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Abstract— In this work, we present a two-phase planning
and runtime monitoring framework for the robotic manipulator
given a high-level task specification. In the planning phase,
the task is given as a metric interval temporal logic (MITL)
formula over a set of propositions satisfied at the regions of
the environment. A timed automata based method is used to
automatically generate a feasible execution sequence for the
manipulator to complete the task with time constraints. For the
runtime phase, the manipulator is modeled as a hybrid system
and both a model monitor and a safety monitor are designed
to ensure the verification results from planning phase apply to
the runtime implementation while satisfying additional safety
requirements. Our experiments on runtime monitoring of the
manipulation task show that the monitors could successfully
detect the error behaviors.

I. INTRODUCTION

Motion and action planning for robotic manipulator is
important for real, physical world applications. Over the past
decade, automated synthesis of correct-by-design controllers
complying with complex behavior specifications for robot
planning has attracted a great deal of research. Classical
Boolean logic allows to formulate specifications φ over a
set of propositions Π. Each proposition π ∈ Π can either
be true or false. Linear Temporal Logic (LTL) [14] extends
the Boolean logic by operators with temporal semantics.
Consequently, specifications can be expressed over a se-
quence of propositions instead of a single set. This additional
expressiveness makes temporal logics useful for specifying
the desired behavior of autonomous systems, effectively
capturing the temporal evolution of these systems. This also
provides a basis to effectively plan valid actions of a system
by combining the automaton of the specification with the
system model, for example in [10] [11]. A hierarchical
procedure to address planning under LTL specification is
described as follows: the robot dynamics is abstracted into
a finite, discrete transition system, a discrete plan that meets
the specification is synthesized and next translated into a
controller for the original system.

LTL specification does not emphasize on time constraints.
For real applications, a robot might be required to perform a
specific task within a certain time bound, rather than at some
arbitrary time in the future. Metric interval temporal logic
(MITL)[1] has been introduced twenty years ago to incor-
porate time constraints in the specifications. Time bounded
motion planning has been done in heuristic ways [13], and
also by using mixed integer linear programming (MILP)
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framework [12]. Cooperative task planning of multi-agent
systems with time constraints have been considered in [5].
The model checking process of MITL includes transforming
it into a timed automaton [3].

Due to the uncertainty in the environment, the verification
results obtained with respect to the system and environment
models at design-time might not be transferable to the system
behavior at run time. For autonomous systems operating
in dynamic environments, safety of motion and collision
avoidance are critical requirements. Mitsch et al. [15] use
differential dynamic logic to verify safe obstacle avoidance
for autonomous robotic ground vehicles with the dynamic
window algorithm. The paper in [16] presents the ModelPlex
approach, which combines offline verification of CPS mod-
els with runtime validation in order to provide correctness
guarantees for system executions at runtime. LTL3, which
is the 3-valued LTL, is designed for reasoning about LTL
properties for finite executions and has been used for runtime
verification [17]. LTL3 specifications could be transformed
into a monitor automaton, where the transitions of the states
are based on runtime sensory information. If the monitor
automaton goes to the “bad” states, it implies that a fault is
detected at runtime and the execution should be stopped.
In this paper, we address the problem of planning and
runtime monitoring of the robotic manipulator with MITL
specifications.

The contribution of this paper is thus twofold and sum-
marized as follows. First, we propose a timed automata
approach for automated generation of behaviors for a robotic
manipulator with time constraints. Unlike [4], we consider
both the time constraints for position changes (move from
position A to position B) and for performing actions (grasp-
ing an object, releasing an object), instead of only consid-
ering time for motion. Unlike [5], we interpret the MITL
formula in continuous semantics [18] instead of point-wise
semantics, and also we considered the agent model as a
product of the robot model and environment model instead
of a simple weighted transition system. Second, we propose
a two-phase process for our safety monitoring problem. In
the design phase, we obtain an execution sequence for the
robot which satisfies some desired specifications and has
correctness guarantee. For the runtime phase, we model the
manipulator as a hybrid system and we build a model monitor
to check whether the execution sequence at runtime matches
the desired execution sequence, and a safety monitor to check
the runtime safety specifications of the system.

