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ABSTRACT

1

In this paper we study how to formulate the optimal control problem for a piecewise-affine dynamical system as a mixed-integer
program. Problems of this form arise typically in hybrid Model Predictive Control (MPC), where at every time step an open-loop optimal control sequence is computed via numerical optimization and
applied to the system in a moving horizon fashion. Not surprisingly,
the efficiency in the formulation of the underlying mathematical
program has a crucial influence on computation times, and hence
on the applicability of hybrid MPC to high-dimensional systems.
We leverage on modern concepts and results from the fields
of mixed-integer and disjunctive programming to conduct a comprehensive analysis of this formulation problem. Among the outcomes enabled by this novel perspective is the derivation of multiple
highly-efficient formulations of the control problem, each of which
represents a different tradeoff between the two most important
features of a mixed-integer program: the size and the strength. First
in theory, then through a numerical example, we show how all the
proposed methods outperform the traditional approach employed
in MPC, enabling the solution of larger-scale problems.

PieceWise-Affine (PWA) systems are a very flexible framework for
modeling a great variety of phenomena. Originally they were introduced as a generalization of linear systems and as an approximation
of more general classes of nonlinear systems [35]; later they became
very popular as a more intuitive equivalent of several other families
of hybrid systems [21], such as Mixed Logical Dynamical (MLD) systems. Their structure makes them very suitable for different types
of analysis (e.g., stability [23], observability and controllability [6])
as well as optimal control [8, 32]. PWA systems have seen many
applications [14], to mention a few: automotive control [12], power
electronics [18], temporal logic control [41], and they also have
recently spread in robotics [20, 25, 34]. Nowadays, together with
MLD, they are the most popular modeling framework for hybrid
systems in Model Predictive Control (MPC) [13, 14].
Here we are interested in numerical optimal control of PWA
systems. In particular, we study the process of recasting, in a form
suitable for an optimization software, the logical implications in
the PWA dynamics (i.e., different affine dynamics apply in different
portions of the state and input space). The outcome of this process is
a Mixed-Integer Convex Program (MICP), which can be effectively
solved to global optimality via Branch-and-Bound (B&B). Even if
efficient disjunctive models of various families of hybrid systems
have been proposed in the literature [29, 37], to these days, when
formulating an optimal control problem, PWA systems are generally
cast in MLD form through the method described in [8, 13]; which
typically leads to the synthesis of very inefficient MICPs.
We start this work examining the structure of the optimal control
problem: interpreting the PWA dynamics as a disjunctive polytopic
set that links the state evolution and the control actions across time,
we show how this problem can be naturally interpreted as a disjunctive program. This point of view allows us to leverage on both
modern and well-established tools from the fields of mixed-integer
and disjunctive programming [3, 15, 40] to efficiently rephrase our
problem as a MICP. We then propose multiple problem formulations, each of which is a different tradeoff between the two critical
features of a MICP: its size (number of optimization variables and
constraints) and its strength (the closeness of the solution of the
MICP to the one of its convex relaxation). We show how, in principle,
it is possible to span the whole spectrum between a very compact
but weak formulation of the problem and a formulation whose convex relaxation is exact, but whose size is generally unmanageable.
Finally, we compare both on a theoretical and a practical level the
formulations we propose with the traditional approach employed
in MPC, showing that the higher efficiency of our formulations can
make the difference between solving a problem to global optimality
in few minutes and not finding a feasible solution in hours.
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1.1

Tobia Marcucci and Russ Tedrake

Related Works

piece of this map as ψ i (x, u) := Ai x + B i u + c i : D i 7→ Rn x .
In the following we will assume the origin (x, u) = 0 to be an
equilibrium point and (1) to be well posed, i.e., ψ i (x, u) = ψ j (x, u),
∀(x, u) ∈ D i ∩ D j , ∀(i, j) ∈ I 2 .
In order to fully expose the geometry of these systems, in this
paper we employ a compact description of (1) in terms of its graph
Ø
gr(ψ ) := {(x, u, x + ) | (x, u) ∈ D, x + = ψ (x, u)} =
gr(ψ i ). (2)

An efficient convex relaxation for switched-affine optimal control
based on the use of perspective functions has been recently proposed in [26]; one of the problem formulations presented here (in
Section 5.2) follows closely this approach, extending it to the class
of systems we consider and specializing this method to the most
common objective functions employed in optimal control. Convex
relaxations of a similar family of problems have been analyzed
in [2, 30], these works however are focused on semidefinite relaxations for linear systems with discrete control inputs.
A strong formulation of the problem is just the first step to
decrease solution times: several algorithms have been presented in
the literature for the solution of MICPs arising in hybrid MPC [1,
7, 16]. Recently, a heuristic technique to quickly find approximate
solutions for this class of problems has been presented in [38] and
an algorithm with local convergence guarantees based on operator
splitting has been developed in [17]. Also other approaches, not
based on mixed-integer optimization, have been proposed for the
optimal control of PWA systems, for example explicit MPC [11] or
nonlinear-programming techniques [22]. The applicability of the
first, however, is limited to very low-dimensional systems, whereas
the second assumes a continuity property that not all the PWA
systems of interest present and does not provide convergence and
global-optimality guarantees.

1.2

Since each set
is a polytope, whose halfspace representation
{(x, u, x + ) | P i (x, u, x + ) ≤ qi } is given by
 Ai
−c i 
Bi
−I 

 
I  , qi :=  c i  ,
P i := −Ai −B i
(3)
i
 Fi

 hi 
G
0


 

we can interpret the PWA dynamics (1) as a disjunctive polytopic
set that constraints the state evolution across time steps. (This
geometric interpretation is shared with the recent work [17].)
The main application of optimal control for PWA systems comes
from the field of hybrid MPC, a numerical technique that enables the
design of optimal feedback controllers for systems in the form (1).
Given the current state x̄, in order to regulate the system to the
origin, an optimal control problem with the following structure (or
a slight variation of it) is solved
min

Notation

−1,(x )T
(u t )Tt =0
t t =0

We denote with R the real numbers and with, e.g., R ≥0 nonnegative
reals. The same notation is used for integers Z. Writing x ∈ Rn
we tacitly assume n ∈ Z ≥0 . For two vectors x ∈ Rn x and y ∈ Rny ,
(x, y) ∈ Rn x +ny represents their concatenation. Sn≥0 (Sn>0 ) represents the set of positive semidefinite (definite) symmetric matrices
of dimension n; for A ∈ Sn≥0 we represent its Cholesky decomposition as A = (A1/2 )⊤A1/2 . For a set S ⊆ Rn , we denote its
closure as cl(S), its convex hull as conv(S), and its recession cone
as S∞ := {d ∈ Rn | x + αd ∈ S, ∀x ∈ S, ∀α ∈ R ≥0 }. Given
S ⊆ Rn x +ny , projx (S) := {x ∈ Rn x | ∃y ∈ Rny : (x, y) ∈ S}
denotes the orthogonal projection of S onto the subspace Rn x .
gr(f ) := {(x, y) | y = f (x)} represents the graph of the function f .
With diag(x 1 , . . . , x n ) we refer to the n × n diagonal matrix whose
elements are x 1 , . . . , x n and, whenever clear from the context, we
will denote with 0 (1) a matrix of appropriate dimensions filled with
zeros (ones). All physical units may be assumed to be expressed in
the MKS system.

