convex hull of all possible states reachable by the switched system after K periods, and will always
terminate after exactly K periods for any given set of matrices. The algorithm in [I3] has recently
been improved in [28]. The finiteness conjecture [24], which states that the finiteness property
holds any set of real matrices, had remained a major open problem in the control community until



early 2000s when a group of researchers showed that there exists a pair of 2 x 2 matrices that does
not have the finiteness property [8, 5], 23]. The first constructive counterexample for the finiteness
conjecture was proposed in [15]. The finiteness conjecture was shown to be true for a pair of 2 x 2
binary matrices [20] and a finite set of matrices with at most one matrix’s rank being greater than
one [27].

3 Computational Complexity and the Algorithm

3.1 Notations

We first introduce some notations that will be used throughout this paper. Let N, Z, R, R, and
R_ denote the sets of natural numbers (including 0), integers, real numbers, non-negative real
numbers, and non-positive real numbers, respectively. We use x; to denote the i-th component
of a given vector x. Let ||x||o and [|T||oc denote the infinity norm of vector z and matrix T,
respectively. Given two positive integers i, j, let [i : j] denote the set of integers {i,i+ 1,...,7} if
1 < jand (if i > 5. Given two scalar functions f and g defined on some subset of real numbers,
we write f(xz) = O(g(x)) as © — oo, if there exist o and xop € R such that |f(z)| < a|g(x)| for all
x > xo. Given a set S, let |S| denote the cardinality of S, conv(S) denote the convex hull of S,
int(S) denote the interior of S, and 95 denote the boundary of S, respectively. Let ext(S) denote
the set of extreme points of a convex set S. Given a set S C R" and a matrix T € R™*" let
TS :={Txz |z € S} be the image of S under the linear mapping defined by 7. Let Q; denote the
i-th quadrant of the plane under the standard two-dimensional Cartesian system, for ¢ = 1,2, 3, 4.
For example, Q1 = {x € R? | 1 > 0,25 > 0}.

3.2 Complexity
Theorem 1. (P) is NP-hard for a pair of left (right) stochastic matrices and a linear function f.

Proof. We prove the result based on a reduction from the 3-SAT problem. A 3-SAT problem asks
whether there exists a truth assignment of several variables such that a given set of clauses defined
over these variables, each with three literals, can all be satisfied. The 3-SAT problem is known to
be NP-complete [I1].

Given an instance of the 3-SAT problem with n variables y1, . .., y, and m clauses C1, ..., Cy,, we
construct an instance of (P) with ¥ = { A, B} as follows. Matrices A and B are m(2n+1)xm(2n+1)
adjacency matrices of two directed graphs G 4 and G, respectively. The construction of G4 and Gp
will be explained in detail below. We set the total number of periods K = n. Let e;, € R™27H1) he a
vector with the k-th entry being 1 and all other entries being 0. We set z(0) = Z;nzl €(j—1)(2n4+1)+1
and f(z) = ¢z with ¢ = — Z;nzl €j(2nt1)- We claim that the 3-SAT instance is satisfiable if and
only if the optimal objective value of the constructed instance of (P) is —m.

Graph G4 is constructed as follows. It contains m(2n + 1) nodes, divided equally into m
groups, each group corresponding to a clause. There is no arc between nodes in different groups.
Let w;1,uj2,...,Uuj2,1 be the 2n + 1 nodes corresponding to clause j. The arcs among these
nodes are as follows. Node u; 2,41 has a self loop. There is an arc from ;11 to u;; for [ = [1: 2n]
unless literal y; is included in clause Cj; in that case, there will be an arc from node u; 441 to
node u;;. Graph Gp is constructed similarly with the same set of nodes. There is an arc from
wji41 to u;y for [ = [1:2n] unless literal y; is included in clause Cj; in that case, there will be an
arc from node ;441 to node u;;. An example for the clause C; = y1 V y§ V y4 with a total of 4
variables is shown in Figure



Part of G4 Part of Gp

Figure 2: The nodes and arcs in G4 and G'p corresponding to the clause Cj = y; V y5 V y4 with a
total of 4 variables.

For j € [1 : n], let A7 (B?) be the adjacency matrix of the component of G4 (G g) corresponding
to the j-th clause. Since each node has in-degree 1, each column of A7 (B7) has exactly one entry
being 1, so A7 (B7) is a left stochastic matrix. We can associate each truth assignment of y1,...,y,
with a sequence of matrices T3, ...,T7_; with T} € {47, B’} for t € [0 : n — 1]. In particular, if y
is true (false), then th_l is A (B). Consider the product

S =

[0, .0, =T}y T) _y--- T3
0
It can be verified that this product is —1(0) if any only if the truth assignment of y1, ..., y, makes

clause j satisfied (unsatisfied).
Order the nodes of G4 or Gp lexicographically, i.e.,

ul,lu U]_72, cee )u1,2n+15 u2717 cee )u2,2’n+15 ceey um,2n+1-

Let A and B be the adjacency matrix of G4 and Gp, respectively. Then both A and B are block
diagonal matrices with m blocks of (2n + 1) x (2n + 1) matrices. In particular,

Al B!
A? B2
A= . B = . : (4)
A™ B™

Both A and B are left stochastic matrices. When z(0) = 27:1 €(j—1)(2n41)+15 € = — Z;":l €j(2n+1)>



T € {A,B} fort € [0:n—1],

1
m - 10

Ty Tom(0) = Y [0, ,0,—1)T) T3 - T3 |
=1 :

0

Therefore, there exists a truth assignment such that the 3-SAT instance is satisfied if and only if
the optimal objective value of the constructed instance of (P) is —m. This reduction is done in
time polynomial in m and n.

To prove that (P) is NP-hard for a pair of right stochastic matrices, we can construct an instance
of (P) in a similar way to the case of left stochastic matrices and show that there exists a truth
assignment such that the 3-SAT instance is satisfied if and only if the optimal objective value of
the constructed instance is —m. In particular, we let 2(0) = — > 7", €j(an41) (the vector ¢ in the
instance of (P) with left stochastic matrices above), f(z) = ¢’ 2 with ¢ = > i eG-1)@2nt1)41 (the
initial vector x(0) in the instance of (P) with left stochastic matrices above), and the two matrices
be the transpose of the two matrices A and B defined in . O

Since the matrices constructed in the proof of Theorem [l| are also binary matrices, we have the
following result.

Corollary 1. (P) is NP-hard for a pair of binary matrices and a linear function f.

3.3 The Algorithm

In this section, we present a simple forward dynamic programming algorithm to solve (P) exactly,
described in Algorithm [I] The critical step of Algorithm [I]is Step [6] which constructs Ej, the set
of extreme points of Px(X,a), sequentially for k =0,1,..., K.