The rest of the paper is organized as follows. Section
II provides some definitions and preliminaries, as well as
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the system modeling. Section III illustrates how the timed
automata can be used to generate the desired execution
sequence automatically and we also provide the implementa-
tion with UPPAAL [9]. Section IV gives some examples on
different time bounded tasks and shows the implementation
results. Section V discusses the design of two different
monitors for the runtime phase and also the Stateflow im-
plementation. Finally we conclude in section VI.

II. PRELIMINARIES

Definition II.1. The syntax of LTL formulas are defined
according to the following grammar rules:

φ ::= T |π | ¬φ1 |φ1 ∧ φ2 | �φ1 |φ1 U φ2 |φ1 Rφ2 (1)

With LTL formulas φ1, φ2, propositions π ∈ Π, and the
Boolean constant T “true ”. The syntax includes the Boolean
operators ¬ “not” and ∧ “and”, as well as the temporal
operator �“next”, U “until”, and R “release”. The following
derived operators are defined to extend the above operators:

• “or”: φ1 ∨ φ2 := ¬(¬φ1 ∧ ¬φ2)
• “implies”: φ1 =⇒ φ2 := ¬φ1 ∨ φ2

• “eventually”: ♦φ1 := � U φ1

• “always”: �φ1 := ⊥Rφ1

LTL formulas are defined over a sequence σ of atomic
propositions Π. At each discrete point in time t ∈ N, a set of
propositions π ∈ Π given by σ(t) denotes which propositions
are true π ∈ σ(t) or false π /∈ σ(t). A sequence is called
finite if it is bounded by a maximum time T and then we
say that the sequence has length T.

Definition II.2. The syntax of MITL formulas are defined
according to the following grammar rules:

φ ::= T |π | ¬φ1 |φ1 ∧ φ2 | �φ1 |φ1 UI φ2 | (2)

where e I ⊆ [0, ∞]. UI symbolizes the timed Until operator.
Sometimes we will represent U[0,∞] by U. Other Boolean and
temporal operators such as conjunction (∨), eventually within
I (♦I ), always on I ( �I ) etc. can be represented using the
grammar described in the definition. For example, we can
express time constrained eventually operator ♦Iφ ≡ T UIφ
and so on. In this paper, all the untimed temporal logic here
is transformed into until operator and all the timed operator
is transformed to eventually within I, to make it easier to
generate a timed automaton. For any MITL formulas φ1 and
φ2, the following semantics hold.

• σ(t) |= π iff π ∈ σ(t)
• σ(t) |= ¬φ1 iff σ(t) � φ1

• σ(t) |= φ1 ∧ φ2 iff σ(t) |= φ1 and σ(t) |= φ2

• σ(t) |= �φ1 iff σ(t+ 1) |= φ1

• σ(t) |= φ1 UI φ2 iff ∃ s ∈ I such that σ(t + s) |= φ2

and ∀s′ ≤ s it holds that σ(t+ s′) |= φ1

Definition II.3. (Manipulator Model). The manipulator
model is given by a labeled transition system defined as

R = (SR, ER, δR,ΠR,ΛR)

consisting of
(1) a set of states SR of the robot,
(2) a set of edges between states ER ⊆ SR × SR,
(3) a a proposition alphabet ΠR ,
(4) a labeling function ΛR: VR → 2ΠR assigning atomic

propositions to states.

Fig. 1. Manipulator Model

States SR denote the actions of the robot, such as “grasp”
or “move”. The edges ER represent the change of the action,
note that some edges do not exist. For example, the robot
state could not change from “move” to “grasp”, as the
grasping could only happen when the robot is not moving.
The labeling function in the robot model identifies states
with certain properties and makes them referable in mission
specifications.

Definition II.4. (Environment Model). The environment
model is given by a labeled transition system defined as

L = (VL, EL, δL,ΠL,ΛL)

consisting of
(1) a set of vertices VL,
(2) a set of edges between locations EL ⊆ VL × VL,
(3) a transition condition δL ∈ AR,
(4) a a proposition alphabet ΠL ,
(5) a labeling function ΛL: VL → 2ΠL assigning atomic

propositions to locations.

