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Learning-Based Probabilistic LTL Motion Planning With
Environment and Motion Uncertainties
Mingyu Cai , Hao Peng , Zhijun Li , and Zhen Kan

Abstract—This article considers control synthesis of an au-
tonomous agent with linear temporal logic (LTL) specifications
subject to environment and motion uncertainties. Specifically, the
probabilistic motion of the agent is modeled by a Markov decision
process (MDP) with unknown transition probabilities. The oper-
ating environment is assumed to be partially known, where the
desired LTL specifications might be partially infeasible. A relaxed
product MDP is constructed that allows the agent to revise its
motion plan without strictly following the desired LTL constraints.
A utility function composed of violation cost and state rewards is
developed. Rigorous analysis shows that, if there almost surely
(i.e., with probability 1) exists a policy that satisfies the relaxed
product MDP, any algorithm that optimizes the expected utility is
guaranteed to find such a policy. A reinforcement learning-based
approach is then developed to generate policies that fulfill the
desired LTL specifications as much as possible by optimizing the
expected discount utility of the relaxed product MDP.

Index Terms—Linear temporal logic (LTL), Markov decision pro-
cess (MDP), motion planning, reinforcement learning.

I. INTRODUCTION

Autonomous agents are often tasked with complex missions op-
erating in an environment with uncertainties. Besides typical motion
uncertainties, e.g., agent may not exactly follow the controls due to
potential sensing noise or actuation failures, environment uncertainties
are often encountered in practice. For example, when operating in a
partially known environment, desired missions can be infeasible if the
real environment is found during the runtime to be prohibitive to the
agent. Motivated by these practical challenges, this article focuses on
the probabilistic motion planning of an autonomous agent subject to
environment and motion uncertainties.

Motion planning with linear temporal logic (LTL) constraints has
generated substantial interest in robotics (cf., [1]–[3] to name a few). To
address environment uncertainties, LTL constraints that cannot be fully
satisfied in the given environment are often relaxed to allow the tasks to
be fulfilled as much as possible. For instance, control synthesis under
soft LTL constraints was developed in [4] to maximize the satisfaction
of the LTL constraints if the desired task cannot be completed. A
minimal revision problem was considered in [5] and [6] where the
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revised motion planning is closest to the original LTL. A least-violating
control strategy was investigated in [7] for potentially infeasible tasks
within a partially known workspace. While LTL control synthesis with
environment uncertainties was investigated, motion uncertainties are
largely ignored in [4]–[7].

The Markov decision process (MDP) is widely used to model
probabilistic motion of robotic systems. Recently, there is growing
interest in the control synthesis of MDPs with LTL task specifications
by probabilistic model checking (cf., [8]–[12] to name a few). If the
transition probabilities in MDP are known a priori, existing methods
such as probabilistic model checking and dynamic programming can
be used to identify policies satisfying LTL specifications [13]. If an
MDP with unknown transition probabilities is considered, learning
approaches are often employed to learn optimal policies in the presence
of motion uncertainties [14]–[16]. For instance, model-based reinforce-
ment learning was employed in the works of [17]–[19] to synthesize
control policies satisfying given LTL specifications. In [15], the Q-
learning is extended for agents with unknown stochastic dynamics
to achieve robust satisfaction of signal temporal logic specifications.
In [20], deep reinforcement learning was employed to synthesize
control policies for mobile robots with LTL motion constraints and
stochastic motion uncertainties. In [21] and [22], instead of the tradi-
tional Rabin automata, a limit-deterministic Bchi automata (LDBA) is
used to synthesize policies maximizing the satisfaction of given LTL
specifications. Although the cases in which accepting maximum end
components (AMECs) do not exist were partially addressed in the works
of [20], [21], and [23], it is still unclear how these approaches can be
extended to handle cases in which the absence of AMECs are caused by
infeasible environments. Other representative approaches that address
motion uncertainties include the robust policy maximizing the worst-
case satisfaction probability [24] and the finite-memory control policy
optimizing both the prefix and suffix of the system trajectory [25].
Despite extensive studies of motion uncertainties on MDPs, it remains
unclear how the aforementioned results can be extended to handle
environment uncertainties.

This article considers control synthesis of an autonomous agent
with LTL specifications subject to both environment and motion uncer-
tainties. Specifically, the probabilistic motion of the agent is modeled
by an MDP with unknown transition probabilities to capture motion
uncertainties. The operating environment is assumed to be uncertain
(e.g., partially known), resulting in the possibility that the desired
mission might not be fully realized by the agent. A relaxed product
MDP is constructed based on the MDP and the deterministic Rabin
automata (DRA) generated from the desired LTL specifications [26],
which allows the agent to revise its motion plan without strictly
following the desired LTL constraints. That is, any policy satisfying
the acceptance condition of the relaxed product MDP is feasible in the
real environment. To evaluate the revised motion plans, a utility function
composed of violation cost and state rewards is developed, where the
violation cost function is designed to quantify the differences between
the revised and the desired motion plan, and the state-rewards are
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designed to enforce the satisfaction of the relaxed product MDP. Since
the workspace is only partially known, real-time sensed information
is used to update the relaxed product MDP to facilitate the revision
of motion plans. A reinforcement learning-based approach is then
developed to generate policies that fulfill the LTL specifications as
much as possible by optimizing the expected discount utility of the
relaxed product MDP.

This article is closely related to the works of [17] and [25]. Par-
ticularly, the relaxed product MDP developed to handle environment
uncertainties is inspired by the soft and hard constraints in [25], while
the learning-based approach developed to handle uncertain transitions
of the MDP is inspired by [17]. However, differing from [17] and [25],
this article jointly considers control synthesis of the MDP with un-
known transition probabilities (i.e., motion uncertainties) in a partially
known workspace (i.e., environment uncertainties). Specifically, the re-
laxed product MDP originally developed for nondeterministic automata
in [25] is modified in this article to handle deterministic automata. The
model-based learning in [17] is not suitable for large-sized problems
since it has to store all transition probabilities and state values. More-
over, the optimality of the policy in [17] is sensitive to the accuracy of
the learned transition probabilities. In contrast, a model-free learning
approach is developed in this article, which relaxes such limitations.
Compared to the work of [18], which returns no policies if there do
not exist AMECs in the product MDP, this article does not require
the computation of AMECs. In addition, based on the designed utility
function, the control synthesis problem with relaxed LTL specifica-
tions is translated to an expected utility optimization problem in this
article. Rigorous analysis shows that, if there almost surely (i.e., with
probability 1) exists a policy that satisfies the relaxed product MDP,
any algorithm that optimizes the expected utility is guaranteed to find
such a policy. A crucial benefit of this result is that advances from
optimization and learning approaches can be leveraged to address
control synthesis problems for the dynamic system with motion and
environment uncertainties.