2

x+ = A x + B u + c

i

i

xT ∈ XT ,

for any i ∈ I | (x, u) ∈ D ,

t =0

(4a)

φ(x t , ut )

(4b)
t = 0, . . . ,T − 1,

(4c)
(4d)

where T ∈ Z >0 is the time horizon of the controller, φ :
7→
R is a convex stage cost, φT : Rn x 7→ R is a convex terminal cost,
and XT := {x | FT x ≤ hT } is a polyhedral terminal set. (Note that
state and input constraints can be enforced through the definition
of the domains D i .) The outcome of (4) is an open-loop optimal
−1 with the related state trajectory (x ∗ )T .
control sequence (ut∗ )Tt =0
t t =0
In MPC only the first action u 0∗ is applied to the system; then, after a
time step, the state is measured again and (4) is solved in a movinghorizon fashion with the new value of x̄. Asymptotic stability of
the closed-loop system can be ensured with a proper choice of the
terminal cost φT (x) and the terminal set XT [24].
The source of difficulty in problem (4) is the disjunctive constraint (4c), which requires us to take discrete decisions (in which
mode to be at each time step). In this paper we analyze the different
paths we can follow to efficiently cast this decision problem in the
form of a MICP.

3

Rn x +nu

MIXED-INTEGER FORMULATIONS OF
DISJUNCTIVE SETS

In this section we introduce some basic concepts and techniques
from the field of disjunctive programming, the interested reader
can refer to [3, 40] for more details.
Ð
We start considering a disjunctive convex set S := i ∈I S i ,
i
n
z
where each set S ⊂ R is convex and closed, but non necessarily
bounded, and I is an index set. We can imagine S to force some of
the variables of our (for the rest convex) optimization problem to

(1)

where x + ∈
is the state at the next time step and i the current
mode of the system. For brevity we will often represent the stateupdate law (1) in the compact form x + = ψ (x, u) : D 7→ Rn x ,
Ð
where D := i ∈I D i , and similarly we will denote each affine
Rn x

TÕ
−1

(x t , ut , x t +1 ) ∈ gr(ψ ),

Denoting with x ∈ Rn x the state of the system and with u ∈ Rnu the
control input, we consider the collection of polytopes (i.e., bounded
polyhedra) D i := {(x, u) | F i x + G i u ≤ hi } for i in the index set I.
The dynamics of a discrete-time PWA system can be expressed as
i

φT (xT ) +

subject to x 0 = x̄,

THE OPTIMAL CONTROL PROBLEM FOR
PIECEWISE-AFFINE SYSTEMS

i

i ∈I

gr(ψ i )
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lie in at least one of the regions S i ; our goal is to derive a MixedInteger (MI) formulation of such a set. Let us then define more
precisely what a MI formulation of a set is.
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Proposition 3.4. The set of z and µ i ∈ {0, 1}, with i ∈ I, for
Í
Í
which the conditions i ∈I µ i = 1 and P i z ≤ qi + j ∈I\{i } µ j M i j ,
∀i ∈ I, are verified, is a MIL formulation of S.

Definition 3.1 (Mixed-integer formulation of a set). Consider a set
Q ⊂ Rnz . We say that the set

Proof. Consider µ j = 1 and, consequently, µ i = 0, ∀i ∈ I\{j}.
We have P j z ≤ q j and P i z ≤ qi + M i j , the second of which is
redundant by definition of M i j .
□

is a mixed-integer formulation of Q if projz (L Q ) = Q. In case the
function l : Rnz +n λ +n µ 7→ Rnl is Linear (Convex) we will call the
related formulation MIL (MIC).

The main advantage of the this method is the absence of auxiliary
continuous variables; on the other hand, even this improved big-M
formulation which uses |I| 2 big-M vectors, as opposed to the |I|
of the traditional one, is not sharp [40, Example 12].

L Q := {(z ∈ Rnz , λ ∈ Rn λ , µ ∈ Zn µ ) | l(z, λ, µ) ≤ v},

(5)

Given a MIC formulation of the disjunctive set S, our problem
can be stated as a MICP. State-of-the-art solvers for MICP are based
on the B&B algorithm [28]. In the application of this method, there
are two fundamental features of the formulation we employ that
affect overall solution times. The first is the size, i.e., the number
of auxiliary variables n λ , n µ and constraints nl : the higher n λ and
nl the slower will be the solution of each convex subproblem, the
higher n µ the more branches the B&B tree will have and, consequently, the more convex subproblems we will need to solve. The
second critical feature of a MI formulation is its strength.

3.1.1 Big-M Formulation of the PWA Dynamics. Applying the bigM method to derive a MIL formulation of the disjunctive set gr(ψ )
from (2) we obtain, for each couple (i, j) ∈ I 2 , a big-M vector
M i j 
(Ai − Aj )x + (B i − B j )u + c i − c j 
 1


 ij 
(7)
M 2  := max (Aj − Ai )x + (B j − B i )u + c j − c i 
j
 ij 
(x,u)∈ D 
i x + G i u − hi

F
M 


 3
and the constraints

Ai x + B i u + c i − x + ≤

Definition 3.2 (Relaxation of a MI formulation). Given a MI formulation L Q of a set Q, we define its relaxation as the set1
nz

nλ

L̃ Q := {(z ∈ R , λ ∈ R

nµ

,µ ∈ R

) | l(z, λ, µ) ≤ v}.

x + − Ai x − B i u − c i ≤

(6)

Definition 3.3 (Relative strength of two MI formulations). Given
a set Q and two MI formulations of it, L Q and L ′Q , we say that
the first formulation is stronger than the second (and the second is
weaker than the first) if projz (L̃ Q ) ⊂ projz (L̃ ′Q ).

F i x + G i u ≤ hi +

Stronger formulations facilitate the detection of infeasible branches
and result in tighter bounds in the B&B algorithm: this eases the
pruning process and, consequently, decreases overall solution times.
For a MIC formulation of a set Q, the set projz (L̃ Q ) is convex
and by definition contains Q, this implies that a formulation such
that projz (L̃ Q ) = conv(Q) is the strongest MIC formulation we
can obtain. MIC formulations with this property (or, more broadly,
for which projz (L̃ Q ) = cl conv(Q)) are called sharp. Note that
this makes it meaningful to speak about the strength of a MIC
formulation in an absolute sense, as the tightness with which the
projection of its relaxation covers the set conv(Q).
In the following we present the most popular MI formulations
for disjunctive sets and we apply them to the set gr(ψ ) to express
the PWA dynamics (1) in MIL form.

3.1

Big-M Formulation

Õ

µ i = 1.

Õ

Õ

j ∈I\{i }

∀i ∈ I,

(8a)

ij

∀i ∈ I,

(8b)

∀i ∈ I,

(8c)

µ j M2 ,

j ∈I\{i }
Õ
ij
µ j M3 ,
j ∈I\{i }

(8d)

i ∈I

Note that, the substitution of the set {(x, u, x + ) | ∃{µ i ∈ {0, 1}}i ∈I :
(8)} to gr(ψ ) in (4c) is already sufficient to express (4) as a MICP.

3.2

Convex-Hull Formulation

We now describe the convex-hull method that, as the name suggests,
is a technique to derive sharp formulations of disjunctive sets. Here
we assume S to be the union of sets defined by quadratic inequalities
z
S i := {z | z ⊤ H ji z + (p ij )⊤z ≤ qij , ∀j ∈ Ji } , ∅, H ji ∈ Sn≥0
. (This is a
more general class of sets than the one considered in Section 3.1, the
need for this increase in generality will be clear in the Section 5.2
where we will describe perspective formulations.) The following
theorem characterizes the closure of the convex hull of S.
Theorem 3.5. z ∈ cl conv(S) if and only if there exist z i ∈ Rnz
and µ i ∈ R ≥0 , with i ∈ I, such that
(z i )⊤ H ji z i + µ i (p ij )⊤z i ≤ (µ i )2qij ,

The big-M is the most common MI formulation for disjunctive sets,
here we describe a recent improvement of it [39, 40].
Consider the disjunctive set S union of multiple polyhedra
i . We
S i := {z | P i z ≤ qi } , ∅ with common recession cone S∞
define M i j := maxz ∈S j P i z − qi , ∀(i, j) ∈ I 2 . Denoting with n P i
Í
the number of rows of P i , we have a total of |I| i ∈I n P i big-M
i
parameters and, since the polyhedra S are not empty and have
a common recession cone, each maximization is a feasible Linear
Program (LP) and its optimal value is finite [40, Proposition 6.1].

ij

µ j M1 ,

(p ij )⊤z i ≤ µ i qij ,
Õ
(1, z) =
(µ i , z i ).

