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Abstract. We present the STLmc model checker for signal temporal
logic (STL) properties of hybrid systems. The STLmc tool can per-
form STL model checking up to a robustness threshold for a wide range
of hybrid systems. Our tool utilizes the refutation-complete SMT-based
bounded model checking algorithm by reducing the robust STL model
checking problem into Boolean STL model checking. If STLmc does not
find a counterexample, the system is guaranteed to be correct up to the
given bounds and robustness threshold. We demonstrate the effectiveness
of STLmc on a number of hybrid system benchmarks.

1 Introduction

Signal temporal logic (STL) [33] has emerged as a popular property specification
formalism for hybrid systems. STL formulas describe linear-time properties of
continuous real-valued signals. Because hybrid systems exhibit both discrete and
continuous behaviors, STL provides a convenient and expressive way to specify
important requirements of hybrid systems. STL has a vast range of applications
on hybrid systems, including automotive systems [28], robotics [26, 42], medical
systems [38], IoT [8], smart cities [32], etc.

Due to the infinite-state nature of hybrid systems with continuous dynamics,
most techniques and tools for analyzing STL properties focus on monitoring and
falsification. These techniques analyze concrete samples of signals obtained by
simulating hybrid automata to monitor the system’s behavior [14,16,34] or find
counterexamples [2,39,44], often combined with stochastic optimization. To this
end, STL monitoring and falsification use quantitative semantics that defines the
robustness degree to indicate how well the formula is satisfied. However, these
methods cannot be used to guarantee correctness.

Recently, several STL model checking techniques have been proposed for
hybrid systems [4,31,37]. In particular, the SMT-based bounded model checking
algorithms [4,31] are refutation-complete, i.e., they can guarantee correctness up
to given bounds. However, these techniques are based on the Boolean semantics
of STL instead of quantitative semantics. This is a limitation for hybrid systems
as small perturbations of signals can cause the system to violate the properties
verified by Boolean STL model checking. Moreover, there exists no tool with a
convenient user interface implementing STL model checking techniques.

This paper presents the STLmc tool for robust STL model checking of hybrid
systems. Our tool can verify that, up to given bounds, the robustness degree of
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an STL formula φ is greater than a robustness threshold ϵ > 0 for all possible
behaviors of the system. We reduce the robust STL model checking problem
to Boolean STL model checking using ϵ-strengthening (perturbing the problem
by ϵ to make it harder to be true), first proposed in [23] for first-order logic
and extended to STL. We then apply the refutation-complete bounded model
checking algorithm [4, 31] to build the SMT encoding of the resulting Boolean
STL model checking problem, which can be solved using SMT solvers.

Apart from the robust STL model checking method, STLmc also implements
several techniques to improve the usability and scalability of the tool:

– STLmc implements a generic interface to connect with various SMT solvers,
such as Z3 [13], Yices2 [18], and dReal [24]. Since dReal can (approximately)
deal with nonlinear ordinary differential equations (ODEs), STLmc can also
support hybrid systems with nonlinear ODE dynamics.

– STLmc implements parallelized two-step SMT solving to improve scalability.
Instead of directly solving the complex encoding with ODEs, we first obtain
a discrete abstraction without ODEs and find satisfying scenarios. We then
check the discrete refinements of such scenarios using dReal in parallel.

– STLmc provides a visualization command to draw counterexample signals
and robustness degrees. Such graphs intuitively explain why the robustness
degree of the formula is greater than a given threshold, and thus greatly help
in analyzing counterexamples and debugging hybrid systems.

We demonstrate the effectiveness of the STLmc tool on a number of hybrid
system benchmarks—including linear, polynomial, and ODE dynamics—and
nontrivial STL properties. The tool is available at https://stlmc.github.io.

The rest of this paper is organized as follows. Section 2 explains some back-
ground on robust STL model checking of hybrid systems using STLmc. Section 3
presents the STLmc tool and language. Section 4 presents the algorithm and
implementation of STLmc. Section 5 shows the experimental results. Section 6
discusses the related work. Finally, Section 7 presents some concluding remarks.

2 Background

2.1 Hybrid Automata

Hybrid automata are widely used for formalizing cyber-physical systems (CPSs)
that exhibit both discrete and continuous behaviors. In a hybrid automaton
H, a set of modes Q specifies discrete states, and a finite set of real-valued
variables X = {x1, ...., xl} specifies continuous states. A state of H is a pair
⟨q, v⃗⟩ ∈ Q×Rl of mode q and real-valued vector v⃗. An initial condition init(⟨q, v⃗⟩)
defines a set of initial states. An invariant condition inv(⟨q, v⃗⟩) defines a set of
valid states. A flow condition flow(⟨q, v⃗⟩, t, ⟨q, v⃗t⟩) defines a continuous evolution
of variables X from a value v⃗ to v⃗t over duration t in mode q. A jump condition
jump(⟨q, v⃗⟩, ⟨q′, v⃗′⟩) defines a discrete transition from state ⟨q, v⃗⟩ to ⟨q′, v⃗′⟩.
Definition 1. A hybrid automaton is a tuple H = (Q,X, init , inv , jump,flow).

https://stlmc.github.io
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Fig. 1: A hybrid automaton for the networked thermostats.

A signal σ represents a continuous execution of a hybrid automaton H, given
by a function [0, τ) → Q × Rl with a time bound τ > 0. A signal σ is called
bounded if τ < ∞. A signal σ is called a trajectory of a hybrid automaton H,
written σ ∈ H, if σ describes a valid behavior of H.

Definition 2. For a hybrid automaton H, a signal σ : [0, τ) → Q × Rl is a
trajectory of H, written σ ∈ H, if there exist a sequence of modes q1, q2, q3, ...
and of times 0 = t0 < t1 < ... < τ such that:

– the initial condition holds at time t0: i.e., init(σ(t0)) holds;
– for i ≥ 1, the values of X change from σ(ti−1) for time ti − ti−1 by the flow

condition, satisfying the invariant condition: i.e., for any t ∈ [ti−1, ti):

flow(σ(ti−1), t− ti−1, σ(t)) and inv(σ(t))

– for i ≥ 1, a discrete jump happens at time ti: i.e., for some si ∈ Q× Rl:

flow(σ(ti−1), ti − ti−1, si) and jump(si, σ(ti))

Example 1. There are two rooms connected by an open door. The temperature
xi of each room i ∈ {0, 1} is controlled by each thermostat, depending on the
heater’s mode qi ∈ {On,Off} and the other room’s temperature. The continuous
dynamics of xi can be given as ODEs as follows [3, 27]:

ẋi =

{
Ki(hi − (cixi − dix1−i)) (On)

−Ki(cixi − dix1−i) (Off),

where Ki, hi, ci, di are constants depending on the size of the room, the heater’s
power, and the size of the door. Figure 1 shows a hybrid automaton of our
thermostat controllers. Initially, both heaters are off and the temperatures are
between 18 and 22. The jumps between modes then define a control logic to keep
the temperatures within a certain range using only one heater.

2.2 Signal Temporal Logic

Signal temporal logic (STL) is widely used to specify properties of hybrid sys-
tems [33]. The syntax of STL is defined by:

φ ::= p | ¬φ | φ ∧ φ | φUI φ
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where p denotes state propositions, and I ⊆ R≥0 is an interval of nonnegative
real numbers. Examples of state propositions include relational expressions of
the form f(x⃗) ≥ 0 over variables X with a real-valued function f : Rl → R.
Other common boolean and temporal operators can be derived by equivalences:

φ ∨ φ′ ≡ ¬(¬φ ∧ ¬φ′), ♢Iφ ≡ ⊤UI φ,

□Iφ ≡ ¬♢I¬φ, φRI φ
′ ≡ ¬((¬φ)UI(¬φ′))

Example 2. For Example 1, we consider the following STL formulas:

ϕ1: ♢[0,15](x0 ≥ 14 U[0,∞) x1 ≤ 19): at some moment in the first 15 seconds, x1

is less than or equal to 19; until then, x0 is greater than or equal to 14.
ϕ2: □[2,4](x0 − x1 ≥ 4 → ♢[3,10] x0 − x1 ≤ −3): between 2 and 4 seconds,

whenever x0−x1 ≥ 4, x0−x1 ≤ −3 holds within 10 seconds after 3 seconds.
ϕ3: □[0,10] (x0 > 23 R[0,∞) x0 − x1 ≥ 4): for the first 10 seconds, x0 is greater

than 23; release then, x0 − x1 ≥ 4.

The Minkowski sum of two intervals I and J is denoted by I + J . E.g.,
[a, b] + [c, d] = [a + c, b + d]. For a singular interval {t}, the set {t} + I is often
written as t+ I. We write supa∈A g(a) and infa∈A g(a) to denote the least upper
bound and the greatest lower bound of the set {g(a) | a ∈ A}, respectively.

We consider a quantitative semantics of STL based on robustness degrees [16].
The semantics of a proposition p is specified as a function p : Q×Rl → R, where
R = R ∪ {−∞,∞}, that assigns to a state of H the degree to which p is true.
For a state proposition of the form f(x⃗) ≥ 0, the robustness degree is the value
of f(x⃗) at a given state. E.g., the robustness degree of proposition x0 − x1 ≥ 4
in Example 2 is the value of x0 − x1 − 4 at a given state.

The robustness degree of an STL formula can be defined as follows [16], where
a time bound τ of a signal is explicitly taken into account.

Definition 3. Given an STL formula φ, a signal σ : [0, τ) → Rl, and a time
t ∈ [0, τ), the robustness degree ρτ (φ, σ, t) ∈ R is defined inductively by:

ρτ (p, σ, t) = p(σ(t))

ρτ (¬φ, σ, t) = −ρτ (φ, σ, t)

ρτ (φ1 ∧ φ2, σ, t) = min(ρτ (φ1, σ, t), ρτ (φ2, σ, t))

ρτ (φ1 UI φ2, σ, t) = supt′∈(t+I)∩[0,τ) min(ρτ (φ2, σ, t
′), inft′′∈[t,t′] ρτ (φ1, σ, t

′′))

The robust STL model checking problem is to determine if the robustness
degree of an STL formula φ is always greater than a given robustness threshold
ϵ > 0 for all possible trajectories of a hybrid automaton H.

Definition 4 (Robust STL Model Checking). For a time bound τ > 0, an
STL formula φ is satisfied at time t ∈ [0, τ) on a hybrid automaton H with respect
to a robustness threshold ϵ > 0 iff for every trajectory σ ∈ H, ρτ (φ, σ, t) > ϵ.
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2.3 STL Boolean Semantic

We also introduce the Boolean semantics of STL, which was originally proposed
as the semantics of STL in [33]. We consider the following definition from [31]
that explicitly considers a time bound τ > 0.

Definition 5. Given an STL formula φ, a signal σ : [0, τ) → Rl, and a time
t ∈ [0, τ), the satisfaction of φ, denoted by σ, t |=τ φ is inductively defined by:

σ, t |=τ p iff t < τ and p(σ(t)) = ⊤
σ, t |=τ ¬φ iff σ, t ̸|=τ φ

σ, t |=τ φ1 ∧ φ2 iff σ, t |=τ φ1 and σ, t |=τ φ2

σ, t |=τ φ1 UI φ2 iff ∃t′ ∈ (t+ I) ∩ [0, τ). σ, t′ |=τ φ2, ∀t′′ ∈ [t, t′]. σ, t′′ |=τ φ1

The following theorem shows the obvious relationship between the Boolean
semantics and the quantitative semantics. If the robustness degree of φ is strictly
positive (resp., negative), then φ is true (resp., false).

Theorem 1. [16] For an STL formula φ, a signal σ, and a time t ∈ [0, τ),
ρτ (φ, σ, t) > 0 implies σ, t |=τ φ, and ρτ (φ, σ, t) < 0 implies σ, t ̸|=τ φ.

3 The STLmc Tool

The STLmc tool can model check STL properties of hybrid automata, given
three parameters ϵ > 0 (robustness threshold), τ > 0 (time bound), and N ∈ N
(discrete bound). STLmc provides an expressive input format to easily specify a
wide range of hybrid automata. STLmc also provides a visualization command
to give an intuitive description of counterexamples.

3.1 Modeling language

The model input format of STLmc, inspired by dReach [30], consists of five
sections: variable declarations, mode definitions, initial conditions, state propo-
sitions, and STL properties. Mode and continuous variables specify discrete and
continuous states of hybrid automata. Mode definitions specify flow, jump, and
invariant conditions. STL formulas can also include user-defined state proposi-
tions.

Variable Declarations. STLmc uses mode and continuous variables to specify
discrete and continuous states of a hybrid automaton. Mode variables define a
set of discrete modes Q, and continuous variables define a set of real-valued
variables X.1 We can also declare named constants whose values do not change.

Mode variables are declared with one of three types: bool variables with true
and false values, int variables with integer values, and real variables with real
values. E.g., the following declares a bool variable b and an int variable i:
1 An assignment to mode and continuous variables corresponds to a single state.
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bool b; int i;

Continuous variables are declared with domain intervals. Domains can be
any intervals of real numbers, including open, closed, and half-open intervals,
E.g., the following declares two continuous variable x and y:

[0, 50] x; (-1.1, 1) y;

Finally, constants are introduced with the const keyword. Constants can
have Boolean, integer, or rational values. For example, the following declares a
constant k1 with a rational value 0.015:

const k1 = 0.015;

Mode Definitions. In STLmc, mode blocks define mode, jump, invariant, and
flow conditions for a group of modes in a hybrid automaton. Multiple model
blocks can be declared, and each mode block consists of four components:

{
mode: ...
inv: ...
flow: ...
jump: ...

}

A mode component contains a semicolon-separated set of Boolean conditions
over mode variables. The conjunction of these conditions represents a set of
modes.2 E.g., the following represents a set of two modes {(true, 1), (true, 2)},
provided there are two mode variables b (of bool type) and i (of int type):

b = true; i > 0; i < 3;

An inv component contains a semicolon-separated set of Boolean formulas
over continuous variables. The conjunction of these conditions then represents
the invariant condition for each mode in the mode block. For example, the fol-
lowing declares an invariant condition for two continuous variables x and y:

x < 30; y > - 0.5;

A flow component contains either a system of ordinary differential equations
(ODEs) or a closed-form solution of ODEs. In STLmc, a system of ODEs over
continuous variables x1, . . . , xn is written as a semicolon-separated equation of
the following form, where ei denotes an expression over x1, . . . , xn:

2 We assume that the mode conditions of different mode blocks cannot be satisfied at
the same time, which can be automatically detected by our tool.
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d/dt[x1] = e1(x1, ..., xn) ;
...
d/dt[xn] = en(x1, ..., xn) ;

A closed-form solution of ODEs is written as a set of continuous functions,
parameterized by a time variable t and the initial values x1(0), ..., xn(0):

x1(t) = e1(t, x1(0),...,xn(0)) ;
...
xn(t) = en(t, x1(0),...,xn(0)) ;

A jump component contains a set of jump conditions guard => reset , where
guard and reset are Boolean conditions over mode and continuous variables.
We use “primed” variables to denote states after jumps have occurred. E.g., the
following defines a jump with four variables b, i, x, and y (declared above):

(and (i = 1) (x > 10)) => (and (b’ = false) (i = 3) (x’ = x) (y’ = 0));

Initial Conditions. In the init section, an initial condition is declared as a
set of Boolean formulas over mode and continuous variables. Similarly, the con-
junction of these conditions represents a set of initial modes. E.g., the following
shows an initial condition with variables b, i, x, and y:

init: (and (not b) (i = 0) (19.9 <= x) (y = 0));

STL Properties. In the goal section, STL properties are declared with labels.
State propositions are arithmetic and relational expressions over mode and con-
tinuous variables, and labels can be omitted. For example, the following declares
the first STL formula in Example 2 with label f2:

f2: [][2, 4]((x0 - x1 >= 4) -> <>[3, 10] (x0 - x1 <= -3));

To make it easy to write repeated propositions, “named” state propositions
can be declared in the proposition section. For example, the above STL formula
can be rewritten using two propositions p1 and p2 as follows:

proposition:
[p1]: x0 - x1 >= 4;
[p2]: x0 - x1 <= -3;

goal:
[f2]: [][2, 4](p1 -> <>[3, 10] p2);

Figure 2 shows the input model of the hybrid automaton described in the
running of Example 1. Constants are introduced with the const keyword. Two
mode variables on0 and on1 denote the heaters’ modes. Continuous variables x0
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const k0 = 0.015; const k1 = 0.045;
const h0 = 100; const h1 = 200;
const c0 = 0.98; const c1 = 0.97;
const d0 = 0.01; const d1 = 0.03;

int on0; int on1;
[10, 35] x0; [10, 35] x1;

{ mode: on0 = 0; on1 = 1;
inv: 10 < x0; x1 < 30;
flow: d/dt[x0] = - k0 * (c0 * x0 - d0 * x1);

d/dt[x1] = k1 * (h1 - (c1 * x1 - d1 * x0));
jump: x0 <= 17 => (and (on0’ = 1) (on1’ = 0)

(x0’ = x0) (x1’ = x1));
x1 >= 26 => (and (on1’ = 0) (on0’ = on0)

(x0’ = x0) (x1’ = x1));
}
{ mode: on0 = 1; on1 = 0;
inv: x0 < 30; x1 > 10;
flow: d/dt[x0] = k0 * (h0 - (c0 * x0 - d0 * x1));

d/dt[x1] = - k1 * (c1 * x1 - d1 * x0);
jump: x1 <= 16 => (and (on0’ = 0) (on1’ = 1)

(x0’ = x0) (x1’ = x1));

x0 >= 25 => (and (on0’ = 0) (on1’ = on1)
(x0’ = x0) (x1’ = x1));

}
{ mode: on0 = 0; on1 = 0;
inv: x0 > 10; x1 > 10;
flow: d/dt[x0] = - k0 * (c0 * x0 - d0 * x1);

d/dt[x1] = - k1 * (c1 * x1 - d1 * x0);
jump:
x0 <= 17 => (and (on0’ = 1) (on1’ = on1)

(x0’ = x0) (x1’ = x1));
x1 <= 16 => (and (on1’ = 1) (on0’ = on0)

(x0’ = x0) (x1’ = x1));
}

init: on0 = 0; 18 <= x0; x0 <= 22;
on1 = 0; 18 <= x1; x1 <= 22;

proposition:
[p1]: x0 - x1 >= 4; [p2]: x0 - x1 <= -3;

goal:
[f1]: <>[0,15](x0 >= 14 U[0, inf) x1 <= 19);
[f2]: [][2, 4](p1 -> <>[3, 10] p2);

Fig. 2: An input model example

and x1 are declared with domain intervals. There are three “mode blocks” that
specify the three modes in Fig. 1 and their invariant, flow, jump conditions.

In mode blocks, a mode component includes a set of logic formulas over mode
variables. An inv component contains a set of logic formulas over continuous
variables. A flow component can include ODEs over continuous variables. A
jump component contains a set of jump conditions guard => reset , where guard
and reset are logic formulas over mode and continuous variables, and “primed”
variables denote states after the jump has occurred.

STL properties are declared in the goal section, and “named” propositions are
declared in the proposition section. State propositions can include arithmetic
and relational expressions over mode and continuous variables. For example, in
Fig 2, the STL formula f1 contains two state propositions x0 ≤ 26 and x0 ≥ 17,
and the formula f2 contains the user-defined propositions p1 and p2.

3.2 Configuration

A configuration file is defined in a .cfg file. The configuration file specifies the
analysis parameters for STLmc and underlying solvers. Analysis parameters for
STLmc are listed in Table 1. Fig. 3 shows a configuration example.

Analysis parameters for STLmc (Table 1) are defined within curly braces
introduced with the common keyword. There are two mandatory parameters and
eight optional parameters. When mandatory parameters are not set, STLmc
throws an exception.

Two parameters, bound and time-bound, are required parameters because
the STLmc tool solves the robust STL model checking problem upto two bound
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# STLmc configuration
common {

# mandatory arguments
# bound =
# time-bound =

threshold = 0.01 # positive rational number
solver = auto # dreal, yices, z3
time-horizon = "time-bound" # restrict time duration
goal = "all" # STL formula labels
two-step = "false" # on
parallel = "false" # on
visualize = "false" # on
verbose = "false" # print verbose messages

}

# underlying solver
z3 { logic = "QF_NRA" # QF_LRA }
yices { logic = "QF_NRA" # QF_LRA }
dreal {

precision = 0.001 # positive rational number
ode-order = 5 # natural number
ode-step = 0.001 # positive rational number
executable-path = "../dreal" # dreal executable path

}

Fig. 3: A configuration example

parameters. A bound limits the number of mode changes and the number of
variable points—at which the truth value of some STL subformula changes—in
trajectories. A time bound bounds the time domain of trajectories. A threshold
is a robustness threshold that bound the robustness degree of an STL formula. A
time horizon T limits the maximum time duration of single modes in trajectories.
If an STL formula is declared with a label, only that formula can be analyzed by
providing the label as an argument to the goal. The parameters two-step and
parallel enable the (parallelized) two-step optimization. When the visualize
is set, extra data for visualization is generated.

We can choose different SMT solvers by setting an argument to the solver.
The STLmc tool currently supports three SMT solvers: Z3 [13], Yices2 [18] and
dReal [24]. The underlying solver is chosen depending on the flow conditions of a
hybrid automaton. Z3 and Yices2 can deal with linear and polynomial functions,
and dReal can deal with nonlinear ODEs—which is undecidable in general for
hybrid automata—approximately up to a given precision δ > 0.

Analysis parameters for each solver are defined within curly braces introduced
with the solver_name keyword. For z3 and yices2 there is only one parameter,
logic, which sets the background logic for SMT solving. There are four param-
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Name Explanation Default

bound a discrete bound N ∈ N -
time-bound a time bound τ ∈ Q+ -
threshold a robustness threshold ϵ ∈ Q+ 0.01
solver an SMT solver to be used (z3/yices/dreal) auto
time-horizon a mode duration bound τ
goal a list of STL goals to be analyzed all
two-step use the two-step optimization disabled
parallel parallelize the two-step optimization disabled
visualize generate extra visualization data disabled
verbose print more information of the execution disabled

Table 1: STLmc configuration parameters.

eters for the dreal3 solver. A precision sets δ for the framework of δ-complete
decision procedures. A ode-order sets an maximum order of taylor expansion
of ordinary differential equations. A ode-step sets a time step for numerical
calculation. A executable-path defines a path to the dreal executable file.

For flexibility in setting analysis parameters, three levels of configurations
are provided: (1) default configuration, (2) model configuration, and (3) model
specification configuration. The model specific configuration inherits the model
configuration, and the model configuration inherits the default configuration.

The STLmc tool provides a predefined configuration file, named default.cfg,
in the top directory. The default configuration sets all parameters to their default
values except for mandatory arguments (Refer Fig. 3)

The model configuration specifies some analysis parameters related to a spe-
cific model. For example, we want to analyze the input model in Fig. 1 at bound
5 and time bound 25 with respect to robustness threshold ϵ = 0.1. Then, we
only need to change the following three parameters: bound, time-bound, and
threshold. Figure 4 shows the model configuration that specifies these partial
parameters. Other parameters such as goal, parallel, etc, inherit the values de-
fined in default.cfg.