II. PRELIMINARIES

An LTL formula is built on a set of atomic propositions Π, which
are properties of system states that can be either true or false, and
standard Boolean operators such as ∧ (conjunction), ∨ (disjunction),
¬ (negation), and temporal operators ♦ (eventually),© (next), and �
(always). The semantics of the LTL formula are defined over words,
which are an infinite sequence o = o0o1 . . . with oi ∈ 2Π for all i,
where 2Π represents the power set of Π. Denote by o |= φ if the word o
satisfies the LTL formula φ, and a word satisfies φ if φ is true at the first
position of the word. Detailed descriptions of the syntax and semantics
of the LTL can be found in [8].

An LTL formula can be translated to a DRA.
Definition 1: A DRA is a tuple R = (Q,Σ, δ, q0, F ), where Q

is a finite set of states; Σ is the input alphabet; δ : Q× Σ→ Q
is the transition function; q0 ∈ Q is the initial state; and F =
{(L1,K1), (L2,K2), . . . , (LnF

,KnF
)} is a set of pairs where

Li,Ki ⊆ Q, ∀i ∈ {1, . . . nF }.
A run of a DRA R is an infinite sequence rR = q0q1 . . . where,

for each i ≥ 0, qi ∈ Q and qi+1 = δ(qi, σ) for some input σ ∈ Σ.
A run rR = q0q1 . . . is accepting if there exists a pair (Li,Ki),
i ∈ {1, . . . nF }, such that inf(rR) ∩ Li = ∅ and inf(rR) ∩Ki = ∅,
where inf(rR) represents a set of states in rR that is visited infinitely
often. For any LTL formula φ over Π, one can construct a DRA with
input alphabet Σ = 2Π accepting all and only words that satisfy φ [27].

Denote byRφ the DRA generated from φ. To convert an LTL formula
to a DRA, readers are referred to [26] and the references therein for
algorithms with freely available implementations.

Transition systems with motion uncertainties are often modeled as
an MDP.

Definition 2: A labeled finite MDP is a tuple M =
(S,A, P, s0,Π, L), where S is a finite set of states; A is a finite
set of actions and A : S → 2A represents the set of actions enabled
at state s ∈ S; P : S ×A× S → [0, 1] is the transition probability
function such that, for all states s ∈ S,

∑
s′∈S P (s, a, s′) = 1 if

a ∈ A(s) and P (s, a, s′) = 0 if a /∈ A(s); s0 ∈ S is the initial state;
Π is a set of atomic propositions; andL : S → 2Π is a labeling function.

Based on the DRA and MDP in Def. 1 and 2, a product MDP can be
constructed.

Definition 3: A product MDP between a labeled MDP M =
(S,A, P, s0,Π, L) and a DRA R = (Q,Σ, δ, q0, F ) is defined
as a tuple PM = (SPM

, APM
, PPM

, sPM0, FPM
), where SPM

=
S ×Q is the set of states; APM

(sPM
) = A(s) where sPM

=
(s, q) ∈ SPM

; PPM
(sPM

, a, s′PM
) = P (s, a, s′) if δ(q, L(s′)) =

q′ and PPM
(sPM

, a, s′PM
) = 0 otherwise, where s′PM

= (s′, q′);
sPM0 = (s0, q) with q = δ(q0, L(s0)) is the initial state; and FPM

=
{(LPM1,KPM1), (LPM2,KPM2), . . . , (LPMnF

,KPMnF
)} is the

acceptance condition, where LPM i = S × Li and KPM i = S ×Ki

for all i ∈ {1, . . . nF }

III. PROBLEM FORMULATION

Consider a labeled finite MDPM = (S,A, P, s0,Π, L) represent-
ing the probabilistic motion of an agent in an operating environment,
where partitioned areas of the environment are abstracted to states
in S, the transitions of states in S represent the transitions between
adjacent areas, andP (si, a, sj) captures the transition probability under
a control action a ∈ A(si)∀si, sj ∈ S. The transition probabilities are
assumed to be unknown a priori to model motion uncertainties. The
atomic propositionsΠ represent properties ofS in the environment, and
the labeling functionL indicates the associated properties (e.g., if a state
in S is an obstacle or a destination). The high-level task specifications
to be performed by the agent are then described by an LTL formula φ
over Π.

Letμ : S → A be an action function such thatμ(si) ∈ A(si) ∀si ∈
S. A policy π over the MDP M is an infinite sequence of action
functions π = {μ0, μ1, . . .}, which resolves nondeterministic choices
inM by applying μk at each time step k. Hence, the policy π induces
a Markov chain overM, denoted by MCπ

M. If μk = μ for all k, then π
is called a stationary policy. A path ofM under π (i.e., a run of MCπ

M)
is then defined as an infinite sequence of states rπM = s0s1 . . ., where
the state transitions satisfy P (si, μi(si), si+1) > 0 for all i. A path rπM
generates a word o = o0o1 . . . where oi = L(si) for all i. Let L(rπM)
denote the word generated by the path rπM.

In this article, the environment is assumed to only partially known.
For instance, the agent may only know the destinations to be visited,
without knowing the potential obstacles it may encounter. Due to the
lack of environment knowledge, it is possible that the preassigned task
φ cannot be fully accomplished (e.g., a destination is surrounded by
water that the mobile robot cannot traverse). Therefore, considering a
labeled MDP with unknown transition probabilities, this article aims to
identify policiesπ overM that can handle infeasible LTL specifications
(i.e., satisfy the desired task φ the most whenever the environment is
infeasible).
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IV. LEARNING-BASED CONTROL SYNTHESIS

Since the desired φ can be infeasible in the given environment,
Section IV-A discusses how the original φ can be relaxed and how
the violation of φ can be quantified. The control synthesis problem
with relaxed LTL specifications is then translated to an expected utility
optimization problem in Section IV-B, where a learning-based approach
is developed to solve the utility optimization problem in Section IV-C.

A. Relaxed Product MDP

When operating in an infeasible environment, the traditional product
MDP in Definition 3 needs to be relaxed so that the revised motion does
not have to strictly stick with the infeasible LTL specifications.