∀j ∈ Ji , ∀i ∈ I,
∀j ∈ Ji , ∀i ∈ I,

(9a)

(9b)
(9c)

i ∈I

Proof. This result is a particular case of [9, Proposition 3.3.5],
whose proof can readily adapted to this case expressing each quadratic set S i as the intersection of Second-Order Cones (SOCs).2 □
2 An even more general statement of Theorem 3.5 can be found in [15], where the closed

1 In

this paper we are only interested in binary MI formulations, i.e. µ ∈ {0, 1}n µ . In
the relaxation of these we will assume µ to take values in the interval [0, 1]n µ .

convex hull of the union of generic convex sets is characterized using perspective
functions.
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Theorem 3.5 contains as a special case the well-known result
from Balas [5, Theorem 2.1] for which the closed convex hull of
a disjunctive polyhedral set can be expressed as the projection
of an higher-dimensional polyhedron. In fact, if H ji = 0 we have:
S i := {z | P i z ≤ qi } (where we identified p ij and qij with the jth
rows of P i and qi ), equation (9a) is redundant, and condition (9b)
can be expressed as P i x i ≤ µ i qi , ∀i ∈ I.
Noticing that the recession cone of the quadratic set S i can
i = {z | H i z = 0, (p i )⊤z ≤ 0, ∀j ∈ J } [10,
be expressed as S∞
i
j
j
Proposition 1.5.7], we have the following corollary.

of its relaxation. With a little abuse of terminology, we will also
call a MI formulation of (11) sharp in case the latter gap is zero.
Clearly, a MI formulation of (11) can be derived just by finding a
MI formulation of each set St , however this is not the only option.
We now describe two techniques to rearrange problem (11) in such a
way that the application of the methods presented in Section 3 leads
to stronger problem formulations. As we will see, the combination
of these two will allow us, in principle, to get arbitrarily strong
formulations, all the way up to the synthesis of a sharp MICP.

Corollary 3.6. Assume that the sets S i have a common recession
i , then the set defined by (9) is a sharp MIC formulation of S.
cone S∞

We start observing that for two disjunctive convex sets St and Ss
in normal form, with (t, s) ∈ T 2 , the intersection
Ø
j
St ∩ Ss =
Sti ∩ Ss
(12)

4.1

Proof. Since (9a) is the affine transformation of the rotated
SOC {(y ∈ Rny , t ∈ R ≥0 , s ∈ R ≥0 ) | y ⊤y ≤ ts} under the map
(y, t, s) = ((H ji )1/2z i , µ i , µ i qij − (p ij )⊤z i ), the set defined by (9) is
convex. Consider µ j = 1 and, consequently, µ i = 0, ∀i ∈ I\{j}.
From (9a) we get z j ∈ S j whereas from (9a) and (9b) it follows
i and, since by assumption S i = S j , (9c) implies that
z i ∈ S∞
∞
∞
j
z ∈ S . The resulting MI formulation is sharp by definition.
□

(i, j)∈It ×Is

is still a disjunctive convex set in normal form and, moreover,
conv(St ∩ Ss ) ⊆ conv(St ) ∩ conv(Ss ).

∀i ∈ I, (10a)
(10b)

i ∈I

Also in this case, substituting the set {(x, u, x + ) | ∃{µ i ∈ {0, 1}, x i ∈
Rn x , u i ∈ Rnu }i ∈I : (10)} to gr(ψ ) in (4c), the overall problem (4)
would already become a MICP.

4

(13)

This suggests that, to increase the strength of a MI formulation
of (11), instead of reformulating each set St independently, we
could first intersect some of these and then reformulate the resulting set. The operation in (12) is called basic step and its repeated
application leads to stronger and stronger MI problem formulations (a so-called hierarchy of relaxations) until when, after |T | − 1
steps, the entire constraint set of (11) is cast in disjunctive normal
form [4, 33]. Clearly the effectiveness of this operation depends on
the relative volume of the two sets in (13), but also on the number
of empty sets generated in (12): in case most of these intersections
result in non-empty sets, in fact, the iteration of this step would
lead to an exponential growth of the number of disjunctions and,
consequently, to MI formulations of unmanageable size.

3.2.1 Convex-Hull Formulation of the PWA Dynamics. We now
apply the convex-hull formulation to the disjunctive set gr(ψ ), to
do this we consider the special case of Theorem 3.5 for which
H ji = 0. After removing the |I| auxiliary copies of x + , we get the
concise MIL formulation
F i x i + G i u i ≤ µ i hi ,
Õ
(1, x, u, x + ) =
(µ i , x i , u i , Ai x i + B i u i + µ i c i ).

Basic Step

4.2

Perspective Formulation

As seen in Section 4.1, through the application of |T | − 1 basic steps,
problem (11) is cast in disjunctive normal form
Ø
f ∗ := min f (z) subject to z ∈ S :=
Si .
(14)

FORMULATION STRENGTHENING

In the previous section we have analyzed MI formulations for disjunctive sets, here we extend the analysis to MI formulations of
disjunctive optimization problems. We start considering the more
generic and less structured version of (4)
Ù Ø
min f (z) subject to z ∈
Sti ,
(11)

i ∈I

In this subsection we show how to derive a sharp MI formulation
for this family of problems.
Defining S̄ i := {(z, s) | z ∈ S i , s ≥ f (z)}, we restate (14) in the
Ð
form f ∗ = min(z,s)∈ S̄ s, where S̄ := i ∈I S̄ i . In case of a sharp
formulation of S̄, from the linearity of the objective function, it
now follows that4 (see Figure 1)

t ∈T i ∈It

Ð
where T and It are index sets, and we define St := i ∈It Sti
Ñ
n
z
and S := t ∈ T St . We assume f : R 7→ R to be a convex
function and the sets Sti , ∅ to be compact and convex. In the
language of disjunctive programming the sets S and St are said to
be, respectively, in regular form (intersection of unions of sets) and
in disjunctive normal form (single union of sets) [4, 33].
In analogy with the definitions from Section 3, any MI Program
(MIP) equivalent3 to problem (11) is called a MI formulation of (11),
its relaxation is the convex program obtained by dropping the
integrality constraints, and the strength of a formulation quantifies
the gap between the optimal value of the MIP and the optimal value

f∗ =

min

(z,s)∈conv( S̄)

s=

min

(z,s, λ, µ)∈ L̃S̄

s.

(15)

Our original problem (14) is hence replaced with an equivalent
convex program whose optimal value is f ∗ . In the general convex
case this process entails the use of perspective functions to describe
the set conv(S̄), for this reason, a MI formulation of this type is
generally called a perspective formulation of problem (14) [15, 19].
In Section 6 we will use the following proposition to compare
different MI formulations of problem (4) (see Figure 1).