Vertices VL represent locations of interest in the environ-
ment. For example, a vertex can denote an area or specific
position. The edges EL represent navigation actions in order
to change the location to a different one. An edge exists
between two vertices if there is a navigation action between
the respective locations such that the transition condition is
satisfied. δL is the transition condition and AR is a set of
possible actions for the manipulator. For example, the robot
could change position only when its current action is “move”
or “carry”. The atomic propositions assigned to locations by
the labeling function denote particular properties of these
locations.

Definition II.5. (Agent Model). The agent model is given
as a timed automaton
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Fig. 2. Environment Model

A = (SA, s0, EA,ΠA,ΛA, gA)

consisting of
(1) a set of states SA = VL × SR combining location and

internal state of the agent,
(2) an initial state s0 ∈ SA,
(3) a set of edges between states EA ⊆ SA × SA,
(4) a a proposition alphabet ΠA = ΠL ∪ΠR ,
(5) a labeling function ΛA: SA → 2ΠA assigning atomic

propositions to states,
(6) a clock constraint guard condition gA.

Each state SA in the agent model is a position-action pair.
Let C denote the real-valued clock variable, a clock constraint
is a conjunctive formula of atomic constraints of the form
x ∼ n or x − y ∼ n for x, y ∈ C, ∼ ∈ {≤, <,=,≥, >}
and n ∈ N. The guard condition represents the time to
transit from one state to another and is estimated based
on manipulator dynamics, for example Fig 3. For simplicity
purpose, we assume the same guard condition z ≥ 1|z := 0
for all edges here. Our goal is to find a sequence of position-
action pair that satisfy the specifications.p y p

Fig. 3. Agent Model. Each node in the figure represents a state-action pair.
For example, node loc0 represents state (pos init, hold). For simplicity
purpose, we assume the same guard condition z ≥ 1|z := 0 for all edges.

III. TIMED AUTOMATA APPROACH FOR MANIPULATOR
PLANNING

An LTL formula can be transformed into a Büchi
automaton which can be used in optimal path synthesis
[7]. In this paper, we aim to transform the MITL formula
into a timed automata for model checking. Similar to what
has been described in [3], in order to transform MITL

specifications into timed automata, we first change every
temporal logic operator into a timed signal transducer, which
is a temporal automaton that accepts input and generates
output. To complete the construction for MITL, we just need
to compose the temporal automatons for the propositional,
untimed and timed operators according to the structure of
the formula. The transformation of untimed Until operator
and timed Eventually operator is summarized in Figs. 4 and
5.

Fig. 4. The timed automaton for pUq. The inputs and outputs of the states
are specified in the second line of each state. pq̄ means the inputs are [1,
0] and q̄ means the inputs can be [0, 1] or [0, 0], and γ = 1 means the
output is 1. Transitions are specified in the format of guard|reset. In this
case all the transitions have guard z > 0 and reset clock z. All states in
this automaton are Buchi accepting states except spq̄ . The Buchi accepting
states are highlighted.

The timed automata representation for timed eventually
(♦Ia) is decomposed into two automata, the generator gen-
erates predictions of the future outputs of the system, while
the checker verifies that the generated outputs actually fit
the inputs. As shown in [3], 2m number of clocks suffice
to memorize relevant predictions, where m = (b/d) + 1 and
d = b − a. It is important to note that the the positive time
interval d allows us to memorize relevant predictions with
finite number of clocks, while this property does not hold
with metric temporal logic (MTL). The composition between
them is achieved through the shared clock variables. A finite
time trajectory satisfies the MITL, when the output signal of
the generator automaton includes a pair of raising edge and
falling edge verified by the checker automaton. The transition
from Chk3i−1 to Chk3i+1, i ∈ [1,m-1] (Fig. 6) marks the
exact time when such falling edge is verified. This guarantees
that the time trajectory before the synchronization is a finite
time trajectory that satisfies the MITL.