Furthermore, people may want to run a model using a different configura-
tion for each formula. People can instantiate a model specific configurations to
instantiate some analysis parameters in a model configuration. For the same ex-
ample above, we want to analyze a formula f2 with respect to ϵ = 2. Then, we
only need to change the following two parameters: goal and threshold. Figure
5 shows the model specific configuration that specifies these partial parameters.
Other parameters such as bound, time-bound, etc, inherit the values defined in
a model configuration.

3.3 Command Line interface

STLmc provides a command-line interface with various options in Table 1. The
options -two-step and -parallel enable the two-step solving optimization in
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# STLmc configuration
common { bound = 5

time-bound = 25
threshold = 0.1 }

Fig. 4: A model configuration example

# STLmc configuration
common { goal = f2

threshold = 2 }

Fig. 5: A model specific configuration example

Sec. 4.3. STLmc supports three SMT solvers to choose from based on continuous
dynamics: Z3 [13] and Yices2 [18] can deal with linear and polynomial dynamics
(solutions of ODEs are linear functions or polynomials), and dReal [24] can
approximately deal with ODE dynamics with Lipschitz-continuous ODEs.

A discrete bound N limits the number of mode changes and variable points
at which the truth value of some STL subformula changes. This is a distinctive
parameter of STL model checking that cannot typically be derived from a time
bound τ or the maximal number of jumps (say, m). E.g., for any positive natural
number n ∈ N, consider the function y(t) = sin(πτ · n · t); the state proposition
y > 0 has n− 1 variable points even if there is no mode change (m = 0).3

The tool takes a model file, configuration files, and all parameters in the de-
fault configuration. The model file argument is required and other configuration
arguments are optional.

$./stlmc [path to model file] \
-defaul-cfg [path to default config file]\
-model-cfg [path to model config file] \
-model-specific-cfg [path to model specific config file] \
-bound [int] ...

If the -default-cfg is not provided, the tool uses the default.cfg in the top
directory. If the -model-cfg is not given, the tool looks for a configuration file
<model_file>.cfg in the path to model file. 4 If some parameters in the configu-
ration are given as command-line options, those parameters override the values
specified in the configuration files.

3 This example also hints that STL model checking can be arbitrary complex even for
one mode; τ and m cannot limit such model checking computation, whereas N can
limit the computation involving both discrete and continuous behaviors.

4 If there is no matched model configuration file, the model configuration inherits the
default configuration.
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Example 3. Consider the input model in Fig. 2 (therm.model), the input model
configuration in Fig. 4 (them-model.cfg), and the input model specification con-
figuration in Fig. 5 (them-model-spec.cfg). The following command found a
counterexample of the formula f2 at bound 5 with respect to robustness thresh-
old ϵ = 2 in 15 seconds using dReal.

$./stlmc ./therm.model -model-cfg therm-model.cfg \
-model-specific-cfg therm-model-spec.cfg \
-solver dreal -two-step -parallel -visualize

goal: []_[2.0,4.0] (p1 -> (<>_[3.0,10.0] p2))
result: counterexample found at bound 2 (14.70277 seconds)

The following command verifies the formula f1 up to bounds N = 5 and
τ = 25 with respect to robustness threshold ϵ = 0.5 in 819 seconds using dReal.

$./stlmc ./therm.model -bound 5 -time-bound 30 -threshold 1 \
-goal f1 -solver dreal -two-step -parallel

goal : (<>_[0.0,3.0] ((x0 >= 13) U_[0.0,inf) (x1 <= 22)))
result : True (818.73110 seconds)

3.4 Visualization

The STLmc tool provides a script to visualize counterexamples for robust STL
model checking. The visualization script takes a counterexample file and a vi-
sualization configuration file and returns graphs representing counterexample
trajectories and robustness degrees.

./stlmc-vis [path to counterexample file] \
-cfg [path to configuration file]

The counterexample file is specified in a .counterexample file. The file is created
when there is a counterexample and the visualize option is set. The configura-
tion file contains following things: (1) continuous variables, (2) STL subformula
labels, (3) output format, and (4) group of variables. The file contains variable
information of continuous variables and STL subformulas. The STLmc tool sup-
ports "html" and "pdf" as output formats. The states of variables in a group are
plotted on one graph. Only variables of the same type can be grouped together.
5 Variables not assigned to a group are grouped together according to their type.
Figure 6 shows a visualization configuration file of our thermostat controllers.

Example 4. Consider the conunterexample file for f2 in Example 3 (therm.model)
and the visualization configuration file in Fig. 6 (therm_vis.cfg). The following
command generate a PDF image. in Fig. 7.

./stlmc-vis therm.counterexample -cfg therm_vis.cfg

5 For example, if there is a group (x0, f2), the tool will throw an error because the
types of x0 and f2 are real and bool, respectively.
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{ # continuous variables: x0, x1
# STL subformula labels:
# f2 --> [][2, 4]((x0 - x1 >= 4) -> <>[3,10](x0 - x1 <= -3))
# f2_1 --> (x0 - x1 >= 4) -> <>[3,10](x0 - x1 <= -3)
# f2_2 --> not (x0 - x1 >= 4)
# f2_3 --> <>[3,10](x0 - x1 <= -3)
# p_1 --> x0 - x1 >= 4
# p_2 --> x0 - x1 <= -4

# output = pdf # html
group { (x0, x1), (f2, f2_1) (f2_2, f2_3) (p_1, p_2) }

Fig. 6: A visualization configuration example

The robustness degree of f2 is less than ϵ at time 0, since the robustness
degree of f21 goes below ϵ in the interval [2, 4], which is because both the degrees
of f22 and f23 are less than ϵ in [2, 4]. The robustness degree of f23 is less than ϵ
in [2, 4], since the robustness degree of p2 is less than ϵ in [5, 14] = [2, 4]+ [3, 10].
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Fig. 7: Visualization of a counterexample (horizontal dotted lines denote ϵ = 2).

4 Algorithms and Implementation

This section explains the algorithms and implementation of our STLmc tool.
STLmc takes a hybrid automaton H, an STL formula φ, a variable point bound
N , time bound τ , and a threshold ϵ. The tool first reduces robust STL model
checking into Boolean STL model checking using ϵ-strengthening. It then applies
an existing SMT-based STL model checking algorithm [4, 31]. The satisfiability
of the SMT encoding can be checked directly using an SMT solver or using the
two-step solving algorithm to improve the performance for ODE dynamics. Our
tool is implemented in around 9,500 lines of Python code.
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4.1 Reduction to Boolean STL Model Checking

As usual for model checking, robust STL model checking is equivalent to finding
a counterexample. We can easily see that an STL formula φ is not satisfied in
a hybrid automata H with respect to a robustness threshold ϵ > 0 iff there is a
trajectory that the robustness degree of ¬φ is greater than or equal to −ϵ.

Corollary 1. For a hybrid automaton H, a time t ∈ [0, τ), and a robustness
threshold ϵ > 0, an STL formula φ is not satisfied at t in H with respect to ϵ iff
there exists a trajectory σ ∈ H such that ρτ (¬φ, σ, t) ≥ −ϵ.

Proof. By definition, φ is satisfied at t in H with respect to ϵ iff for any trajectory
σ ∈ H, ρτ (φ, σ, t) > ϵ holds. Notice that ¬(∀σ ∈ H. ρτ (φ, σ, t) > ϵ) iff ∃σ ∈
H. ρτ (φ, σ, t) ≤ ϵ. The formula is equal to ∃σ ∈ H. − ρτ (φ, σ, t) ≥ −ϵ. Thus,
∃σ ∈ H. ρτ (¬φ, σ, t) ≥ −ϵ by definition. ⊓⊔

Our goal is to reduce finding a counterexample of robust STL model checking
into finding a counterexample of Boolean STL model checking. Let us first a
simple case, say, a state proposition x ≥ 0. Its robust model checking with respect
ϵ is equivalent to finding a counterexample σ ∈ H with ρτ (−x > 0, σ, t) ≥ −ϵ by
Corollary 1, which is equivalent to ρτ (−x > −ϵ, σ, t) ≥ 0. Notice that −x > −ϵ
can be obtained by weakening −x ≥ 0 by ϵ.

The notions of ϵ-weakening and ϵ-strengthening are first introduced in [23]
for first-order formulas. In this paper, we extend the definitions of ϵ-weakening
and ϵ-strengthening to STL formulas as follows.

Definition 6. The ϵ-weakening φ−ϵ and ϵ-strengthening φ+ϵ of φ are defined
as follows: (p−ϵ)(s) = p(s)− ϵ and (p+ϵ)(s) = p(s) + ϵ for a state s, and:

(¬φ)−ϵ ≡ ¬(φ+ϵ) (φ1 ∧ φ2)
−ϵ ≡ φ−ϵ

1 ∧ φ−ϵ
2 (φ1 UI φ2)

−ϵ ≡ φ−ϵ
1 UI φ

−ϵ
2

(¬φ)+ϵ ≡ ¬(φ−ϵ) (φ1 ∧ φ2)
+ϵ ≡ φ+ϵ

1 ∧ φ+ϵ
2 (φ1 UI φ2)

+ϵ ≡ φ+ϵ
1 UI φ

+ϵ
2

The following lemmas state that relationships between the quantitative se-
mantics of φ and the Boolean semantics of φ+ϵ and φ−ϵ.

Lemma 1. For a signal σ and an STL property φ:

σ, t ̸|=τ φ+ϵ ⇒ ρτ (φ, σ, t) ≤ ϵ and σ, t |=τ φ−ϵ ⇒ ρτ (φ, σ, t) ≥ −ϵ

Proof. The proof is by structural induction on φ.
For φ = p, if σ, t ̸|=τ p+ϵ, then p+ϵ(σ(t)) = ⊥ by definition. If σ, t |=τ p−ϵ,

then p−ϵ(σ(t)) = ⊤ by definition. There are two possible propositions forms,
f(x⃗) ≥ 0 and f(x⃗) > 0. For p = f(x⃗) ≥ 0, ϵ-strengthening p+ϵ of p is f(x⃗) ≥ ϵ
and ϵ-weakening p−ϵ of p is f(x⃗) ≥ −ϵ by definition.

Suppose σ, t ̸|=τ p+ϵ. Then, f(σ(t)) < ϵ is satisfied. The robustness degree
ρτ (f(x⃗) ≥ 0, σ, t) is f(σ(t)) by definition. Therefore, ρτ (f(x⃗) ≥ 0, σ, t) < ϵ. If
ρτ (f(x⃗) ≥ 0, σ, t) < ϵ, then ρτ (f(x⃗) ≥ 0, σ, t) ≤ ϵ.
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Suppose σ, t |=τ p−ϵ. Then, f(σ(t)) ≥ −ϵ is satisfied. The robustness degree
ρτ (f(x⃗) ≥ 0, σ, t) is f(σ(t)) by definition. Therefore, ρτ (f(x⃗) ≥ 0, σ, t) ≥ −ϵ.

For p = f(x⃗) > 0, ϵ-strengthening p+ϵ of p is f(x⃗) > ϵ and ϵ-weakening p−ϵ of
p is f(x⃗) > −ϵ by definition. Suppose σ, t ̸|=τ p+ϵ. Then, f(σ(t)) ≤ ϵ is satisfied.
Since ρτ (f(x⃗) > 0, σ, t) = f(σ(t)), ρτ (f(x⃗) > 0, σ, t) ≤ ϵ.

Suppose σ, t |=τ p−ϵ. Then, f(σ(t)) > −ϵ is satisfied. Thus, ρτ (f(x⃗) >
0, σ, t) > −ϵ, since ρτ (f(x⃗) > 0, σ, t) = f(σ(t)) by definition. The ϵ-weakening of
p is f(x⃗) > −ϵ by definition. Thus, ρτ (f(x⃗) > 0, σ, t) ≥ −ϵ.

For φ = ¬ϕ, σ, t ̸|=τ (¬ϕ)+ϵ iff σ, t ̸|=τ ¬(ϕ−ϵ), since (¬ϕ)+ϵ ≡ ¬(ϕ−ϵ) by
definition. Thus, σ, t ̸|=τ ¬(ϕ−ϵ) iff σ, t |=τ (ϕ−ϵ).

If σ, t |=τ (ϕ−ϵ), then ρτ (ϕ, σ, t) ≥ −ϵ by induction hypothesis. By definition,
ρτ (ϕ, σ, t) ≥ −ϵ iff −ρτ (ϕ, σ, t) ≤ ϵ. Thus, ρτ (¬ϕ, σ, t) ≤ ϵ, since −ρτ (ϕ, σ, t) =
ρτ (¬ϕ, σ, t) by definition.

Suppose σ, t |=τ (¬ϕ)−ϵ. Then, σ, t |=τ ¬(ϕ+ϵ) is also satisfied, since (¬ϕ)−ϵ ≡
¬(ϕ+ϵ) by definition. Thus, σ, t |=τ ¬(ϕ+ϵ) iff σ, t ̸|=τ (ϕ+ϵ).

If σ, t ̸|=τ (ϕ+ϵ), then ρτ (ϕ, σ, t) ≤ ϵ by induction hypothesis. By definition,
ρτ (ϕ, σ, t) ≤ ϵ iff −ρτ (ϕ, σ, t) ≥ −ϵ. Thus, ρτ (¬ϕ, σ, t) ≥ −ϵ, since −ρτ (ϕ, σ, t) =
ρτ (¬ϕ, σ, t) by definition.

For φ = φ1 ∧ φ2, σ, t ̸|=τ (φ1 ∧ φ2)
+ϵ iff σ, t ̸|=τ φ+ϵ

1 ∨ σ, t ̸|=τ φ+ϵ
2 by

definition. by induction hypothesis Then, by induction hypothesis,

ρτ (φ1, σ, t) ≤ ϵ ∨ ρτ (φ2, σ, t) ≤ ϵ.

Thus, ρτ (φ1 ∧φ2, σ, t) ≤ ϵ, since ρτ (φ1 ∧φ2, σ, t) = min(ρτ (φ1, σ, t), ρτ (φ2, σ, t))
and ρτ (φ1, σ, t) ≤ ϵ ∨ ρτ (φ2, σ, t) ≤ ϵ.

Suppose σ, t |=τ (φ1 ∧ φ2)
−ϵ. Then, σ, t |=τ φ−ϵ

1 ∧ σ, t |=τ φ−ϵ
2 by definition.

Thus, by induction hypothesis, ρτ (φ1, σ, t) ≥ −ϵ ∧ ρτ (φ2, σ, t) ≥ −ϵ. Therefore,
ρτ (φ1 ∧φ2, σ, t) ≥ −ϵ, since ρτ (φ1 ∧φ2, σ, t) = min(ρτ (φ1, σ, t), ρτ (φ2, σ, t)) and
ρτ (φ1, σ, t) ≥ −ϵ ∧ ρτ (φ2, σ, t) ≥ −ϵ.

For φ = φ1 UI φ2, suppose σ, t ̸|=τ (φ1 UI φ2)
+ϵ. Then, for all time points

t′ ∈ (t+ I) ∩ [0, τ), σ, t′ ̸|=τ φ+ϵ
2 ∨ ∃t′′ ∈ [t, t′], σ, t′′ ̸|=τ φ+ϵ

1 by definition.
Therefore, by induction hypothesis,

∀t′ ∈ (t+ I) ∩ [0, τ).(ρτ (φ2, σ, t
′) ≤ ϵ ∨ ∃t′′ ∈ [t, t′], ρτ (φ1, σ, t

′′) ≤ ϵ)

If ∃t′′ ∈ [t, t′], ρτ (φ1, σ, t
′′) ≤ ϵ, then inf

t′′∈[t,t′]
ρτ (φ1, σ, t

′′) ≤ ϵ. In summary,

∀t′ ∈ (t+ I) ∩ [0, τ), (ρτ (φ2, σ, t
′) ≤ ϵ ∨ inf

t′′∈[t,t′]
ρτ (φ1, σ, t

′′) ≤ ϵ).

Since ∀t′ ∈ t+ I ∩ [0, τ), (min(ρτ (φ2, σ, t
′), inf

t′′∈[t,t′]
ρτ (φ1, σ, t

′′)) ≤ ϵ)

sup
t′∈t+I∩[0,τ)

min(ρτ (φ2, σ, t
′), inf

t′′∈[t,t′]
ρτ (φ1, σ, t

′′)) ≤ ϵ.

Therefore, ρτ (φ, σ, t) ≤ ϵ by definition.
Suppose σ, t |=τ (φ1 UI φ2)

−ϵ. Then, there is a time point t′ ∈ (t + I) ∩
[0, τ) such that σ, t′ |=τ φ−ϵ

2 ∧ ∀t′′ ∈ [t, t′], σ, t′′ |=τ φ−ϵ
1 by definition. Then,
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ρτ (φ2, σ, t
′) ≥ −ϵ ∧ ∀t′′ ∈ [t, t′], ρτ (φ1, σ, t

′′) ≥ −ϵ by induction hypothesis. If
∀t′′ ∈ [t, t′], ρτ (φ1, σ, t

′′) ≥ −ϵ, then inf
t′′∈[t,t′]

ρτ (φ1, σ, t
′′) ≥ −ϵ. In summary,

∃t′ ∈ (t+ I) ∩ [0, τ), (ρτ (φ2, σ, t
′) ≥ −ϵ ∧ inf

t′′∈[t,t′]
ρτ (φ1, σ, t

′′) ≥ −ϵ).

Since ∃t′ ∈ t+ I ∩ [0, τ),min(ρτ (φ2, σ, t
′), inf

t′′∈[t,t′]
ρτ (φ1, σ, t

′′)) ≥ −ϵ,

sup
t′∈t+I∩[0,τ)

min(ρτ (φ2, σ, t
′), inf

t′′∈[t,t′]
ρτ (φ1, σ, t

′′)) ≥ −ϵ.

Therefore, ρτ (φ, σ, t) ≥ −ϵ by definition. ⊓⊔

Lemma 2. For a signal σ and an STL property φ:

σ, t |=τ φ+ϵ ⇒ ρτ (φ, σ, t) ≥ ϵ and σ, t ̸|=τ φ−ϵ ⇒ ρτ (φ, σ, t) ≤ −ϵ

Proof. The proof is by structural induction on φ.
For φ = p, if σ, t |=τ p+ϵ, then p+ϵ(σ(t)) = ⊤ by definition. If σ, t ̸|=τ p−ϵ,

then p−ϵ(σ(t)) = ⊥ by definition. There are two possible state propositions
forms, f(x⃗) ≥ 0 and f(x⃗) > 0. For p = f(x⃗) ≥ 0, ϵ-strengthening p+ϵ of p is
f(x⃗) ≥ ϵ and ϵ-weakening p−ϵ of p is f(x⃗) ≥ −ϵ by definition.

Suppose σ, t |=τ p+ϵ. Then, f(σ(t)) ≥ ϵ is satisfied. The robustness degree
ρτ (f(x⃗) ≥ 0, σ, t) is f(σ(t)) by definition. Therefore, ρτ (f(x⃗) ≥ 0, σ, t) ≥ ϵ.

Suppose σ, t ̸|=τ p−ϵ. Then, f(σ(t)) < −ϵ is satisfied. The robustness degree
ρτ (f(x⃗) ≥ 0, σ, t) is f(σ(t)) by definition. Therefore, ρτ (f(x⃗) ≥ 0, σ, t) < −ϵ.

If ρτ (f(x⃗) ≥ 0, σ, t) < −ϵ, then ρτ (f(x⃗) ≥ 0, σ, t) ≤ −ϵ.
For p = f(x⃗) > 0, ϵ-strengthening p+ϵ of p is f(x⃗) > ϵ and ϵ-weakening p−ϵ of

p is f(x⃗) > −ϵ by definition. Suppose σ, t |=τ p+ϵ. Then, f(σ(t)) > ϵ is satisfied.
Thus, ρτ (f(x⃗) > 0, σ, t) > ϵ, since ρτ (f(x⃗) > 0, σ, t) = f(σ(t)) by definition. If
ρτ (f(x⃗) > 0, σ, t) > ϵ, then ρτ (f(x⃗) > 0, σ, t) ≥ ϵ.

Suppose σ, t ̸|=τ p−ϵ. Then, f(σ(t)) ≤ −ϵ is satisfied. Thus, ρτ (f(x⃗) >
0, σ, t) ≤ −ϵ, since ρτ (f(x⃗) > 0, σ, t) = f(σ(t)).

For φ = ¬ϕ, suppose σ, t |=τ (¬ϕ)+ϵ. Then, σ, t ̸|=τ ϕ−ϵ by definition, since
(¬φ)+ϵ ≡ ¬(φ−ϵ). If σ, t ̸|=τ ϕ−ϵ is satisfied, then ρτ (ϕ, σ, t) ≤ −ϵ by induc-
tion hypothesis. Thus, ρτ (ϕ, σ, t) ≤ −ϵ iff ρτ (¬ϕ, σ, t) ≥ ϵ, since ρτ (¬ϕ, σ, t) =
−ρτ (ϕ, σ, t) by definition.

Suppose σ, t ̸|=τ (¬ϕ)−ϵ. Then, σ, t |=τ ϕ+ϵ, since (¬ϕ)−ϵ ≡ ¬(ϕ+ϵ) by def-
inition. If σ, t |=τ ϕ+ϵ is satisfied, then ρτ (ϕ, σ, t) ≥ ϵ by induction hypothesis.
ρτ (ϕ, σ, t) ≥ ϵ iff ρτ (¬ϕ, σ, t) ≤ −ϵ, since ρτ (¬ϕ, σ, t) = −ρτ (ϕ, σ, t).

For φ = φ1 ∧ φ2, suppose σ, t |=τ (φ1 ∧ φ2)
+ϵ. Then, σ, t |=τ φ+ϵ

1 ∧ σ, t |=τ

φ+ϵ
1 by definition. Thus, by induction hypothesis,

ρτ (φ1, σ, t) ≥ ϵ ∧ ρτ (φ2, σ, t) ≥ ϵ.

Therefore, ρτ (φ1 ∧ φ2) = min(ρτ (φ1, σ, t), ρτ (φ2, σ, t)) ≥ ϵ.
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Suppose σ, t ̸|=τ (φ1 ∧ φ2)
−ϵ. Then, σ, t ̸|=τ φ−ϵ

1 ∨ σ, t ̸|=τ φ−ϵ
2 by definition.

Thus, ρτ (φ1, σ, t) ≤ −ϵ ∨ ρτ (φ2, σ, t) ≤ −ϵ by induction hypothesis. Then,
min(ρτ (φ1, σ, t), ρτ (φ2, σ, t)) ≤ −ϵ. Therefore, ρτ (φ1 ∧ φ2) ≤ −ϵ.

For φ = φ1 UI φ2, suppose σ, t |=τ (φ1 UI φ2)
+ϵ. Then, there is a time

point t′ ∈ (t+ I) ∩ [0, τ) such that σ, t′ |=τ φ+ϵ
2 ∧ ∀t′′ ∈ [t, t′], σ, t′′ |=τ φ+ϵ

1 by
definition. Therefore, by induction hypothesis,

ρτ (φ2, σ, t
′) ≥ ϵ ∧ ∀t′′ ∈ [t, t′], ρτ (φ1, σ, t

′′) ≥ ϵ.