Definition 4: A relaxed product MDP between a labeled MDP
M = (S,A, P, s0,Π, L) and a DRA R = (Q,Σ, δ, q0, F ) is defined
as a tuple P = (SP , AP , PP , sp0, FP ,W, V, LP ), where
1) SP = S ×Q is the set of states, e.g., sp = (s, q) ∈ SP and s′p =

(s,′ q′) ∈ SP ;
2) AP represents extended actions, e.g., aP = (a, l) ∈ AP ;
3) PP (sp, aP , s

′
p) = P (s, a, s′), if P (s, a, s′) = 0 with a ∈ A(s)

and ∃l ∈ 2Π such that δ(q, l) = q′, and PP (sp, aP , s
′
p) = 0 other-

wise;
4) FP is the acceptance condition given by FP =
{(Lp1,Kp1), (Lp2,Kp2), . . . , (LpnF

,KpnF
)}, where

Lpi = S × Li and Kpi = S ×Ki ∀i ∈ {1, . . . nF };
5) Lp : SP → 2Π is a labeling function such that LP (sp) = L(s);
6) W = {W i}nF

i=1 is a set of state-reward functions where W i :
SP → R is defined as

W i =

⎧⎨
⎩

wi
L, if sp ∈ Lpi

wi
K , if sp ∈ Kpi

0, if sp ∈ SP \ (Lpi ∪Kpi)
(1)

where wi
L < 0 and wi

K > 0;
7) V : SP × LP × SP → R− represents the violation cost over state

transitions.
Let W i ∈ R|SP | denote the stacked rewards of states in SP . In (1),

the negative rewardwi
L onLPi, the positive rewardwi

K onKPi, and the
reward of 0 on neutral states are designed to bias the policy toward the
acceptance condition ofP , sinceLPi andKPi need to be visited finitely
and infinitely often, respectively. Since the traditional relaxed product
MDP is only valid for nondeterministic automata, the extended actions
AP are designed to enable deterministic automata. Specifically, given
a state sP = (s, q) ∈ SP , we design AP (sP ) = {aP = (a, l)}, where
a ∈ A(s) and l ∈ 2Π such that ∃q′ ∈ Q for δ(q, l) = q′. That is, under
an action aP ∈ AP (sP ), one always has

∑
s′p∈SP

PP (sP , aP , s
′
p) =

1, ensuring thatP is a valid MDP. Denote by Γ (aP ) = a the projection
of aP to the action of A onM.

To define V , suppose that Π = {α1, α2 . . . αM} and consider an
evaluation function Eval : 2Π → {0, 1}M , where Eval(l) = {vi}M
with vi = 1 if αi ∈ l and vi = 0 if αi /∈ l, where i = 1, 2, . . . ,M
and l ∈ 2Π. To quantify the difference between two elements in 2Π,
consider ρ(l, l′) = ‖v − v′‖1 =

∑M
i=1 |vi − v′i|, where v = Eval(l),

v′ = Eval(l′), l, l′ ∈ 2Π, and ‖ · ‖1 is the l1 norm. The distance from
l ∈ 2Π to a set X ⊆ 2Π is then defined as Dist(l,X ) = 0 if l ∈ X and
Dist(l,X ) = minl′∈Xρ(l, l

′) if l /∈ X . Now the violation cost of the
transition from sP = (s, q) to s′P = (s′, q′) is defined as

V
(
sp, LP

(
s′p
)
, s′p

)
= −Dist

(
LP

(
s′p
)
,X (sp, s′p)

)
(2)

whereX (sp, s′p) = X (q, q′) = {l ∈ 2Π|q′ = δ(q, l)} is the set of input
alphabets that enables the transition from q to q′. Hence, the violation
cost V (sp, LP (s

′
p), s

′
p) quantifies how much the transition from sp to

s′p in P violates the constraints imposed by φ. Note that, X = ∅, since

there always exists an l ∈ 2Π such that q′ = δ(q, l) by Definition 4,
which indicates that a policy fully satisfying φ has zero violation cost.

There are two differences between the PM in Definition 3 and the
relaxed P in Definition 4. First, the constraints δ(q, L(s′)) = q′ of the
transition from sp = (s, q) to s′p = (s,′ q′) on PM is relaxed in P only
requiring there exists l ∈ 2Π such that δ(q, l) = q′, which allows the
relaxation of the constraints of φ. Consequently, P is more connected
thanPM in terms of possible transitions. Second, the designed violation
cost V over transitions can facilitate the selection of policies close to
the original φ if the environment is infeasible.

Consider a relaxed product MDP P generated byM and Rφ cor-
responding to an LTL formula φ. Let π : SP → AP be a stationary
policy on P that maps each state sP ∈ SP to an action aP ∈ AP (sP ).
Denote by rπP = sp0sp1 . . . a run of P initialized at sp0 under π.

Assumption 1: It is assumed that there almost surely (i.e., with prob-
ability 1) exists a run rπP such that,∃(Lpi,Kpi) ∈ FP , inf(rπP ) ∩ Lpi =
∅ ∧ inf(rπP ) ∩Kpi = ∅.

Assumption 1 indicates the acceptance condition of the relaxed MDP
can be reached with probability 1. As discussed in [8], Assumption
1 is mild and only a qualitative property of Markov chains, which
indicates the motion planning problem is feasible. In other words,
we only assume the almost sure existence of a path rπP satisfying the
acceptance condition of P . Since there may exist multiple accepting
runs, the following section will focus on the synthesis of policies
that stay close to the original LTL specification φ while satisfying the
acceptance condition ofP when the environment is infeasible. It should
be noted that an accepting run rπP in Assumption 1 does not necessarily
indicate the desired task φ is fully satisfied. Instead, an accepting run
rπP is a relaxed motion planning for the agent when the environment is
infeasible.

B. Control Synthesis

This section focuses on identifying policies that induce accepting
paths of P while staying close to the original φ. Since the closeness
to φ can be measured via the violation cost V , a utility function
is designed and the subsequent analysis shows that maximizing the
expected utilities can find a policy that fulfills the LTL specification φ
as much as possible.

For i ∈ {1, . . . , nF }, letPi denoteP with the state-reward function
W i in (1) and U i

π = [U i
π(sp0) U

i
π(sp1) . . . ]

T ∈ RN denotes the
stacked expected discounted utility induced by the policy π on Pi,
where N = |SP |. The utility is designed as

U i
π =

∞∑
n=0

γnP n
π

(
W i + βRπ1N

)
(3)

where 0 < γ < 1 is a discount factor, P π ∈ RN×N contains the
probabilities PP (sp, π(sp), s

′
p) under π for all sp, s′p ∈ SP , W i =

[W i(sp0) W
i(sp1) . . . ]

T ∈ RN is the stacked state-rewards, β ∈
R+ is a weight indicating the relative importance, 1N is an N -
dimensional vector of ones, and Rπ = P π ◦ V ∈ RN×N is the
Hadamard product of P π and V , i.e., Rπ =[PP (sp, π(sp), s

′
p) ·

V (sp, LP (s
′
p), s

′
p)]N×N , where V ∈ RN×N contains the violation

cost between pairs of states in SP . For notational convenience, the
superscript i (i.e., the index of the Rabin acceptance condition of the
LTL specification) is omitted in the rest of this work, and we use W
and Uπ to represent the reward and utility vectors of P with the Rabin
acceptance condition (Lpi,Kpi).