3 Two

4

Assuming each set S i to be compact, conv( S̄) is closed, hence we can omit to
explicitly take the closure of it in (15).

optimization problems are said equivalent if either they are both infeasible or
they have the same optimal cost.
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big-M formulation to the set in (16): the computation of the big-Ms
Í
would require the online solution of 2n x |I| 2 + |I| i ∈I n F i LPs
(with n F i number of rows of F i ) that, depending on the application,
could take a non-negligible amount of time. In case of the convexhull method the operation in (16) has less severe, but more subtle,
consequences: the parameter x̄ would be multiplied by the binary
indicators µ i and would hence affect the constraint matrix of the
problem. This can be unappealing since it forces to assemble part of
the problem and perform the most expensive linear algebra online,
and also makes the warm start across time steps more involved.

f(z)
f(z), s

conv( )
min
z conv( )f(z)

z

conv( )
min s
(z, s) conv( )

5.1.2 Piecewise-Affine Model. The application of the basic step (12)
to a couple of consecutive constraints in the form (4c) has a very
handy interpretation. Consider the PWA system

Figure 1: Illustration of the perspective formulation and the
equivalence between a disjunctive and a continuous convex
program. The derivation of a (sharp) MI formulation of S
and the minimization of f over its convex relaxation can
result in a weak lower bound on f ∗ (white cross). The use of
the perspective formulation, on the other hand, leads to a
convex program with optimal value equal to f ∗ (white star).

y+ = Ai j y + B i j v + c i j

(i, j) ∈ I 2 | (y, v) ∈ D i j , (17)

If, for a given time step t, we interpret y as (x t −1 , x t ), v as (ut , ut +1 ),
and y+ as (x t +1 , x t +2 ), it is easy to verify that enforcing (17) is equivalent to require (x t , ut , x t +1 , ut +1 , x t +2 ) to lie in the intersection
of two consecutive constraints (4c). After a straightforward modification of the initial conditions, the objective function, and the
terminal set, we can therefore formulate a problem equivalent to (4)
where the original PWA system is replaced by (17) and the horizon
of the problem is cut in half.5 A PWA system analogous to (17)
can be easily defined in case we decide to adopt this procedure to
condense more than two stages.
The basic step can be beneficial in case many of the sets D i j
result to be empty (a check that can be performed through a LP),
otherwise the increase in the size of the formulation is not worth
the higher strength and the lower combinatorial complexity of the
MICP we synthesize. A deeper analysis of this tradeoff is given in
Section 7.1 in a case of a simple optimal control problem.
We conclude emphasizing that, even in case we decide to apply
this technique, since the structure of (17) is identical to the one
of (1), both the big-M and the convex-hull formulations (as well
as the perspective formulation we present in Section 5.2) can be
applied without any adjustment.

Proof. Given z ∈ conv(S), s ∗ (z) is the smallest s for which
Í
∃{ζ i , σ i , µ i ∈ R ≥0 }i ∈I such that (z, s) = i ∈I µ i (ζ i , σ i ), with
Í
i
i
i
i
∗
(ζ , σ ) ∈ S̄ , i ∈I µ = 1. Hence, for s = s (z), it holds σ i = f (ζ i )
Í
and, by convexity of f , it follows s ∗ (z) = i ∈I µ i f (ζ i ) ≥ f (z). □

STRENGTH/SIZE COMPROMISE IN THE
OPTIMAL CONTROL PROBLEM

In the previous section we have shown how, in principle, the combination of the basic step and a perspective formulation allows us to
span the whole spectrum between a small (but weak) and a sharp
(but generally very large) MI formulation of any problem in the
form (11), and in particular our control problem (4). Here we come
back to problem (4), and we discuss under which circumstances the
application of these techniques is actually beneficial.

5.1

for any

where, ∀(i, j) ∈ I 2 , we define D i j := {(y, v) | F i j y + G i j v ≤ hi j },

 i




0
Ai
B
0
ci
ij
ij
Ai j :=
,
B
:=
,
c
:=
, (18a)
0 Aj Ai
Aj B i B j
c j + Aj c i


 i



0
Fi
G
0
hi
F i j :=
, G i j := j i
, hi j := j
. (18b)
j
i
j
j
i
0 F A
F B G
h −F c

Proposition 4.1. Let s ∗ (z) := mins |(z,s)∈conv( S̄) s. For all z ∈
conv(S) we have s ∗ (z) ≥ f (z).
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Basic Step

In our control problem we have three groups of constraints: the
initial conditions (4b), the PWA model (4c), and the terminal constraint (4d). All of these are disjunctive constraints (with the first
and the last degenerate cases, unions of a single set) and, in this
sense, problem (4) is a particular case of (11). As pointed out in Section 4.1, the effectiveness of the basic step depends the possibility to
generate smaller sets when intersecting two disjunctive constraints
and, since this can happen only if two constraints enforce limits
on the same set of variables, the temporal structure of our control
problem allows us to focus only on the following three cases.

5.1.3 Terminal Constraint. Intersecting the terminal set with the
dynamics of the terminal stage we get the disjunctive set

Ø
(xT −1 , uT −1 , xT ) ∈
gr(ψ i ) ∩ (Rn x +nu × XT ) .
(19)
i ∈I

With the big-M method this operation requires the computation of
specialized big-Ms for the terminal stage but, on the other hand, this
computation can be done offline. The convex-hull formulation deals
with this more transparently: we get again (10) with the additional
constraints FT xTi ≤ µTi hT , ∀i ∈ I. In both cases, the only drawback
is that we generate |I| copies of the terminal constraint which, in
some circumstances, can be defined by many inequalities [13].

5.1.1 Initial Conditions. Intersecting the initial conditions (4b)
with the dynamics of the first time step, we get the disjunction

Ø
(x 0 , u 0 , x 1 ) ∈
gr(ψ i ) ∩ ({x̄ } × Rnu +n x ) .
(16)
i ∈I

Even if this seems a harmless process, it has a significant pitfall: the
use of the current state of the system x̄ implies that this operation
has to be performed online. Imagine, for example, to apply the

5 Note

that the assumption in Section 2 on the boundedness of the sets D i can be
safely relaxed requiring the sets gr(ψ i ) to share a common recession cone.

234

HSCC ’19, April 16–18, 2019, Montreal, QC, Canada

5.2

Tobia Marcucci and Russ Tedrake

6

Perspective Formulation

In Section 4 we have seen how, in principle, any program in regular
form (e.g. (4)) can be cast in normal form, and how to derive a sharp
MI formulation for the latter family of problems. This recasting
process, however, has generally the price of drastically enlarging
the size of our optimization problem. The multistage structure of (4),
on the other hand, allows us to take advantage of the principles
discussed in Section 4.2 without the need of expressing the problem
in normal form [26]. In this subsection we focus on the three most
popular objectives in MPC and we show how in these cases we are
able to synthesize very tractable instances of our problem.

We finally compare the proposed formulations: as a benchmark we
consider the traditional approach in MCP, i.e., the derivation of a
equivalent MLD representation of (1) as described in [8, Section 3.1].
Because of the auxiliary continuous variables required by the
MLD formulation, we cannot provide a rigorous proof that the bigM method from Section 3.1.1 is strictly stronger, even if in practice
this turns out to be true (see Section 7.2). Nevertheless, our bigM approach has three clear advantages: the use of a specialized
big-M for each couple (i, j) ∈ I 2 makes this formulation generally
much stronger than the MLD, this formulation does not require
auxiliary continuous variables (as opposed to the |I|n x per stage
of the MLD), and, finally, this formulation has a smaller size (n x
equalities and 2|I|n x inequalities per stage less than the MLD).
The convex-hull method in Section 3.2.1 is sharp by definition,
hence it is the strongest possible MIC formulation of the PWA
dynamics (1), in particular, stronger than the big-M and the MLD;
furthermore, it does not require the computation of any big-M.
However, this has the price of introducing |I|(n x + nu ) auxiliary
continuous variables per stage. The number of constraints required
by the two approaches is similar.
For what concerns the perspective formulation from Section 5.2,
we have that any feasible solution of the relaxation of problem (4)
reformulated with the convex-hull method will still be feasible in
this case (and vice versa), but the contribution to the total cost of
each stage will now be greater than the one of the previous method
(cf. Proposition 4.1). Hence the relaxation of the optimal control
problem, reformulated with this technique, will lead to a higher
lower bound on the solution of (4) than all the other approaches.
This at the cost of increasing the size of the problem and, in case of
quadratic objective, introducing the SOC constraint in (23).