If ∀t′′ ∈ [t, t′], ρτ (φ1, σ, t
′′) ≥ ϵ, then inf

t′′∈[t,t′]
ρτ (φ1, σ, t

′′) ≥ ϵ. In summary,

∃t′ ∈ (t+ I) ∩ [0, τ), (ρτ (φ2, σ, t
′) ≥ ϵ ∧ inf

t′′∈[t,t′]
ρτ (φ1, σ, t

′′) ≥ ϵ).

Since ∃t′ ∈ t+ I ∩ [0, τ),min(ρτ (φ2, σ, t
′), inf

t′′∈[t,t′]
ρτ (φ1, σ, t

′′)) ≥ ϵ,

sup
t′∈t+I∩[0,τ)

min(ρτ (φ2, σ, t
′), inf

t′′∈[t,t′]
ρτ (φ1, σ, t

′′)) ≥ ϵ.

Therefore, ρτ (φ, σ, t) ≥ ϵ by definition.
Suppose σ, t ̸|=τ (φ1 UI φ2)

−ϵ. Then, for all time points t′ ∈ (t+ I) ∩ [0, τ),
σ, t′ ̸|=τ φ−ϵ

2 ∨ ∃t′′ ∈ [t, t′], σ, t′′ ̸|=τ φ−ϵ
1 by definition. Therefore,

∀t′ ∈ (t+ I) ∩ [0, τ).(ρτ (φ2, σ, t
′) ≤ −ϵ ∨ ∃t′′ ∈ [t, t′], ρτ (φ1, σ, t

′′) ≤ −ϵ)

by induction hypothesis. If ∃t′′ ∈ [t, t′], ρτ (φ1, σ, t
′′) ≤ −ϵ, then

inf
t′′∈[t,t′]

ρτ (φ1, σ, t
′′) ≤ −ϵ. In summary,

∀t′ ∈ (t+ I) ∩ [0, τ), (ρτ (φ2, σ, t
′) ≤ −ϵ ∨ inf

t′′∈[t,t′]
ρτ (φ1, σ, t

′′) ≤ −ϵ).

Since ∀t′ ∈ t+ I ∩ [0, τ).(min(ρτ (φ2, σ, t
′), inf

t′′∈[t,t′]
ρτ (φ1, σ, t

′′)) ≤ −ϵ),

sup
t′∈t+I∩[0,τ)

min(ρτ (φ2, σ, t
′), inf

t′′∈[t,t′]
ρτ (φ1, σ, t

′′)) ≤ −ϵ.

Therefore, ρτ (φ, σ, t) ≤ −ϵ by definition. ⊓⊔

According to above lemmas, we can reduce finding a counterexample for
robust STL model checking of an STL formula φ into finding a counterexample
for Boolean STL model checking of the ϵ-strengthening φ+ϵ.

Theorem 2. For a hybrid automaton H, an STL formula φ, a time t, a time
bound τ , and an arbitrary positive real value ϵ, the following properties are hold:

(1) ∃σ ∈ H. σ, t |=τ ¬(φ+ϵ) implies ∃σ ∈ H. ρτ (¬φ, σ, t) ≥ −ϵ, and
(2) ∀σ ∈ H. σ, t ̸|=τ ¬(φ+ϵ) implies ∀σ ∈ H. ρτ (φ, σ, t) ≥ ϵ.
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Proof. (1) Suppose there is a trajectory σ ∈ H. σ, t |=τ ¬(φ+ϵ). Then, the robust-
ness degree ρτ (φ, σ, t) ≤ ϵ by Lemma 1. If the robustness degree ρτ (φ, σ, t) is less
than or equal to ϵ, then −ρτ (φ, σ, t) ≥ −ϵ. It is equivalent to ρτ (¬φ, σ, t) ≥ −ϵ,
since ρτ (¬φ, σ, t) = −ρτ (φ, σ, t) by definition.
(2) Suppose all trajectories ∀σ ∈ H. σ, t ̸|=τ ¬(φ+ϵ). The formula σ, t ̸|=τ ¬(φ+ϵ)
is equivalent to σ, t |=τ φ+ϵ by definition. If a trajectory satisfies φ+ϵ at time t,
then the robustness degree ρτ (φ, σ, t) ≥ ϵ by Lemma 2. ⊓⊔

As a consequence, a counterexample of φ+ϵ for Boolean STL model checking
is also a counterexample for robust STL model checking of φ with respect to a
robustness threshold ϵ. If there is no counterexample of φ+ϵ for Boolean STL
model checking, then it is guaranteed that the robustness degree of φ is always
greater than or equal to ϵ. Therefore, for any positive robustness threshold 0 <
ϵ′ < ϵ, φ is satisfied at t in H with respect to ϵ′. It is worth noting that φ may
not be satisfied with respect to ϵ itself.

4.2 Boolean STL Model Checking Algorithm

For Boolean STL model checking, there exist refutationally complete bounded
model checking algorithms [4, 31] with two bound parameters: τ for the time
domain, and N for the number of mode changes and variable points. A time
point t is a variable point if a truth value of φ’s subformula changes at t. The
algorithms build an SMT encoding ΨN,τ

H,¬φ of Boolean STL model checking:

Theorem 3. [4, 31] ΨN,τ
H,¬φ is satisfiable iff there is a counterexample trajectory

σ ∈ H, with at most N variable points and mode changes, such that σ, t ̸|=τ φ.

For hybrid automata with polynomial continuous dynamics, the satisfiability
of the encoding Ψ can be precisely determined using standard SMT solvers,
including Z3 [13] and Yices2 [18]. For ODE dynamics, the satisfiability of Ψ is
undecidable in general, but there exist specialized solvers, such as dReal [24] and
iSAT-ODE [19], that can approximately determine the satisfiability.

To support various SMT solvers, the implementation of STLmc utilizes a
generic wrapper interface based on the SMT-LIB standard [6]. Therefore, if it
follows SMT-LIB, a new SMT solver can be easily integrated with our tool.
Moreover, STLmc can also detect the most suitable solver for a given input
model; e.g., if the model has ODE dynamics, then the tool chooses dReal.

The encoding Ψ includes universal quantification over time, e.g., because of
invariant conditions. Several SMT solvers (including Z3 and Yice2) support these
∃∀-conditions but at high computational costs [29]. For polynomial dynamics, we
implement the encoding method [11] to simplify ∃∀-conditions to quantifier-free
formulas. For ODE dynamics, dReal natively supports ∃∀-conditions [25].

4.3 Two-Step Solving Algorithm

The computation cost of dReal for ODEs is highly expensive. To reduce the
complexity, we propose a two-step SMT solving algorithm, summariazed in Al-
gorithm 1, inspired by the lazy SMT solving approach [40]:
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Algorithm 1: Two-Step SMT Solving Algorithm
Input: Hybrid automaton H, STL formula φ, threshold ϵ, bounds τ and N

1 for k = 1 to N do
2 Ψ ← abstraction of the encoding Ψk,τ

H,¬(φ+ϵ)
without flow and inv ;

3 while checkSat(Ψ) is Sat do
4 π ← a minimal satisfying scenario;
5 π̂ ← the refinement of π with flow and inv ;
6 if checkSat(π̂) is Sat then
7 return counterexample(result.satAssignment);
8 Ψ ← Ψ ∧ ¬π;
9 return True;

Fig. 8: Jump conditions between two modes

1. We obtain the discrete abstraction of the encoding Ψ by substituting the
flow and invariant conditions with Boolean variables. We then enumerate a
satisfying scenario π, a conjunction of literals, where π implies Ψ .

2. For each scenario π, we check the satisfiability of its discrete refinement with
the flow and invariant conditions using dReal. If any refinement is satisfiable,
we obtain a counterexample; otherwise, there is no counterexample.

A naive implementation of the two-step solving algorithm may generate many
redundant scenarios for hybrid automata.

For example, in Figure 8, suppose there are two modes A and B, jump condi-
tions from A to B are x > 60, y > 10, and z > 20. There are 7 possible scenarios
from these conditions for a single jump. However, when one jump, say x > 60, is
taken, the guards for the other jumps, i.e., y > 10 and z > 20, are not important.
It suffices to consider only 3 scenarios, namely, x > 60, y > 10, and z > 20.

We implement a simple algorithm to minimize scenarios. A conjunction of
literals π = l1 ∧ · · · ∧ lm is a minimal scenario, if π′ = l1 ∧ · · · li−1 ∧ li+1 ∧ · · · lm
is not a scenario for any i. The conjunction π′ is not a scenario when π′ → Ψ is
not valid. It means π is the minimal scenario, if π′ ∧ ¬Ψ is satisfied.

To minimize a scenario π, we apply a dual propagation approach [35]. Because
π implies Ψ , the formula π ∧¬Ψ is unsatisfiable. A conjunction of literals in the
unsatisfiable core of π ∧¬Ψ is a minimal scenario. We evaluate the unsatisfiable
core of π∧¬Ψ using Z3. To obtain the unsatisfiable core, we encode the negation
of the encoding Ψ in a separate dual solver under the assumptions of a set of
literals in π using assert_and_track in Z3. To get a minimal unsatisfiable core,
we use the option smt.core.minimize true for Z3.
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4.4 Implementation

N, τ 
H

ϵ-Strengthening Reduction
ϵ

Encoding of Boolean STL 
Model Checking

SMT Solving 
Interface

Two-Step 
Solving

SMT
Solvers Z3 Yices2 dReal

Counterexample 
(Visualization)

No counterexample 
up to bounds!

Fig. 9: The STLmc architecture

Figure 9 shows the overall architecture of STLmc. The given STL formula
φ is first translated into the ϵ-strengthening of the negated formula ¬(φ+ϵ). The
SMT encoding Ψk,τ

H,¬(φ+ϵ) for 1 ≤ k ≤ N is then built using the STL bounded

model checking algorithm [4, 31]. The satisfiability of Ψk,τ
H,¬(φ+ϵ) can be checked

directly using an SMT solver or using the two-step optimization algorithm. Our
tool is implemented in around 9,500 lines of Python code.

Simplifying Universal Quantification. The encoding Ψk,τ
H,(¬φ)−ϵ includes universal

quantification over time. Such ∃∀-conditions are supported by several solvers but
involve high computational costs. STLmc implements the following methods to
simplify universal quantification. For polynomial hybrid automata, we use the
quantifier-free encoding [11] to encode ∃∀-conditions as quantifier-free formulas.
For ODE dynamics, dReal natively supports ∃∀-conditions [25]. For invariant
STL properties of the form p → □Iq, we reduce redundant universal quantifiers
by reducing the model checking problem into the reachability [31].

Parallelizing Two-step Solving. We parallelize the two-step solving algorithm
for ODEs. As mentioned, the first phase generates abstract scenarios, and the
second phase checks the feasibility of the scenarios. We simply run the feasibility
checking of different scenarios in parallel. If any of such scenario is satisfied, then
a counterexample is found and all other jobs are terminated. If all scenarios,
checking in parallel, are unsatisfiable, then there is no counterexample. As shown
in Sec 5, it greatly improves the performance for the ODE cases in practice.

Supporting Various SMT Solvers. We implement a generic wrapper interface
based on the SMT-LIB standard [6] to support various SMT solvers. Therefore,
it is easy to extend our tool with a new SMT solvers, if it follows SMT-LIB.
Moreover, STLmc can also detect the most suitable solver for a given input
model; e.g, if the model has ODE dynamics, then the tool chooses dReal. Given
an input model, STLmc can detect the most suitable solvers. If the model has
ODE dynamics and Z3 is selected, the tool raises an exception. Also, when the
model has linear dynamics and the dReal is chosen, STLmc gives a warning to
use Z3 or Yices instead of dReal.
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5 Experimental Evaluation

We evaluate the effectiveness of the STLmc model checker using a number of
hybrid system benchmarks and nontrivial STL properties. We use the following
models, adapted from existing benchmarks [3,7,20,22,27,36]: load management
for two batteries (Bat), two networked water tank systems (Wat), autonomous
driving of two cars (Car), a railroad gate (Rail), two networked thermostats
(Thm), docking of spacecraft (Space), navigation of a vehicle (Nav), and a fil-
tered oscillator (Oscil). The models and the experimental results are available at
https://doi.org/10.5281/zenodo.6620846.

Section 5.1 shows the experiments on robust STL model checking. Section 5.2
compares the performance of STLmc for invariant properties with the existing
reachability analysis tools for hybrid automata. We have run all experiments on
Intel Xeon 2.8GHz with 256 GB memory.

5.1 STL Model Checking of Hybrid Automata

We measure the SMT encoding size and execution time for robust STL model
checking. We consider three variants of continuous dynamics (linear, polynomial,
and ODE dynamics) for the five models: Bat, Wat, Car, Rail, and Thm. We also
consider the additional three models with ODE dynamics: Oscil, Space, and Nav.
For each model, we use three STL formulas with nested temporal operators.

For discrete bounds, we use N = 20 for linear models, N = 10 for polynomial
models, and N = 5 for ODE models. We use different time bounds τ and ro-
bustness thresholds ϵ for different models, since τ and ϵ depend on each model.
As an underlying SMT solver, we use Yices for linear and polynomial models,
and dReal for ODE models with a precision δ = 0.001. We run both direct
SMT solving (1-step) and two-step SMT solving (2-step). We use 25 cores for
parallelizing the two-step SMT solving. We set a timeout of 60 minutes.

The experimental results for linear and polynomial models are summarized in
Table 2 and the experimental results for ODE models are summarized in Table 3,
where τ denotes time bounds, and |Ψ | denotes the size of the SMT encoding Ψ (in
thousands) as the number of connectives in Ψ . For the model checking results, ⊤
indicates that the tool found no counterexample up to bound N , and ⊥ indicates
that the tool found a counterexample at bound k ≤ N . For the algorithms (Alg.),
we write one of the results with a better performance. For the 2-step case, we
also write the number of minimal scenarios generated (#π).

As shown in Table 2 and 3, our tool can perform robust model checking of
nontrivial STL formulas for hybrid systems with different continuous dynamics.
The cases of ODE models generally take longer than the cases of linear and
polynomial models, because of the high computational costs for ODE solving.
Nevertheless, our parallelized two-step SMT solving method works well and all
model checking analyses are finished before the timeout. In contrast, for linear
and polynomial models with a larger discrete bound N ≥ 10, direct SMT solving
is usually effective but the two-step SMT solving method is not. There are too

https://doi.org/10.5281/zenodo.6620846
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many scenarios, and the scenario generation does not terminate within 60 min-
utes. Therefore, the two algorithms implemented in our tool are complementary.

Table 2: Robust Bounded Model Checking of STL (Time in seconds)
Dyn. Model STL formula τ ϵ |Ψ | Time (s) Result k Alg.

L
in

ea
r

(N
=

20
)

Bat
♢[4,10](p1 → □[4,10] p2)

30
0.1 12.9 119.5 ⊤ - 1-step

(♢[1,5] p1)R[5,20] p2 3.5 2.8 6.0 ⊥ 5 1-step
□[4,14](p1 → ♢[0,10] p2) 0.1 3.8 44.6 ⊥ 8 1-step

Wat
□[1,3](p1 R[1,10] p2)

20
2.5 18.8 25.1 ⊤ - 1-step

(♢[1,10] p1)U[2,5] p2 0.1 1.9 4.3 ⊥ 4 1-step
♢[4,10](p1 → □[2,5] p2) 0.01 11.2 16.3 ⊤ - 1-step

Car
(♢[3,5] p1)U[2,10] p2

40
0.1 2.5 7.6 ⊥ 5 1-step

♢[4,14](□[5,15] p1) 0.5 10.8 559.2 ⊤ - 1-step
(□[2,5] p1)R[0,10) p2 1.0 2.5 7.8 ⊥ 5 1-step

Rail
♢[3,10](p1 U[0,10] p2)

30
2.0 17.9 21.3 ⊤ - 1-step

(□[2,10] p1)R[0,15] p2 1.0 1.2 3.8 ⊥ 3 1-step
□[0,5](♢[0,10] p1) 0.5 0.8 2.7 ⊥ 3 1-step

Thm
♢[2,5](p1 R[2,10] p2)

30
3.0 16.8 20.2 ⊤ - 1-step

□[1,4](p1 → ♢[5,15] p2) 1.0 11.1 14.6 ⊤ - 1-step
p1 U[10,20](□[3,5] p2) 2.5 1.0 3.7 ⊥ 2 1-step

P
ol

y
(N

=
10

)

Bat
□[3,5](p1 → ♢[6,10] p2)

25
2.5 1.7 4.7 ⊥ 4 1-step

(□[4,14] p1)U[4,10] p2 1.0 2.4 5.0 ⊥ 4 1-step
♢[0,15](p1 U[0,6] p2) 0.5 7.2 185.2 ⊤ - 1-step

Wat
□[1,4](p1 U[2,5] p2)

10
1.5 1.0 2.6 ⊥ 2 1-step

♢[0,3](p1 → □[3,4] p2) 2.0 4.1 5.4 ⊤ - 1-step
(♢[0,4] p1)R[3,5] p2 4.0 0.9 2.6 ⊥ 2 1-step

Car
□[0,4](p1 → ♢[2,5] p2)

15
0.5 2.2 5.5 ⊥ 5 1-step

(♢[0,4] p1)U[0,5] p2 2.0 1.7 4.7 ⊥ 3 1-step
♢[0,3](p1 U[0,5] p2) 0.1 7.3 7.7 ⊤ - 1-step

Rail
♢[0,5](p1 U[1,8] p2)

20
1.0 2.3 3.0 ⊥ 5 1-step

♢[0,4](p1 → □[2,10] p2) 5.0 3.8 3.8 ⊤ - 1-step
(□[0,5) p1)U[2,10] p2 4.0 1.9 2.7 ⊥ 4 1-step

Thm
(□[2,10] p1)U[1,4] p2

10
0.5 2.0 4.4 ⊥ 4 1-step

♢[0,5](p1 → □[2,5) p2) 0.1 3.9 5.0 ⊤ - 1-step
♢[0,10](p1 R[2,4] p2) 1.0 5.7 6.3 ⊤ - 1-step
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Table 3: Robust Bounded Model Checking of STL (N = 5 and time in seconds)
Model STL formula τ ϵ |Ψ | Time (s) Result k Alg. #π

Bat
♢[0,4](p1 R[0,5] p2)

10
1.0 1.3 19.2 ⊥ 3 2-step 78

□[3,4](p1 → ♢[0,6] p2) 1.5 0.9 28.0 ⊥ 3 2-step 151
□[1,3](♢[0,5] p1) 1.0 0.8 12.7 ⊥ 3 2-step 80

Thm
♢[0,15](p1 U[0,∞) p2)

25
0.5 1.2 818.7 ⊤ - 2-step 3,580

□[2,4](p1 → ♢[3,10] p2) 2.0 0.7 14.7 ⊥ 2 2-step 91
□[0,10](p1 R[0,∞) p2) 2.0 1.2 161.7 ⊥ 4 2-step 279

Oscil
♢[0,3](p1 R[0,∞) p2)

8
0.1 1.5 108.9 ⊤ - 2-step 326

♢[2,5](□[0,3] p1) 1.0 1.2 192.8 ⊥ 3 2-step 601
(□[1,3] p1)R[2,5] p2 0.1 1.8 112.1 ⊥ 3 2-step 258

Space
□[0,2](p1 → ♢[0,3] p2)

5
1.5 0.8 278.3 ⊥ 2 2-step 79

♢[2,3](□[1,2] p1) 0.1 1.1 37.0 ⊥ 3 2-step 138
♢[0,4](p1 U[0,∞) p2) 0.5 1.3 716.8 ⊤ - 2-step 2,681

Nav
♢[2,4](p1 → □[1,5] p2)

10
3.0 1.2 399.3 ⊥ 3 2-step 1,388

♢[2,4](□[3,6] p1) 2.0 1.1 332.2 ⊥ 3 2-step 1,213
♢[1,5](p1 R p2) 1.0 1.4 749.6 ⊤ - 2-step 2,411

Wat
p1 R[0,3](♢[2,4] p2)

8
2.0 1.1 34.7 ⊥ 3 2-step 150

□[1,3](p1 → ♢[0,5] p2) 0.1 0.5 3.3 ⊥ 2 2-step 27
(♢[0,4] p1)R[0,inf) p2 0.5 0.8 178.2 ⊤ - 2-step 947

Car
♢[1,3](□[0,2] p1)

5
1.0 1.2 10.8 ⊥ 2 2-step 15

(♢[1,2] p1)R[0,2] p2 0.5 1.5 14.6 ⊥ 2 2-step 34
□[0,2](p1 → ♢[2,3] p2) 2.0 1.2 45.6 ⊥ 2 2-step 162

Rail
□[1,3](p1 → ♢[2,4] p2)

8
2.0 0.8 51.2 ⊥ 3 2-step 240

(♢[1,3] p1)R[0,inf) p2 0.1 0.9 856.4 ⊤ - 2-step 3,391
♢[0,4](□[2,4] p1) 1.0 0.6 64.6 ⊥ 2 2-step 50

5.2 Comparison with Reachability Analysis Tools

We compare the performance of STLmc for invariant properties with four reach-
ability analysis tools for hybrid automata: HyComp [10], SpaceEx [22], Flow* [9],
and dReach [30]. For each model, we consider a true invariant property so that
reachability analysis explores all possible behaviors up to given bounds. We mea-
sure the execution times (in seconds) for analyzing the invariant properties with
a timeout of 60 minutes.

Since each tool has a different notion of bounds, we use the number of discrete
jumps N and the maximum time horizon τ as the common bound parameters
(which are "encoded" in the models) if needed. For STLmc, we use direct SMT
solving (1-step) and Yices as an underlying SMT solver for linear and poly-
nomial models. For ODE models, we use two-step SMT solving (2-step) and
dReal. For SpaceEx, we use PHAVer for linear models, and STC for polynomial
and ODE models. For Flow*, we use adaptive steps and TM orders 1 (for linear),
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Table 4: Execution time for analyzing invariant properties (in seconds)

Model Linear (N = 20) Poly (N = 10)

STLmc HyComp SpaceEx Flow* dReach STLmc SpaceEx Flow* dReach

Bat 0.25 7.54 0.07 44 3.54 0.44 0.01 19.4 0.58

Wat 0.18 1.56 0.49 128 T/O 2.51 0.001 0.08 2116

Car 0.21 0.74 1.0 26.5 T/O 0.32 2607 27 41.7

Rail 0.14 0.77 0.14 3.91 1158 0.07 0.25 2.73 0.09

Thm 0.21 1.25 0.59 402 T/O 0.34 3.25 5.21 T/O

Table 5: Execution time (in seconds) for analyzing invariant properties (N = 5)
Model STLmc SpaceEx Flow* dReach Model STLmc SpaceEx Flow* dReach

Bat 0.1 0.03 4.53 0.1 Nav 0.1 0.02 1.0 0.07

Thm 1.3 0.24 16.4 2.3 Wat 0.06
N/A

167 0.04

Oscil 0.07 0.02 0.48 0.17 Car 39.2 T/O 47.8

Space 0.06 0.02 0.42 2.6 Rail 0.1 0.08 0.08

2 (for polynomial) and [2, 15] (for ODE). For dReach, we set precision to 0.1.
We use BMC for HyComp.