The overall framework is summarized as follows:
1) We construct the agent model as a timed automata by

combining the environment model and the manipulator
model as shown in section II. We denote the agent
model as A

2) MITL formula is transformed into a timed automata
using the method mentioned above, denoted as M.

3) The timed automata M is then taken product with the
agent model A, and we construct the timed automaton
G = A ⊗ M based on the atomic propositions of the
states.
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Fig. 5. The timed automaton for the generator part of ♦Ia. xi
′ represents

the rate of the clock xi. By setting the rate to be 0, we essentially deactivate
the clock. The ∗ symbol means that there is no value for that particular input,
output or guard for that state. There are no Buchi states since the time is
bounded

Fig. 6. The timed automaton for the checker part of ♦Ia. 2m is the
number of clocks required for the timed eventually (♦I ) operator. There
are no Buchi states since the time is bounded

4) The resulting timed automata is then automatically
transformed to an UPPAAL [9] model with additional
satisfaction condition verifier. Any finite trajectory ini-
tiated from the initial state satisfying the following
conditions will satisfy the MITL specification. Firstly,
it has to visit at least one of the Buchi accepting states,
and secondly, it has to meet the acceptance condition for
the timed eventually operator. To perform such a search
in UPPAAL, a final state is added to allow transitions
from any Buchi accepting state to itself.

5) An optimal timed execution sequence is then synthe-
sized using the UPPAAL verification tool.

A. Case Study

In this section we provide case study for two manipulation
scenarios. The first one considers a pick-and-place manipula-
tion task without specifying time constraint, while the second
one includes a time constraint in the specification.

Example III.1. (Example 1.) Given a task of robot grasping
an object at a certain position and moving it to the goal
position, while always avoiding the obstacle. The MTL
formula could be expressed as follows:

Fig. 7. The Resulting timed automaton in UPPAAL of φ1. The purple
colored texts under the state names represent invariants. The green colored
texts along the edges represent guard conditions, while the blue ones
represent clock resets. The Buchi accepting states are represented by a
subscript b in state names.

φ1 = ( ¬ pos goal U pos object) ∧ (¬ pos goal U grasp)
∧ (♦ pos goal ) ∧ (� ¬ pos obs)

The task specification requires that the robot do not go to
the goal position until the robot has visited the object position
and has grasped the object, but eventually the robot needs
to move to the goal position. During the whole process, the
robot should never collide with the obstacle. The sequence
found by UPPAAL which satisfies the LTL formula is shown
in figure 7.

As shown in figure 7, the path found by UPPAAL is loc0
→ loc6 → loc16 → loc13 → loc17 → loc42 → loc50 →
loc35 → loc51 b , which corresponds to the following action
sequence: (pos init, hold) → (pos init, move) → (pos object,
move) → (pos object, hold) → (pos object, grasp) →
(pos object, carry) → (pos init, carry) → (pos goal, carry)
→ (pos goal, release). By following the execution sequence,
the robot is guaranteed to satisfy the given MITL formula.

Example III.2. (Example 2.) We then consider another
example which involves time constraints. We want the robot
to pick up the object after 5 seconds but no later than 10
seconds, while avoiding the obstacle. The MITL formula
could be written as follows:

φ2 = (¬ grasp U pos object) ∧ (♦[5,10] grasp) ∧ (� ¬
pos obs )

Similar to Example 1, we use UPPAAL to find the
execution sequence, and the resulting path is shown in Fig
8. The sequence found by UPPAAL is (loc117, loc139) →
(loc117, loc133) → (loc125, loc133) → (loc126, loc133)
→ (loc118, loc133) → (loc118, loc133) → (loc16, loc133),
which again corresponds to ((pos init, hold), t = 0) →
((pos init, hold), t ∈ [0, 1]) → ((pos init, move), t ∈ [1, 2])
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Fig. 8. The Resulting timed automaton for checker part in UPPAAL of
φ2. The accepting states are represented by a subscript b in state names.

Fig. 9. The Resulting timed automaton for generator part in UPPAAL of
φ2.