Algorithm 1 A forward dynamic programming algorithm to solve (P).

1: Input: Matrices ¥ = {Ay,..., Ay} € Z™*", initial vector a € Z™, value oracle f, and positive
integer K.
: Output: A sequence of matrices Ty, ..., Tx—1 € ¥ that maximize f(Tx_1Tk—o---Topa).
: Initialize: Set Ey = {a}.
:for k=0,1,..., K —1do
Set F,z =A;Ep fori=1,...,m.
For each point z € U2 F, ,i, check if x is an extreme point of conv(UZ-ZlF,i), by solving a
linear program. Let Ej 1 be the set of all extreme points of conv (U™, F}).
7: end for
8: Find an 2*(K) € argmax{f(z) | x € Fx} by enumeration.
9: Retrieve the optimal matrix sequence Tx_1,Tx_2,..., Ty from z*(K).

We specify the details of Step [6] later. In fact, Step [6] can be any algorithm that takes a set
of points S as input and output ext(conv(S)). There are several efficient algorithms the construct
the convex hull of a set of points on the plane, more efficient than linear programs. It is, however,
difficult to construct conv(S) efficiently in higher dimensional space. The correctness of Algorithm
is shown in the proposition below.

Proposition 1. Algorithm[]] solves (P) correctly.



Proof. First it is not difficult to show by induction that the set Fj constructed in Algorithm [I] is
the set of extreme points of Py(3,a) for each k € [0 : K]. Since maximizing a convex function
f over a finite set S is equivalent to maximizing f over conv(S) as well as maximizing f over
ext(conv(S)) [35], (P) is equivalent to max{f(x) | z € Px(X,a)} = max{f(x) | z € Ex}. Then the
result follows. O

Remark 1. The fact that we are mazimizing a convex function in the objective is critical for the
correctness of Algorithm[1] If we minimize f(x(K)) in (P) instead, then Algorithm [1] will not give
the correct optimal solution in general.

We now specify the linear program in Step|§|of Algorithm Given a finite set S = {p',...,p'} C
R™, checking if a point p/ € S is an extreme point of conv(S) can be done by solving the linear
program below.

v  =max (pP)"z— 2 (5a
2,20
s.t. (pi)Tz—ZOS(LZ':ly---,lﬂ'?éj, (5b

)
)
W)z <1 (5¢)
z€R" zp € R (5d)
Problem is always feasible and bounded. Suppose its optimal solution is z* and 23, and v*
is the corresponding optimal objective value. If v* > 0, then we find a hyperplane (2*)Tz = 25
that separates p’ and the set S\ {p’}, so p’ is an extreme point of conv(S). Otherwise p’ is
not an extreme point of conv(S). Problem can be solved by various interior point methods
in polynomial time, for example Karmarkar’s algorithm. Recall that M is the maximum absolute
value of the entries of Aq,...,A,,, and a.

Proposition 2. If Karmarkar’s algorithm is employed to solve the linear programs at Step [, the
running time of Algom'thm is O(m?n*5(logn + log M) Zitol ENL(2)?).

Proof. We first show that the sizes of all data in Algorithm [I] are polynomial in the problem input
size, which is polynomial in K, n, and log M. To see this, for any integer k& > 0,

Ja(k)llso = max{ | Ase(k — Dl | 4; € T} < max{]| Aillsc | A € B} - [le(k - Dlloc
< (max{[[4ills | A; € SD* - flalloe < (nM)FML.

Therefore, the size of z(k) is O(nlog||z(k)|lec) = O(kn(logn + log M)).
At Step |§| of iteration k, the number of operations of solving one linear program with § =
U, F{ using Karmarkar’s algorithm is O(n35L) [21], where the input length L = O(3"1% | |Fi|nlog ||z (k)|s) =
O(kmn(logn + log M )|Ey|). Since we need to solve m|Ej| linear programs, one for each point in
S, the running time of Step |§| is m|Ey|O(n35L) = O(km*n*®(logn + log M)|Eg|?). At iteration k,
Step [5| takes O(mn?) time, Step [8] takes |Ef | queries to the value oracle of function f, and Step |§|
can be performed in K steps if a m-ary tree is used to store the values of z(k) for each k. Therefore,
the step with the dominating complexity is Step [6] and the overall running time of Algorithm [I] is
O(m?*n*>(logn + log M) Zf:_ol k|Ex|?). Since |Eg| < Ni(3), the result follows. O

3.3.1 Speeding up Algorithm (1| when n = 2

When n = 2, there are many efficient algorithms to construct the convex hull of a set of points
directly, such as Graham’s scan and Jarvis’s march [9]. Graham’s scan constructs the convex hull
of [ points on the plane in O(llogl) time [I2]. With a similar analysis as in Proposition [2| we have
the result below.



Proposition 3. When n =2 and Graham’s scan is employed at Step[6] of Algorithm[] to construct
Eiy1, the running time of Algorithm is O(mlogm ZkK:_Ol Nip(2)+m ZkK:_Ol Ni(X)log Nk(%)).

4 Polynomially Solvable Cases

In this section, we focus on discovering conditions on a set of matrices for which (P) is polynomially
solvable. Propositions [2| and [3| indicate that (P) is polynomially solvable if Nj(X) is polynomial
in k. This motivated us to introduce the concept of the oligo-vertex property in Section [I| Recall
that a set of matrices ¥ has the oligo-vertex property if Ni(X) = O(k?) for some constant d. The
following proposition gives the detailed time complexity of our algorithms for matrices with the
oligo-vertex property, following directly from Proposition [2| and

Proposition 4. If the set of matrices ¥ in (P) has the oligo-vertex property and Ni(X) = O(k%)
for some constant d, then (P) can be solved in O(m?*n*®K?+2(logn + log M)) time for general n
and in O(mK ™ (logm + log K)) time when n = 2.

Thus our focus in this section is to discover conditions for a set of matrices to have the oligo-
vertex property. We introduce additional notations that will be used in the rest of the paper. Given
a set of matrices ¥ = {Ay, Aa,..., A} CR™ and a vector a € R, define

Xip(2,a) = {z(k) | 2(k) =Ty—1---Toa,T; € X, € [0: k— 1]} (6)
Er(X,a) = ext(Pr(2,a)) (7)

for each integer £ > 0. Recall that Py (X, a) = conv(Xg (X, a)), Np(2,a) = |Ex(X, a)|, and Ni(X) =
sup,ern {Nk(2,a)}. Since Pp(X,a) is the convex hull of at most m* points, both Nj(X,a) and
Ni(X) are well defined and bounded above by mF.