The experimental results are summarized in Table 4, with execution times in
seconds. T/O denotes time out. HyComp only supports linear models, and so the
results for polynomial and ODE models do not include HyComp. SpaceEx only
supports linear ODE, and so is not applicable (N/A) for models with nonlinear
ODEs (Car, Rail, and Wat). As seen, STLmc has comparable performance to
the other tools for the invariant properties.

6 Related Work.

There exist many tools for falsifying STL properties of hybrid systems, including
Breach [15], S-talrio [2], and TLTk [12]. STL falsification techniques are based on
STL monitoring [14,34], and often use stochastic optimization techniques, such as
Ant-Colony Optimization [2], Monte-Carlo tree search [44], deep reinforcement
learning [43], and so on. These techniques are often quite useful for finding
counterexamples in practice, but, as mentioned, cannot be used to verify STL
properties of hybrid systems.

There exist many tools for analyzing reachability properties of hybrid systems
based on reachable-set computation, including C2E2 [17], Flow* [9], Hylaa [5],
and SpaceEx [22]. They can be used to guarantee the correctness of invariant
properties of the form p → □I q, but cannot verify general STL properties.
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In contrast, STLmc uses a refutation-complete bounded STL model checking
algorithm to verify general STL properties, including complex ones.

Our tool is also related to SMT-based tools for analyzing hybrid systems,
including dReach [30], HyComp [10], and HybridSAL [41]. These techniques also
focus on analyzing invariant properties of hybrid systems, but some SMT-based
tools, such as HyComp, can verify LTL properties of hybrid systems. Unlike
STLmc, they cannot deal with general STL properties of hybrid systems.

7 Concluding Remarks

We have presented the STLmc tool for robust bounded model checking of STL
properties for hybrid systems. STLmc can verify that, up to given bounds, the
robustness degree of an STL formula φ is always greater than a given robustness
threshold for all possible behaviors of a hybrid system. STLmc also provides a
convenient user interface with an intuitive counterexample visualization.

Our tool leverages the reduction from robust model checking to Boolean
model checking, and utilizes the refutation-complete SMT-based Boolean STL
model checking algorithm to guarantee correctness up to given bounds and find
subtle counterexamples. STLmc can deal with hybrid systems with (nonlinear)
ODEs using dReal. We have shown using various hybrid system benchmarks
that STLmc can effectively analyze nontrivial STL properties.

Future work includes extending our tool with other hybrid system analysis
methods, such as reachable-set computation, besides SMT-based approaches.
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A Benchmark Examples

A.1 Load Management of Batteries

There are two fully charged batteries and a control system balancing the load
between these batteries to achieve longer lifetime (adapted from [21]). The total
charge gi and kinetic energy di of the battery i = 1, 2 change according to the
controller’s modes: on (On), off (Off), and dead (Dead). The dynamics for each
battery is given as follows:

ḋi =





L/c− 0.5di (On)

−0.5di (Off)

0 (Dead)

ġi =





−L (On)

0 (Off)

0 (Dead)

where L is load of the battery and c is a threshold constant. If the charge gi
greater than (1− c)di, the battery is dead. Otherwise, it can be either on or off.
In this paper, we consider three battery models with different dynamics.

Linear Dynamics. In the case of linear dynamics, the amount of change in
kinetic energy di and total charge gi are constant as follows.

ḋ1 = 1, ġ1 = −0.3, ḋ2 = 1, ġ2 = −0.3 (On1On2)

ḋ1 = 0.8, ġ1 = −0.5, ḋ2 = −0.166, ġ2 = 0 (On1Off2)

ḋ1 = −0.166, ġ1 = 0, ḋ2 = 0.8, ġ2 = −0.5 (Off1On2)

ḋ1 = 0.7, ġ1 = −7, ḋ2 = 0, ġ2 = 0 (On1Dead2)

ḋ1 = 0, ġ1 = 0, ḋ2 = 0.7, ġ2 = −7 (Dead1On2)

ḋ1 = 0, ġ1 = 0, ḋ2 = 0, ġ2 = 0 (Dead1Dead2)

Figure 10 shows the hybrid automaton for the linear battery system. Table 6
shows three STL formulas for our battery system. Figure 11 is a model file of
the load management of two batteries in STLmc.

Label STL formula

f1: ♢[4,10](d2 ≥ 4→ □[4,10](b2 = 2))

f2: (♢[1,5] g2 ≤ 5)R[5,20](d2 ≥ 4.5)

f3: □[4,14](g2 > 4→ ♢[0,10](d2 > 1))

Table 6: STL properties for the linear battery
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Fig. 10: A hybrid automaton of the battery system

Polynomial Dynamics. In the case of polynomial dynamics, the amount of
change in kinetic energy di and total charge gi are change as follows.




di(t) = 0.1 ∗ (6− 2 ∗ t+ 2 ∗ t2) + di(0), gi(t) = −0.5 ∗ t+ gi(0) (1) On

di(t) = −0.1 ∗ (1− 2 ∗ t+ 2 ∗ t2) + di(0), gi(t) = gi(0) (2) Off

di(t) = 0, gi(t) = gi(0) (3) Dead

where t is time.
Table 7 shows three STL formulas for our battery system. Figure 12 is a

model file of the load management of two batteries in STLmc.

Label STL formula

f1: □[3,5](g2 ≥ 3→ ♢[6,10](d2 ≥ 4))

f2: (♢[4,14] g2 > 4)U[4,10](d2 > 1)

f3: ♢[0,15](d1 ≤ 2U[0,6](g1 < 4))

Table 7: STL properties for the polynomial battery

ODE Dynamics. We consider the load management with only one battery for
ODE dynamic model with following dynamics.

ḋ1 = 2 + (0.122d1), ġ1 = −0.5, (On)

ḋ1 = −0.05d1, ġ1 = 0, (Off)

ḋ1 = 0, ġ1 = 0, (Dead)
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real b1; real b2;
[0, 10] g1; [0, 10] g2;
[-30, 30] d1; [-30, 30] d2;
{ mode: b1 = 1;

b2 = 1;
inv: g1 > 2;

g2 > 2;
flow: d1(t) = 0.1 * (1 - 2 * t + 2 * t * t)

+ 0.5 + d1(0);
d2(t) = 0.1 * (1 - 2 * t + 2 * t * t)

+ 0.5 + d2(0);
g1(t) = -0.5 * t + g1(0);
g2(t) = -0.5 * t + g2(0);

jump: g1 > 1 => (and (b1’ = 1) (b2’ = 2)
(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

g2 > 1 => (and (b1’ = 2) (b2’ = 1)
(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

}
{ mode: b1 = 1 ;

b2 = 2 ;
inv: g1 > 0.5;

d2 > 1;
flow: d1(t) = 0.1 * (1 - 2 * t + 2 * t * t)

+ 1 + d1(0);
d2(t) = -0.1 * (1 - 2 * t + 2 * t * t)

+ d2(0);
g1(t) = g1(0) - t;
g2(t) = g2(0);

jump: g2 > 1 => (and (b1’ = 2) (b2’ = 1)
(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

g1 <= 1 => (and (b1’ = 3) (b2’ = 1)
(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

}
{ mode: b1 = 2;

b2 = 1;
inv: d1 > 1;

g2 > 0.5;
flow: d1(t) = -0.1 * (1 - 2 * t + 2 * t * t)

+ d1(0);
d2(t) = 0.1 * (1 - 2 * t + 2 * t * t)

+ 1 + d2(0);
g1(t) = g1(0);
g2(t) = g2(0) - t;

jump: g1 > 1 => (and (b1’ = 1) (b2’ = 2)
(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

g2 <= 1 => (and (b1’ = 1) (b2’ = 3)

(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

}
{ mode: b1 = 3;

b2 = 1;
inv: g1 < 1;

g2 > 0.5;
flow: d1(t) = d1(0);

d2(t) = 0.1 * (1 - 2 * t + 2 * t * t)
+ 1 + d2(0);

g1(t) = g1(0);
g2(t) = g2(0) - t;

jump: g2 <= 1 => (and (b1’ = 3) (b2’ = 3)
(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

}
{ mode: b1 = 1;

b2 = 3;
inv: g1 > 0.5;

g2 < 1;
flow: d1(t) = 0.1 * (1 - 2 * t + 2 * t * t)

+ 1 + d1(0);
d2(t) = d2(0);
g1(t) = g1(0) - t;
g2(t) = g2(0);

jump: g1 <= 1 => (and (b1’ = 3) (b2’ = 3)
(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

}
{ mode: b1 = 3;

b2 = 3;
inv:
flow: d/dt[d1] = 0 ;

d/dt[d2] = 0 ;
d/dt[g1] = 0 ;
d/dt[g2] = 0 ;

jump:
}

init:
b1 = 1; b2 = 1; 8.4 <= g1; g1 <= 8.5;
0 <= d1; d1 <= 0.1; 7.4 <= g2; g2 <= 7.5;
0 <= d2; d2 <= 0.1;

proposition:

# timebound 25
# threshold: f1=2.5, f2=1, f3=0.5
goal:
[f1]: [][3, 5] (g2 >= 3 -> <>[6, 10] d2 >= 4);
[f2]: <>[4, 14] (g2 > 4 U[4, 10] d2 > 1);
[f3]: <>[0, 15] (d1 <= 2 U[0, 6] g1 < 4);

Fig. 11: The STLmc model for Bat with linear dynamics
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real b1; real b2;
[0, 10] g1; [0, 10] g2;
[-30, 30] d1; [-30, 30] d2;
{ mode: b1 = 1;

b2 = 1;
inv: g1 > 2;

g2 > 2;
flow: d1(t) = 0.1 * (1 - 2 * t + 2 * t * t)

+ 0.5 + d1(0);
d2(t) = 0.1 * (1 - 2 * t + 2 * t * t)

+ 0.5 + d2(0);
g1(t) = -0.5 * t + g1(0);
g2(t) = -0.5 * t + g2(0);

jump: g1 > 1 => (and (b1’ = 1) (b2’ = 2)
(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

g2 > 1 => (and (b1’ = 2) (b2’ = 1)
(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

}
{ mode: b1 = 1 ;

b2 = 2 ;
inv: g1 > 0.5;

d2 > 1;
flow: d1(t) = 0.1 * (1 - 2 * t + 2 * t * t)

+ 1 + d1(0);
d2(t) = -0.1 * (1 - 2 * t + 2 * t * t)

+ d2(0);
g1(t) = g1(0) - t;
g2(t) = g2(0);

jump: g2 > 1 => (and (b1’ = 2) (b2’ = 1)
(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

g1 <= 1 => (and (b1’ = 3) (b2’ = 1)
(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

}
{ mode: b1 = 2;

b2 = 1;
inv: d1 > 1;

g2 > 0.5;
flow: d1(t) = -0.1 * (1 - 2 * t + 2 * t * t)

+ d1(0);
d2(t) = 0.1 * (1 - 2 * t + 2 * t * t)

+ 1 + d2(0);
g1(t) = g1(0);
g2(t) = g2(0) - t;

jump: g1 > 1 => (and (b1’ = 1) (b2’ = 2)
(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

g2 <= 1 => (and (b1’ = 1) (b2’ = 3)

(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

}
{ mode: b1 = 3;

b2 = 1;
inv: g1 < 1;

g2 > 0.5;
flow: d1(t) = d1(0);

d2(t) = 0.1 * (1 - 2 * t + 2 * t * t)
+ 1 + d2(0);

g1(t) = g1(0);
g2(t) = g2(0) - t;

jump: g2 <= 1 => (and (b1’ = 3) (b2’ = 3)
(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

}
{ mode: b1 = 1;

b2 = 3;
inv: g1 > 0.5;

g2 < 1;
flow: d1(t) = 0.1 * (1 - 2 * t + 2 * t * t)

+ 1 + d1(0);
d2(t) = d2(0);
g1(t) = g1(0) - t;
g2(t) = g2(0);

jump: g1 <= 1 => (and (b1’ = 3) (b2’ = 3)
(d2’ = (d2 - 0.122 * g2))
(g1’ = g1) (d1’ = d1)
(g2’ = g2));

}
{ mode: b1 = 3;

b2 = 3;
inv:
flow: d/dt[d1] = 0 ;

d/dt[d2] = 0 ;
d/dt[g1] = 0 ;
d/dt[g2] = 0 ;

jump:
}

init:
b1 = 1; b2 = 1; 8.4 <= g1; g1 <= 8.5;
0 <= d1; d1 <= 0.1; 7.4 <= g2; g2 <= 7.5;
0 <= d2; d2 <= 0.1;

proposition:

# timebound 25
# threshold: f1=2.5, f2=1, f3=0.5
goal:
[f1]: [][3, 5] (g2 >= 3 -> <>[6, 10] d2 >= 4);
[f2]: (<>[4, 14] g2 > 4) U[4, 10] d2 > 1;
[f3]: <>[0, 15] (d1 <= 2 U[0, 6] g1 < 4);

Fig. 12: The STLmc model for Bat with polynomial dynamics
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Table 8 shows three STL formulas for our battery system. Figure 13 is a
model file of the load management of two batteries in STLmc.

Label STL formula

f1: ♢[0,4](d1 ≥ 1R[0,6](d1 ≥ 3)

f2: □[3,4](g1 < 6→ ♢[0,6] d1 ≥ 3)

f3: □[1,3](♢[0,5] d1 > 1.5)

Table 8: STL properties for the nonlinear battery

int b1;
[-10, 10] g1; [-10, 10] d1;
# state
# 1 : ON
# 2 : OFF
# 3 : DEAD
{ mode: b1 = 1;
inv: g1 >= 0;
flow: d/dt[d1] = 2 + (0.122 * d1) ;

d/dt[g1] = -0.5 ;
jump: g1 > 1 => (and (b1’ = 2)

(d1’ = d1) (g1’ = g1));
g1 <= 0.5 => (and (b1’ = 3)

(d1’ = d1) (g1’ = g1));
}
{ mode: b1 = 2;
inv: d1 > 0;
flow: d/dt[d1] = -(0.05 * d1) ;

d/dt[g1] = 0 ;
jump: g1 > 1 => (and (b1’ = 1) (d1’ = d1)

(g1’ = g1));

}
{ mode: b1 = 3;
inv:
flow: d/dt[d1] = 0 ;

d/dt[g1] = 0 ;
jump:

}

init:
b1 = 1; 8 <= g1; g1 <= 8.5;
0 <= d1; d1 <= 0.1;

proposition:

# timebound 10
# threshold: f1=1, f2=1.5, f3=1
# time-horizon: f1=4, f2=3, f3=3
goal:
[f1]: <>[0, 4] (d1 >= 1 R[0, 5] g1 <= 7);
[f2]: [][3,4] (g1 < 6 -> <>[0, 6] d1 >= 3);
[f3]: [][1, 3](<>[0, 5] d1 > 1.5);

Fig. 13: The STLmc model for Bat with ODE dynamics
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A.2 Navigation

There is a vehicle that moves in the R2 plane. The velocity of the object is
determined by the position of the object in 2 × 2 grid. (adapted from [20]).
Figure 14 shows trajectory of the object. The height and the width of each
cell is 50 . The vehicle is initially at the upper left corner of the grid, i.e, Zone
1, and it moves counter-clockwise. Figure 15 shows a hybrid automaton of the
system. The velocities of the objects vx and vy are changes according to the
ODEs in four modes Zone1, Zone2, Zone3 and Zone4. Figure 15 shows a hybrid
automaton H1 of one battery component. (the other component is similar). The
object positions x, y, velocities vx, vy, change according to the ODEs in modes.

Fig. 14: Trajectory of naviga-
tion

Fig. 15: A hybrid automaton of naviga-
tion

For the experiments, we consider the following approximate dynamics to
obtain linear flow conditions.
(Zone1) ẋ = vx, ẏ = vy, v̇x = 0.02vx+0.02vy−0.45, ġ2 = 0.02vx+0.02vy−0.45

(Zone2) ẋ = vx, ẏ = vy, v̇x = 0.02vx−0.02vy−0.45, ġ2 = −0.02vx+0.02vy+0.45

(Zone3) ẋ = vx, ẏ = vy, v̇x = 0.02vx−0.02vy+0.45, ġ2 = −0.02vx−0.02vy−0.45

(Zone4) ẋ = vx, ẏ = vy, v̇x = 0.02vx+0.02vy+0.45, ġ2 = 0.02vx+0.02vy+0.45

Table 9 shows the STL formulas for the navigation systems and Figure 16
is its model file.

Label STL formula

f1: ♢[2,4](y ≥ 30→ □[1,5] y ≥ 60)

f2: ♢[2,4](□[3,6](y ≤ 40))

f3: (□[0,4](♢[0,4] x0 > 40)

Table 9: STL properties for the navigation systems
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bool dx; bool dy;
[-10, 10] vx; [-10, 10] vy;
[0, 100] x; [0, 100] y;
# zone 1
{ mode: dx = false;

dy = false;
inv: y >= 50;
flow: d/dt[x] = vx;

d/dt[y] = vy;
d/dt[vx] = 0.02 * vx + 0.02 * vy - 0.45;
d/dt[vy] = 0.02 * vx + 0.02 * vy - 0.45;

jump: (and (x <= 50) (y <= 50)) =>
(and (dx’ = true) (dy’ = false)

(x’ = x) (y’ = y)
(vx’ = 3) (vy’ = -3));

}
# zone 2
{ mode: dx = false;

dy = true;
inv: x >= 50;
flow: d/dt[x] = vx;

d/dt[y] = vy;
d/dt[vx] = 0.02 * vx - 0.02 * vy - 0.45;
d/dt[vy] = -0.02 * vx + 0.02 * vy + 0.45;

jump: (and (x <= 50) (y >= 50)) =>
(and (dx’= false) (dy’ = false)

(x’ = x) (y’ = y)
(vx’ = -3) (vy’ = -3));

}
# zone 3
{ mode: dx = true;

dy = false;
inv: x < 50;
flow: d/dt[x] = vx;

d/dt[y] = vy;

d/dt[vx] = 0.02 * vx - 0.02 * vy + 0.45;
d/dt[vy] = -0.02 * vx - 0.02 * vy - 0.45;

jump: (and (x >= 50) (y <= 50)) =>
(and (dx’ = true) (dy’ = true)

(x’ = x) (y’ = y)
(vx’ = 3) (vy’ = 3));

}
# zone 4
{ mode: dx = true;

dy = true;
inv: y <= 50;
flow: d/dt[x] = vx;

d/dt[y] = vy;
d/dt[vx] = 0.02 * vx + 0.02 * vy + 0.45;
d/dt[vy] = 0.02 * vx + 0.02 * vy + 0.45;

jump: (and (x >= 50) (y >= 50)) =>
(and (dx’= false) (dy’ = true)

(x’ = x) (y’ = y)
(vx’ = -3) (vy’ = 3));

}

init:
not(dx); not(dy); 29 <= x; x <= 31;
79 <= y; y <= 81; -3 <= vx; vx <= -2.5;
-3 <= vy; vy <= -2.5;

proposition:

# timebound 10
# threshold: f1=3, f2=2, f3=2
# time-horizon: f1=3, f2=2.5, f3=3
goal:
[f1]: <>[2, 4] ((y >= 30) -> [][1, 5] y >= 60);
[f2]: <> [2, 4] ([][3, 6] (y <= 40));
[f3]: [][1, 3](<>[0, 4](x > 40));

Fig. 16: An input model of the navigation systems
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A.3 Two Networked Water Tank Systems

Two water tanks are connected by pipes, where water flows from one tank to
another (adapted from [36]). The water level xi of tank i = 0, 1 is controlled
by its pump. There are two pump modes: On and Off. Each pump changes its
mode according to the water level of its tank and the other water tank.

The continuous dynamics of xi is defined as follows:

ẋi =

{
qi + a

√
2g(

√
xi−1 −

√
xi) (On)

a
√
2g(

√
xi−1 −

√
xi) (Off)

where a and qi depend on the width of the pipe and the pump’s power, and g is
the standard gravity constant. Figure 17 shows a hybrid automaton H1 of one
water tank (the other component is similar). In this paper, we consider three
battery models with different dynamics.

Linear Dynamics. In the case of linear dynamics, the amount of change in
water level xi is constant as follows.

ẋ1 =

{
0.9 (On)

−0.8 (Off)
ẋ2 =

{
1 (On)

−0.6 (Off)

Table 10 and Figure 18 shows three STL formulas and a model file in STLmc
for the water tank systems with linear dynamics.
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x1 < c
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x1 > high
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x1 < low
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x1 > c

Fig. 17: A hybrid automaton of one water tank controller H1

Label STL formula

f1: □[1,3]((x0 ≤ 7)R[1,10](x1 ≤ 3))

f2: (♢[1,10](x1 < 5.5))U[2,5](x0 ≥ 5)

f3: (♢[4,10](x0 ≥ 4→ □[2,5]x1 ≤ 2)

Table 10: STL properties for Wat systems with linear dynamics
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int on0; int on1;
[0, 10] x0; [0, 10] x1;
{ mode: on0 = 0; on1 = 0;
inv: x0 >= 1; x1 >= 1;
flow: d/dt[x0] = -0.8;

d/dt[x1] = -0.6;
jump: x0 <= 2 => (and (on0’ = 1) (on1’ = on1)

(x0’ = x0) (x1’ = x1));
x1 <= 3 => (and (on0’ = on0) (on1’ = 1)

(x0’ = x0) (x1’ = x1));
x0 <= 2 => (and (on0’ = 1) (on1’ = 1)

(x0’ = x0) (x1’ = x1));
x1 <= 3 => (and (on0’ = 1) (on1’ = 1)

(x0’ = x0) (x1’ = x1));
}
{ mode: on0 = 0; on1 = 1;
inv: x0 >= 1; x1 <= 9;
flow: d/dt[x0] = -0.8;

d/dt[x1] = 1;
jump: x1 >= 6 => (and (on0’ = on0) (on1’ = 0)

(x0’ = x0) (x1’ = x1));
x0 <= 2 => (and (on0’ = 1) (on1’ = on1)

(x0’ = x0) (x1’ = x1));
x1 >= 6 => (and (on0’ = 1) (on1’ = 0)

(x0’ = x0) (x1’ = x1));
x0 <= 2 => (and (on0’ = 1) (on1’ = 0)

(x0’ = x0) (x1’ = x1));
}
{ mode: on0 = 1; on1 = 0;
inv: x0 <= 8; x1 >= 1;
flow: d/dt[x0] = 0.9;

d/dt[x1] = -0.6;

jump: x0 >= 5 => (and (on0’ = 0) (on1’ = on1)
(x0’ = x0) (x1’ = x1));

x1 <= 3 => (and (on0’ = on1) (on1’ = 1)
(x0’ = x0) (x1’ = x1));

x0 >= 5 => (and (on0’ = 0) (on1’ = 1)
(x0’ = x0) (x1’ = x1));

x1 <= 3 => (and (on0’ = 0) (on1’ = 1)
(x0’ = x0) (x1’ = x1));

}
{ mode: on0 = 1; on1 = 1;
inv: x0 <= 9; x1 <= 9;
flow: d/dt[x0] = 0.9;

d/dt[x1] = 1;
jump: x0 >= 5 => (and (on0’ = 0) (on1’ = on1)

(x0’ = x0) (x1’ = x1));
x1 >= 6 => (and (on0’ = on0) (on1’ = 0)

(x0’ = x0) (x1’ = x1));
x0 >= 5 => (and (on0’ = 0) (on1’ = 0)

(x0’ = x0) (x1’ = x1));
x1 >= 6 => (and (on0’ = 0) (on1’ = 0)

(x0’ = x0) (x1’ = x1));
}
init: on0 = 0; 4.4 <= x0; x0 <= 4.5;

on1 = 0; 5.9 <= x1; x1 <= 6;

proposition:

# timebound : 20
goal:
[f1]: [][1, 3]((x0 <= 7) R[1, 10] (x1 <= 3));
[f2]: (<>[1, 10) x1 < 5.5) U[2, 5] (x0 >= 5);
[f3]: <>[4, 10] (x0 >= 4 -> [][2, 5] x1 <= 2);

Fig. 18: The STLmc model for Wat with linear dynamics

Polynomial Dynamics. In the case of polynomial dynamics, the water level
xi change as follows.

x1(t) =

{
0.02 ∗ t2 + 0.4 ∗ t+ x1(0) (On)

0.005 ∗ t2 − 0.4 ∗ t+ x1(0) (Off)

x2(t) =

{
0.02 ∗ t2 + 0.5 ∗ t+ x2(0) (On)

0.005 ∗ t2 − 0.6 ∗ t+ x2(0) (Off)

where t is time and xi(0) indicates the initial value after a transition.
Table 11 shows three STL formulas for the water tank systems with polyno-

mial and ODE dynamics, Figure 20 is a model file of the networked watertank
system with polynomial dynamics.