→ ((pos object, move), t ∈ [2, 3]) → ((pos object, hold),
t ∈ [3, 4]) → ((pos object, hold), t ∈ [4, 5]) →((pos object,
grasp), t ∈ [5, 6]). As can be seen from the result, the robot
waits 1 time unit at the object position, such that it could
meet the requirement of grasping the object after 5 seconds.

IV. SAFETY MONITOR

Runtime monitors can mitigate the problem of the reality
gap (between a model and the real world) especially when
used to compliment offline verification. Given that a robotic
system is naturally cyber-physical, and therefore malfunc-
tions can have safety consequences, monitoring the system’s
behavior at runtime can be key to safe operation. We propose
a two-phase process for our safety monitoring problem. In
the design phase, we obtain an execution sequence for the
robot which satisfies some desired specifications and has
correctness guarantee. For the runtime phase, we model the
robot as a hybrid system and we build a model monitor to
check whether the execution sequence at runtime matches the

desired execution sequence, and a safety monitor to check
the runtime safety specifications of the system.y p y

Fig. 10. Hybrid Automaton Model for Manipulator. q̇ is the velocity of the
end-effector, threshold is the tolerance value we set for considering static,
Gripper empty represents the force sensor has 0 readings and thus no object
is in the gripper, and Gripper Cmd is the command we send to the robot,
which could be either open or close

A. Runtime Monitoring
We design two runtime monitors for the system, i.e, the

model monitor and the runtime safety monitor. The model
monitor checks whether the execution sequence in runtime is
the same as the design phase, and the safety monitor checks
whether the system satisfies additional safety constraints dur-
ing the runtime execution. The execution should be stopped
when either of the monitor detects an error.

1) Model Monitor Design: In order to design the model
monitor, we construct a hybrid system model [2] for the
manipulator, where the transition is based on the sensory
information. The hybrid system model is demonstrated in Fig
10. Five different modes are considered, “hold” represents
that the end-effector is staying at its current position, “move”
represents that the end-effector is moving, “grasp” represents
the action of closing the gripper, “carry” represents that
the end-effector is moving while holding an object, and
“release” represents the action of openning the gripper. The
construction of the model monitor is then straight forward.
In each state si, we test the previous state si−1 and check
whether the transition follows the desired trace in design
phase. If an error is detected, the execution should be
stopped.

2) Safety Monitor Design: For designing the safety moni-
tor, instead of specifying and verifying the entire system, the
safety properties that the system has to exhibit are extracted
and specified as a monitor of the system. We specify addi-
tional runtime safety specifications in LTL. LTL semantics
is defined over infinite traces and a running program can
only deliver a finite trace at a monitoring point. To formalize
satisfaction of LTL properties for a finite trace at run time,
in [17] the authors propose semantics for LTL3, where the
evaluation of a formula ranges over three values {�, ⊥, ?}
(denoted LTL3). The value ‘?’ expresses the fact that it is
not possible to decide on the satisfaction or violation of a
property, given the current program finite trace. We denote
the set of all finite words over

∑
by

∑∗ and the set of all
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infinite words by
∑ω . For a finite word u and a word w,

we write u · w to denote their concatenation.

Definition IV.1. (LTL3 semantics). Let α ∈ ∑∗ be a finite
trace. The valuation of an LTL3 formula φ with respect to
α, denoted by [α |= φ], is defined as follows:

[α |= φ] =

⎧⎪⎨
⎪⎩

� if ∀ω ∈ ∑ω
: α · ω |= φ

⊥ if ∀ω ∈ ∑ω
: α · ω �|= φ

? otherwise

Note that the syntax [α |= φ] for LTL3 semantics is
defined over finite words as opposed to α |= φ for LTL
semantics, which is defined over infinite words. For example,
given a finite program trace σ = a0a1...an , property ♦p
holds iff ai |= p, for some i, 0 ≤ i ≤ n. Otherwise, the prop-
erty evaluates to ?. LTL3 specifications could be transformed
into a monitor automaton [17], where the transitions between
the states are based on runtime sensory information. If the
monitor automaton goes to ”bad” state, we should stop the
execution. For example, in the pick-and-place example, we
require that after the robot received a command of grasping
(closing the gripper), we require the coordinate of all joint
positions should remain the same until the force sensor has
confirmed that the grasping is finished (for example, Force
> 1N).