Some obvious cases that have the oligo-vertex property include a set ¥ of m pairwise commuting
matrices with constant m (for which Ni(X) = O(k™~!) since there are at most (kjn"jfl) elements

in X;(X,a)), and a pair of projection matrices since there are at most 2k elements in X% (3, a).

Proposition 5. A set ¥ of m matrices in R™™ with at most one matriz with rank greater than
one has the oligo-vertex property and Ni(X) = O(mk).

Proof. Let ¥ = {Ay,..., A }. With loss of generality, assume that no A; is the zero matrix, and
Ay, Ag, ..., Ap—1 are of rank one. Then for any a € R"™ the set 4;P(X,a) contains at most two
extreme points for ¢ = 1,...,m — 1. For each integer k > 0, Py11(X,a) = conv(U", A; Py(X,a)),
50 Npp1(Z,a) < D27 lext(AiPp(X, a))| < 2(m — 1) + Ni(2,a). Then Nii1(X,a) < No(E,a) +
2k(m — 1), so Ni(X) = O(mk). O

Proposition 6. A set ¥ of two 2 X 2 matrices that share at least one common eigenvector has the
oligo-vertex property and Ni(X) = O(k).

Proof. If matrices A and B in ¥ share two eigenvectors, then they commute and there are at
most k + 1 different points in Xy (3, a) for any a. Now suppose that A and B in ¥ share exactly
one eigenvector ¢;. Then ¢; must be a real vector. Assume the corresponding eigenvalues of ¢
in A and B are A11 and u11, respectively. Since g1 is a real vector, A1; and pi; are both real-
valued. Without loss of generality, assume ||q1|l2 = 1. Let g € R? be a unit vector orthogonal
to ¢1. Consider the vector Ags. Since ¢ and ¢o form a basis of R?, we have Aga = \i2¢1 + Aaago
for some A2, A92 € R. Similarly, we have Bqo = pi12q1 + uooqe for some o, uos € R. Let
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Q= [ql qg], A= A iz , M = H11 112 " 3We have A and M as real matrices, QQ T = I,
0 oo 0 o2

A=QAQT, and B=QMQ".

Any product of k matrices with A and B can be written in the form of Al B™1 Al2Bm2 . Als pms
with Iy,ms € N, lo,...,ls,m1,...,ms_1 > 0 for some s > 1, and ijl(lj + m;) = k. We simplify
the product as follows.

Alpmiglapma - Als gms

h+...+1 mi+...+m
=@ [AH i S l+..+1 . ot Q'
14+... mi+...4+m
0 Aga * o9 °

kf
- Q Apy *k QT
0 )‘ngzp

where p = [; + ... + l5 and * represents some real number. Let II, be the set of all matrices

p , k—p
in the form of [/\HM 1 calculated from a product of k matrices with p matrix A’s

k_
0 /\gzﬂm P

k
and (k — p) matrix B’s. The set IIp contains one matrix in the form of [,u 61 l; ] Call this
22

matrix Cy. The set II; contains one matrix in the form of [)\51 ;,; ] Call this matrix Cj. For
1 <p < k—1, any matrix in II, can be represented as a convex comb2i2nation of two matrices in II,,,
the ones with the smallest and largest * entries. Call these two matrices C}, and D,. Then for any
p € [1: k—1], the vector x(k) = Al B™ Al2B™m2 _ Als B™sq with ;=1 lj = p can be represented by
a convex combination of Cpa and Dya. Hence Py (X, a) = conv({Cya, Cia, D1a, Caa, Daa, . .., Cra}l).
Therefore Ni(X,a) < 2k and Ni(X) = O(k). O

Remark 2.  FEach right stochastic matriz has an eigenvector (1,1)T. Therefore, any pair of
2 X 2 right stochastic matrices has the oligo-vertex property and the corresponding problem (P) is
polynomially solvable.

Finally we present a lemma showing that the oligo-vertex property is invariant under any
similarity transformation.

Lemma 1. A finite set of n x n matrices ¥ has the oligo-vertex property if and only if S£S™1 has
the oligo-vertex property for any nonsingular real matriz S.

Proof. Tt suffices to show that Ni(X) = N,(SLS™!). We claim that Py(X3,a) = Py(SES™!, Sa)
for any a € R™. To see this, note that any extreme point p of Py(X,a) can be written as p =
Typ-1Tk—2---Toa with Tj € ¥ or j € [0: k —1]. Then

p=Tp1Th_o-- - Toa =S (STj_1S 1) (STp_251)--- (STHS™)Sa.

We have p € S™1P,(SXS™!, Sa). Therefore, Py(X,a) C S~1P(SYS™!, Sa). Similarly, we can show
that P(X,a) D S™1P,(SXS™, Sa), so Pi(X,a) = S™1P,(SES~!, Sa). Since S is nonsingular, the
number of extreme points of P(3,a) equals the number of extreme points of P,(S¥.S™!, Sa),
i.e., Np(X,a) = Ng(SES71, Sa). Thus Ni(X) = supyern Ne(E,a) = supyepn Np(SES™L, Sa) <
Ni(SLS™1). By symmetry, we can show that Np(SXLS™!) < Ni(X). Therefore, Ni(X)
Np(SES™1).

O
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5 The 2 x 2 Binary Matrices

Our main result in this section is the following theorem.
Theorem 2. A pair of 2 X 2 binary matrices has the oligo-vertex property.

The seemingly innocent looking statement above is the most difficult to prove in this paper. In fact,
we are unable to provide a unified argument for all 2 x 2 binary matrices. This is not too surprising,
however, since to the best of our knowledge there is no unified argument to show that any pair
of 2 x 2 binary matrices has the finiteness property either [20]. We hope that the techniques we
develop in this paper can be useful in proving the oligo-vertex property for other matrices in the
future.

There are a total of 16 2 x 2 binary matrices, resulting in a total of 120 different pairs of 2 x 2
binary matrices. To prove Theorem [2| we first show that the result holds for most of the 120 pairs,
and then provide separate proofs for each of the remaining pairs. Among the 16 binary matrices,
one matrix has rank zero, nine matrices have rank one, and six matrices have rank two. The pair
of matrices has the oligo-vertex property if one matrix is the zero or identity matrix. According to
Proposition[5] the pair of matrices has the oligo-vertex property if one matrix is singular. Therefore,
only the following five binary matrices of rank two give rise to interesting pairs:

01 11 10 11 01
Sl 0 Ol el R R A

The five matrices above give rise to ten different pairs of binary matrices. Observe that
A ALATY = Ay, A A AT = Az, AJALATY = A5, AgAs ALY = Ay

Then by Lemma (1], we can group the ten pairs of matrices into the following five clusters:

- {A1, A2}, {Ar, A3}

A Al {A A5

. {Ag, A3}

4. {Aq, A5}

{Ag, Ay}, {As, A5}, {Ag, As ), {As, Ayl

and it suffices to show that one pair of matrices within each cluster has the oligo-vertex property.
In the rest of this section, we are going to show separately that each of the following five pairs of
matrices has the oligo-vertex property.