ODE Dynamics. For ODE dynamics, we consider the watertank model with
only one watertank for simplification. We consider the watertank model with
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Label STL formula

f1: □[1,4](x1 ≤ 6U[2,5] x2 ≥ 7)

f2: ♢[0,3](x1 ≥ 7→ □[3,4] x2 ≥ 4)

f3: (♢[0,4] x2 ≥ 3)R[3,5] x1 ≥ 2)

Table 11: STL properties for Wat systems with polynomial dynamics

only one tank for nonlinear dynamic model with following dynamics.

ẋ =

{
0.8− 0.01 ∗ √2 ∗ g ∗ √x (On)

−0.01 ∗ √2 ∗ g ∗ √x (Off)

where g is standard gravity constant.
Table 12 shows three STL formulas for the water tank systems with polyno-

mial and ODE dynamics, Figure 19 is a model file of the networked watertank
system with ODE dynamics.

Label STL formula

f1: x ≥ 2R[0,3](♢[2,4] x > 5)

f2: ♢[0,4](x > 3→ □[2,3] x ≤ 2.5)

f3: (♢[0,4])R[0,∞) x ≥ 2

Table 12: STL properties for Wat systems with ODE dynamics

bool a;
[0, 10] x;
{

mode: a = false;
inv: x > 1;
flow: d/dt[x] = (-0.01 * 4.43 * sqrt(x));
jump: (x < 5) => (and a’ (x’ = x));

}
{

mode: a = true;
inv: x < 8;

flow: d/dt[x] = 0.8 - 0.01 * 4.43 * sqrt(x);
jump: (x >= 2) => (and (not a’) (x’ = x));

}
init:
(and (a = false) (4 <= x) (x <= 4.5));

proposition:

#timebound 8
goal:
[f1]: (x >= 2) R[0, 3] (<> [2, 4] x > 5);
[f2]: <>[0, 4](x > 3 -> [][2, 3] x <= 2.5);
[f3]: (<>[0, 4] x >= 5) R[0,inf) x >= 2;

Fig. 19: The STLmc model for Wat with ODE dynamics
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bool a; bool b;
[0, 10] x1; [0, 10] x2;
{

mode: a = false; b = false;
inv: (x1 > 1); (x2 > 1);
flow:

x1(t) = 0.005 * t * t - 0.4 * t + x1(0);
x2(t) = 0.005 * t * t - 0.6 * t + x2(0);

jump:
x2 < 6 =>
(and (not a’) b’ (x1’ = x1) (x2’ = x2));

(x1 < 5) =>
(and a’ (not b’) (x1’ = x1) (x2’ = x2));

}
{

mode: a = false; b = true;
inv: (x1 > 1); (x2 < 9);
flow:

x1(t) = 0.005 * t * t - 0.4 * t + x1(0);
x2(t) = 0.5 * t + 0.02 * t * t + x2(0);

jump:
x2 > 2 =>
(and (not a’) (not b’) (x1’ = x1)

(x2’ = x2));
x1 < 5 =>
(and a’ b’ (x1’ = x1) (x2’ = x2));

}
{

mode: a = true; b = false;
inv: (x1 < 8); (x2 > 1);
flow:

x1(t) = 0.4 * t + 0.02 * t * t + x1(0);
x2(t) = 0.005 * t * t - 0.6 * t + x2(0);

jump:
x1 > 2 =>
(and (not a’) (not b’) (x1’ = x1)

(x2’ = x2));
x2 < 6 =>
(and a’ b’ (x1’ = x1) (x2’ = x2));

}
{

mode: a = true; b = true;
inv: (x1 < 9); (x2 < 8);
flow:

x1(t) = 0.4 * t + 0.02 * t * t + x1(0);
x2(t) = 0.5 * t + 0.02 * t * t + x2(0);

jump:
x1 > 2 =>
(and (not a’) b’ (x1’ = x1)

(x2’ = x2));
x2 > 2 =>
(and a’ (not b’) (x1’ = x1)

(x2’ = x2));
}
init:
(and (not(a)) not(b) (4 <= x1) (x1 <= 5)

(5 <= x2) (x2 <= 6));

proposition:

# timebound : 10
# threshold: f1=1.5, f2=2, f3=4
goal:
[f1]: [][1,4] (x1 <= 6 U [2, 5] x2 >= 7);
[f2]: <>[0, 3] (x1 >= 7 -> [] [3, 4] (x2 >= 4));
[f3]: (<>[0,4]x2 >= 3) R[3, 5] x1 >=2;

Fig. 20: The STLmc model for Wat with polynomial dynamics

A.4 Autonomous Driving of Two Cars

Linear Dynamics. There are two cars that moves in the R2 plane. One of the
car (leader) drives according to its own scenario and the other (follower) follows
the leader. Autonomous car controller controls the behavior of the followers,
adapted from [1]. Figure 21 shows a hybrid automaton of one of the following car,
where (xi, yi) is the position, vi is velocity, θi is direction, and ϕi is steering angle.
If the follower is to the left of the leader, the follower rotate counter-clockwise. If
the follower is to the right of the leader, the follower rotate clockwise. Otherwise,
the follower drives in a straight way.

We instantiate the autonomous car model with two cars. For linear dynamics,
the dynamic of positions is constant as follows.





ẋ1 = 3, ẏ1 = 0 (1) straight

ẋ1 = 1.5, ẏ1 = 3 (2) counter-clockwise

ẋ1 = 1.5, ẏ1 = −3 (3) clockwise

Table 13 shows three STL formulas for the autonomous cars. Figure 22 is a
model file of the autonomous car in STLmc.
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Fig. 21: Hybrid automata of the autonomous car

Table 13: STL properties for the autonomous car with linear dynamics
Label STL formula

f1: (♢[3,5] y2 − y1 ≤ 5)U[2,10] y2 − y1 ≥ 8

f2: ♢[3,10](□[5,15] x2 − x1 ≥ −2)

f3: (□[2,5] y2 − y1 ≤ 4)R[0,10) x2 − x1 ≥ 4

Polynomial Dynamics. We consider two autonomous cars, a leader and a
follower. The leader drives according to its own scenario, and the follower follows
the leader (adapted from [1]). The velocities vx and vy change of the follower
change according to the controller’s modes: CxCy, CxFy, FxCy, and FxFy. Cx (or
Cy) means the relative distance of the x(or y)-coordinate is closed. Fx (or Fy)
means the relative distance of the x(or y)-coordinate is far. When the relative
distance of the car is too far (or close), the car accelerates (or decelerates).

The relative positions, rx and ry, and the velocities of the flower, vx and vy,
change as follows:

ṙx = vx, ṙy = vy, v̇x = 1.2, v̇y = 1.4 (CxCy)
ṙx = vx, ṙy = vy, v̇x = 1.2, v̇y = −1.4 (CxFy)
ṙx = vx, ṙy = vy, v̇x = −1.2, v̇y = 1.4 (FxCy)
ṙx = vx, ṙy = vy, v̇x = −1.2, v̇y = −1.4 (FxFy)

Figure 23 shows a hybrid automaton of the autonomous car. Initially, the
relative distance is (CxCy). The following car tries to maintain the distance
within certain range. Table 14 shows three STL formulas for the autonomous
cars. Figure 24 is a model file of the autonomous car in STLmc.
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bool r;
bool d;
[-100, 100] x1;
[-100, 100] y1;
[-100, 100] x2;
[-100, 100] y2;

# car1 : straight
{

mode:
r = false;
d = false;

inv:
x2 - x1 <= 5;
y2 - y1 <= 5;

flow:
d/dt[x1] = 3;
d/dt[y1] = 0;
d/dt[x2] = 2;
d/dt[y2] = 2;

jump:
(y2 - y1) >= 3 =>

(and (r’ = true) (d’ = false)
(x1’ = x1) (y1’ = y1)
(x2’ = x2) (y2’ = y2));

(y2 - y1) <= -3 =>
(and (r’ = true) (d’ = true)
(x1’ = x1) (y1’ = y1)
(x2’ = x2) (y2’ = y2));

}
# car1 : up
{

mode:
r = true;
d = false;

inv:
x2 - x1 >= -5;
y2 - y1 >= -5;

flow:
d/dt[x1] = 1.5;
d/dt[y1] = 3;
d/dt[x2] = 2;
d/dt[y2] = 2;

jump:
(and ((y2 - y1) <= 1)

((y2 - y1) >= -1)) =>
(and (r’ = false) (d’ = false)

(x1’ = x1) (y1’ = y1)
(x2’ = x2) (y2’ = y2));

(y2 - y1) <= -3 =>
(and (r’ = true) (d’ = true)
(x1’ = x1) (y1’ = y1)
(x2’ = x2) (y2’ = y2));

}
# car1 : down
{

mode:
r = true;
d = true;

inv:
x2 - x1 >= -5;
x2 - x1 <= 5;

flow:
d/dt[x1] = 1.5;
d/dt[y1] = -3;
d/dt[x2] = 2;
d/dt[y2] = 2;

jump:
(and ((y2 - y1) <= 1)

((y2 - y1) >= -1)) =>
(and (r’ = false) (d’ = false)

(x1’ = x1) (y1’ = y1)
(x2’ = x2) (y2’ = y2));

(y2 - y1) >= 3 =>
(and (r’ = true) (d’ = false)
(x1’ = x1) (y1’ = y1)
(x2’ = x2) (y2’ = y2));

}

init:
(and not(r) not(d) (0 <= x1) (x1 <= 1)

(0 <=y1) (y1 <= 1) (2 <= x2)
(x2 <= 3) (2 <= y2) (y2 <= 3));

proposition:
[yd]: ((y2 - y1) >= 8);
[xd]: ((x2 - x1) >= 4);

# timebound 40
goal:
[f1]: (<> [3, 5] (y2 - y1) <= 5) U[2, 10] yd;
[f2]: [] [3, 10] (<>[5, 15] ((x2 - x1) >= -2));
[f3]: ([][2, 5] (y2 - y1 <= 4)) R [0, 10) xd;

Fig. 22: An input model of the autonomous car with linear dynamics
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CxCy
<latexit sha1_base64="WDmTCwn+6KPEIzSptO5TnqZWAjI="></latexit>

ṙx = vx ṙy = vy

v̇x = �1.2 v̇y = �1.4

<latexit sha1_base64="wOswjWyhnVCLiaqR4hFC4VmFt3k=">AAACK3icbVDLTsJAFJ3iC/FVdelmItG4kbSEKEuiG5eYyCOhTTMdpjBh+mBmSmwa/seNv+JCFz7i1v9wgEYUPMkkJ+ecmzv3uBGjQhrGu5ZbWV1b38hvFra2d3b39P2DpghjjkkDhyzkbRcJwmhAGpJKRtoRJ8h3GWm5g+uJ3xoRLmgY3MkkIraPegH1KEZSSY5+xZ17eGr1yBCelw1oDWPUhdxJ4FyyCqN5pppFRj+RqqMXjZIxBVwmZkaKIEPd0Z+tbohjnwQSMyRExzQiaaeIS4oZGResWJAI4QHqkY6iAfKJsNPprWN4opQu9EKuXiDhVP09kSJfiMR3VdJHsi8WvYn4n9eJpVe1UxpEsSQBni3yYgZlCCfFwS7lBEuWKIIwp+qvEPcRR1iqeguqBHPx5GXSLJfMi1LltlKslbM68uAIHIMzYIJLUAM3oA4aAIMH8ARewZv2qL1oH9rnLJrTsplD8Afa1zdR96Nu</latexit>

rx � �20 ry � �20

vx � �8 vy � �8

FxCy
<latexit sha1_base64="7ZjfFy6dbDYYaPEvW3o9nsGvCJs="></latexit>

ṙx = vx ṙy = vy

v̇x = �1.2 v̇y = 1.4

FxFy
<latexit sha1_base64="9OKamwUYM5GnytnHy4Q44u0ZUPo="></latexit>

ṙx = vx ṙy = vy

v̇x = 1.2 v̇y = 1.4

CxFy
<latexit sha1_base64="XvRsr72RtGHNnb51XWNcpuw7/XU="></latexit>

ṙx = vx ṙy = vy

v̇x = 1.2 v̇y = �1.4

<latexit sha1_base64="BR/+SLIfiMLBZ8n6E8eJEW5S32U=">AAACKXicbVDLSsNAFJ3UV42vqks3g0VxY0lK0S4LblxWsA9oQphMp+3QySSdmRRD6e+48VfcKCjq1h9x0kbU1gMDh3PO5c49fsSoVJb1buRWVtfWN/Kb5tb2zu5eYf+gKcNYYNLAIQtF20eSMMpJQ1HFSDsSBAU+Iy1/eJX6rTERkob8ViURcQPU57RHMVJa8go14d3BU6dPRvC8bEFnFKMuFF4CHaalVHHM8U+kmiXG34mqVyhaJWsGuEzsjBRBhrpXeHa6IY4DwhVmSMqObUXKnSChKGZkajqxJBHCQ9QnHU05Coh0J7NLp/BEK13YC4V+XMGZ+ntiggIpk8DXyQCpgVz0UvE/rxOrXtWdUB7FinA8X9SLGVQhTGuDXSoIVizRBGFB9V8hHiCBsNLlmroEe/HkZdIsl+yLUuWmUqyVszry4AgcgzNgg0tQA9egDhoAg3vwCF7Aq/FgPBlvxsc8mjOymUPwB8bnF2sQowo=</latexit>

rx � �20 ry  20

vx � �8 vy  8

<latexit sha1_base64="JvsrkmuVgyBsH49LRsNGssj37LA=">AAACKXicbVDLSsNAFJ3UV62vqEs3g0VxY0lK0S4LblxWsA9oQphMJ+3QySSdmRRL6e+48VfcKCjq1h9x0oairQcGDuecy517/JhRqSzr08itrW9sbuW3Czu7e/sH5uFRU0aJwKSBIxaJto8kYZSThqKKkXYsCAp9Rlr+4Cb1WyMiJI34vRrHxA1Rj9OAYqS05Jk14T3Ac4eRISxb0BkmqAuFN4ZOTyuXqeQURotINUuMFomqZxatkjUDXCV2RoogQ90zX51uhJOQcIUZkrJjW7FyJ0goihmZFpxEkhjhAeqRjqYchUS6k9mlU3imlS4MIqEfV3Cm/p6YoFDKcejrZIhUXy57qfif10lUUHUnlMeJIhzPFwUJgyqCaW2wSwXBio01QVhQ/VeI+0ggrHS5BV2CvXzyKmmWS/ZVqXJXKdbKWR15cAJOwQWwwTWogVtQBw2AwSN4Bm/g3XgyXowP42sezRnZzDH4A+P7B3EUowo=</latexit>

rx  20 ry � �20

vx  8 vy � �8

<latexit sha1_base64="/K6ccLTOz5A1dJ0/05SbvZlw4Oo=">AAACJ3icbVDLSsNAFJ34rPEVdelmsCiuSlKKdiUFNy4r2Ac0JUwmk3bo5NGZSTGE/o0bf8WNoCK69E+ctrFo64GBwznncuceN2ZUSNP81FZW19Y3Ngtb+vbO7t6+cXDYFFHCMWngiEW87SJBGA1JQ1LJSDvmBAUuIy13cD3xWyPCBY3CO5nGpBugXkh9ipFUkmNccecentmMDGHZhPYwQR7kTgrniq2P5olqHhj9BKqOUTRL5hRwmVg5KYIcdcd4sb0IJwEJJWZIiI5lxrKbIS4pZmSs24kgMcID1CMdRUMUENHNpneO4alSPOhHXL1Qwqn6eyJDgRBp4KpkgGRfLHoT8T+vk0i/2s1oGCeShHi2yE8YlBGclAY9ygmWLFUEYU7VXyHuI46wVNXqqgRr8eRl0iyXrItS5bZSrJXzOgrgGJyAc2CBS1ADN6AOGgCDB/AEXsGb9qg9a+/axyy6ouUzR+APtK9vitWipg==</latexit>

rx  20 ry  20

vx  8 vy  8

<latexit sha1_base64="JAPNGJ1xnzW1LA3dtUWVPR6dJAU=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4Kkkp6rLgxmUF+4CmhMlk0g6dPDozEUPowo2/4saFIm79CHf+jdM2C209cOFwzr3ce4+XcCaVZX0ba+sbm1vbpZ3y7t7+waF5dNyRcSoIbZOYx6LnYUk5i2hbMcVpLxEUhx6nXW98PfO791RIFkd3KkvoIMTDiAWMYKUl16wI9wE5nE6QjZxJin0k3Aw5Qy00XLNq1aw50CqxC1KFAi3X/HL8mKQhjRThWMq+bSVqkGOhGOF0WnZSSRNMxnhI+5pGOKRykM+fmKIzrfgoiIWuSKG5+nsix6GUWejpzhCrkVz2ZuJ/Xj9VwdUgZ1GSKhqRxaIg5UjFaJYI8pmgRPFME0wE07ciMsICE6VzK+sQ7OWXV0mnXrMvao3bRrVZL+IoQQVO4RxsuIQm3EAL2kDgEZ7hFd6MJ+PFeDc+Fq1rRjFzAn9gfP4AdvyWqA==</latexit>

rx  1 ry � 4

<latexit sha1_base64="+Y4JoYD2B270ioNKzCMIeL9nRsA=">AAACAnicbVDLSsNAFL2prxpfUVfiZrAIrkpSirosuHFZwT6gKWEynbRDJw9nJmIIxY2/4saFIm79Cnf+jdM2C209cOHMOfcy9x4/4Uwq2/42Siura+sb5U1za3tnd8/aP2jLOBWEtkjMY9H1saScRbSlmOK0mwiKQ5/Tjj++mvqdeyoki6NblSW0H+JhxAJGsNKSZx0J7wG5nN4hB7kuMoWXIXeon3XPqthVewa0TJyCVKBA07O+3EFM0pBGinAsZc+xE9XPsVCMcDox3VTSBJMxHtKephEOqeznsxMm6FQrAxTEQlek0Ez9PZHjUMos9HVniNVILnpT8T+vl6rgsp+zKEkVjcj8oyDlSMVomgcaMEGJ4pkmmAimd0VkhAUmSqdm6hCcxZOXSbtWdc6r9Zt6pVEr4ijDMZzAGThwAQ24hia0gMAjPMMrvBlPxovxbnzMW0tGMXMIf2B8/gAoF5VP</latexit>

rx  1

ry � 4

<latexit sha1_base64="ZfhzmKT5ZHUHcKzEcyGOf1UAs3Q=">AAACAnicbVDLSsNAFJ3UV42vqCtxM1gEVyUpRV0W3LisYB/QlDCZ3rRDJw9nJmIIxY2/4saFIm79Cnf+jdM2C209cOHMOfcy9x4/4Uwq2/42Siura+sb5U1za3tnd8/aP2jLOBUUWjTmsej6RAJnEbQUUxy6iQAS+hw6/vhq6nfuQUgWR7cqS6AfkmHEAkaJ0pJnHQnvAbtDuMN17LrYFF5WPD2rYlftGfAycQpSQQWanvXlDmKahhApyomUPcdOVD8nQjHKYWK6qYSE0DEZQk/TiIQg+/nshAk+1coAB7HQFSk8U39P5CSUMgt93RkSNZKL3lT8z+ulKrjs5yxKUgURnX8UpByrGE/zwAMmgCqeaUKoYHpXTEdEEKp0aqYOwVk8eZm0a1XnvFq/qVcatSKOMjpGJ+gMOegCNdA1aqIWougRPaNX9GY8GS/Gu/Exby0Zxcwh+gPj8wck3ZVN</latexit>

rx � 4

ry � 4

<latexit sha1_base64="S2FdL+rc55E6WLLkEx9yL8c6wME=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaQUdVlw47KCfUAbwmRy0w6dPDozEUPowo2/4saFIm79CHf+jdM2C209cOFwzr3ce4+XcCaVZX0ba+sbm1vbpZ3y7t7+waF5dNyRcSootGnMY9HziATOImgrpjj0EgEk9Dh0vfH1zO/eg5Asju5UloATkmHEAkaJ0pJrVoT7gAdDmOAGHkxS4mPhZoXgmlWrZs2BV4ldkCoq0HLNr4Ef0zSESFFOpOzbVqKcnAjFKIdpeZBKSAgdkyH0NY1ICNLJ509M8ZlWfBzEQlek8Fz9PZGTUMos9HRnSNRILnsz8T+vn6rgyslZlKQKIrpYFKQcqxjPEsE+E0AVzzQhVDB9K6YjIghVOreyDsFefnmVdOo1+6LWuG1Um/UijhKqoFN0jmx0iZroBrVQG1H0iJ7RK3oznowX4934WLSuGcXMCfoD4/MHc76Wpg==</latexit>

rx � 4 ry � 4

<latexit sha1_base64="JoIQbrndunMY3ebZGzgrmorGa10=">AAACAXicbVDLSsNAFJ3UV42vqBvBzWARXJWkFHVZcOOygn1AU8JketMOnTycmYgh1I2/4saFIm79C3f+jdM2C209cOHMOfcy9x4/4Uwq2/42Siura+sb5U1za3tnd8/aP2jLOBUUWjTmsej6RAJnEbQUUxy6iQAS+hw6/vhq6nfuQUgWR7cqS6AfkmHEAkaJ0pJnHQnvAbtDuMN17Lqm8LLi5VkVu2rPgJeJU5AKKtD0rC93ENM0hEhRTqTsOXai+jkRilEOE9NNJSSEjskQeppGJATZz2cXTPCpVgY4iIWuSOGZ+nsiJ6GUWejrzpCokVz0puJ/Xi9VwWU/Z1GSKojo/KMg5VjFeBoHHjABVPFME0IF07tiOiKCUKVDM3UIzuLJy6Rdqzrn1fpNvdKoFXGU0TE6QWfIQReoga5RE7UQRY/oGb2iN+PJeDHejY95a8koZg7RHxifP8mPlSM=</latexit>