Based on the defined utility in (3), an optimal policy π∗ is designed
as

π∗ = argmax
π

∞∑
n=0

γnP n
π (W + βRπ1N ) . (4)
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Since the policy π∗ in (4) is optimal, Uπ(sp) ≤ Uπ∗(sp) for all sp ∈
SP . When considering all pairs (Lpi,Kpi), i = 1, . . . , nF , solving (4)
yields a collection of policies {π∗i}

nF
i=1. Note that V is a nonpositive

matrix, since the violation cost of transitions between any pair of states
in (2) is nonpositive. Consequently, Rπ in (4) is a nonpositive matrix,
due to the Hadamard product of the probability matrix P π and V . If a
Markov chain MCπ

M induced by π fully satisfies φ, the violation cost
associated with the satisfactory path is zero. Therefore, maximizing the
utilities in (4) tends to bias the selection of policies toward those that
can generate Markov chains close to the original LTL specification φ.

Theorem 1: Consider a relaxed MDP product P generated byM
and Rφ corresponding to an LTL formula φ. If there exists a policy π̄
such that an induced run rπ̄P satisfies Assumption 1, then there exists
i∗ ∈ {1, . . . nF } such that any optimization method that obtains the
solution to (4) of Pi∗ with β, γ, wL, and wK satisfying the conditions
in (12), (15), (16), and (19) can find the policy π̄.

Proof: See the Appendix for the proof. �
Theorem 1 indicates that the control synthesis with relaxed LTL

specifications can be cast into an expected utility optimization problem.
Solving (4) can generate a collection of strategies {π∗i}

nF
i=1 for eachPi.

As demonstrated in Theorem 1, with a proper design of β, γ, wL, and
wK , there exists at least one policy in {π∗i}

nF
i=1 guaranteed to satisfy

the acceptance condition of the relaxed MDP.

C. Reinforcement Learning-Based Strategy

This section develops a model-free learning strategy to address the
utility optimization problem in (4), which is outlined in Algorithm 1.
Due to the limited environmental knowledge, the system starts with
an initial, possibly imprecise, belief about the environment. To correct
the potentially imprecise state labels (e.g., a state s′p that is believed
to be an obstacle initially can then be found to not be), the state label
LP (s

′
p) needs to be updated based on newly sensed information at

current state sp before applying learning algorithms. It is assumed that
the environment remains static between two consecutive samplings.
Specifically, let Info(sp) = {LP (s

′
p)|s′p ∈ Sense(sp)} denote the ob-

served labels of s′p that are different from the current belief, where
Sense(sp) represents a local set of states that can be sensed at sp.
If the sensed labels LP (s

′
p) are consistent with the current belief of

sp, Info(sp) = ∅. Otherwise, the properties of s′P need to be updated.
For a given LTL formula φ, the violation cost defined in (2) depends
only on the state labels. Note that LP (sp) = L(s), where sp = (s, q),
which indicates that all states sp ∈ SP with the same s need to be
updated. Let [[sP ]] = {sp = (s, q)|q ∈ Q} denote a class of sp with
the same s. Let LP ([[s

′
p]]) denote the label of the class [[s′p]] and let

V ([[ŝp]], LP ([[s
′
p]]), [[s

′
p]]) denote the violation cost corresponding to

the transitions from [[ŝp]] to [[s′p]], where [[ŝp]] represents a class of states
that can transit to [[s′p]] in one step. Lines 7–14 in Algorithm 1 show
how Info(·) is used to update the state labels and the violation cost
associated with state transitions.

As discussed in [28], reinforcement learning occurs over multiple
trials where the system has to be reset periodically. In addition, there
exist deadlock states in the DRA from which there does not exist a
trace satisfying the accepting condition. Since the learning process may
enter deadlock states or causes safety violation, inspired by [17], the
function ResetRabinState is introduced to periodically reset the initial
condition of the Rabin component in MDP P , whenever either a set
time interval is reached or a safety violation occurs (i.e., lines 17 and
18 in Algorithm 1). To address the exploitation versus exploration issue
in reinforcement learning, the diminishing ε-greedy approach in [29]
is applied. That is, the exploration and the exploitation in the learning
process have the probability ε and 1− ε, respectively, where ε is set

Algorithm 1: Learning-Based Control Synthesis.

1: procedure INPUT: LTL specification φ, initial MDPM, α,
β, γ, wL, wK , and the iteration threshold k̄

Output: the optimal policy π∗

Initialization: construct the product MDP P , initialize U
and the policy π∗, set episode ke = 0 and iteration k = 0;

2: while U is not converged do
3: ke ++;
4: sp=sp0;
5: while k ≤ k̄ do
6: k ++;
7: if Info(sp) = ∅ then
8: for all s′p such that LP (s

′
p) ∈ Info(sp) do

9: Update the labels of [[s′p]] to LP (s
′
p);

10: for all ŝp such that ∃ap for PP (ŝp, ap, s
′
p) = 0 do

11: Update the violation cost V ([[ŝp]], LP ([[s
′
p]]), [[s

′
p]]);

12: end for
13: end for
14: end for
15: Select a current action ap based on ε-greedy method;

16: sp
aP→ s′p

17: if ResetRabin() is True then
18: s′p ← ResetRabinState(s′p);
19: else if sp is not Null then
20: Receive R(sp, ap, s

′
p);

21:

Q(sp, ap)← (1− α)Q(sp, ap) + α
[
R(sp, ap, s

′
p)

+ γ max
ap∈AP (sP )

Q(s′p, ap)
]
;

22: U ∗π(sp) = max
ap∈AP (sP )

Q∗(sp, ap);

23: π∗(sp) = arg sup
ap∈AP (sP )

U ∗π(sp);

24: end if
25: end while
26: end while
27: end procedure

close to 1 initially to encourage exploration and gradually decreases to
encourage exploitation as the learning evolves.