N =

w

ot

Y1 ={A1, A}, 30 = {A1, Au}, 33 = {As, Az}, 3y = {A4, A5}, X5 = { Ao, Ay}

We first present in the table below a complete description of how Ny (3, a) grows with k for the
five pairs of matrices, according to the location of the initial vector a.

The results in Table [1] show that the number of extreme points of Py(X,a) grows linearly with &
when the initial vector is in the first or the third quadrant for most pairs of binary matrices except
1.

Example 2. Figure@ illustrates how the number of extreme points Ni(X1,a) changes with k given
different initial vector a’s. For the chosen a’s, the growth is at most linear in k for k < 40.

12



ac QU3
a € int(Q2) Uint(Qy)

0(k?)
O(k%)

Table 1: The number of extreme points N (X, a)
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Figure 3: The number of extreme points N (X1, a) given different initial vector a’s.

To prove the results in Table [T} we first introduce a few notations that will be used in the rest
of this section. Given a pair ¥ of matrices and a vector a € R?, we divide the set of extreme points
Ex(X%,a) of Py(X,a) into five groups.

Definition 2. Let Ej(3,a) be the set of extreme points of Py(X,a) that are mazimizers of the
linear program max{cz | x € Px(X,a)} for some ¢ € int(Q;), for i =1,2,3,4. Let EX(S,a) be the
set of extreme points of Py(3,a) that are mazimizers of the linear programs max{cz | z € Pi(X,a)}
where ¢ € {(1,0), (0,1), (—1,0), (0, —1)}.

Then

4
Z EL(Z,a)|.

1=0

Ep(3,a) = Ul EL(Z,a) and Ni(Z,a) (8)

Example 3. Figure /| illustrates the polytopes Py(X3,a) and the sets of extreme points EL (33, a)
fori€[0:4] witha= (2,1)", fork=>5 and k =17.

5.1 21 = {Al,AQ}

Proposition 7. The pair X1 has the oligo-vertex property and Ni(X1) = O(k*).

Proposition [7] is an immediate consequence of the following propositions.

Proposition 8. For any a € int(Q;) Uint(Q3), Ni(X1,a) = O(k?).
Proposition 9. For any a € 0Q1 U3Q3, Ni(31,a) = O(k?).
Proposition 10. For any a € int(Qs) Uint(Qy), Ni(31,a) = O(k*).

We first focus on proving Proposition |8 Our strategy is to bound the cardinality of E};(El, a) for
each i. Then according to (), Ni(X1) will be bounded as well.

13



% Possible values of #(5) % Possible values of #(7)

(a) P5(35,(2,1)7) and E{(35,(2,1)7)  (b) Pr(¥3,(2,1)7) and Ef(¥3,(2,1)")

Figure 4: Examples of polytopes P;(X3,a) and associated sets of extreme points E} (X3, a) for
ie0:4].

Lemma 2. For any a € int(Q1) and integer k > 2, |E}(31,a)| <k + 1.

Proof. To simplify the notations, we write E} and Py instead of E} (31, a) and Py(X1, a) respectively
in the rest of the proof. We claim that |El| < |El_;|+ 1 for k > 2. Then |E}| < |E{|+ (k—1) <
2+ (k—1) =k + 1. To prove the claim, we first show that E,i C AlE,Ll U AgE,Ll. Note that

max{cz | z € Py} = max{max{cAix | x € Py_1},max{cAsz |z € P,_1}}. 9)

Given ¢ € int(Q;), both cA; and cAg are in the interior of Q;, so the maximizers of linear programs
on the right are in the set E,Ll. Therefore, Eli C AlE,Ll U AQEILI.

Next we show that some points in AlE]i,1 U AQE,LI cannot belong to E,i Let p = (pl,pg)T €
E,};_l be the maximizer of the linear program max{x; + xo | * € Py_1} with the smallest xo-
coordinate. Note that there is no other point in E,Ll whose zs-coordinate is po. Otherwise suppose
that there is such a point p’. The fact that p is the maximizer of max{x1 + x2 | * € Py_1} implies
p1 > pi. Then cp’ < cp for any ¢ € int(Q), which contradicts that p’ € E} . Now we can partition
E,i_l into three sets S1 = {z |z € E,i_l,xg > po}, So = {p}, and S5 ={z |z € Eé_l,l}z < pa2}.
Then E,i CA1S1UA1S, UA1S3U AsS1 U AyS U AsS3. We show below that the points in 4157 or
A9S3 cannot be in E,i

First consider any point z € Sj.

o If z1 < x93, we have cAsx — cAyx = c1x1 + co(xe — 1) > 0.

e Suppose 1 > x9 and ¢ < ¢o. Since x1+x2 < p1+p2, we have x1—p1 < po—x9 < 0. Therefore,
cA1p —cA1x = c1(p2 — x2) + c2(p1 — 1) > c1(w1 —p1) + e2(p1 — 71) = (e1 — c2)(z1 —p1) > 0.

e Suppose x1 > x9 and ¢1 > ¢y. Since x1 + 9 < p1 + P2, P2 — X1 > T2 — P1. Since x1 > To > Pa
and 1 +x2 < p1+p2, we have p1 > x9. Then cAop—cAix = cip1 +c1(p2 —22) +ca(p2 —x1) >
c1p1 + c1(pe — x2) + ca(w2 — p1) = (e1 — c2)(p1 — x2) + c1pa > 0.

Therefore, A1z € A1.51 cannot be a maximizer of linear program (@ with ¢ € int(Q).

Now consider any point z € S3. Since po—x9 > 0 and p;+p2 > x1+x9, cAosp—cAsz = c1(p1+p2—
x1—x9)+ca(pa—x2) > 0. Therefore, Asx € A2S5 cannot be a maximizer of linear program @D with
c e int(Ql). Hence, |Eé‘ < |A152|+|A183|+|A251|+|A252| = ’Sl|+|52‘+|53|+’52| = |E]1_1H-1. ]

Lemma 3. For any a € int(Q1) and integer k > 2, |E} (31, a)| < 2.
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Proof. To simplify the notations, we write E} instead of E¥(31,a) in the rest of the proof. Let
a = (ai,az)" € int(Q1). Assume that a; < as. The case in which a; > ay can be proved similarly.
We show below by induction that E,Z’ - {A’fa, A]f_QAQAla} for any k > 2. For the base case k = 2,
given any ¢ € int(Q3), cA?a — cA3a = —2c1az > 0,cA%?a — cAj Aza = c1(ay — a) — cza; > 0. Hence,
Eg g {A%a, AgAla}.