rx � 4

ry � 4
<latexit sha1_base64="4BHcZ6WCn1swtEewUg87WkoF9+I=">AAACAXicbVDLSsNAFL2prxpfUTeCm8EiuCpJKeqy4MZlBfuApoTJdNIOnTycmYgh1I2/4saFIm79C3f+jdM2C209cOHMOfcy9x4/4Uwq2/42Siura+sb5U1za3tnd8/aP2jLOBWEtkjMY9H1saScRbSlmOK0mwiKQ5/Tjj++mvqdeyoki6NblSW0H+JhxAJGsNKSZx0J7wG5Q3qH6sh1TeFlyOX65XhWxa7aM6Bl4hSkAgWanvXlDmKShjRShGMpe46dqH6OhWKE04npppImmIzxkPY0jXBIZT+fXTBBp1oZoCAWuiKFZurviRyHUmahrztDrEZy0ZuK/3m9VAWX/ZxFSapoROYfBSlHKkbTONCACUoUzzTBRDC9KyIjLDBROjRTh+AsnrxM2rWqc16t39QrjVoRRxmO4QTOwIELaMA1NKEFBB7hGV7hzXgyXox342PeWjKKmUP4A+PzB8yrlSU=</latexit>

rx � 4

ry  1

<latexit sha1_base64="ESuPTr3XGi76HuKUDusysGCxHAA=">AAACBHicbVDLSsNAFL3xWesr6rKbwSK4Kkkp6rLgxmUF+4CmhMlk0g6dPDozEUPowo2/4saFIm79CHf+jdM2C209cOFwzr3ce4+XcCaVZX0ba+sbm1vbpZ3y7t7+waF5dNyRcSoIbZOYx6LnYUk5i2hbMcVpLxEUhx6nXW98PfO791RIFkd3KkvoIMTDiAWMYKUl16wI9wE5QzpBDeRMUuwj4WbI4VqwXbNq1aw50CqxC1KFAi3X/HL8mKQhjRThWMq+bSVqkGOhGOF0WnZSSRNMxnhI+5pGOKRykM+fmKIzrfgoiIWuSKG5+nsix6GUWejpzhCrkVz2ZuJ/Xj9VwdUgZ1GSKhqRxaIg5UjFaJYI8pmgRPFME0wE07ciMsICE6VzK+sQ7OWXV0mnXrMvao3bRrVZL+IoQQVO4RxsuIQm3EAL2kDgEZ7hFd6MJ+PFeDc+Fq1rRjFzAn9gfP4AdtqWqA==</latexit>

rx � 4 ry  1

<latexit sha1_base64="r1Q+aAg1EocLDjfQWiQGBq4k04I=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclaQUdVlw47KCfUBTwmRy0w6dPDozEUPowo2/4saFIm79CHf+jdM2C209cOFwzr3ce4+XcCaVZX0ba+sbm1vbpZ3y7t7+waF5dNyRcSootGnMY9HziATOImgrpjj0EgEk9Dh0vfH1zO/eg5Asju5UlsAgJMOIBYwSpSXXrAj3ATscJtjGziQlPhZuVgiuWbVq1hx4ldgFqaICLdf8cvyYpiFEinIiZd+2EjXIiVCMcpiWnVRCQuiYDKGvaURCkIN8/sQUn2nFx0EsdEUKz9XfEzkJpcxCT3eGRI3ksjcT//P6qQquBjmLklRBRBeLgpRjFeNZIthnAqjimSaECqZvxXREBKFK51bWIdjLL6+STr1mX9Qat41qs17EUUIVdIrOkY0uURPdoBZqI4oe0TN6RW/Gk/FivBsfi9Y1o5g5QX9gfP4AehiWqg==</latexit>

rx  1 ry  1

<latexit sha1_base64="/APolikeMW7ebn9lCfhUwCmDhug=">AAACAXicbVDLSsNAFL2prxpfUTeCm8EiuCpJKeqy4MZlBfuApoTJdNIOnTycmYgh1I2/4saFIm79C3f+jdM2C209cOHMOfcy9x4/4Uwq2/42Siura+sb5U1za3tnd8/aP2jLOBWEtkjMY9H1saScRbSlmOK0mwiKQ5/Tjj++mvqdeyoki6NblSW0H+JhxAJGsNKSZx0J7wG5nN4hB7muKbyseHlWxa7aM6Bl4hSkAgWanvXlDmKShjRShGMpe46dqH6OhWKE04npppImmIzxkPY0jXBIZT+fXTBBp1oZoCAWuiKFZurviRyHUmahrztDrEZy0ZuK/3m9VAWX/ZxFSapoROYfBSlHKkbTONCACUoUzzTBRDC9KyIjLDBROjRTh+AsnrxM2rWqc16t39QrjVoRRxmO4QTOwIELaMA1NKEFBB7hGV7hzXgyXox342PeWjKKmUP4A+PzB8/jlSc=</latexit>

rx  1

ry  1

<latexit sha1_base64="/APolikeMW7ebn9lCfhUwCmDhug=">AAACAXicbVDLSsNAFL2prxpfUTeCm8EiuCpJKeqy4MZlBfuApoTJdNIOnTycmYgh1I2/4saFIm79C3f+jdM2C209cOHMOfcy9x4/4Uwq2/42Siura+sb5U1za3tnd8/aP2jLOBWEtkjMY9H1saScRbSlmOK0mwiKQ5/Tjj++mvqdeyoki6NblSW0H+JhxAJGsNKSZx0J7wG5nN4hB7muKbyseHlWxa7aM6Bl4hSkAgWanvXlDmKShjRShGMpe46dqH6OhWKE04npppImmIzxkPY0jXBIZT+fXTBBp1oZoCAWuiKFZurviRyHUmahrztDrEZy0ZuK/3m9VAWX/ZxFSapoROYfBSlHKkbTONCACUoUzzTBRDC9KyIjLDBROjRTh+AsnrxM2rWqc16t39QrjVoRRxmO4QTOwIELaMA1NKEFBB7hGV7hzXgyXox342PeWjKKmUP4A+PzB8/jlSc=</latexit>

rx  1

ry  1

<latexit sha1_base64="ACdOmblPMitN+f2IkZuS48UDJ/U=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYkBVUlXAWImFsUj0IbVR5Lg3rVXHCbaDqKIu/AoLAwix8hls/A1umwFajmTr+Jx7dX1PkHCmtON8W4WV1bX1jeJmaWt7Z3fP3j9oqTiVFJo05rHsBEQBZwKammkOnUQCiQIO7WB0PfXbDyAVi8WdHifgRWQgWMgo0Uby7SMH9zjcY+k/nptrPH+52LfLTsWZAS8TNydllKPh21+9fkzTCISmnCjVdZ1EexmRmlEOk1IvVZAQOiID6BoqSATKy2YLTPCpUfo4jKU5QuOZ+rsjI5FS4ygwlRHRQ7XoTcX/vG6qwysvYyJJNQg6HxSmHOsYT9PAfSaBaj42hFDJzF8xHRJJqDaZlUwI7uLKy6RVrbgXldptrVyv5nEU0TE6QWfIRZeojm5QAzURRRP0jF7Rm/VkvVjv1se8tGDlPYfoD6zPH+vSlKY=</latexit>

0  rx, ry  1
<latexit sha1_base64="tsRsZwaxYQwH2DcM3dMqr07VhPE=">AAACA3icbVC7TsMwFHV4lvIKsMFiUSEx0CiJymOsxMJYJPqQ2ihyXKe16jjBdiqiqBILv8LCAEKs/AQbf4P7GKDlSLaOz7lX1/cECaNS2fa3sbS8srq2Xtgobm5t7+yae/sNGacCkzqOWSxaAZKEUU7qiipGWokgKAoYaQaD67HfHBIhaczvVJYQL0I9TkOKkdKSbx6WXescdhi5h0P/4Uxf2fRVdn2zZFv2BHCRODNSAjPUfPOr041xGhGuMENSth07UV6OhKKYkVGxk0qSIDxAPdLWlKOISC+f7DCCJ1rpwjAW+nAFJ+rvjhxFUmZRoCsjpPpy3huL/3ntVIVXXk55kirC8XRQmDKoYjgOBHapIFixTBOEBdV/hbiPBMJKx1bUITjzKy+Shms5F1bltlKqurM4CuAIHINT4IBLUAU3oAbqAINH8AxewZvxZLwY78bHtHTJmPUcgD8wPn8AaCiVbA==</latexit>�2.5  vx, vy  �2

Fig. 23: A hybrid automaton of the autonomous car (F: Far, C: Close)

Table 14: STL properties for the autonomous car with polynomial dynamics
Label STL formula

f1: □[0,4](vx < −2→ ♢[2,5] rx ≤ −2)

f2: (♢[0,4] ry > 3)U[0,5](vy > 1.5)

f3: ♢[0,3](rx ≤ 5U[0,5] ix = false)

ODE Dynamics For ODE case, we assume that we can obtain relative positions
between follower and leader and the follower changes it’s velocity based on the
relative distance. If the x-axis relative distance is less than some constant value,
the dynamic of vx is positive. If the x-axis relative distance is greater than some
constant value, the dynamic of vx is negative. The velocity of y changes in a
similar way.

(iii) ODE dynamics





ṙx = 1, ṙy = 2 ∗ sin(θ), θ̇ = 0.05 (1) (x-close, y-close)

ṙx = 1, ṙy = −2 ∗ sin(θ), θ̇ = 0.05 (2) (x-close, y-far)

ṙx = −1, ṙy = 2 ∗ sin(θ), θ̇ = 0.05 (3) (x-far, y-close)

ṙx = −1, ṙy = −2 ∗ sin(θ), θ̇ = 0.05 (4) (x-far, y-far)

where rx, ry represent relative distance and θ is direction.
Table 15 shows three STL formulas for the autonomous cars. Figure 25 is a

model file of the autonomous car in STLmc.
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bool ix; bool iy;
[-40, 40] rx; [-40, 40] ry;
[-30, 30] vx; [-30, 30] vy;
# acc, acc
{ mode: ix = true; iy = true;
inv: rx < 20; ry < 20;

vx < 8; vy < 8;
flow: d/dt[rx] = vx;

d/dt[ry] = vy;
d/dt[vx] = 1.2;
d/dt[vy] = 1.4;

jump: (and (rx >= 3) (ry < 3)) =>
(and (ix’ = false) (iy’ = true)

(rx’ = rx) (ry’ = ry)
(vx’ = 0) (vy’ = 0));

(and (rx < 3) (ry >= 3)) =>
(and (ix’ = true) (iy’ = false)

(rx’ = rx) (ry’ = ry)
(vx’ = 0) (vy’ = 0));

}
# car1 : acc, dec
{ mode: ix = true; iy = false;
inv: rx < 20; ry > -20;

vx < 8; vy > -8;
flow: d/dt[rx] = vx;

d/dt[ry] = vy;
d/dt[vx] = 1.2;
d/dt[vy] = -1.4;

jump: (and (rx >= 3) (ry >= 3)) =>
(and (ix’ = false) (iy’ = false)

(rx’ = rx) (ry’ = ry)
(vx’ = 0) (vy’ = 0));

(and (rx >= 3) (ry < 3)) =>
(and (ix’ = false) (iy’ = true)

(rx’ = rx) (ry’ = ry)
(vx’ = 0) (vy’ = 0));

}
# car1 : dec, acc
{ mode: ix = false; iy = true;
inv: rx > -20; ry < 20;

vx > -8; vy < 8;
flow: d/dt[rx] = vx;

d/dt[ry] = vy;
d/dt[vx] = -1.2;
d/dt[vy] = 1.4;

jump: (and (rx < 3) (ry < 3)) =>

(and (ix’ = true) (iy’ = true)
(rx’ = rx) (ry’ = ry)
(vx’ = 0) (vy’ = 0));

(and (rx >= 3) (ry >= 3)) =>
(and (ix’ = false) (iy’ = false)

(rx’ = rx) (ry’ = ry)
(vx’ = 0) (vy’ = 0));

(and (rx < 3) (ry >= 3)) =>
(and (ix’ = true) (iy’ = false)

(rx’ = rx) (ry’ = ry)
(vx’ = 0) (vy’ = 0));

}
# car1 : dec, dec
{ mode: ix = false; iy = false;
inv: rx > -20; ry > -20;

vx > -8; vy > -8;
flow: d/dt[rx] = vx;

d/dt[ry] = vy;
d/dt[vx] = -1.2;
d/dt[vy] = -1.4;

jump: (and (rx < 3) (ry < 3)) =>
(and (ix’ = true) (iy’ = true)

(rx’ = rx) (ry’ = ry)
(vx’ = 0) (vy’ = 0));

(and (rx >= 3) (ry < 3)) =>
(and (ix’ = false) (iy’ = true)

(rx’ = rx) (ry’ = ry)
(vx’ = 0) (vy’ = 0));

(and (rx < 3) (ry >= 3)) =>
(and (ix’ = true) (iy’ = false)

(rx’ = rx) (ry’ = ry)
(vx’ = 0) (vy’ = 0));

}
init: not(ix); 0 <= rx; rx <= 1;

not(iy); 0 <= ry; ry <= 1;
-2.5 <= vx; vx <= -2;
-2.5 <= vy; vy <= -2;

proposition:
[pix]: ix;

# bound: 10, timebound: 10, solver: yices
goal:
[f1]: [][0,4] (vx < -2 -> <>[2,5] rx <= -2);
[f2]: (<>[0, 4] ry > 3) U [0, 5] (vy > 1.5);
[f3]: <>[0,3] (rx <= 5 U[0, 5] pix = false);

Fig. 24: An input model of the autonomous car with polynomial dynamics
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bool ix;
bool iy;
[-40, 40] rx;
[-40, 40] ry;
[0, 1.5] theta1;

# car1 : inc, inc
{

mode:
ix = true;
iy = true;

inv:
rx < 20;
ry < 20;
theta1 < 1.4;

flow:
d/dt[rx] = 1;
d/dt[ry] = 2 * sin(theta1);
d/dt[theta1] = 0.05;

jump:
(and (rx < 2) (ry < 2)) =>

(and (ix’ = true) (iy’ = true)
(rx’ = rx) (ry’ = ry)

(theta1’ = 0));
(and (rx >= 2.4) (ry >= 2.4)) =>

(and (ix’ = false) (iy’ = false)
(rx’ = rx) (ry’ = ry)

(theta1’ = 0));
(and (rx >= 2.4) (ry < 2)) =>

(and (ix’ = false) (iy’ = true)
(rx’ = rx) (ry’ = ry)
(theta1’ = 0));

(and (rx < 2) (ry >= 2.4)) =>
(and (ix’ = true) (iy’ = false)

(rx’ = rx) (ry’ = ry)
(theta1’ = 0));

}
# car1 : inc, dec
{

mode:
ix = true;
iy = false;

inv:
rx < 20;
ry > -20;
theta1 < 1.4;

flow:
d/dt[rx] = 1;
d/dt[ry] = -2 * sin(theta1);
d/dt[theta1] = 0.05;

jump:
(and (rx < 2) (ry < 2)) =>

(and (ix’ = true) (iy’ = true)
(rx’ = rx) (ry’ = ry)
(theta1’ = 0));

(and (rx >= 2.4) (ry >= 2.4)) =>
(and (ix’ = false) (iy’ = false)

(rx’ = rx) (ry’ = ry)
(theta1’ = 0));

(and (rx >= 2.4) (ry < 2)) =>
(and (ix’ = false) (iy’ = true)

(rx’ = rx) (ry’ = ry)
(theta1’ = 0));

(and (rx < 2) (ry >= 2.4)) =>
(and (ix’ = true) (iy’ = false)

(rx’ = rx) (ry’ = ry)
(theta1’ = 0));

}
# car1 : dec, inc
{

mode:
ix = false;

iy = true;
inv:

rx > -20;
ry < 20;
theta1 < 1.4;

flow:
d/dt[rx] = -1;
d/dt[ry] = 2 * sin(theta1);
d/dt[theta1] = 0.05;

jump:
(and (rx < 2) (ry < 2)) =>

(and (ix’ = true) (iy’ = true)
(rx’ = rx) (ry’ = ry)
(theta1’ = 0));

(and (rx >= 2.4) (ry >= 2.4)) =>
(and (ix’ = false) (iy’ = false)

(rx’ = rx) (ry’ = ry)
(theta1’ = 0));

(and (rx >= 2.4) (ry < 2)) =>
(and (ix’ = false) (iy’ = true)

(rx’ = rx) (ry’ = ry)
(theta1’ = 0));

(and (rx < 2) (ry >= 2.4)) =>
(and (ix’ = true) (iy’ = false)

(rx’ = rx) (ry’ = ry)
(theta1’ = 0));

}
# car1 : dec, dec
{

mode:
ix = false;
iy = false;

inv:
rx > -20;
ry > -20;
theta1 < 1.4;

flow:
d/dt[rx] = -1;
d/dt[ry] = -2 * sin(theta1);
d/dt[theta1] = 0.05;

jump:
(and (rx < 2) (ry < 2)) =>

(and (ix’ = true) (iy’ = true)
(rx’ = rx) (ry’ = ry)
(theta1’ = 0));

(and (rx >= 2.4) (ry >= 2.4)) =>
(and (ix’ = false) (iy’ = false)

(rx’ = rx) (ry’ = ry)
(theta1’ = 0));

(and (rx >= 2.4) (ry < 2)) =>
(and (ix’ = false) (iy’ = true)

(rx’ = rx) (ry’ = ry)
(theta1’ = 0));

(and (rx < 2) (ry >= 2.4)) =>
(and (ix’ = true) (iy’ = false)
(rx’ = rx) (ry’ = ry)

(theta1’ = 0));
}

init:
(and not(ix) not(iy) (0 <= rx) (rx <= 1)

(0 <= ry) (ry <= 1)
(0 <= theta1) (theta1 <= 1));

proposition:

# timebound 5
goal:
[f1]: <>[1, 3]([][0, 2] (theta > 1));
[f2]: (<>[1, 2] ry >= 1) R[0, 2] theta > 2;
[f3]: [][0, 2] (rx > 2 -> <> [2, 3] (ry < -1));

Fig. 25: An input model of the autonomous car with polynomial dynamics
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Table 15: STL properties for the autonomous car with ODE dynamics
Label STL formula

f1: ♢[1,3](□[0,2] θ > 1)

f2: (♢[2,5] ry ≥ 1)R[0,2] θ > 2

f3: □[0,2](rx > 2→ ♢[2,3] ry < −1

A.5 A Railroad Gate Controller

Far Approach

<latexit sha1_base64="LLtA8xKmpsOKyDGoAlWQUvKj17k=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT1JwYvHCvYD2qVk02wbm02WJCuWpf/BiwdFvPp/vPlvTLd70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etbVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCyc3c7zxSpZkU92YaUz/CI8FCRrCxUvsJXaOaOyhX3KqbAa0SLycVyNEclL/6Q0mSiApDONa657mx8VOsDCOczkr9RNMYkwke0Z6lAkdU+2l27QydWWWIQqlsCYMy9fdEiiOtp1FgOyNsxnrZm4v/eb3EhFd+ykScGCrIYlGYcGQkmr+OhkxRYvjUEkwUs7ciMsYKE2MDKtkQvOWXV0m7VvUuqvW7eqVRy+Mowgmcwjl4cAkNuIUmtIDAAzzDK7w50nlx3p2PRWvByWeO4Q+czx/0gY4H</latexit>

x > 20
<latexit sha1_base64="QSW+PURte6xWRAQwOWhjQ7EbLoM=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktpfUkBS8eK9gPaJeSTbNtbDZZkqxYlv4HLx4U8er/8ea/MW33oK0PBh7vzTAzL4g508Z1v53cxubW9k5+t7C3f3B4VDw+aWuZKEJbRHKpugHWlDNBW4YZTruxojgKOO0Ek5u533mkSjMp7s00pn6ER4KFjGBjpfYTukY1d1AsuWV3AbROvIyUIENzUPzqDyVJIioM4VjrnufGxk+xMoxwOiv0E01jTCZ4RHuWChxR7aeLa2fowipDFEplSxi0UH9PpDjSehoFtjPCZqxXvbn4n9dLTHjlp0zEiaGCLBeFCUdGovnraMgUJYZPLcFEMXsrImOsMDE2oIINwVt9eZ20K2WvVq7eVUuNShZHHs7gHC7Bgzo04Baa0AICD/AMr/DmSOfFeXc+lq05J5s5hT9wPn8A+pWOCw==</latexit>

x > 60

<latexit sha1_base64="YG4mlK2z1HJHLqUEwVEdndl13TM=">AAAB+3icbVDLSsNAFJ3UV42vWJduBovgqiSl1CIKBTcuK9gHNCFMppN26GQSZialJfRX3LhQxK0/4s6/cdpmoa0HLhzOuZd77wkSRqWy7W+jsLW9s7tX3DcPDo+OT6zTUkfGqcCkjWMWi16AJGGUk7aiipFeIgiKAka6wfh+4XcnREga8yc1S4gXoSGnIcVIacm3ShM/gDd3sA5d15zCW9iwfatsV+wl4CZxclIGOVq+9eUOYpxGhCvMkJR9x06UlyGhKGZkbrqpJAnCYzQkfU05ioj0suXtc3iplQEMY6GLK7hUf09kKJJyFgW6M0JqJNe9hfif109V2PAyypNUEY5Xi8KUQRXDRRBwQAXBis00QVhQfSvEIyQQVjouU4fgrL+8STrVilOv1B5r5WY1j6MIzsEFuAIOuAZN8ABaoA0wmIJn8ArejLnxYrwbH6vWgpHPnIE/MD5/AOkekbo=</latexit>

vb := 6

x < 80

Close

<latexit sha1_base64="XLDjvLuaDatiN2Hn9b+L6QoWP+M=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CiCksAjaWEcwHJEfY2+wla/Z2j909MRz5DzYWitj6f+z8N26SKzTxwcDjvRlm5gUxZ9q47reT29jc2t7J7xb29g8Oj4rHJ20tE0Voi0guVTfAmnImaMsww2k3VhRHAaedYHIz9zuPVGkmxb2ZxtSP8EiwkBFsrNR+Qteo7g6KJbfsLoDWiZeREmRoDopf/aEkSUSFIRxr3fPc2PgpVoYRTmeFfqJpjMkEj2jPUoEjqv10ce0MXVhliEKpbAmDFurviRRHWk+jwHZG2Iz1qjcX//N6iQnrfspEnBgqyHJRmHBkJJq/joZMUWL41BJMFLO3IjLGChNjAyrYELzVl9dJu1L2auXqXbXUqGRx5OEMzuESPLiCBtxCE1pA4AGe4RXeHOm8OO/Ox7I152Qzp/AHzucP+pGOCw==</latexit>

x < 80

<latexit sha1_base64="rBLxFU/4QNqb9vUDi4Tr4jR5GDk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9ktRT1JwYvHCvYD2qVk02wbm02WJCuWpf/BiwdFvPp/vPlvTLd70NYHA4/3ZpiZF8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etbVMFKEtIrlU3QBrypmgLcMMp91YURwFnHaCyc3c7zxSpZkU92YaUz/CI8FCRrCxUvsJXSPPHZQrbtXNgFaJl5MK5GgOyl/9oSRJRIUhHGvd89zY+ClWhhFOZ6V+ommMyQSPaM9SgSOq/TS7dobOrDJEoVS2hEGZ+nsixZHW0yiwnRE2Y73szcX/vF5iwis/ZSJODBVksShMODISzV9HQ6YoMXxqCSaK2VsRGWOFibEBlWwI3vLLq6Rdq3oX1fpdvdKo5XEU4QRO4Rw8uIQG3EITWkDgAZ7hFd4c6bw4787HorXg5DPH8AfO5w/y/I4G</latexit>

x > 10

<latexit sha1_base64="bZGWatyl246OPmpG3eO1w2IQopk=">AAACH3icbZDLSsNAFIYnXmu9RV26GSwVN5akluqmUHDjsoK9QBPCZDJth04uzkyKJfRN3PgqblwoIu76Nk7SLLT1wMDP98/hnPO7EaNCGsZcW1vf2NzaLuwUd/f2Dw71o+OOCGOOSRuHLOQ9FwnCaEDakkpGehEnyHcZ6brj29TvTggXNAwe5DQito+GAR1QjKRCjl63vFAmTzN43oCXVwa0rGJGIsfN2MRxofUYIw9meJLiBjQcvWRUjKzgqjBzUQJ5tRz9W/Xj2CeBxAwJ0TeNSNoJ4pJiRmZFKxYkQniMhqSvZIB8Iuwku28Gy4p4cBBy9QIJM/q7I0G+EFNfrVb2kRyJZS+F/3n9WA5u7IQGUSxJgBeDBjGDMoRpWNCjnGDJpkogzKnaFeIR4ghLFWlRhWAun7wqOtWKWa/U7mulZjWPowBOwRm4ACa4Bk1wB1qgDTB4Bq/gHXxoL9qb9ql9Lb6uaXnPCfhT2vwHzxSgVA==</latexit>