5.2.1 Linear Objective. We consider φ(x, u) := ∥Qx ∥∞ + ∥Ru ∥∞ for
some weight matrices Q, R of appropriate dimensions. We introduce
the variables s x ∈ R ≥0 , su ∈ R ≥0 and we substitute the stage cost
φ(x, u) with s x + su . The disjunction (4c) is now replaced by
Ø
(x, u, x + , s x , su ) ∈
{(x, u, x + , s x , su ) |
i ∈I

(x, u, x + ) ∈ gr(ψ i ), 1s x ≥ ±Qx, 1su ≥ ±Ru}.

(20)

Applying the convex hull formulation to this new disjunctive set,
we get again (10) plus the additional constraints
Õ
(s x , su ) =
(s xi , sui ),
(21a)
1s xi

where s xi

i ∈I
i

≥ ±Qx ,

R ≥0 and sui

1sui ≥ ±Ru i ,

∀i ∈ I,

(21b)

∈
∈ R ≥0 , ∀i ∈ I. Note that the disjunctive set
in (20) is actually unbounded, but since the directions of recession
do not depend on i, we can still apply the convex-hull method (cf.
Corollary 3.6). It is worth emphasizing that in this case the problem
formulation is MIL, as it would have been applying the big-M or
the convex-hull formulation.
In case of 1-norm cost function φ(x, u) := ∥Qx ∥1 + ∥Ru ∥1 , the
x
process is almost identical. Now the slack variables s x ∈ Rn≥0
nu
and su ∈ R ≥0 are vectors, hence the stage cost is substituted by
1⊤s x + 1⊤su and in (20) we have s x ≥ ±Qx, su ≥ ±Ru. The convexhull method now leads to (10), (21a), and s xi ≥ ±Qx i , sui ≥ ±Ru i ,
∀i ∈ I. Also in this case the resulting optimization problem is MIL.

7

(x, u, x + ) ∈ gr(ψ i ), s ≥ x ⊤Qx + u ⊤ Ru}.

7.1

Cart with Elastic Walls

In this subsection we analyze a toy example to discuss the effects of
the basic step presented in Section 5.1. We consider the mechanical
system depicted in Figure 2: the task is to regulate the cart to the
origin by exploiting the impacts that occur when colliding with
the walls. We denote with x 1 the horizontal position of the cart
and with x 2 its velocity, the control input is the force u. A simple
discrete-time PWA model of the system is the following: 6
(
(x 1 + hx 2 , x 2 + hu/m) if |x 1 + hx 2 | ≤ d − r ,
x+ =
(24)
(x 1 , −εx 2 )
if |x 1 + hx 2 | > d − r,

(22)

Applying the convex hull formulation we get again (10) and
Õ
s=
s i , µ i s i ≥ (x i )⊤Qx i + (u i )⊤ Ru i , ∀i ∈ I,
(23)

where s i

EXAMPLES

We conclude testing the problem formulations we presented on two
examples. We consider two mechanical systems that have to be controlled exploiting the contact forces arising from the impacts with
the environment. Optimal control through contacts is nowadays
one of the central themes in robotics, especially in locomotion and
manipulation: state-of-the-art approaches to this problem typically
rely on nonlinear-optimization methods [27, 31], calling for the
development of more reliable techniques.

5.2.2 Quadratic Objective. In case of quadratic cost φ(x, u) :=
x
u
x ⊤Qx + u ⊤ Ru, with Q ∈ Sn≥0
and R ∈ Sn≥0
, we introduce s ∈ R ≥0
which takes the place of the stage cost φ(x, u), and the disjunctive
constraint (4c) becomes
Ø
(x, u, x + , s) ∈
{(x, u, x + , s) |
i ∈I

COMPARISON OF THE PROBLEM
FORMULATIONS

i ∈I

∈ R ≥0 , ∀i ∈ I.
Also in this case the unboundedness of (22) does not represent
an issue since all the sets have common recession cone. The overall
optimization problem is in this case a MISOC program, which is
still a MICP, but is harder to solve than the MI quadratic program
we would have got using the big-M or the convex-hull method.

6 Domains described by strict inequalities are approximated with closed sets introducing

a small numeric tolerance as in [13, Section 16.2.1].
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7.2

x 9+ = x 9 + hu 1 ,
x 10+ = x 10 + hu 2 ,
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x 6+ = x 6 + h(f pt − f ct )/m,

d r x5

x k + = x k + hx (k+5)+ ,

x 7+ = x 7 + h(f pn − f cn − mд)/m,
x 8+ = x 8 + hr (f pt + f ct )/j,

sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit>

sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit><latexit

l
sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit><latexit

sha1_base64="UFOX4zita877+Ikq+M6IENXmVh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ300FVZr1zxq/4cZJUEOalAjnqv/NXtJyxTXCOT1NpO4KcYTqhBwSSflrqZ5SllIzrgHUc1VdyGk/mpU3LmlD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTolF0Kw/PIqaV5UA78a3F9Wajd5HEU4gVM4hwCuoAZ3UIcGMBjAM7zCmye9F+/d+1i0Frx85hj+wPv8AV1ejdY=</latexit>

sha1_base64="UFOX4zita877+Ikq+M6IENXmVh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ300FVZr1zxq/4cZJUEOalAjnqv/NXtJyxTXCOT1NpO4KcYTqhBwSSflrqZ5SllIzrgHUc1VdyGk/mpU3LmlD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTolF0Kw/PIqaV5UA78a3F9Wajd5HEU4gVM4hwCuoAZ3UIcGMBjAM7zCmye9F+/d+1i0Frx85hj+wPv8AV1ejdY=</latexit><latexit

sha1_base64="UFOX4zita877+Ikq+M6IENXmVh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ300FVZr1zxq/4cZJUEOalAjnqv/NXtJyxTXCOT1NpO4KcYTqhBwSSflrqZ5SllIzrgHUc1VdyGk/mpU3LmlD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTolF0Kw/PIqaV5UA78a3F9Wajd5HEU4gVM4hwCuoAZ3UIcGMBjAM7zCmye9F+/d+1i0Frx85hj+wPv8AV1ejdY=</latexit><latexit

sha1_base64="UFOX4zita877+Ikq+M6IENXmVh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ300FVZr1zxq/4cZJUEOalAjnqv/NXtJyxTXCOT1NpO4KcYTqhBwSSflrqZ5SllIzrgHUc1VdyGk/mpU3LmlD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTolF0Kw/PIqaV5UA78a3F9Wajd5HEU4gVM4hwCuoAZ3UIcGMBjAM7zCmye9F+/d+1i0Frx85hj+wPv8AV1ejdY=</latexit><latexit

<latexit

sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit>

sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit

sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit

sha1_base64="D+vIjYIYiuYBqfGNJBmXYbUZJb0=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipqQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/dIYz2</latexit><latexit

latexit

<

sha1_base64="CEJCO1IxWxLKwb/2nrAYWnYMn8M=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoMevEY0TwgWcLsZDYZM49lZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLRzdRvPVFtmJIPdpzQUOCBZDEj2DrpXpw99soVv+rPgJZJkJMK5Kj3yl/dviKpoNISjo3pBH5iwwxrywink1I3NTTBZIQHtOOoxIKaMJudOkEnTumjWGlX0qKZ+nsiw8KYsYhcp8B2aBa9qfif10ltfBVmTCappZLMF8UpR1ah6d+ozzQllo8dwUQzdysiQ6wxsS6dkgshWHx5mTTPq4FfDe4uKrXrPI4iHMExnEIAl1CDW6hDAwgM4Ble4c3j3ov37n3MWwtePnMIf+B9/gAD042b</latexit>

sha1_base64="CEJCO1IxWxLKwb/2nrAYWnYMn8M=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoMevEY0TwgWcLsZDYZM49lZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLRzdRvPVFtmJIPdpzQUOCBZDEj2DrpXpw99soVv+rPgJZJkJMK5Kj3yl/dviKpoNISjo3pBH5iwwxrywink1I3NTTBZIQHtOOoxIKaMJudOkEnTumjWGlX0qKZ+nsiw8KYsYhcp8B2aBa9qfif10ltfBVmTCappZLMF8UpR1ah6d+ozzQllo8dwUQzdysiQ6wxsS6dkgshWHx5mTTPq4FfDe4uKrXrPI4iHMExnEIAl1CDW6hDAwgM4Ble4c3j3ov37n3MWwtePnMIf+B9/gAD042b</latexit><latexit