Now suppose that E} C {A{a, A{"?AsAa} for some ¢t > 2. We want to show that B}, C
{Ata, AP Ay Aja}. We assume that ¢ is even (a similar argument can be used to prove the result
when ¢ is odd). Similar to the proof of @ in Lemma we have E,Z’ - A1E271 U AgE,i1 for k > 2.
Then by the induction hypothesis, we have Et3Jrl C {Aﬁ“a,AtflAgAla, AsAla, A2A§72A2A1a}.
Since t is even, Ala = a and A§_2A2A1a = (a1 +az,a;)". For any c € int(Q3), cAtl'Ha —cAsAla =
—ciay + ca(a; — ag) > 0, and cA'iHa — cAzA'i_zAgAla = —2cia; > 0.

Hence, E}, | C {A{"a, A7" Ay Aja}. We conclude that |E}| < 2 for any integer k > 2. O

Lemma 4. For any a € int(Q1) and integer k > 2, |EL(S1,a)| < |EL_(Z1,a)| +|E_((Z1,a)] +2
and |Ef(S1,a)| < |Ey_y(S1,a).

Proof. To simplify the notations, we omit the dependence of 31 and a in the rest of the proof. We
first prove that |E| < |E{_,| + |E}_| + 2. Note that

max{cx | x € Py} = max{max{cA1 A1z | x € Py_o}, max{cA;Asx | x € Py},
max{cAsA1x | x € Py_o}, max{cAsAsx | v € Py_o}}.

Since Py C int(Qy), for any ¢ with ¢; > 0 and ¢2 < 0 and x € Py_o, cAdz = (c1,2¢1 + c2)z >
(c1,2)T = cA2x, cA3x = (c1,2¢1 + c2)x > (c2,¢1 + o)1 = cAy Agz. Therefore, max{cz | z € Py} =
max{max{cAs A1z | * € Py_o},max{cAsAsx | * € Py_5}} = max{cAsx | z € P,_1}. Now that
cAy = (c1,c1+4¢2) is a vector in the first or the fourth quadrant, the maximizers of max{cx | z € Py}
must be in AQE]%_IUAQE,?_IUAQS , where S is the set of extreme points of P,_; that are maximizers
of max{x1 | © € Py_1}. Therefore, |E}| < |A2EL ||+ |[A2EL ||+ |A2S| < |E} ||+ |EL_,| + 2.

To prove that |EZ| < |E} |, consider ¢ = (c1, c2) with ¢; < 0 and ¢y > 0. For any x € Pj_o,

cA1Asx = (co,c1 + c2)x > (c1 + c2,¢c1)xr = cAgAjx,
cA1Asx = (ca,c1 + c2)x > (c1,2¢1 + c2)x = cAg Az

Thus we have max{cx | x € Py} = max{max{cA1 A1z | x € Py_o},max{cA1Asx | x € P,_o}} =
max{cAi;x | x € Py_1}. Since cA; = (cg,¢1) is a vector in the interior of the fourth quadrant, the
optimal solutions of max{cz | z € P;} must be in A, E{ ;. Therefore, |EZ| < |E} | O

Now we are ready to prove Proposition

Proof of Proposition[§ We only need to prove the case where a € int(Q;). When a € int(Q3), it is
easy to verify that N(X1,a) = Ng(X1, —a). By Lemmaand Lemma we have |E} (21, a)| < k+1
and |E3(X1,a)| < 2 for any a € int(Q;) and integer k > 2. By Lemma |4} for any a € int(Qy)
and integer k > 3, |EL(Z1,a)| < |E} (Z1,a)| + |EL {(Z1,a0)| +2 < |Ef_(S1,a)| + (k+2) <
B3 (31, a0)|+ 300 (i43) < 2?43k —3, and | E}(S1,a)| < |B} (31, a)| < k%4 3k —5. Therefore,
Nk(zlﬂa) < |Eli(217a)’ + ]E,%(El,a)\ + ’Ei:’(zlaaﬂ + ‘Eé(zlva” + |E2(21,a)| = O(k2) O

The conclusion Ni(31,a) = O(k?) can be easily extended to the case where a is on the boundary
of the first or third quadrant.
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Proof of Proposition[9 We only need to prove the case where a € 9Q;. The case where a € Q3
follows from the fact Ni(X1,a) = Ni(X1, —a). We first prove the result when a is on the positive
r1-axis. Without loss of generality, assume that a = (1,0)". We claim that for any integer k > 3,

Xp(21,(1L,0)7) = X o(21, (1L, DHUu {07, 0,1)}.

To see this, consider any value of x(k) in X3 (X1, (1,0)") that is different from (1,0)" and (0,1)7.
Since Ata = (0,1)7 for odd integer t > 1, Ata = (1,0)7 for even integer t > 1, Aba = (1,0)7
for any integer ¢t > 1, and AyAja = (1,1)7. For x(k) to take a value different from (0,1)"
and (1,0)", x(k) must be in the form of Ty_1---Tjz(l) with 7; € ¥y for j € [l : k — 1] and
x(l) = (1,1)T for some [ > 2. But when z(I) = (1,1) T, we have A{x(l) = z(I) for any integer j > 1.
Then x(k) = Tp—1 - ~-TZAZ1_2x(l), which is a point in Xz_o(X1,(1,1)7). Thus X3(X1,(1,0)7) C
X221, (1,1) ") U{(1,0)T,(0,1)T}. On the other hand, given a point in Xj_o(X1, (1,1)) written
in the form of Tj_3---Tp(1,1)" with T; € ¥y for j € [0 : k — 3], we can also write it in the form
of Ty_3---ToA2A1(1,0)". Thus Xp(¥1,(1,0)7) D X5 (X1, (1,1) YU {(1,0)",(0,1)"}. Therefore,
Ni(21,(1,0)T) < Ny—o(21, (1,1)T) +2 = O(k?). The last equality follows from Proposition[§} The
case where a is on the positive z9-axis can be proved similarly. O

We proceed to prove Proposition Let X,f’A‘(Zl, a) be the set of points in X% (31, a) that are
in the interior of the second or fourth quadrant, i.e.,

X721, a) = Xk(21,a) N (int(Qz) Uint(Qy)).

Lemma 5. For any a € int(Q4) and integer k > 2, X,?A(Zl,a) contains no more than 4k + 4
points.