ẋ = �30

ṗb = vb v̇b = 0

<latexit sha1_base64="bUrQbk/DJZxB7VdOeiGTSuWMoYE=">AAACIHicbZC7TsMwFIadcivlVmBksaiKWIiSUihLpUosjEWiF6mJIsd1W6vOBdupqKI+CguvwsIAQrDB0+CkGaDlSJZ+fb+Pfc7vhowKaRhfWm5ldW19I79Z2Nre2d0r7h+0RRBxTFo4YAHvukgQRn3SklQy0g05QZ7LSMcdXyd+Z0K4oIF/J6chsT009OmAYiQVcoo1qx/I+GEGT+rw7AJaViEFoeOmaOK40LqPUB+meJLgOjT0c6dYMnQjLbgszEyUQFZNp/ipXsCRR3yJGRKiZxqhtGPEJcWMzApWJEiI8BgNSU9JH3lE2HG64AyWFenDQcDV8SVM6e+OGHlCTD01XNlDciQWvQT+5/UiObiyY+qHkSQ+nn80iBiUAUzSgn3KCZZsqgTCnKpZIR4hjrBUmRZUCObiysuiXdHNS716Wy01KlkceXAEjsEpMEENNMANaIIWwOARPINX8KY9aS/au/Yxv5rTsp5D8Ke07x9ZkKCR</latexit>

ẋ = �5

ṗb = vb v̇b = 0.3

<latexit sha1_base64="CczpqtHgUC6Fcj7JuyFmld8z/eM=">AAACIHicbZDLSgMxFIYz9VbH26hLN8FScWOZKa11Uyi4cVnBXqBThkyatqGZi0mmWIY+ihtfxY0LRXSnT2NmOgttPRD4+f6c5JzfDRkV0jS/tNza+sbmVn5b39nd2z8wDo/aIog4Ji0csIB3XSQIoz5pSSoZ6YacIM9lpONOrhO/MyVc0MC/k7OQ9D008umQYiQVcoyaPQhk/DCHZ3V4UYW2racgdNwUTR0X2vcRGsAUTxNch2ap6hgFs2SmBVeFlYkCyKrpGJ/qBRx5xJeYISF6lhnKfoy4pJiRuW5HgoQIT9CI9JT0kUdEP04XnMOiIgM4DLg6voQp/d0RI0+ImaeGK3pIjsWyl8D/vF4kh1f9mPphJImPFx8NIwZlAJO04IBygiWbKYEwp2pWiMeIIyxVproKwVpeeVW0yyXrslS5rRQa5SyOPDgBp+AcWKAGGuAGNEELYPAInsEreNOetBftXftYXM1pWc8x+FPa9w9cmKCT</latexit>

ẋ = �5

ṗb = vb v̇b = 0.5

<latexit sha1_base64="B8JrfutVdGkrnohdyTWmWDpr1cw=">AAAB+3icbVDLSsNAFJ3UV42vWJduBovgqiSl2CIKBTcuK9gHNCFMppN26GQSZialJfRX3LhQxK0/4s6/cdpmoa0HLhzOuZd77wkSRqWy7W+jsLW9s7tX3DcPDo+OT6zTUkfGqcCkjWMWi16AJGGUk7aiipFeIgiKAka6wfh+4XcnREga8yc1S4gXoSGnIcVIacm3ShM/gDd3sAFd15zCW1i3fatsV+wl4CZxclIGOVq+9eUOYpxGhCvMkJR9x06UlyGhKGZkbrqpJAnCYzQkfU05ioj0suXtc3iplQEMY6GLK7hUf09kKJJyFgW6M0JqJNe9hfif109V2PAyypNUEY5Xi8KUQRXDRRBwQAXBis00QVhQfSvEIyQQVjouU4fgrL+8STrVinNdqT3Wys1qHkcRnIMLcAUcUAdN8ABaoA0wmIJn8ArejLnxYrwbH6vWgpHPnIE/MD5/AOq1kbs=</latexit>

vb := 8

x < 70

Past
<latexit sha1_base64="vnAxU0ohe1H+gD++IFT0fyRvpTw=">AAAB/nicbVDLSsNAFJ3UV42vqLhyM1gsbixJKSqiUHDjsoJ9QBPCZDpph04mYWZSLKHgr7hxoYhbv8Odf+O0zUKrBy4czrmXe+8JEkalsu0vo7C0vLK6Vlw3Nza3tnes3b2WjFOBSRPHLBadAEnCKCdNRRUjnUQQFAWMtIPhzdRvj4iQNOb3apwQL0J9TkOKkdKSbx2M/ACWL6/haQ26rvkAy1ewavtWya7YM8C/xMlJCeRo+Nan24txGhGuMENSdh07UV6GhKKYkYnpppIkCA9Rn3Q15Sgi0stm50/gsVZ6MIyFLq7gTP05kaFIynEU6M4IqYFc9Kbif143VeGFl1GepIpwPF8UpgyqGE6zgD0qCFZsrAnCgupbIR4ggbDSiZk6BGfx5b+kVa04Z5XaXa1Ur+ZxFMEhOAInwAHnoA5uQQM0AQYZeAIv4NV4NJ6NN+N93low8pl98AvGxzcP0JJJ</latexit>

vb := �4

x < 20

<latexit sha1_base64="7yxlKgEZ69knjTBO/swKtegfBr8=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbgnqSgBePEcwDkiXMTnqTIbOzy8ysGEI+wosHRbz6Pd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW4+oNI/lgxkn6Ed0IHnIGTVWaj2RG3Lhub1iyS27c5BV4mWkBBnqveJXtx+zNEJpmKBadzw3Mf6EKsOZwGmhm2pMKBvRAXYslTRC7U/m507JmVX6JIyVLWnIXP09MaGR1uMosJ0RNUO97M3E/7xOasJrf8JlkhqUbLEoTAUxMZn9TvpcITNibAllittbCRtSRZmxCRVsCN7yy6ukWSl7l+XqfbVUq2Rx5OEETuEcPLiCGtxBHRrAYATP8ApvTuK8OO/Ox6I152Qzx/AHzucPXX2OPQ==</latexit>

x > �10

<latexit sha1_base64="f0NCU10FG4dth0iYjN79j2cjEss=">AAACH3icbZDLSsNAFIYn9VbrLerSzWCpuLEkpVY3QsGNywr2Ak0Ik8m0HTq5ODMpltA3ceOruHGhiLjr2zhJs9DWAwM/37nMOb8bMSqkYcy1wtr6xuZWcbu0s7u3f6AfHnVEGHNM2jhkIe+5SBBGA9KWVDLSizhBvstI1x3fpvnuhHBBw+BBTiNi+2gY0AHFSCrk6A3LC2XyNINnN/DiElpWKQOR42Zo4rjQeoyRBzM8SbEqNB29bFSNLOCqMHNRBnm0HP1bDcCxTwKJGRKibxqRtBPEJcWMzEpWLEiE8BgNSV/JAPlE2El23wxWFPHgIOTqBRJm9HdHgnwhpr7areIjORLLuRT+l+vHcnBtJzSIYkkCvPhoEDMoQ5iaBT3KCZZsqgTCnKpdIR4hjrBUlpaUCebyyauiU6uajWr9vl5u1nI7iuAEnIJzYIIr0AR3oAXaAINn8ArewYf2or1pn9rXorSg5T3H4E9o8x/VMaBU</latexit>

ẋ = �5

ṗb = vb v̇b = �1

<latexit sha1_base64="jM4eelqmVn+onROR0XS6+Qx6HSQ=">AAACA3icbZDLSgMxFIYz9VbH26g73QSLIgglU4qKIBTcuKxgL9AZhkyaaUMzF5JMaSkFN76KGxeKuPUl3Pk2ptNZaPWHwMd/zuHk/H7CmVQIfRmFpeWV1bXiurmxubW9Y+3uNWWcCkIbJOaxaPtYUs4i2lBMcdpOBMWhz2nLH9zM6q0hFZLF0b0aJ9QNcS9iASNYacuzDoaeD0+uriGCjmOOMrQRgmdw5FklVEaZ4F+wcyiBXHXP+nS6MUlDGinCsZQdGyXKnWChGOF0ajqppAkmA9yjHY0RDql0J9kNU3isnS4MYqFfpGDm/pyY4FDKcejrzhCrvlyszcz/ap1UBZfuhEVJqmhE5ouClEMVw1kgsMsEJYqPNWAimP4rJH0sMFE6NlOHYC+e/BealbJ9Xq7eVUu1Sh5HERyCI3AKbHABauAW1EEDEPAAnsALeDUejWfjzXiftxaMfGYf/JLx8Q2SnZOX</latexit>

vb := 0

x := 100 + x

<latexit sha1_base64="GoylrsHkF7rmIgoN+sG1HRXm8as=">AAAB7HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5CUAuLgI1lBC8RkiPsbeaSJXt7x+6eGEJ+g42FIrb+IDv/jZvkCk18MPB4b4aZeWEquDau++0U1tY3NreK26Wd3b39g/LhUUsnmWLos0Qk6iGkGgWX6BtuBD6kCmkcCmyHo5uZ335EpXki7804xSCmA8kjzqixkv9EronbK1fcqjsHWSVeTiqQo9krf3X7CctilIYJqnXHc1MTTKgynAmclrqZxpSyER1gx1JJY9TBZH7slJxZpU+iRNmShszV3xMTGms9jkPbGVMz1MveTPzP62QmugomXKaZQckWi6JMEJOQ2eekzxUyI8aWUKa4vZWwIVWUGZtPyYbgLb+8Slq1qndRrd/VK41aHkcRTuAUzsGDS2jALTTBBwYcnuEV3hzpvDjvzseiteDkM8fwB87nD3+Zjck=</latexit>

x < 0

<latexit sha1_base64="J8ec+DG1XuJjKWhff7/MLI1BoSY=">AAAB+nicbVDLTgIxFO34RHwNunTTSExckRlCFHYkblxiIo8EJqRT7kBDpzO2HZWMfIobFxrj1i9x599YYBYKnuTmnpxzb3p7/JgzpR3n21pb39jc2s7t5Hf39g8O7cJRS0WJpNCkEY9kxycKOBPQ1Exz6MQSSOhzaPvjq5nfvgepWCRu9SQGLyRDwQJGiTZS3y5Ua7jH4Q4/LlrN6dtFp+TMgVeJm5EiytDo21+9QUSTEISmnCjVdZ1YeymRmlEO03wvURATOiZD6BoqSAjKS+enT/GZUQY4iKQpofFc/b2RklCpSeibyZDokVr2ZuJ/XjfRQdVLmYgTDYIuHgoSjnWEZzngAZNANZ8YQqhk5lZMR0QSqk1aeROCu/zlVdIql9yLUuWmUqyXszhy6ASdonPkoktUR9eogZqIogf0jF7Rm/VkvVjv1sdidM3Kdo7RH1ifP8fgklw=</latexit>

89  x  90
<latexit sha1_base64="DNM87zA8S0mi1KjVFCZb6F0J1KU=">AAAB/HicbZDLSsNAFIZP6q3WW7RLN4NFcBWSUi/LghuXFWwrtCFMppN26GQSZyZCKPVV3LhQxK0P4s63cdpmoa0/DHz85xzOmT9MOVPadb+t0tr6xuZWebuys7u3f2AfHnVUkklC2yThibwPsaKcCdrWTHN6n0qK45DTbji+ntW7j1Qqlog7nafUj/FQsIgRrI0V2FUX9Tl9QGkQLsB1zgO75jruXGgVvAJqUKgV2F/9QUKymApNOFaq57mp9idYakY4nVb6maIpJmM8pD2DAsdU+ZP58VN0apwBihJpntBo7v6emOBYqTwOTWeM9Ugt12bmf7VepqMrf8JEmmkqyGJRlHGkEzRLAg2YpETz3AAmkplbERlhiYk2eVVMCN7yl1ehU3e8C6dx26g160UcZTiGEzgDDy6hCTfQgjYQyOEZXuHNerJerHfrY9FasoqZKvyR9fkDFFyTEg==</latexit>

0  pb  0.5
<latexit sha1_base64="0DY9yC54aAj6mncRjZk0Qzpj7RU=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4Kkkp6kUoePFYwX5AG8pmu2mXbjZhd1IooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxIpDLrut7OxubW9s1vYK+4fHB4dl05OWyZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8f3cb0+4NiJWTzhNuB/RoRKhYBSt1J70A3JH3H6p7FbcBcg68XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPiv2UsMTysZ0yLuWKhpx42eLc2fk0ioDEsbalkKyUH9PZDQyZhoFtjOiODKr3lz8z+umGN76mVBJilyx5aIwlQRjMv+dDITmDOXUEsq0sLcSNqKaMrQJFW0I3urL66RVrXjXldpjrVyv5nEU4Bwu4Ao8uIE6PEADmsBgDM/wCm9O4rw4787HsnXDyWfO4A+czx/wy46d</latexit>

vb = 0

Fig. 26: A hybrid automaton of the railroad gate controller

There are a gate and a gate controller with a crossing bar on a circular
railroad track and a train moves on the track. The gate controller opens (or
closes) the crossing bar when the train approaches to (or leaves from) the gate
(adapted from [27]). Figure 26 shows a hybrid automaton for this system. The
position of the crossing bar pb from the ground changes according to the velocity
of bar vb, depending on the modes (Far, Approach, Close, and Past) of the gate
controller and the distance x, between the gate and the train.

We consider three variants of dynamics. In linear and polynomial dynamics,
we assume the behavior of the crossing bar depends on the approaching train
to increase complexity. The velocity of the crossing bar depends on the train
position t. There are 4 cases, (i) when the train is far away enough from the
crossing bar, (ii) when the train approaches to the crossing bar, (iii) when the
train closes to the crossing bar, (iv) when the train passes the crossing bar.
For linear dynamics, the dynamics of all variables are constant as follows. For
polynomial dynamics, the velocity of the bar is additionally considered.
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(i) Linear dynamics



ṫ = −30, ḃ = 0 (1)

ṫ = −5, ḃ = 5 (2)

ṫ = −5, ḃ = 10 (3)

ṫ = −5, ḃ = −5 (4)

(ii) Polynomial dynamics



ṫ = −30, ḃ = vb, v̇b = 0 (1)

ṫ = −5, ḃ = vb, v̇b = 0.3 (2)

ṫ = −5, ḃ = vb, v̇b = 0.5 (3)

ṫ = −5, ḃ = vb, v̇b = −1 (4)

For nonlinear dynamiccs, the crossing bar opens and closes repeatedly ac-
cording to the following dynamics,




ḃ = vb, v̇b = 1.2 (1) Open

ḃ = vb, v̇b = −1 + 0.2 ∗ v2b (1) Close

Table 16 shows three STL formulas for the railroad gate controller with linear
dynamics. Figure 27 is a model file of the railroad gate controller with linear
dynamics in STLmc.

Label STL formula

f1: ♢[0,5]((pb ≥ 40)U[1,8](x < 40))

f2: ♢[0,4](x < 50→ □[2,10](pb > 40))

f3: □[0,5)((x < 50)U[2,10](pb > 5))

Table 16: STL properties for the railroad gate controller

A.6 Networked thermostat controller

Two rooms are interconnected by an open doors (28). Networked thermostat
controller controls the heaters in each room, adapted form [3]. Figure 29 shows
a hybrid automaton of the thermostat model that controls one of the rooms.
The temperature xi of roomi is controlled by the heater and the temperatures
of both rooms, where Ai is the set of the adjacent rooms, and Ki, hi, di depend
on the size of the room, the heater’s power, and the size of the door. If the room
temperature is low, the heater turns on, and if the room temperature is high,
the heater turns off. We consider following various dynamics for the thermostat
model.

In linear and polynomial dynamics models, we consider a model with two
rooms. For ode dynamics, we consider the thermostat model with only one room
for simplification.

(i) Linear dynamic

ẋ1 =

{
−0.4 (On)

0.7 (Off)
ẋ2 =

{
−0.6 (On)

1 (Off)
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bool a; bool b;
[-20, 100] x; [0, 90] pb; [-50, 50] vb;
# far
{ mode: a = false; b = false;
inv: x > 60;
flow: d/dt[x] = -30;

d/dt[pb] = vb;
d/dt[vb] = 0;

jump: x < 80 => (and (a’ = a) (b’ = true)
(pb’ = pb) (x’ = x)
(vb’ = 6));

x < 70 => (and (a’ = true) (b’ = b)
(pb’ = pb)
(x’ = x) (vb’ = 8));

}
# approach
{ mode: a = false; b = true;
inv: x > 20;
flow: d/dt[x] = -5;

d/dt[pb] = vb;
d/dt[vb] = 0.3;

jump: x < 80 => (and (a’ = true) (b’ = false)
(pb’ = pb)
(x’ = x) (vb’ = vb));

}
# close
{ mode: a = true; b = false;
inv: x > 10;

flow: d/dt[x] = -5;
d/dt[pb] = vb;
d/dt[vb] = 0.5;

jump: x < 20 => (and (a’ = a) (b’ = true)
(pb’ = pb)
(x’ = x) (vb’ = -4));

}
# past
{ mode: a = true; b = true;
inv: x > -10;
flow: d/dt[x] = -5;

d/dt[pb] = vb;
d/dt[vb] = -1;

jump: (x < 0) => (and (a’ = false)
(b’ = false)
(pb’ = pb) (vb’ = 0)
(x’ = 100 + x));

}
init: a = false; 89 <= x; x <= 90;

b = false; 0 <= pb; pb <= 0.5;
vb = 0;

proposition:

# bound: 10, timebound 20, solver: yices
goal:
[f1]: <>[0, 5] ((pb >= 40) U[1, 8] (x < 40));
[f2]: <>[0, 4](x < 50 -> [][2,10] pb > 40);
[f3]: [][0.0,5.0) ((x < 50) U[2, 10] (pb > 5));

Fig. 27: An input model of the railroad gate controller

Fig. 28: Connected rooms Fig. 29: Hybrid automata of the thermostat

(ii) Polynomial dynamic

ẋ1 =

{
0.05 ∗ t2 + 0.5 ∗ t+ x1(0) (On)

−0.0175 ∗ t2 − 0.35 ∗ t+ x1(0) (Off)

ẋ2 =

{
0.06 ∗ t2 + 0.6 ∗ t+ x2(0) (On)

−0.275 ∗ t2 − 0.55 ∗ t+ x2(0) (Off)

where t is time and xi(0) indicates the initial value after a transition.
Table 17 shows three STL formulas for the filtered oscillator. Figure 30 is a

model file of the filtered oscillator in STLmc.
We consider the thermostat model with ODE dynamics in Example 1.
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# model description:
#
# Two rooms are connected by an open door.
# The room’ temperature is controlled by
# its own heater and changes over time.
# It is also affected by each other’s room
# temperature.

bool a;
[0, 30] x1;
bool b;
[0, 30] x2;
{

mode:
a = false;
b = false ;

inv:
x1 >= 10;
(x2 >= 10);

flow:
d/dt[x1] = -0.4;
d/dt[x2] = -0.6;

jump:
x2 <= 19 =>
(and (a’ = false) (b’ = true)

(x1’ = x1) (x2’ = x2));
x2 <= 19 =>
(and (a’ = true) (b’ = true)

(x1’ = x1) (x2’ = x2));
x1 <= 17 =>
(and (a’ = true) (b’ = false)

(x1’ = x1) (x2’ = x2));
x1 <= 17 =>
(and (a’ = true) (b’ = true)

(x1’ = x1) (x2’ = x2));
}
{

mode:
a = false;
b = true;

inv:
x1 >= 10;
(x2 <= 30);

flow:
d/dt[x1] = -0.4;
d/dt[x2] = 1;

jump:
x1 <= 17 =>
(and (a’ = true) (b’ = true)

(x1’ = x1) (x2’ = x2));
x1 <= 17 =>
(and (a’ = true) (b’ = false)

(x1’ = x1) (x2’ = x2));
x2 >= 23 =>
(and (a’ = false) (b’ = false)

(x1’ = x1) (x2’ = x2));
x2 >= 23 =>
(and (a’ = true) (b’ = false)

(x1’ = x1) (x2’ = x2));
}
{

mode:
a = true;
b = false;

inv:
x1 <= 30;
(x2 >= 10);

flow:
d/dt[x1] = 0.7;
d/dt[x2] = -0.6;

jump:
x2 <= 19 =>
(and (a’ = true) (b’ = true)

(x1’ = x1) (x2’ = x2));
x2 <= 19 =>
(and (a’ = false) (b’ = true)

(x1’ = x1) (x2’ = x2));
x1 >= 22 =>
(and (a’ = false) (b’ = false)

(x1’ = x1) (x2’ = x2));
x1 >= 22 =>
(and (a’ = false) (b’ = true)

(x1’ = x1) (x2’ = x2));

}
{

mode:
a = true;
b = true;

inv:
x1 <= 30;
(x2 <= 30);

flow:
d/dt[x1] = 0.7;
d/dt[x2] = 1;

jump:
x1 >= 22 =>
(and (a’ = false) (b’ = true)

(x1’ = x1) (x2’ = x2));
x1 >= 22 =>
(and (a’ = false) (b’ = false)

(x1’ = x1) (x2’ = x2));
x2 >= 23 =>
(and (a’ = true) (b’ = false)

(x1’ = x1) (x2’ = x2));
x2 >= 23 =>
(and (a’ = false) (b’ = false)

(x1’ = x1) (x2’ = x2));

}

init:
(and not(a) not(b) (18 <= x1) (x1 <= 20)

(22.5 <= x2) (x2 <= 23));

proposition:

#time bound 30
goal:
[f1]: (<> [2, 5] (x1 < 23 R[2, 10] x2 > 24));
[f2]: [][1, 4] (x2 < 19 -> <>[5, 15] x2 > 23);
[f3]: (x2 > 18) U[10, 20] ([][3, 5] x1 < 19) ;

Fig. 30: An input model of the thermostat controller with linear dynamics
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Table 17: STL properties for thermostat controller with linear dynamics
Label STL formula

f1: ♢[2,5](x1 < 23R[2,10] x2 > 24)

f2: □[1,4](x2 < 19→ ♢[5,16] x2 > 23)

f3: x2 > 18U[10,20](□[3,5] x1 < 19)

A.7 A Filtered Oscillator

We consider a filtered oscillator model adapted from [22]. The filtered oscillator
consists of a 2-dimensional switched oscillator of signals x and y with a k-series
of first-order filters. The filters smoothens an input signal x, producing an output
signal z. When the signal x goes through each filter, the amplitude of the signal
diminishes as it passing by. Each filter i ∈ {0, 1, 2, 3} takes an input signal xi

and outputs a diminished signal xi+1, where x0 = x and x4 = z.
Figure 31 shows a hybrid automaton of the filtered oscillator. Initially, the

x and y are in [0.2, 0.3] and [−0.1, 0.1], respectively and all filters output zero
signals. The jumps between modes define the behavior of the filtered oscillator
to maintain a stable oscillation.