sha1_base64="CEJCO1IxWxLKwb/2nrAYWnYMn8M=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoMevEY0TwgWcLsZDYZM49lZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLRzdRvPVFtmJIPdpzQUOCBZDEj2DrpXpw99soVv+rPgJZJkJMK5Kj3yl/dviKpoNISjo3pBH5iwwxrywink1I3NTTBZIQHtOOoxIKaMJudOkEnTumjWGlX0qKZ+nsiw8KYsYhcp8B2aBa9qfif10ltfBVmTCappZLMF8UpR1ah6d+ozzQllo8dwUQzdysiQ6wxsS6dkgshWHx5mTTPq4FfDe4uKrXrPI4iHMExnEIAl1CDW6hDAwgM4Ble4c3j3ov37n3MWwtePnMIf+B9/gAD042b</latexit><latexit

sha1_base64="CEJCO1IxWxLKwb/2nrAYWnYMn8M=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuCHoMevEY0TwgWcLsZDYZM49lZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSjgz1ve/vcLK6tr6RnGztLW9s7tX3j9oGpVqQhtEcaXbETaUM0kblllO24mmWESctqLRzdRvPVFtmJIPdpzQUOCBZDEj2DrpXpw99soVv+rPgJZJkJMK5Kj3yl/dviKpoNISjo3pBH5iwwxrywink1I3NTTBZIQHtOOoxIKaMJudOkEnTumjWGlX0qKZ+nsiw8KYsYhcp8B2aBa9qfif10ltfBVmTCappZLMF8UpR1ah6d+ozzQllo8dwUQzdysiQ6wxsS6dkgshWHx5mTTPq4FfDe4uKrXrPI4iHMExnEIAl1CDW6hDAwgM4Ble4c3j3ov37n3MWwtePnMIf+B9/gAD042b</latexit><latexit

<latexit

g

sha1_base64="RXFmeCFAFLWm6A2HPHJ7FvtnIgg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipKQblilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/UCYzw</latexit><latexit

sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit>

sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit><latexit

sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit><latexit

sha1_base64="9Ebez7AsyXnUS7K0KmzSc78bSSE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48V7Qe0oWy2k3bpZhN2N2IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHssHM0nQj+hQ8pAzaqx0/9T3+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8MrPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbQuqp5b9e4uK/XrPI4inMApnIMHNajDLTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwALsI2g</latexit><latexit

<latexit

x1
x4
sha1_base64="x/wHIak/vq1jDaVqmiUO2vIprEg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbTbt0dxN2J2IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJbe53HrmxItIPOI25r+hIi1Awirn0NLisDKo1t+7OQVaJV5AaFGgOql/9YcQSxTUySa3teW6MfkoNCib5rNJPLI8pm9AR72VUU8Wtn85vnZGzTBmSMDJZaSRz9fdESpW1UxVknYri2C57ufif10swvPZToeMEuWaLRWEiCUYkf5wMheEM5TQjlBmR3UrYmBrKMIsnD8FbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGIzhGV7hzVHOi/PufCxaS04xcwx/4Hz+AEVXjbc=</latexit>

sha1_base64="baAXohJCxnejGJaKGABuktDtpfk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthbaUDbbTbt0dxN2J2IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmlldW19o7xZ2dre2d2r7h+0bZQYxlsskpHpBNRyKTRvoUDJO7HhVAWSPwTjm9x/eOTGikjf4yTmvqJDLULBKObSU/+80q/W3Lo7A1kmXkFqUKDZr371BhFLFNfIJLW267kx+ik1KJjk00ovsTymbEyHvJtRTRW3fjq7dUpOMmVAwshkpZHM1N8TKVXWTlSQdSqKI7vo5eJ/XjfB8MpPhY4T5JrNF4WJJBiR/HEyEIYzlJOMUGZEdithI2oowyyePARv8eVl0j6re27du7uoNa6LOMpwBMdwCh5cQgNuoQktYDCCZ3iFN0c5L8678zFvLTnFzCH8gfP5A0PSjbY=</latexit>

sha1_base64="baAXohJCxnejGJaKGABuktDtpfk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthbaUDbbTbt0dxN2J2IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmlldW19o7xZ2dre2d2r7h+0bZQYxlsskpHpBNRyKTRvoUDJO7HhVAWSPwTjm9x/eOTGikjf4yTmvqJDLULBKObSU/+80q/W3Lo7A1kmXkFqUKDZr371BhFLFNfIJLW267kx+ik1KJjk00ovsTymbEyHvJtRTRW3fjq7dUpOMmVAwshkpZHM1N8TKVXWTlSQdSqKI7vo5eJ/XjfB8MpPhY4T5JrNF4WJJBiR/HEyEIYzlJOMUGZEdithI2oowyyePARv8eVl0j6re27du7uoNa6LOMpwBMdwCh5cQgNuoQktYDCCZ3iFN0c5L8678zFvLTnFzCH8gfP5A0PSjbY=</latexit><latexit

sha1_base64="baAXohJCxnejGJaKGABuktDtpfk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthbaUDbbTbt0dxN2J2IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmlldW19o7xZ2dre2d2r7h+0bZQYxlsskpHpBNRyKTRvoUDJO7HhVAWSPwTjm9x/eOTGikjf4yTmvqJDLULBKObSU/+80q/W3Lo7A1kmXkFqUKDZr371BhFLFNfIJLW267kx+ik1KJjk00ovsTymbEyHvJtRTRW3fjq7dUpOMmVAwshkpZHM1N8TKVXWTlSQdSqKI7vo5eJ/XjfB8MpPhY4T5JrNF4WJJBiR/HEyEIYzlJOMUGZEdithI2oowyyePARv8eVl0j6re27du7uoNa6LOMpwBMdwCh5cQgNuoQktYDCCZ3iFN0c5L8678zFvLTnFzCH8gfP5A0PSjbY=</latexit><latexit

sha1_base64="baAXohJCxnejGJaKGABuktDtpfk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0GPRi8cKthbaUDbbTbt0dxN2J2IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmlldW19o7xZ2dre2d2r7h+0bZQYxlsskpHpBNRyKTRvoUDJO7HhVAWSPwTjm9x/eOTGikjf4yTmvqJDLULBKObSU/+80q/W3Lo7A1kmXkFqUKDZr371BhFLFNfIJLW267kx+ik1KJjk00ovsTymbEyHvJtRTRW3fjq7dUpOMmVAwshkpZHM1N8TKVXWTlSQdSqKI7vo5eJ/XjfB8MpPhY4T5JrNF4WJJBiR/HEyEIYzlJOMUGZEdithI2oowyyePARv8eVl0j6re27du7uoNa6LOMpwBMdwCh5cQgNuoQktYDCCZ3iFN0c5L8678zFvLTnFzCH8gfP5A0PSjbY=</latexit><latexit