Based on the Q-learning [30], the agent updates its Q-value after
transiting from sp to s′p under an action ap according to

Q (sp, ap) ← (1− α)Q (sp, ap)

+ α

[
R
(
sp, ap, s

′
p

)
+ γ max

ap∈AP (sP )
Q
(
s′p, ap

)] (5)

where Q(sp, ap) is the Q-value of the state-action pair (sp, ap), 0 <
α ≤ 1 is the learning rate, 0 ≤ γ ≤ 1 is the discount factor, and

R
(
sp, ap, s

′
p

)
= W i (sp) + β · V

(
sp, LP

(
s′p
)
, s′p

)
(6)

denotes the immediate reward from sp to s′p under ap. With standard
learning rate α and discount factor γ as in [30], Q-value will converge
to a unique limit Q∗, based on which the optimal expected utility and
policy can be obtained as U ∗π(sp) = maxap∈AP (sP )Q

∗(sp, aP ) and
π∗(sp) = argmaxaP ∈AP (sP )Q

∗(sp, aP ). In (5) and (6), the discount
γ is tuned for improved tradeoff in using immediate and future rewards,
while β is designed to specify the relative importance between max-
imizing the satisfaction of φ and minimizing the violation cost (i.e.,
lines 20–23 in Algorithm 1).
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Fig. 1. Grid world example with a sample trajectory generated by
policy π∗. The robot is tasked to avoid obstacles and visit P1, P2, and
P3 infinitely often. The trajectory starts at (0, 3) marked by the square,
and the arrows indicate movements between adjacent cells. (a) and (b)
infeasible and feasible cases, respectively.

In Algorithm 1, the number of states is |S| × |Q|, where |Q| is
determined by the DRA Rφ and |S| is the size of environment.
Due to the consideration of the relaxed product MDP and extended
actions in Definition 4, the maximum complexity of actions available
at sP = (s, q) is O(|A(s)| × |Σ|). Despite the increase of the action
complexity, compared with [17], the developed learning approach in
Algorithm 1 does not need to approximate and store all transition
probabilities.

V. CASE STUDY

Consider a robot tasked to perform φ = �¬Obs ∧�♦P1 ∧
�♦P2 ∧�♦P3 in a grid environment as shown in Fig. 1. The robot
knows the locations of P1, P2, and P3, without knowing the obstacle
positions. The motion of the robot within the environment, i.e., “up,”
“down,” “right,” and “left,” is modeled as an MDPM. It is assumed
that the action can be successfully implemented with probability 0.9
and fails with probability 0.1. The transition probability is assumed to
be unknown in simulation and needs to be learned. The LTL formula φ
is translated to a DRARφ using ltl2dstate [31], whereRφ has |Q| = 9
states. Based onRφ andM, a relaxed product MDPP is created, which
has |SP | = 225 states.

The robot starts its motion planning according to an initial belief
about the environment. Algorithm 1 is called to update the belief based
on the sensed information and the observed transitions. Active temporal
difference learning is employed to estimate the expected discount
utilities and generate optimal policies. The design parameters are set
as β = 5, γ = 0.98, α = 0.9, wL = −8, and wK = 10. A set of 600
iterations, which were separated by the ResetRabinState function in
Algorithm 1 every 200 iterations, were performed in simulation. The
algorithm is implemented in MATLAB on a PC with Intel i7 4 cores
processor, 3.60 GHz, and 32-GB memory.

The simulation results are shown in Fig. 1. Fig. 1(a) represents an
infeasible environment where P3 is surrounded by obstacles, while
Fig. 1(b) represents a feasible environment where φ can be fully
performed. The lines in Fig. 1(a) and (b) indicate paths that maximize
the utilities, and the arrows indicate the optimal actions at each cell.
The revised path in Fig. 1(a) is generated based on the relaxed product
MDP P , which only visits P1 and P2 while avoiding obstacles.

To show the effectiveness of our approach in a larger scale problem,
we consider a 40× 40 grid environment as shown in Fig. 2. The task is
expressed as ϕ = �¬Obs ∧ ♦T1 ∧�(T1→©(¬T1UT2)), where
T1 and T2 represent the destinations to be visited sequentially and Obs
represents the obstacles. With similar settings, the simulation results are
shown in Fig. 2. Fig. 2(a) represents a feasible environment where ϕ
can be fully performed, while Fig. 2(b) represents an infeasible envi-
ronment where T1 is surrounded by obstacles. The learned trajectories
in Fig. 2(a) and (b) are represented in green, indicating the paths that

Fig. 2. (a) Planned trajectory of a feasible case. (b) Agent trajectory
when the required task is not fully feasible (e.g., T1 is not reachable due
to the obstacles) in the given environment. The trajectories (i.e., green
blocks) in (a) and (b) are generated by Algorithm 1, starting from the left
corner (i.e., the cyan block).

maximize the utilities. Since the environment in Fig. 2(b) is infeasible,
a revised path is generated based on the relaxed product MDPP , which
only visits T2 while avoiding obstacles. In contrast, the path generated
in Fig. 2(a) fully satisfies the mission requirement of ϕ.

VI. CONCLUSION

This article considers a learning-based method to synthesize control
policies for MDP with LTL specifications subject to environment and
motion uncertainties. A model-free learning framework is developed
to generate policies that fulfill the LTL specifications as much as
possible by optimizing the expected discount utility of the relaxed
product MDP. The considered optimization has multiobjectives, i.e.,
maximizing reward collection and minimizing violation cost, which
can even be conflicting in many cases. Future research will consider
better tradeoff among multiple objectives. Additional research will
also consider leveraging tools, such as barrier certificate [32] or cost
optimization both in the prefix and suffix of the trajectory [25], to enable
motion planning with both hard-constrained and soft-constrained tasks.
Since the LDBA has an exponential-sized automaton [21], additional
research will consider using the LDBA to reduce the complexity of the
automaton and improve the computational efficiency.

APPENDIX

Proof of Theorem 1: Consider two policies π̄ and π∗, where π̄ is a
policy satisfying the acceptance condition of P , and π∗ is an optimal
policy satisfying (4). Let MCπ̄

P denote the Markov chain induced by
the policy π̄ on P , whose states can be represented by a disjoint union
of a transient set Tπ̄ and n closed irreducible recurrent sets Rj

π̄ , j ∈
{1, . . . , n} [29]. Note that, for policy π̄, there exists a pair (Lpi,Kpi) ∈
FP such that Lpi ∈ Tπ̄ and Kpi ∩Rj

π̄ = ∅ for all j ∈ {1, . . . , n}. Let
Π∗ be the set of optimal policies that optimize the expected utility
in (4). Similar to MCπ̄

P , the states of MCπ∗
P under a policy π∗ ∈ Π∗

can also be divided into a transient set Tπ∗ and m recurrent sets Rj
π∗ ,

j ∈ {1, . . . ,m}.
The strategy of the following proof is based on contradiction. We will

show that, if an optimal policy π∗ ∈ Π∗ does not satisfy the acceptance
condition ofP , there always exists a policy π̄with greater utility thanπ∗,
which contradicts to the optimality ofπ∗. Hence, the policy maximizing
the utility in (4) is guaranteed to satisfy the acceptance condition of P .