<latexit sha1_base64="m8gzo89ECfFK+Fj2iHSoIP5STLI="></latexit>

ẋ = �0.2x + 1.4 ẋ1 = 3x � 3x1

ẏ = �0.1y � 0.7 ẋ2 = 3x1 � 3x2

ż = 3x3 � 3z ẋ3 = 3x2 � 3x3

Loc1 Loc2
<latexit sha1_base64="PliAEa496jSqgLtYvJj4DBivMEk="></latexit>

ẋ = �0.2x � 1.4 ẋ1 = 3x � 3x1

ẏ = �0.1y + 0.7 ẋ2 = 3x1 � 3x2

ż = 3x3 � 3z ẋ3 = 3x2 � 3x3

Loc3
<latexit sha1_base64="PliAEa496jSqgLtYvJj4DBivMEk="></latexit>

ẋ = �0.2x � 1.4 ẋ1 = 3x � 3x1

ẏ = �0.1y + 0.7 ẋ2 = 3x1 � 3x2

ż = 3x3 � 3z ẋ3 = 3x2 � 3x3

Loc4
<latexit sha1_base64="m8gzo89ECfFK+Fj2iHSoIP5STLI="></latexit>

ẋ = �0.2x + 1.4 ẋ1 = 3x � 3x1

ẏ = �0.1y � 0.7 ẋ2 = 3x1 � 3x2

ż = 3x3 � 3z ẋ3 = 3x2 � 3x3

<latexit sha1_base64="ooV2OnjkZz4r0PEVAWvnnyhLr8k=">AAACBXicbVDLSsNAFJ34rPUVdamLwSIIQklKUZcFNy4r2Ac0oUwmN+3QyaMzEzGUbtz4K25cKOLWf3Dn3zhtI2jrgQuHc+7l3nu8hDOpLOvLWFpeWV1bL2wUN7e2d3bNvf2mjFNBoUFjHou2RyRwFkFDMcWhnQggoceh5Q2uJn7rDoRkcXSrsgTckPQiFjBKlJa65tE9dnowxBZ2hinxcYbPcOVH65olq2xNgReJnZMSylHvmp+OH9M0hEhRTqTs2Fai3BERilEO46KTSkgIHZAedDSNSAjSHU2/GOMTrfg4iIWuSOGp+ntiREIps9DTnSFRfTnvTcT/vE6qgkt3xKIkVRDR2aIg5VjFeBIJ9pkAqnimCaGC6Vsx7RNBqNLBFXUI9vzLi6RZKdvn5epNtVSr5HEU0CE6RqfIRheohq5RHTUQRQ/oCb2gV+PReDbejPdZ65KRzxygPzA+vgG0tJYb</latexit>

x � 0 y + 2x � 0
<latexit sha1_base64="eZBwiq4KzxV7LEwFSUehqPYY5gE=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFEISSlKIuC25cVrAXaEKZTCbt0MkknZmIIXTjxldx40IRt76DO9/GSZuFtv4w8POdczhzfi9mVCrL+jZKK6tr6xvlzcrW9s7unrl/0JFRIjBp44hFouchSRjlpK2oYqQXC4JCj5GuN77O6917IiSN+J1KY+KGaMhpQDFSGg3M4wfoDMkEWtCZJMiHKTyHdc1YzgZm1apZM8FlYxemCgq1BuaX40c4CQlXmCEp+7YVKzdDQlHMyLTiJJLECI/RkPS15Sgk0s1mV0zhqSY+DCKhH1dwRn9PZCiUMg093RkiNZKLtRz+V+snKrhyM8rjRBGO54uChEEVwTwS6FNBsGKpNggLqv8K8QgJhJUOrqJDsBdPXjades2+qDVuG9VmvYijDI7ACTgDNrgETXADWqANMHgEz+AVvBlPxovxbnzMW0tGMXMI/sj4/AG8XJYg</latexit>

x � 0 y + 2x  0

<latexit sha1_base64="FALJk9mvyu2SSp+t5IVdNewAY+I=">AAACBXicbVDLSsNAFJ34rPUVdamLwSIIQklKUZcFNy4r2Ac0pUwmN+3QyaMzEzGEbtz4K25cKOLWf3Dn3zhtI2jrgQuHc+7l3nvcmDOpLOvLWFpeWV1bL2wUN7e2d3bNvf2mjBJBoUEjHom2SyRwFkJDMcWhHQsggcuh5Q6vJn7rDoRkUXir0hi6AemHzGeUKC31zKN77HAYYQs7o4R4OMVnuPKj9cySVbamwIvEzkkJ5aj3zE/Hi2gSQKgoJ1J2bCtW3YwIxSiHcdFJJMSEDkkfOpqGJADZzaZfjPGJVjzsR0JXqPBU/T2RkUDKNHB1Z0DUQM57E/E/r5Mo/7KbsTBOFIR0tshPOFYRnkSCPSaAKp5qQqhg+lZMB0QQqnRwRR2CPf/yImlWyvZ5uXpTLdUqeRwFdIiO0Smy0QWqoWtURw1E0QN6Qi/o1Xg0no03433WumTkMwfoD4yPb8RoliU=</latexit>

x  0 y + 2x  0
<latexit sha1_base64="7zF5BBZhUDRWA/5aIK7l/npM4hI=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFEISSlKIuC25cVrAXaEKZTCbt0MkknZmIIXTjxldx40IRt76DO9/GSZuFtv4w8POdczhzfi9mVCrL+jZKK6tr6xvlzcrW9s7unrl/0JFRIjBp44hFouchSRjlpK2oYqQXC4JCj5GuN77O6917IiSN+J1KY+KGaMhpQDFSGg3M4wfoMDKBFnQmCfJhCs9hXbNhzgZm1apZM8FlYxemCgq1BuaX40c4CQlXmCEp+7YVKzdDQlHMyLTiJJLECI/RkPS15Sgk0s1mV0zhqSY+DCKhH1dwRn9PZCiUMg093RkiNZKLtRz+V+snKrhyM8rjRBGO54uChEEVwTwS6FNBsGKpNggLqv8K8QgJhJUOrqJDsBdPXjades2+qDVuG9VmvYijDI7ACTgDNrgETXADWqANMHgEz+AVvBlPxovxbnzMW0tGMXMI/sj4/AG8wJYg</latexit>

x  0 y + 2x � 0

<latexit sha1_base64="eZBwiq4KzxV7LEwFSUehqPYY5gE=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFEISSlKIuC25cVrAXaEKZTCbt0MkknZmIIXTjxldx40IRt76DO9/GSZuFtv4w8POdczhzfi9mVCrL+jZKK6tr6xvlzcrW9s7unrl/0JFRIjBp44hFouchSRjlpK2oYqQXC4JCj5GuN77O6917IiSN+J1KY+KGaMhpQDFSGg3M4wfoDMkEWtCZJMiHKTyHdc1YzgZm1apZM8FlYxemCgq1BuaX40c4CQlXmCEp+7YVKzdDQlHMyLTiJJLECI/RkPS15Sgk0s1mV0zhqSY+DCKhH1dwRn9PZCiUMg093RkiNZKLtRz+V+snKrhyM8rjRBGO54uChEEVwTwS6FNBsGKpNggLqv8K8QgJhJUOrqJDsBdPXjades2+qDVuG9VmvYijDI7ACTgDNrgETXADWqANMHgEz+AVvBlPxovxbnzMW0tGMXMI/sj4/AG8XJYg</latexit>

x � 0 y + 2x  0

<latexit sha1_base64="FALJk9mvyu2SSp+t5IVdNewAY+I=">AAACBXicbVDLSsNAFJ34rPUVdamLwSIIQklKUZcFNy4r2Ac0pUwmN+3QyaMzEzGEbtz4K25cKOLWf3Dn3zhtI2jrgQuHc+7l3nvcmDOpLOvLWFpeWV1bL2wUN7e2d3bNvf2mjBJBoUEjHom2SyRwFkJDMcWhHQsggcuh5Q6vJn7rDoRkUXir0hi6AemHzGeUKC31zKN77HAYYQs7o4R4OMVnuPKj9cySVbamwIvEzkkJ5aj3zE/Hi2gSQKgoJ1J2bCtW3YwIxSiHcdFJJMSEDkkfOpqGJADZzaZfjPGJVjzsR0JXqPBU/T2RkUDKNHB1Z0DUQM57E/E/r5Mo/7KbsTBOFIR0tshPOFYRnkSCPSaAKp5qQqhg+lZMB0QQqnRwRR2CPf/yImlWyvZ5uXpTLdUqeRwFdIiO0Smy0QWqoWtURw1E0QN6Qi/o1Xg0no03433WumTkMwfoD4yPb8RoliU=</latexit>

x  0 y + 2x  0

<latexit sha1_base64="7zF5BBZhUDRWA/5aIK7l/npM4hI=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFEISSlKIuC25cVrAXaEKZTCbt0MkknZmIIXTjxldx40IRt76DO9/GSZuFtv4w8POdczhzfi9mVCrL+jZKK6tr6xvlzcrW9s7unrl/0JFRIjBp44hFouchSRjlpK2oYqQXC4JCj5GuN77O6917IiSN+J1KY+KGaMhpQDFSGg3M4wfoMDKBFnQmCfJhCs9hXbNhzgZm1apZM8FlYxemCgq1BuaX40c4CQlXmCEp+7YVKzdDQlHMyLTiJJLECI/RkPS15Sgk0s1mV0zhqSY+DCKhH1dwRn9PZCiUMg093RkiNZKLtRz+V+snKrhyM8rjRBGO54uChEEVwTwS6FNBsGKpNggLqv8K8QgJhJUOrqJDsBdPXjades2+qDVuG9VmvYijDI7ACTgDNrgETXADWqANMHgEz+AVvBlPxovxbnzMW0tGMXMI/sj4/AG8wJYg</latexit>

x  0 y + 2x � 0

<latexit sha1_base64="ooV2OnjkZz4r0PEVAWvnnyhLr8k=">AAACBXicbVDLSsNAFJ34rPUVdamLwSIIQklKUZcFNy4r2Ac0oUwmN+3QyaMzEzGUbtz4K25cKOLWf3Dn3zhtI2jrgQuHc+7l3nu8hDOpLOvLWFpeWV1bL2wUN7e2d3bNvf2mjFNBoUFjHou2RyRwFkFDMcWhnQggoceh5Q2uJn7rDoRkcXSrsgTckPQiFjBKlJa65tE9dnowxBZ2hinxcYbPcOVH65olq2xNgReJnZMSylHvmp+OH9M0hEhRTqTs2Fai3BERilEO46KTSkgIHZAedDSNSAjSHU2/GOMTrfg4iIWuSOGp+ntiREIps9DTnSFRfTnvTcT/vE6qgkt3xKIkVRDR2aIg5VjFeBIJ9pkAqnimCaGC6Vsx7RNBqNLBFXUI9vzLi6RZKdvn5epNtVSr5HEU0CE6RqfIRheohq5RHTUQRQ/oCb2gV+PReDbejPdZ65KRzxygPzA+vgG0tJYb</latexit>

x � 0 y + 2x � 0

<latexit sha1_base64="3hU2mu54X5z6iHm19fvVPe927Hc=">AAACF3icbVDLSsNAFJ34rPUVdelmsAhuDEkt6rLgxmUF+4CmlMlk0g6dTNKZiRhC/8KNv+LGhSJudeffOG0iaOuByz2ccy8z93gxo1LZ9pextLyyurZe2ihvbm3v7Jp7+y0ZJQKTJo5YJDoekoRRTpqKKkY6sSAo9Bhpe6Orqd++I0LSiN+qNCa9EA04DShGSkt907KtKnQZGcP7vNnWGXTHCfLhqW05uZb+WE7frNiWPQNcJE5BKqBAo29+un6Ek5BwhRmSsuvYseplSCiKGZmU3USSGOERGpCuphyFRPay2V0TeKwVHwaR0MUVnKm/NzIUSpmGnp4MkRrKeW8q/ud1ExVc9jLK40QRjvOHgoRBFcFpSNCngmDFUk0QFlT/FeIhEggrHWVZh+DMn7xIWlXLObdqN7VKvVrEUQKH4AicAAdcgDq4Bg3QBBg8gCfwAl6NR+PZeDPe89Elo9g5AH9gfHwDNOmbjA==</latexit>

0.2  x  0.3 � 0.1  y  0.1
<latexit sha1_base64="3lm5ybn/QX26g5EVl8ttc1k/O1k=">AAACGHicbVC7TsMwFHXKq5RXgJHFokJiKkmpgAWpEgtjkehDaqPIcZzWquME20EtVT+DhV9hYQAh1m78DU6boQ+OZOncc+7V9T1ezKhUlvVr5NbWNza38tuFnd29/QPz8Kgho0RgUscRi0TLQ5IwykldUcVIKxYEhR4jTa9/l/rNZyIkjfijGsbECVGX04BipLTkmhcD14a30IKdpwT5cOCWF6rLueol5a5ZtErWFHCV2Bkpggw115x0/AgnIeEKMyRl27Zi5YyQUBQzMi50EklihPuoS9qachQS6Yymh43hmVZ8GERCP67gVJ2fGKFQymHo6c4QqZ5c9lLxP6+dqODGGVEeJ4pwPFsUJAyqCKYpQZ8KghUbaoKwoPqvEPeQQFjpLAs6BHv55FXSKJfsq1LloVKslrM48uAEnIJzYINrUAX3oAbqAINX8A4+wZfxZnwY38bPrDVnZDPHYAHG5A9oBZuY</latexit>

x1 = 0 x2 = 0 x3 = 0 z = 0

Fig. 31: A hybrid automaton of the filtered oscillator

Table 18 shows three STL formulas for the filtered oscillator. Figure 32 is a
model file of the filtered oscillator in STLmc.



STLmc: Robust STL Model Checking of Hybrid Systems using SMT 49

real loc;
[-100, 100] x; [-100, 100] y; [-100, 100] z;
[-100, 100] x1; [-100, 100] x2; [-100, 100] x3;
{ mode: loc = 1;
inv: x >= 0;

y + 2 * x >= 0;
flow: d/dt[x] = -0.2 * x + 1.4;

d/dt[y] = -0.1 * y - 0.7;
d/dt[x1] = 3 * x - 3 * x1;
d/dt[x2] = 3 * x1 - 3 * x2;
d/dt[x3] = 3 * x2 - 3 * x3;
d/dt[z] = 3 * x3 - 3 * z;

jump: (and (x >= 0) (y + 2 * x <= 0)) =>
(and (loc’ = 2) (x’ = x) (y’ = y)

(x1’ = x1) (x2’ = x2) (x3’ = x3)
(z’ = z));

}
{ mode: loc = 2;
inv: x >= 0;

y + 2 * x <= 0;
flow: d/dt[x] = -0.2 * x - 1.4;

d/dt[y] = -0.1 * y + 0.7;
d/dt[x1] = 3 * x - 3 * x1;
d/dt[x2] = 3 * x1 - 3 * x2;
d/dt[x3] = 3 * x2 - 3 * x3;
d/dt[z] = 3 * x3 - 3 * z;

jump: (and (x <= 0) (y + 2 * x <= 0)) =>
(and (loc’ = 3) (x’ = x) (y’ = y)

(x1’ = x1) (x2’ = x2) (x3’ = x3)
(z’ = z));

}
{ mode: loc = 3;
inv: x <= 0;

y + 2 * x <= 0;
flow: d/dt[x] = -0.2 * x - 1.4;

d/dt[y] = -0.1 * y + 0.7;
d/dt[x1] = 3 * x - 3 * x1;
d/dt[x2] = 3 * x1 - 3 * x2;
d/dt[x3] = 3 * x2 - 3 * x3;
d/dt[z] = 3 * x3 - 3 * z;

jump: (and (x <= 0) (y + 2 * x >= 0)) =>
(and (loc’ = 4) (x’ = x) (y’ = y)

(x1’ = x1) (x2’ = x2) (x3’ = x3)
(z’ = z));

}
{ mode: loc = 4;
inv: x <= 0;

y + 2 * x >= 0;
flow: d/dt[x] = -0.2 * x + 1.4;

d/dt[y] = -0.1 * y - 0.7;
d/dt[x1] = 3 * x - 3 * x1;
d/dt[x2] = 3 * x1 - 3 * x2;
d/dt[x3] = 3 * x2 - 3 * x3;
d/dt[z] = 3 * x3 - 3 * z;

jump: (and (x >= 0) (y + 2 * x >= 0)) =>
(and (loc’ = 1) (x’ = x) (y’ = y)

(x1’ = x1) (x2’ = x2) (x3’ = x3)
(z’ = z));

}
init: loc = 1; 0.2 <= x; x <= 0.3;

-0.1 <= y; y <= 0.1;
x1 = 0; x2 = 0; x3 = 0; z = 0;

proposition:

# bound: 5, timebound: 8, solver: dreal
goal:
[f1]: <>[0,3]((x3 >= 1) R[0, inf) (y <= 10));
[f2]: <>[2, 5] ([][0, 3] (x2 < 4));
[f3]: ([][1, 3] (x <= 2)) R[2, 5] (x3 > 2);

Fig. 32: An input model of a filtered oscillator



50 Geunyeol Yu, Jia Lee, and Kyungmin Bae

Table 18: STL properties for the oscillator
Label STL formula

f1: ♢[0,3]((x3 ≥ 1)R[0,∞)(y ≤ 10))

f2: ♢[2,5](□[0,3](x2 < 4))

f3: (□[1,3](x ≤ 2))R[2,5](x3 > 2)

A.8 Spacecraft

There are two spaceships, chaser and target, in R2. The chaser tries to approach
to the target [7]. The target spaceship rotates Earth at constant angular veloc-
ity ω, and the chaser spaceship follows the target. The horizontal and vertical
distance, between the target and the chaser are x and y, respectively, which
change according to the relative velocities vx and vy with thrusts Fx and Fy.
The dynamics is as follows:

ẋ = vx, ẏ = vy, v̇x = 3ω2x+ 2ωvy +
Fx

mc
, v̇y = −2ωvx +

Fy

mc
,

where mc is the mass of the chaser spacecraft. The chaser tries to keep the
distance between the two spaceship as small as possible.

Figure 33 shows a hybrid automaton of the rendezvous mission. There are
three modes (Far, Close, and Recovery) of assigning different values to Fx and
Fy. Initially, the (horizontal and vertical) distances x and y are between 60 and
70, and the chaser spacecraft starts its mission in the Far mode, moving toward
the target. When each distance between the chaser and target is less than 50,
the chaser decreases its thrust to keep the velocities vx and vy less than −4 to
avoid collision, resulting in the Close mode. When the velocity is still too fast,
the chaser falls into the to the Recovery mode to change its thrust to the opposite
direction.

Label STL formula

f1: □[0,2]((vx + vy ≤ −2)→ ♢[0,3](vx + vy > 10))

f2: ♢[2,3](□[1,2](x ≤ 40))

f3: ♢[0,4](x ≥ 30U[0,∞) vx ≤ −2)
Table 19: STL properties for the spacecraft randezvous

Table 19 shows the STL formulas for the spacecraft. Figure 34 is a model
file of the spacecraft in STLmc.
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Fig. 33: A hybrid automaton of the spacecraft randezvous

real m;
[-100, 100] x; [-100, 100] y;
[-30, 30] vx; [-30, 30] vy;
{ mode: m = 1;
inv: x >= 40; y >= 40;
flow: d/dt[x] = vx;

d/dt[y] = vy;
d/dt[vx] = 0.07 * x + 0.1 * vy - 4;
d/dt[vy] = - 0.1 * vx - 2;

jump: (or (x <= 50) (y <= 50)) =>
(and (m’ = 2) (x’ = x) (y’ = y)

(vx’ = vx) (vy’ = vy));
}
{ mode: m = 2;
inv: vx >= -5; vy >= -5;

x <= 50; y <= 50;
flow: d/dt[x] = vx;

d/dt[y] = vy;
d/dt[vx] = 0.07 * x + 0.1 * vy - 3;
d/dt[vy] = - 0.1 * vx - 1;

jump: (or (vx <= -4) (vy <= -4)) =>
(and (m’ = 3) (x’ = x) (y’ = y)

(vx’ = vx) (vy’ = vy));
}
{ mode: m = 3;
inv: x <= 50; y <= 50;
flow: d/dt[x] = vx;

d/dt[y] = vy;

d/dt[vx] = 0.07 * x + 0.1 * vy + 4;
d/dt[vy] = - 0.1 * vx + 6;

jump: (and (x > 45) (y > 45)) =>
(and (m’ = 1) (x’ = x) (y’ = y)

(vx’ = vx) (vy’ = vy));
(or (vx >= 3) (vy >= 3)) =>

(and (m’ = 2) (x’ = x) (y’ = y)
(vx’ = vx) (vy’ = vy));

}

init:
m = 1; 60 <= x; x <= 70; 60 <= y; y <= 70;
-1 <= vx; vx <= 0; -1 <= vy; vy <= 0;

proposition:
[xyvneg]: vx + vy <= -2;
[xyvpos]: vx + vy > 10;
[xyppos]: x + y >= 100;
[xypneg]: x + y <= 55;

# timebound : 5
# threshold: f1=1.5, f2=0.1, f3=1
# time-horizon: f1=2, f2=1.5, f3=2

goal:
[f1]: [][0, 2] (xyvneg -> <>[0, 3] xyvpos);
[f2]: <>[2, 3] ([][1,2] (x <= 40));
[f3]: [][0, 2] (xyppos -> <>[1, 3] xypneg);

Fig. 34: An input model of the spacecraft randezvous
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