<latexit

sha1_base64="UFOX4zita877+Ikq+M6IENXmVh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ300FVZr1zxq/4cZJUEOalAjnqv/NXtJyxTXCOT1NpO4KcYTqhBwSSflrqZ5SllIzrgHUc1VdyGk/mpU3LmlD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTolF0Kw/PIqaV5UA78a3F9Wajd5HEU4gVM4hwCuoAZ3UIcGMBjAM7zCmye9F+/d+1i0Frx85hj+wPv8AV1ejdY=</latexit>

sha1_base64="UFOX4zita877+Ikq+M6IENXmVh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ300FVZr1zxq/4cZJUEOalAjnqv/NXtJyxTXCOT1NpO4KcYTqhBwSSflrqZ5SllIzrgHUc1VdyGk/mpU3LmlD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTolF0Kw/PIqaV5UA78a3F9Wajd5HEU4gVM4hwCuoAZ3UIcGMBjAM7zCmye9F+/d+1i0Frx85hj+wPv8AV1ejdY=</latexit><latexit

sha1_base64="UFOX4zita877+Ikq+M6IENXmVh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ300FVZr1zxq/4cZJUEOalAjnqv/NXtJyxTXCOT1NpO4KcYTqhBwSSflrqZ5SllIzrgHUc1VdyGk/mpU3LmlD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTolF0Kw/PIqaV5UA78a3F9Wajd5HEU4gVM4hwCuoAZ3UIcGMBjAM7zCmye9F+/d+1i0Frx85hj+wPv8AV1ejdY=</latexit><latexit

sha1_base64="UFOX4zita877+Ikq+M6IENXmVh0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzQOSJcxOZpMhM7PLTK8QQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrSqWw6PvfXmFtfWNzq7hd2tnd2z8oHx41bZIZxhsskYlpR9RyKTRvoEDJ26nhVEWSt6LR7cxvPXFjRaIfcZzyUNGBFrFgFJ300FVZr1zxq/4cZJUEOalAjnqv/NXtJyxTXCOT1NpO4KcYTqhBwSSflrqZ5SllIzrgHUc1VdyGk/mpU3LmlD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTolF0Kw/PIqaV5UA78a3F9Wajd5HEU4gVM4hwCuoAZ3UIcGMBjAM7zCmye9F+/d+1i0Frx85hj+wPv8AV1ejdY=</latexit><latexit

l
<latexit

1
3
3
12
6
22
3

latexit

x2
sha1_base64="x/wHIak/vq1jDaVqmiUO2vIprEg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbTbt0dxN2J2IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJbe53HrmxItIPOI25r+hIi1Awirn0NLisDKo1t+7OQVaJV5AaFGgOql/9YcQSxTUySa3teW6MfkoNCib5rNJPLI8pm9AR72VUU8Wtn85vnZGzTBmSMDJZaSRz9fdESpW1UxVknYri2C57ufif10swvPZToeMEuWaLRWEiCUYkf5wMheEM5TQjlBmR3UrYmBrKMIsnD8FbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGIzhGV7hzVHOi/PufCxaS04xcwx/4Hz+AEVXjbc=</latexit><latexit

Condensed stages
Modes of condensed system
1/T · Binary variables
1/T · Continuous variables
1/T · Equality constraints
1/T · Inequality constraints
p
T
Binary assignments

sha1_base64="x/wHIak/vq1jDaVqmiUO2vIprEg=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbTbt0dxN2J2IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJbe53HrmxItIPOI25r+hIi1Awirn0NLisDKo1t+7OQVaJV5AaFGgOql/9YcQSxTUySa3teW6MfkoNCib5rNJPLI8pm9AR72VUU8Wtn85vnZGzTBmSMDJZaSRz9fdESpW1UxVknYri2C57ufif10swvPZToeMEuWaLRWEiCUYkf5wMheEM5TQjlBmR3UrYmBrKMIsnD8FbfnmVtC/qnlv37i9rjZsijjKcwCmcgwdX0IA7aEILGIzhGV7hzVHOi/PufCxaS04xcwx/4Hz+AEVXjbc=</latexit><latexit

Figure 2: Regulation to the origin of a cart with elastic walls.
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where h is the discretization step, m is the mass of the cart, ε > 0 is
the coefficient of restitution, d and r are geometric parameters (see
Figure 2). The system is hence a double integrator whose velocity
is changed of sign and scaled by ε whenever a collision is detected.
The total number of modes is |I| = 3: i = 1 no contact, i = 2 contact
with the left wall, and i = 3 contact with the right wall.
If we assume that x 1 ≤ d − r and x 1 + hx 2 > d − r (i.e., the cart
is on the left of the right wall and is going to collide with it), then
we must have x 2 > 0 and, at the next time step, x 1+ = x 1 ≤ d − r ,
x 2+ = −εx 2 < 0, which implies x 1+ + hx 2+ < d − r . This shows that
any mode sequence which requires the system to be in mode 2 or
3 for two consecutive time steps is infeasible, independently from
the control input u. Similarly, we see that, because of the inertia
of the system, any reasonable choice of the problem parameters
would also make infeasible any mode sequence which presents a 2
and a 3 within a small time window (we assume this window to be
wider than 5 time steps). These observations make (24) a system
very suitable for the application of the basic step from Section 5.1.2.
In Table 1 we analyze the effects of the basic step on system (24).
For an increasing number of basic steps (i.e., for an increasing number of stages condensed in a single PWA system (17)) we report
the size of the MI formulation we get applying the convex-hull
method from Section 3.2.1; in order to make these values comparable, we normalize them to a generic time horizon T . For example, a single application of the basic step (condensation of two
stages) would lead to a new PWA system (17) with five modes
({(i, j) | D i j , ∅} = {(1, 1), (1, 2), (1, 3), (2, 1), (3, 1)}) and the optimal control problem for this system would have, e.g., 2.5T binary
variables as opposed to the 3T of the original problem.
Table 1 clearly highlights how approaching this problem one
stage per time would add a fictitious combinatorial complexity to
the system dynamics. Even in case of an optimal control problem
with a short horizon, e.g. T = 10, modeling each time step independently we would get an optimization problem with worst-case
complexity proportional to |I|T = 310 = 59, 049. On the other hand,
grouping for example the stages five by five, we would only have
25T /5 = 1.9010 = 625 potential binary assignments. This is on top
of the fact that each application of the basic step leads to a stronger
MI formulation in case of use of the convex-hull method (cf. (13)).
On the other hand, Table 1 also reveals that every application of
the basic step entails a substantial increase in the size of the MICP.
In conclusion, an effective application of the basic step relies on
our ability to find the right compromise between the strength, the
worst-case complexity, and the size of the MICP we formulate. This
tradeoff is in general non-trivial and, because of the many factors
which influence computation times, very case dependent.
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Table 1: Size and complexity of a generic optimal control
problem with horizon T for the system in Figure 2 after the
application of the basic step. Results are obtained applying
the convex-hull method from Section 3.2.1 and assuming the
presence of box constraints on the state and the input.
2
5
2.5
18
5.5
38
2.24

x3

3
9
3
30
5.33
68.67
2.08
4
15
3.75
48
5.25
115
1.97

k = 1, . . . , 5,

5
25
5
78
5.2
192
1.90

µ

r
m, j

µ

Figure 3: Benchmark problem: rotate a two-dimensional ball
by 180◦ . The ball is subject to the gravity force and can collide with both the paddle (bottom) and the ceiling (top), the
control input is the translational acceleration of the paddle.

7.2.1 Task Description. In this subsection we consider the problem,
illustrated in Figure 3, of flipping a ball through the use of a paddle.
The control input u ∈ R2 is the translational acceleration of the
paddle (which cannot rotate); the state x ∈ R10 of the system
is composed by: x 1 , x 2 position of the ball, x 3 angle of the ball,
x 4 , x 5 position of the paddle, and their time derivatives. The task
is to rotate the ball from the initial state x̄ 3 = π , x̄ k = 0 ∀k ∈
{1, . . . , 10}\{3} to the origin. The motion of the ball is governed by
the gravity and the contact forces that arise from the interactions
with the paddle and the ceiling. The dynamics is discretized using
the semi-implicit Euler method, resulting in

Ball and Paddle

(25b)
(25a)

(25c)

(25d)

(25e)

(25f)

where r = 0.1, m = 1, j = 25 mr 2 are the radius, the mass, and the
moment of inertia of the ball, д = 10 is the gravity acceleration,
h = 0.05 is the discretization step, d = 0.4 and l = 0.6 are geometric
parameters (see Figure 3). f represents a contact force, with the
subscripts p and c denoting the paddle and the ceiling and t and n
denoting the tangential and the normal components.
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Figure 4: Solution of the open-loop optimal control problem (4) with initial condition x̄ 3 = π and ∞-norm objective.