Proof. Without loss of generality, assume a = (1,a)' with az < 0. Let ug = max{1, —as}
and vg = min{l, —az}. Define the following sequence of non-negative numbers recursively: u; =
max{vj_1,uj—1 —vj—1} and v; = min{vj_1,u;—1 —vj_1} for j € [1 : k]. For each t € [0 : k], define
S = {(ug, —ve) T, (—ue, 00) T (0, —ue) T, (—vg, ) T

Given any s* € X;A(Zl,a), assume that s¥ = Tj_;---Toa with Tj € ¥y for j € [0:k—1].
We claim that for any integer k& > 0, if ¢ out of the k matrices Ty, --- ,Tj_1 are As, then s* € S;.
We prove the claim by induction on k. First consider the base case k = 0. If |ag| > 1, then
ug = —ag and vg = 1, so s*¥ = a = (vo, —ug) " € So. If |as| < 1, then ug = 1 and vy = —as, so
sk = a = (up, —vg) " € Sy. Now suppose that the claim holds for integer k = 1 > 0. Specifically,
st =Tj_y---Toa € Sy if t € [0 : ] out of the [ matrices Tp,--- ,Tj_1 are Ay. We want to prove
that any point s'*' = Tj 1 ---Tpa in X?_fl(El,a) also belongs to S, if t € [0 : [ + 1] out of the
I + 1 matrices Ty, -- , 141 are As. If T4y = Ay, then t out of the [ matrices Tj,...,Ty are As.
Based on the induction hypothesis, the point s = Tj---Tpa € S;. Since A1S; = S;, s = A;s
must be in S; as well. If Tj11 = Ao, then (¢t — 1) out of the [ matrices Tj,...,Tp are As. Based
on the induction hypothesis, the point s = T;---Tpa € Sy_1. The set S; contains four points.
We consider one case s = (u¢—1, —’Ut_l)T here, and the result for the other cases can be proved
similarly. We have s't1 = Ass = (us_1 — vs_1, —vs_1)'. Since s+ is in the interior of second
or fourth quadrant and —v;_1 < 0, we must have u;_1 —v4—1 > 0. If v4_1 > w1 — v;_1, then
g = Vg1, vy = up_1 —vs_1, and s = (v, —uy) T € S Ifwp_1 < ug_q—ve_1, then ug = wg_1 —vy_1,
v = ve_1, and s = (uy, —vy) T € S;. With the claim, we conclude that X,?A(El,a) contains at
most 4k + 4 different points. O

Proof of Proposition[I(, We omit the dependence of 31 in the rest of the proof to simplify the
notation. Given a set S C R2, define X;(S) = UsesXi(a).
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First note that for any z in the first (thlrd) quadrant, Az and Asz are both in the first

(third) quadrant. Thus the points in X; +1( a) can only be linear transformations of points in
Xi2 ’4(a) under A; or As. In addition, for any x in the second or fourth quadrant, A;z is also

in the second or fourth quadrant. Therefore, for any integer ¢ > 0, A1Xi2’4(a) U A2Xi2’4(a) =

Xffl (a)U (A2X3’4(a) N (Q1 U Q3)). Given any a in the interior of the second quadrant, we have

Xi(a) =Xp(XgH(a)) = Xp-1(A1 X5 (a) U 42X (a))
=Xi1(X7 (@) U Xpor (42X (a) N (Q1 U Q)
=(Xp—2(X3"(0) U X4—2(A2 X7 (a) N (Q1 U Q3)))
U Xp-1(A2X5"(a) N (Q1 U Q3))

=Xi(X% (@) UUSZIXG (A2 X2 (@) N (Q1U Q)

for any [ > 1.
On the other hand, for any « in the first or third quadrant, we have shown that there exists
some integer kg and a > 0 such that Ny(x) < ak? for any mteger k > ko. Setting | = kg in

equation we have Xp(a) = Xp, (Xi% () UUNZL X5(A X0 (a) N (Q1U Q3)). Therefore,

Ni(a) < | X (X} !+Z > Nj(z)

Jj=ko xGAQXk 1 J(a)ﬂ(QlUQs)

< Z | Xko ()] + Z |A2Xk 15 (a)|aj®

mGXﬁf 0(a) Jj=ko

< |X1§il a)[2® + Z Xt il 72
Jj=ko
k—1
< (4k — 4ko +4)2F + ) " (4k — 45)aj® < BE,
Jj=ko

for some constant 3. The second last inequality follows from Lemma 5| Therefore Nj(a) =
O(Kk*). O

5.2 22 - {AI; A4}
In this section, we will prove that Ni(32) = O(k).

Lemma 6. Given any polytope P C R x Ry or P C R x R_, the number of extreme points of
conv(P U A2 P) is at most two more than the number of extreme points of P.

Proof. We first prove the case in which P C R x Ry. The result is easy to show if P is a singleton
or a line segment. Now suppose P is full dimensional. Let r = (r1,79)" be the extreme point of
P with the largest xo-coordinate; if there are two such extreme points, let r be the one with a
larger xj-coordinate. Similarly, let s = (sq, SQ)T be the extreme point of P with the smallest zo-
coordinate; let s be the one with a larger x1-coordinate if there are two such extreme points. Divide
the extreme points of P other than r and s into two sets: (1) Set ()1 consisting of extreme points
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visited if we walk clockwise along the boundary of P from s to r; (2) Set Q2 consisting of extreme
points visited if we walk clockwise along the boundary of P from r to s. Let R = {r,s, Aor, Aas}.
Since ext(P) = Q1 U Q2 U {r, s}, the possible extreme points of conv(P U A3 P) are among (1, Q2,
AQQl, AQQQ, and R.

We claim that any point in (J» can be represented as a convex combination of points in Q1 U
A3Q2UR. To see this, first consider any point p = (p1,p2)" € Q2. By the definition of Q,, we have
p2 > 0 and there exists a point h = (hq, hy)" on the line segment connecting r and s such that
hi < p1 and hy = pa. See the illustration in Figure 5} We can verify that p = AAop+ (1 — A)h with
A= ;fﬁ;ﬁ € (0,1). Thus p can be represented as a convex combination of Asp and h. Since
h can also be represented by a convex combination of  and s, p can be represented as a convex
combination of Asp, r, and s. Therefore, we show that any point in () is a convex combination of

points in Q1 U A2Q2 U R.

Figure 5: Point p is a convex combination of r, s, and Asp.