To this end, suppose π∗ ∈ Π∗ does not satisfy P . Then, one of the
following two cases must be true.

Case 1: There exists a recurrent set Rj
π∗ ∩Kpi = ∅, which means

Kpi is only visited finitely often.
Case 2: There exists a recurrent set Rj

π∗ ∩ Lpi = ∅, which means
Lpi can be visited infinitely often.

Authorized licensed use limited to: University of Science & Technology of China. Downloaded on April 25,2021 at 00:35:19 UTC from IEEE Xplore.  Restrictions apply. 



IEEE TRANSACTIONS ON AUTOMATIC CONTROL, VOL. 66, NO. 5, MAY 2021 2391

Let Π∗ = Π1 ∪Π2, where Π1 and Π2 represent the set of policies
satisfying Cases 1 and 2, respectively. Based on (3), the expected
utilities under π∗ is

Uπ∗ =

∞∑
n=0

γnP n
π∗ (W + βOπ∗) (7)

where Uπ∗ = [Uπ∗(sp0) Uπ∗(sp1) . . . ]
T ∈ RN is the stacked state

utilities and Oπ∗ = [Oπ∗(sp0) Oπ∗(sp1) . . . ]
T = Rπ∗1N , where N

is the number of the states of MCπ∗
P and 1N ∈ RN is a vector of

all ones. The rewards W ∈ RN , transition probability matrix P n
π∗ ∈

RN×N , and Rπ∗ ∈ RN×N are all defined similarly as in (4) over the
states of MCπ∗

P . Denote [Rπ∗ ]ij by Rπ∗
ij and Rπ∗

ij = PP,ij · Vij ≤ 0,
due to the nonnegative probability PP,ij and the nonpositive viola-
tion cost Vij . Hence, Oπ∗ in (7) is element-wise nonpositive, i.e.,
Oπ∗(spi) ≤ 0 for all i ∈ {1, . . . N}.

Suppose there are r transient states (i.e., |Tπ∗ | = r) and m recurrent
setsRi

π∗ , i ∈ {1, . . . ,m}, where eachRi
π∗ has Ni states. The expected

utility in (7) can be reorganized as

[
U tr

π∗

U rec
π∗

]
=

∞∑
n=0

γn

[
P π∗ (T , T ) P tr

π∗

0∑m

i=1
Ni×r

P π∗ (R,R)

]n

·
([

W tr

W rec

]
+ β

[
Otr

π∗

Orec
π∗

]) (8)

where U tr
π∗ and U rec

π∗ are the utilities of states in transient and recurrent
classes, respectively. In (8),P π∗(T , T ) ∈ Rr×r denotes the probability
transition matrix between states in Tπ∗ . The zero matrix 0∑m

i=1
Ni×r

indicates the states in which recurrent classes have zero probability

transiting to Tπ∗ . The P tr
π∗ = [P tr1

π∗ . . . P
trm
π∗ ] ∈ Rr×

∑m

i=1
Ni is a prob-

ability transition matrix where P tri
π∗ ∈ Rr×Ni represents the probabil-

ity of transiting from a transient state in Tπ∗ to the states of Ri
π∗ .

The P π∗(R,R) is a diagonal block matrix, where the ith block is
an Ni ×Ni matrix containing transition probabilities between states
within Ri

π∗ . Note that P π∗(R,R) is a stochastic matrix since each
block matrix is a stochastic matrix [33]. The rewards W and Oπ∗ can
also be partitioned to W tr, W rec, Otr

π∗ , and Orec
π∗ based on transient and

recurrent classes, respectively.
Infeasibility of Case 1: First, consider a policy π∗ ∈ Π1, which

indicates that there exists some j such that Kpi∩Rj
π∗ = ∅. The utilities

of recurrent states are obtained from (8) as

U rec
π∗ =

∞∑
n=0

γnP n
π∗ (R,R) (W rec + βOrec

π∗) . (9)

Consider a state sp ∈ Rj
π∗ and let P

spRj

π∗ denote a row vector of
P n

π∗(R,R) that contains the transition probabilities from sp to the
states in the same recurrent class Rj

π∗ in n steps. The utility of sp is
then obtained from (9) as

U rec
π∗ (sp) =

∞∑
n=0

γn
[
0T
k1

P
spRj

π∗ 0T
k2

]
(W rec + βOrec

π∗) (10)

where k1 =
∑j−1

i=1 Ni, k2 =
∑m

i=j+1 Ni, and 0T
k1

and 0T
k2

are vectors

of zeros with dimension k1 and k2, respectively. Since Kpi∩Rj
π∗ = ∅,

based on Definition 4, the rewards of states in Rj
π∗ are nonpositive.

That is, the entries in W rec corresponding to the states in Rj
π∗ are

nonpositive. Given that the entries inOrec
π∗ are all nonpositive andβ > 0,

(10) indicates that U rec
π∗ (sp) ≤ 0 under the optimal policy π∗.

To show that Case 1 cannot be true, the following analysis will show
that U rec

π̄ (sp) > U rec
π∗ (sp), which contradicts the optimal policy π∗.

Based on the type of state sp, two subcases are discussed for policy π̄.

Subcase 1: If sp ∈ Rj
π̄ , one has Rj

π̄ ∩Kpi = ∅ since π̄ is a policy
that satisfies the acceptance condition of P . Thus, there exists at least
one sK ∈ Kpi such that sK ∈ Rj

π̄ . In addition, since Lpi ∩Rj
π̄ = ∅,

the entries in W rec corresponding to the recurrent states in Rj
π̄ have

nonnegative rewards by Definition 4. Note that at minimum there is
only one state sK ∈ Kpi in Rj

π̄ with reward wK > 0, while the other
rewards for recurrent states inRj

π̄ are 0. Thus, considering the case of
π̄ in (10), U rec

π̄ (sp) can be lower bounded as

U rec
π̄ (sp) ≥

∞∑
n=0

γn
(
P

spsK
π̄ wK + βP

spRj
π̄ V rec

π̄ 1Nj

)
(11)

where P spsK
π̄ is the transition probability from sp to sK in n steps, and

V rec
π̄ ∈ RNj×Nj represents the violation cost of states in Rj

π̄ . Since
sp and sK are recurrent states, there always exists a lower bound
P

spsK
π̄ ∈ R+ of the transition probability P

spsK
π̄ in (11). Given that

P
spsK
π̄ , β,Nj are all positive, the positive reward wK can be selected

to large enough that

P
spsK
π̄ wK + βN2

j V
rec
π̄ > 0 (12)

where V rec
π̄ ∈ R− represents the minimal entry in V rec

π̄ . If (12) holds,
U rec

π̄ (sp) > 0, leading to the contradictionU rec
π̄ (sp) > U rec

π∗ (sp). Hence,
sp cannot be in a recurrent set.