Slide right on ceiling
Stick/roll on ceiling
Slide left on ceiling
No contact
Slide right on paddle
Stick/roll on paddle
Slide left on paddle
0 2 4 6 8 10 12 14 16 18 20
Time step t

Figure 5: Optimal mode sequence for the open-loop problem (4) with initial condition x̄ 3 = π and ∞-norm objective.

Contact phenomena are modeled with the inelastic time-stepping
scheme from [36], where the complementarity conditions are solved
ahead of time to explicitly express the contact forces as PWA functions of the state and the inputs. Friction coefficients are set to
µ = 0.2. Overall we get a PWA system with 7 modes: no contact, ball
in contact with the paddle (sticking, sliding left or right), and ball
in contact with the ceiling (sticking, sliding left or right). Together
with the guards defined by the contact constraints, we enforce the
limits ±x ≤ (0.3, 0.2, 1.2π , 0.3, 0.15, 2, 2, 10, 2, 2) and ±u ≤ (30, 30).
Moreover, since the paddle and the ceiling have limited width, in
case at the next time step the ball is going to hit, e.g., the paddle,
we require |x 1+ − x 4+ | ≤ l/2. Independently from the norm used
in the cost function, we set Q = diag(1, 1, 0.01, 1, 1, 1, 1, 0.01, 1, 1)
and R = diag(0.01, 0.001). The terminal set XT forces the system to
be in the origin after T = 20 time steps. We apply the basic step to
the terminal set (19) but we do not condense the PWA dynamics as
in (17), since in this case, even for a time window of two steps, all
the mode transitions are feasible.
Despite the simplicity of the system, the control problem described above is quite hard to solve. Analyzing the dynamics (25)
it can be noticed that the presence of the ceiling is essential to
accomplish the rotation task. Indeed, assuming f ct to be zero for
the whole motion, the horizontal and the angular dynamics of the
ball would not be independently controllable, even assuming to
have direct control on f pt (see (25b) and (25d)); hence we could not
both rotate the ball and place it back at the center of the paddle.
This severe lack of controllability makes the detection of an initial
feasible trajectory a complex operation, preventing many branches
from being cut in the early stages of the B&B algorithm. In this
sense, the strength of the MI formulation we employ plays here
a fundamental role in guiding the growth of the B&B tree, and
preventing the algorithm from getting stuck in the exploration of
countless dead-end branches.

the binaries in chronological order is a common branching heuristic
in B&B solvers for hybrid MPC [7, 16].) As a benchmark we also
present the results obtained with the MLD formulation from [8] and,
to make the comparison fair, we set all the big-M parameters in it to
their tightest value. The hierarchies from Section 6 are confirmed:
our big-M method leads to a stronger formulation than the MLD,
the convex hull is stronger than the previous ones, and with the
perspective formulation we obtain the highest lower bounds.
In Table 2 we report the optimal objectives obtained with the different formulations for multiple initial conditions. We vary the
horizontal position x̄ 1 and angle x̄ 3 of the ball in the interval
[0, l/2] × [−π , π ] and we fix all the other states to zero, we then
relax all the binary constraints in the problem, and we solve the
resulting convex program (which is hence the same problem we
would have at the root of the B&B tree). All the proposed methods
result in better lower bounds than the MLD formulation, and also in
this case the numeric results confirm the hierarchies from Section 6.
In Table 3 we consider a single open-loop instance of problem (4)
and we report the performances of the MI formulations in case of
different cost functions.7 In this case, the best compromise between
size and strength is the convex-hull formulation, with which we
are able to solve globally all the three problems within the time
limit of one hour. The perspective formulation, in case of linear
objective, reduces the number of subproblems solved in the B&B
algorithm but, because of its larger size, overall leads to an increase
in solution times. On the other hand, in case of quadratic objective,
the SOC constraints make the problem much harder and we are
barely able to find a feasible solution within the time limit. Despite
of its reduced size, in none of the cases the big-M formulation
converges to the global optimum before the time limit. Finally, the
MLD formulation presents the worst performances and in none of
the cases is able to find a feasible solution within the time limit.
In conclusion, we point out that computation times in Table 3 are
still far from practical control rates, making the synthesis of a pure
MPC controller for a system of this size still unrealistic. Nonetheless,
we underline how several sampling-based control techniques (e.g.,
approximate explicit hybrid MPC [25, 34]) could greatly benefit
from the higher efficiency of the proposed formulations.

7.2.2 Numeric Results. Figure 4 depicts the optimal trajectory obtained solving a single open-loop control problem in case of, e.g., ∞norm objective (the trajectories obtained with 1-norm or quadratic
cost are almost indistinguishable). The optimal mode sequence
−1 is represented in Figure 5.
(i t∗ )Tt =0
To compare the strength of the MI formulations we propose, in
Figure 6 we report the objective values obtained with the different
formulations for a decreasing degree of relaxation: for t = 0, . . . ,T −
1 we solve the convex subproblem obtained by fixing the mode of
system (25) to its optimal value (obtained solving the problem above)
for the first t time steps, then the resulting cost is normalized with
the optimal objective of the MICP. (Progressively fix the values of

7.2.3 Source Code. The source code for the results presented in
this subsection is available at https://github.com/TobiaMarcucci/
pympc/tree/hscc19.
7 Problems

are solved with the commercial solver Gurobi 8.0 with default options on a
3.50 GHz Intel Core i7-5930K with 32 GB of RAM.
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Quadratic objective
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Figure 6: Ratio between the objective of the convex relaxations and the objective of the MICP in case of different cost functions
and MI formulations. The binary variables in the MICP are fixed to their optimal value for the first t ∈ {0, . . . ,T − 1} time steps
and relaxed for the remaining steps in order to get a convex subproblem. Formulation acronyms: perspective formulation (PF),
convex hull (CH), big-M (BM), MLD equivalent (MLD).
Table 2: First row: samples of the optimal-value function of the MICP in case of different objective functions for multiple initial
conditions (horizontal position of the ball x̄ 1 ∈ [0, l/2] on the x axis, angle of the ball x̄ 3 ∈ [−π , π ] on the y axis). Remaining
rows: lower bound obtained at the root-node relaxation of the B&B tree (note the different scales of the level plots).
∞-norm objective
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Quadratic objective
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CONCLUSIONS
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programming to rigorously define a hierarchy of the strength of the
methods we analyzed. We presented multiple formulations of the
problem and we tested them on a challenging numerical example,
showing that all the proposed methods outperform the standard
approach employed in MPC, enabling the solution of large-scale
problems that could not have been tackled with previous techniques.

In this paper we have presented a comprehensive analysis of the
problem of formulating a MICP for the optimal control of PWA systems. We have shown how the structure of these dynamical systems
allows us to take advantage of several disjunctive-programming
modeling techniques to derive highly-efficient formulations of the
control problem under analysis. Furthermore, this observation also
allowed us to borrow some well-known metrics in mixed-integer
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Table 3: Performances of the MI formulations in the solution of a single instance of problem (4). “Solution gap” denotes the difference between the highest lower bound and
the cost of the best feasible solution found by the B&B algorithm (0 if the global optimum has been found, ∞ if no
feasible solution has been found). “t.l.” stands for time limit
(set to 1 h).

PF
CH
BM
MLD

Solution gap (%)
Solution time (s)
B&B nodes (k)
Solution gap (%)
Solution time (s)
B&B nodes (k)
Solution gap (%)
Solution time (s)
B&B nodes (k)
Solution gap (%)
Solution time (s)
B&B nodes (k)

∞-n. obj.
0
439
56
0
318
95
92.4
t.l.
4,039
∞
t.l.
2,605

1-n. obj.
0
464
145
0
212
157
91.1
t.l.
3,721
∞
t.l.
2,928
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