Similarly, we can show that any point in A2()1 is a convex combination of points in Q1 UAsQsUR.
Then we have conv(PUA3P) = conv(Q1UA2Q2UR). Thus |ext(conv(PUA2P))| = |ext(conv(QU
A2Q2 UR))| < Q1] + [A2Q2| + |R| < (|Q1] + |Q2] + [{r,s}]) +2 < |ext(P)| + 2. The result for any
P C R x R_ can be proved similarly. O

Proposition 11. The pair Yo has the oligo-vertex property and Ni(X2) = O(k).

Proof. To simplify the notation, we omit the dependence of Y9 in N(X2,a) and P(X2,a) in the
rest of this proof. We claim that Ny, 1(a) < Ni(a) + 8 for any a € R? and integer & > 2. Then
Nk(a) < Nk_l(a) +8 <. <L Ng(a) + 8(]{3 — 2) <4+ 8(k' — 2) =8k — 12. Thus N}, = O(k‘)

To prove the claim, first observe that Pyy;(a) = conv(A; Py(a) U A4Px(a)) = conv(A; Py(a) U
AsA1Pi(a)). Define Pt = A1 Py(a) N{x | z2 > 0} and P~ = A1 Py(a) N {z | z2 < 0}. Notice
that Pt is a polytope in R x R} and P~ is polytope in R x R_, and |ext(PT)| + |ext(P7)| <
lext(A1Pg(a))| +4 = Ni(a) + 4. The first inequality above follows from the fact the line 9 = 0
may introduce two new extreme points for both P™ and P~. On the other hand,

Pk+1(a) = COnV(Alpk(a) U AQAlPk(a))
= conv(PTU P~ UAy(PTUPT))
= conv(conv(PT U Ay PT) U conv(P~ U Ay P7)).
Thus Ni41(a) < |ext(conv(conv(PTUAs PY)))|+|ext(conv(P~UA3P7))|. By Lemmal6} |ext(conv(P*U

Ay PH))| < |ext(PT)| + 2 and |ext(conv(P~ U A3P7))| < |ext(P~)| + 2. Thus we have Ni1(a) <
lext(conv(PT))| + 2 + |ext(conv(P™))| + 2 < Ni(a) + 8. O
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5.3 23 = {AQ, Ag}
We first prove the following result when the initial vector a is in the first quadrant.
Proposition 12. For any a € Q1, Ni(33,a) = O(k).

Proof. The proof is similar to the proof of Proposition [§] for 3. We first bound the cardinality
of E!(X3,a) for each i. Similar to the proofs of Lemmas and 4| we can show that for
any a € Q1, |E{(Z3,a)| < 4 when k > 3, E3(33,a) C {Aka, Afa} when k > 1, |EL(Z3,a)| <
B, (Ss,0)| + B} (Ss,a)| + 2 and |EX(Ss,a)| < |E2_,(Ss,a)| + | B}, (S, a)| + 2 when k > 1,
respectively. Then |E}(33,a)| < |E}_[(Z3,a)| + 6 < |E$(Z3,a)| + 6(k — 3) < 6k — 10. Similarly,
|E2(23,a)| < 6k — 10. Finally, for any a € Q; and integer k > 3, Nj(X3,a) < Y1 |EL(33,a)| <
8+ 4+ (6k —10) +2 + (6k — 10) + 8 = 12k — 6. O

Proposition 13. The pair X3 has the oligo-vertex property and Ni(33) = O(k?).

Proof. We only need to prove that Ni(¥3,a) = O(k?) for any a € int(Q4). Define fr, =
sup{Ni(2s3,a) | a € int(Q4)} for any integer k¥ > 1. Note that fi = sup{/Np(X3,a) | a € int(Q2)}
for £ > 1 as well. Since Py(X3,a) = conv(Py_1(X3, A2a) U Py_1(X3, Asa)), we have Ni(33,a) <
Ni_1(23, Asa)+ Nyp_1(X3, Aza). Consider a vector a = (a1,a2)" € int(Q4) with a; > 0 and as < 0.

1. If a1 = —as9, we have Asa = (0,a2)" € Q3 and Asza = (a1,0)" € Q1. Then there exists o > 0
and integer ko such that for any integer [ > ko, N;(X3, A2a) < al and N;(33, Asa) < al. Thus
for any integer k > ko+1, Nk(Z;g, a) < Nk_1(23,A2a)+Nk_1(23, Aga) < a(k—1)+a(k—l) <
2ak. Therefore, N (Xs,a) = O(k).

2. If a; < —ag, we have Asa = (a; + ag,a2)' € Qs and Aza = (a1,a1 + az)’ € int(Q4). Then
there exists @ > 0 and integer ko such that for any integer [ > kg, N;(X3, A2a) < al. For any
k> ko+ 1, Np(Xs3,a) < Ng_1(33, Asa) + Nip_1(X3,Asza) < a(k — 1) + fr_1. Then for any
k>ko+1, fr <alk—1)+ fr—1. Thus for any k > 2k,

fe<alk—1)+ fr1 <alk—1)4+a(k —2) + fr_2
o <alk—-1)4+alk—2)+---+ ako+ fi,
o (= 1+ ko)(k — ko)
- 2
for some 8 > 0. Therefore, fi, = O(k?).

+ 2k < Bk?,

3. If a; > —ao, it can be proved that fi = O(k?) with a similar argument as in the case a; < —as.

O

5.4 24 - {A4, A5}
Proposition 14. The pair ¥4 has the oligo-vertex property and Ni(34) = O(k?).

P?“OOf. First observe that A4A5 = AQAQ, A4A4 = A2A3, A5A5 = A3A2, and A5A4 = A3A3. When &
is an even integer, every product of k matrices with Ay and Ag can be represented by a product of k
matrices with A4 and As and vice versa. Therefore, for any given a € R?, Py(X4,a) = P;,(X3,a) and
Nk(24, a) = Nk(Eg, CL). When £k is an odd integer, Pk(24, a) = COHV(A4Pk_1(E4, a)UA5Pk_1(E4, a))
and Ng(Xy4,a) < 2N;_1(X4,a) = 2N;_1(X3,a). Since there exists « > 0 and integer kg such that
Ni(¥3,a) < ak? for any integer k > ko, we have Ni(¥4,a) < 2ak? for any integer k > k.
Therefore, Nj(34) = O(k?). O
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5.5 25 = {AQ, A4}
Proposition 15. For any a € Q1 with a1 > az, Ni(Xs5,a) = O(k).