Subcase 2: If sp ∈ Tπ̄ , at minimum all transient states of Tπ̄ will
have negative rewards, i.e., W tr = [wL . . . wL]

T ∈ Rr with wL < 0,
and only one state sK ∈ Kpi is in the recurrent class with positive
reward wK .

As demonstrated in [33], for a transient state s, there always exists
an upper boundΔ <∞ such that

∑∞
n=0 p

n(s, s) < Δ, where pn(s, s)
denotes the probability of returning from a transient state s to itself in
n time steps. For a recurrent state s, it is always true that

∞∑
n=0

γnpn(s, s) >
1

1− γn
p̄ (13)

where there exists n such that pn(s, s) is nonzero and can be lower
bounded by p̄ [33].

From (8), one has

U tr
π̄ >

∞∑
n=0

γnP n
π̄ (T , T )

(
W tr + βOtr

π̄

)

+
∞∑

n=0

γnP tr
π̄P

n
π̄ (R,R) (W rec + βV rec

π̄ 1Ñ ) .

(14)

Let max(·) and min(·) represent the maximum and minimum en-
try of an input vector, respectively. Consider the lower bound
V tr

π̄ = min(V tr
π̄1r) and the upper bound m̄ = {max(M)|M <

P tr
π̄P̄ (W rec + βV rec

π̄ 1Ñ )}, where Ñ =
∑m

j=1 Nj and P̄ is a block
matrix whose nonzero entries are derived similar to the p̄ in (13).
Using the fact that wL < 0 and

∑∞
n=0 γ

nP n
π̄(T , T ) ≤ Δ1r×r [33],

where 1r×r is a r × r matrix of all ones, the utility U tr
π̄(sp) can be

lower bounded from (13) and (14) as U tr
π̄(sp) > Δr(wL + βV tr

π̄) +
1

1−γn m̄.SinceU rec
π∗ (sp) < 0, the contradictionU tr

π̄(sp) > U rec
π∗ (sp)will

be achieved if

Δr
(
wL + βV tr

π̄

)
+

1

1− γn
m̄ > 0 (15)

which indicates that Case 1 cannot be true. SinceΔr(wL + βV tr
π̄) < 0,

it needs m̄ > 0 so that the inequality in (15) holds when γ is sufficiently
close to 1. Note that when there is only one sK ∈ Rj

π̄ and sK ∈ KPi,
m̄ > 0 if

wK + βÑV rec
π̄ > 0 (16)
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whereV rec
π̄ = min(V rec

π̄ 1Ñ ). In summary, Case 1 cannot be true, ifwL,
wK , β, and γ are properly designed such that (12), (15), and (16) are
satisfied.

Infeasibility of Case 2: For π∗ ∈ Π2, consider a state sp ∈ Ri
π∗ ∩

Lpi for some i. The following analysis starts by deriving an upper bound
of U rec

π∗ (sp), which will then be proven to be less than U rec
π̄ (sp), leading

to the contradiction that π∗ is an optimal policy.
Consider that sp has the negative reward wL and all other states in

Ri
π∗ have positive rewardwK , which yields the upper bound from (9) as

U rec
π∗ (sp) ≤

∞∑
n=0

γn (Ni − 1)wK +
∞∑

n=0

γnβP
spsp
π̄,n wL

≤ (Ni − 1)wK

1− γ
+ βwL

p̄
spsp
π̄,n

1− γ
� Ū rec

π∗ (sp)

(17)

where Ni is the number of states in Ri
π∗ , P

spsp
π̄,n represents the proba-

bility of returning from sp to itself in n steps, p̄spspπ̄,n is an upper bounder
of P spsp

π̄,n , and the fact that Orec
π∗ ≤ 0 is used.

In addition, since sp ∈ Lpi, the policy π̄ indicates that sp is in the
transient class Tπ̄ . If (16) is satisfied, the lower bound of U tr

π̄(sp) is
derived from (14) as

U tr
π̄ (sp) > � Δr

(
wL + βV tr

π̄

)
� U tr

π̄ (sp) . (18)

Based on (17) and (18), if wL, wK , β, and γ are properly designed such
that

Δr
(
wL + βV tr

π̄

)
>

(Ni − 1)wK

1− γ
+ βwL

p̄
spsp
π̄,n

1− γ
(19)

the contradiction U tr
π̄(sp) > U rec

π∗ (sp) achieves, which indicates that
Case 2 cannot be true.

Base on the analysis of Cases 1 and 2, the optimal policy π∗ that
optimizes (4) also satisfies the acceptance condition of P , provided
that (12), (15), (16), and (19) are satisfied.

The following shows how wL, wK , β, and γ can be determined
to satisfy (12), (15), (16), and (19). First, given a fixed wK , β can
be determined such that (12) and (16) are satisfied. Based on the
determined wK and β and the conditions in (15) and (19), wL and γ
need to be selected to satisfy Δr(1− γn)(wL + βV tr

π̄) + m̄ > 0

and (Ni − 1)wK + βp̄
spsp
π̄,n wL − (1− γ)Δr(wL + βV tr

π̄) < 0. The
reward wL can then be determined first by solving (Ni − 1)wK +
βp̄wL < −ε, where 0 < ε < m̄, and γ can be determined by solving

max
{
−Δr

(
1− γn

) (
wL + βV tr

π̄

)
− (1− γ)Δr

(
wL + βV tr

π̄

)}
< ε.

REFERENCES

[1] M. Kloetzer and C. Belta, “A fully automated framework for control of
linear systems from temporal logic specifications,” IEEE Trans. Autom.
Control, vol. 53, no. 1, pp. 287–297, Feb. 2008.

[2] M. Kloetzer and C. Belta, “Automatic deployment of distributed teams of
robots from temporal logic motion specifications,” IEEE Trans. Robot.,
vol. 26, no. 1, pp. 48–61, Feb. 2010.

[3] X. C. Ding, S. L. Smith, C. Belta, and D. Rus, “MDP optimal control
under temporal logic constraints,” in Proc. IEEE Conf. Decis. Control,
2011, pp. 532–538.

[4] M. Guo and D. V. Dimarogonas, “Multi-agent plan reconfiguration under
local LTL specifications,” Int. J. Robot. Res., vol. 34, no. 2, pp. 218–235,
2015.

[5] K. Kim and G. E. Fainekos, “Approximate solutions for the minimal
revision problem of specification automata,” in Proc. IEEE Int. Conf. Intell.
Robot. Syst., 2012, pp. 265–271.

[6] K. Kim, G. E. Fainekos, and S. Sankaranarayanan, “On the revision prob-
lem of specification automata,” in Proc. IEEE Int. Conf. Robot. Autom.,
2012, pp. 5171–5176.

[7] J. Tumova, G. C. Hall, S. Karaman, E. Frazzoli, and D. Rus, “Least-
violating control strategy synthesis with safety rules,” in Proc. Int. Conf.
Hybrid Syst., Comput. Control, 2013, pp. 1–10.

[8] C. Baier, J.-P. Katoen, and K. G. Larsen, Principles of Model Checking.
Cambridge, MA, USA: MIT Press, 2008.

[9] I. Cizelj and C. Belta, “Control of noisy differential-drive vehicles from
time-bounded temporal logic specifications,” Int. J. Robot. Res., vol. 33,
no. 8, pp. 1112–1129, 2014.

[10] A. Ulusoy, T. Wongpiromsarn, and C. Belta, “Incremental controller
synthesis in probabilistic environments with temporal logic constraints,”
Int. J. Robot. Res, vol. 33, no. 8, pp. 1130–1144, 2014.

[11] M. Lahijanian, S. B. Andersson, and C. Belta, “Temporal logic motion
planning and control with probabilistic satisfaction guarantees,” IEEE
Trans. Robot., vol. 28, no. 2, pp. 396–409, Apr. 2012.

[12] P. Nuzzo, J. Li, A. L. Sangiovanni-Vincentelli, Y. Xi, and D. Li, “Stochas-
tic assume-guarantee contracts for cyber-physical system design,” ACM
Trans. Embed Comput Syst., vol. 18, no. 1, pp. 1–26, 2019.

[13] X. Ding, S. L. Smith, C. Belta, and D. Rus, “Optimal control of Markov
decision processes with linear temporal logic constraints,” IEEE Trans.
Autom. Control, vol. 59, no. 5, pp. 1244–1257, May 2014.

[14] T. Brázdil et al., “Verification of Markov decision processes using learning
algorithms,” in Proc. Int. Symp. Autom. Tech. Verif. Anal. Springer, 2014,
pp. 98–114.

[15] D. Aksaray, A. Jones, Z. Kong, M. Schwager, and C. Belta, “Q-learning
for robust satisfaction of signal temporal logic specifications,” in Proc.
IEEE Conf. Decis. Control, 2016, pp. 6565–6570.

[16] X. Li, C.-I. Vasile, and C. Belta, “Reinforcement learning with temporal
logic rewards,” in Proc. IEEE Int. Conf. Intell. Robot. Syst., 2017, pp. 3834–
3839.

[17] D. Sadigh, E. S. Kim, S. Coogan, S. S. Sastry, and S. A. Seshia, “A learning
based approach to control synthesis of Markov decision processes for linear
temporal logic specifications,” in Proc. IEEE Conf. Decis. Control., 2014,
pp. 1091–1096.

[18] J. Fu and U. Topcu, “Probably approximately correct MDP learning and
control with temporal logic constraints,” 2014, arXiv:1404.7073.

[19] J. Wang, X. Ding, M. Lahijanian, I. C. Paschalidis, and C. A. Belta,
“Temporal logic motion control using actor–critic methods,” Int. J. Robot.
Res, vol. 34, no. 10, pp. 1329–1344, 2015.

[20] Q. Gao, D. Hajinezhad, Y. Zhang, Y. Kantaros, and M. M. Zavlanos,
“Reduced variance deep reinforcement learning with temporal logic spec-
ifications,” in Proc. ACM/IEEE Int. Conf. Cyber-Physical Syst., 2019,
pp. 237–248.

[21] M. Hasanbeig, A. Abate, and D. Kroening, “Certified reinforcement learn-
ing with logic guidance,” 2019, arXiv: 1902.00778.

[22] E. M. Hahn, M. Perez, S. Schewe, F. Somenzi, A. Trivedi, and D. Wo-
jtczak, “Omega-regular objectives in model-free reinforcement learning,”
in Proc. Int. Conf. Tools Algorithms Construction Anal. Syst., 2019,
pp. 395–412.

[23] M. Hasanbeig, Y. Kantaros, A. Abate, D. Kroening, G. J. Pappas, and
I. Lee, “Reinforcement learning for temporal logic control synthesis
with probabilistic satisfaction guarantees,” 2019, arXiv: 1909.05304,
2019.

[24] E. M. Wolff, U. Topcu, and R. M. Murray, “Robust control of uncertain
Markov decision processes with temporal logic specifications,” in Proc.
IEEE Conf. Decis. Control, 2012, pp. 3372–3379.

[25] M. Guo and M. M. Zavlanos, “Probabilistic motion planning under tem-
poral tasks and soft constraints,” IEEE Trans. Autom. Control, vol. 63,
no. 12, pp. 4051–4066, Dec. 2018.

[26] J. Klein and C. Baier, “Experiments with deterministic ω-automata for
formulas of linear temporal logic,” Theor. Comput. Sci., vol. 363, no. 2,
pp. 182–195, 2006.

[27] E. Gradel and W. Thomas, Automata, Logics, and Infinite Games: A Guide
to Current Research, vol. 2500. Berlin, Germany: Springer, 2002.

[28] S. J. Russell and P. Norvig, Artificial Intelligence: A Modern Approach.
Kuala Lumpur, Malaysia: Pearson, 2016.

[29] M. Kearns and S. Singh, “Near-optimal reinforcement learning in polyno-
mial time,” Mach. Learn., vol. 49, no. 2–3, pp. 209–232, 2002.

[30] C. J. Watkins and P. Dayan, “Q-learning,” Mach. Learn., vol. 8, no. 3–4,
pp. 279–292, 1992.

[31] J. Klein, “LTL2dstar-LTL to deterministic Streett and Rabin automata,”
2007. [Online]. Available: https://www.ltl2dstar.de

[32] J. F. Fisac, A. K. Akametalu, M. N. Zeilinger, S. Kaynama, J. Gillula, and
C. J. Tomlin, “A general safety framework for learning-based control in
uncertain robotic systems,” IEEE Trans. Autom. Control, vol. 64, no. 7,
pp. 2737–2752, Jul. 2019.

[33] R. Durrett and R. Durrett, Essentials of Stochastic Processes, vol. 1. Berlin,
Germany: Springer, 1999.

Authorized licensed use limited to: University of Science & Technology of China. Downloaded on April 25,2021 at 00:35:19 UTC from IEEE Xplore.  Restrictions apply. 

https://www.ltl2dstar.de


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