Proof. First similar to the proofs of Lemmas and 4] we can show by induction that for any
a € Q1 with a1 > as, Ef(X5,k) = {A¥a} and E}(3s5,a) = {A5a} when k > 0, and |E{(Z5,a)| <
|Ej_1(Z5,0)| + |B}_(Z5,0)| + 2 and |ER (S5, a)| < |E_y(Z5,0)| + |B_y (D5, a)| + 2 when k > 1,
respectively. Then |E}(Zs5,a)| < |El_(Z5,a)| + 3 < |EH(S5,a)] + 3(k — 1) < 3k — 1. Similarly,
|E%(S5,a)] < 3k — 1. Finally, for any integer k > 1, Ni(Z5,a) < Z?:o |Ei(S5,a)| < 6k + 8. O

We now extend Proposition [15] to the case where «a is in the first quadrant.
Proposition 16. For any a € Q1, Ni(35,a) = O(k).

Proof. For any a = (ay,as)' with a; > 0 and as > 0, both Asa and Aya are contained in the set
{z € R2 | 21 > x2}. By Proposition (15| there exists & > 0 and integer ko such that for any integer
[ > ko, Ni(25,A2a) < al and Ny(35, Aga) < al. Thus for any integer k > ko + 1, Ni(X5,a) <
Ni—1(X5, A2a) + Ni_1(3s5, Asga) < a(k — 1) + a(k — 1) < 2ak. Therefore, Ni(X5,a) = O(k). O

Finally, we extend the result to a € R?, similar to Proposition [13| for the case 3.

Proposition 17. The pair X5 has the oligo-vertex property and Nj(X5) = O(k?).

6 Computational results

In this section, we compare the performance of our algorithm with one state-of-the-art global
optimization solver Baron [22]. We randomly generate 10 instances for each of the 10 sets of
parameters (n,m, K) for (P), with 100 instances in total. The parameters are summarized in
Table [2l The entries of each matrix are randomly drawn from a uniform distribution over [—1, 1],
and the entries of the initial vector a are randomly drawn from a uniform distribution over [0, 1].
Note that our algorithm does not rely on any additional property of f other than convexity. In order
for Baron to gain a better performance, we choose a simple smooth objective function f(z) = ||z|3.
All test instances can be downloaded at https://github.com/qqghe. The mixed-integer nonlinear
programming (MINLP) formulation of (P) is given in and solved by Baron, where A;;; denotes
the (¢, 7)-th entry of the [-th matrix for [ € [m]. Note that we also tried to linearize the constraints
in the MINLP formulation by introducing big-M constants, but we observed that Baron and a
commercial mixed-integer linear programming solver Gurobi [I4] easily run into numerical issues
with many big-M constants in the constraints, even for a small-sized instance.

T,z

n
max Z 22 (K)
i=1
m n

st wi(k) =YY Aujai(k— 1)zpg,i € [n] k € [K],
=1 j=1 (11)

ZZkJ = 1,]€ S [K],
=1

2k € {0,1},1 € [m], k € [K],
z(0) = a.
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Our algorithm is coded in Matlab. Computational experiments are conducted on a laptop
with Intel i7-6560U 2.20 GHz and 8 GB of RAM memory, under Windows 10 Operating System.
The MINLP formulation is coded in AMPL and solved by Baron 18.5.8. The time limit for each
instance is set to 600s. When n < 5, our algorithm employs Matlab’s build-in function convhulln
to construct the set of extreme points directly. When n > 6, our algorithm solves a linear program
with the commercial solver Gurobi [14] to identify each extreme point. The computational results
are summarized in Table All test instances are solved to optimality by our algorithm within
the time limit. The average solution time of our algorithm is reported in the rows “Our algorithm
(s)”. On the other hand, Baron cannot solve most instances to optimality, and has a variety of
output for instances of different sizes. Instead of reporting the solution time, we report the number
of instances with different outputs by Baron in three categories that were described in [30]: The
symbol G (G!) denotes that Baron finds a global optimal solution and proves (cannot prove) its
optimality within the time limit; The symbol Limit denotes that Baron finds some feasible solution
within the time limit; The symbol Wrong denotes that Baron reports infeasibility or failure.

(n,m, K) (2,2,20)  (2,2,50)  (2,2,500) (2,5,500) (2,10,500)
Our algorithm (s) 0.013 0.031 0.300 0.298 0.289
G/G! 4/6 2/5 4/2 0/0 0/0
Baron Limit 0 2 1 7 7
Wrong 0 1 3 3 3
(n,m, K) (5,2,100) (5,5,100) (5,10,100) (8,2,50)  (10,2,20)
Our algorithm (s) 1.094 2.456 2.405 59.457 58.357
G/G! 0/0 0/0 0/0 0/0 0/0
Baron Limit 0 0 1 0 10
Wrong 10 10 9 10 0

Table 2: The average running time of our algorithm and solution statistics of Baron

Our proposed algorithm has a clear advantage over Baron in solving (P). Our algorithm is very
efficient in solving instances with n = 2 and large m and K, requiring less than one second. When n
increases to 8 and 10, our algorithm is able to solve instances with K = 50 and K = 20 respectively
in less than one minute. On the other hand, Baron is only able to solve several instances with a
pair of 2 X 2 matrices to optimality. When n or m is larger than 2, it either cannot find the optimal
solution within the time limit or runs into numerical issues. Finally, we observe that when the
problem dimension n > 8, our algorithm is not able to solve instances with K = 100 within the
time limit, since the running time grows rapidly with K. We suspect the reason is that the set of
randomly generated matrices no longer has the oligo-vertex property for larger n. This observation
is also consistent with the fact that (P) is NP-hard for general n.

7 Open Problems and Conclusions

The problem (P) has many applications in operations research and control, and can also be seen as
an approximation to the dynamics of more general continuous-time nonlinear switched systems. In
this paper, we preset an efficient exact algorithm to solve large-sized instances of (P) that cannot be
handled by state-of-the-art optimization software. We introduce an interesting property—the oligo-
vertex property—for a finite set of matrices to help analyze the time complexity of our algorithm.
We now present several open questions on the oligo-vertex property, which we believe may be of
independent interest.
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4.
d.

. Does any finite set of 2 x 2 matrices with rational entries have the oligo-vertex property?
. Does any finite set of 2 x 2 real matrices have the oligo-vertex property?

. Is there an “easy-to-check” necessary condition for a set of matrices to have the oligo-vertex

property? Is there a finite-time algorithm to test the oligo-vertex property for a given set
of matrices with rational entries? If so, is deciding whether such a set of matrices has the
oligo-vertex property in P or NP?

Does the finiteness property imply the oligo-vertex property, and vice versa?

Is Ni(X) = O(k) for any pair of 2 x 2 binary matrices?

The last question comes from our observation that Ny (3, a) grows linearly with & for any 2x 2 binary
matrices in the computational experiment. We believe an answer to any of the above questions will
be instrumental in designing a faster exact algorithm for (P).
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