φm = �(grasp → (v = 0) U (Force > 1))

Given a LTL3 specification, we could construct a monitor
automaton Mφ that reads finite words α ∈ ∑∗ and outputs
[α |= φ] which is a value in {�, ⊥, ?}. The construction pro-
cess involves finding the Nondeterministic Buchi Automaton
(NBA) for the LTL formula and its complement. More details
of the derivation could be found in [17]. We define the
monitor automaton as follows.

Definition IV.2. (LTL Monitor Automaton). Let φ be an
LTL formula over predicates Pred. The monitor automaton
Mφ of φ is the unique deterministic finite-state automaton
(DFA) Mφ = (Pred,Q, q0, δ, λ), where Q is the set of
states, q0 is the initial state, δ ⊆ Q × Pred × Q is the
transition relation, and λ is a function that maps each state
in Q to a values in {�,⊥, ? }, such that for any finite trace
α ∈ ∑∗:

[α |= φ] = λ(δ(q0, α))

B. Implementation

In this section, we implement the design of two runtime
monitors. We build the robot model with Matlab/Simulink
and the runtime monitors with Stateflow. We conduct exper-
iments of our design with the ROS-enabled OpenManipulator
[19], which is a widely used open-source manipulator model.
The workspace configuration is shown in figure 11. The
model monitor is shown in figure 12, where the states cor-
respond to the position-action pair, and the guard condition
for the transition depends on the sensory information. For

Fig. 11. Workspace configuration with Matlab Simscape Multibody
3D simulation environment. The workspace has been abstracted into four
discrete locations, where Pos Init is the initial position, Pos Object is the
position of the object, Pos Obs is the position of the obstacle, and Pos Goal
is the goal position. The object is represented by a red ball.

example, the robot position state changes from current state
to a new state pos new when ‖Xee − pos news‖ < δ ,
where δ is the tolerance threshold and Xee is the end-effector
position calculated using the forward kinematics equation.
The robot action state changes from “hold” to “move” when
the velocity of the end-effector changes from 0 to a positive
value and also the force of the gripper is 0 (when force is not
0, the mode becomes “carry” by our definition). The safety

Fig. 12. Model monitor built in Stateflow. Current states are highlighted
in blue boundary. The robot is currently at state (pos obj, grasp).

monitor is shown in figure 13, where we require the speed of
the end-effector should remain 0 until the force sensor has
confirmed that the object is indeed grasped by the gripper
(for example, Force > 1N). If the model monitor detects a
violation, then the verified properties in the design phase may
no longer hold for the system. If the safety monitor detects
a “bad” state, it means the LTL3 specifications for the safety
requirement is violated. Pre-designed fail-safe actions should
be taken in these situations, in our case we simply terminate
the execution and hold at its current position. A complete
model for the implementation is illustrated in Figure 14.

We conducted 5 different experiments which includes 1
correct execution and 4 faulty executions. The task specifica-
tion for the robot is given as φ1 = ( ¬ pos goal U pos object)
∧ (¬ pos goal U grasp) ∧ (♦ pos goal ) ∧ (� ¬ pos obs)
and the additional safety requirement is φm = �(grasp →
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Fig. 13. The corresponding monitor automaton for φm. The transitions are
taken based on run time sensory information. grasp and ! grasp represent
whether a grasping command is issued, v is the speed of the end-effector,
and Force is the reading from the force sensor

(v = 0) U (Force > 1)) as discussed before. The faulty
executions include the robot receives “grasp” command at
wrong positions, the robot receives “release” command at
wrong positions, the robot moves to a wrong position, and
the robot starts moving before the grasping finishes. All 4
faulty executions are successfully detected, where the first
three cases are detected by the model monitor and the last
case is detected by the safety monitor.y y

Fig. 14. Complete Simulink/Stateflow Model with robot dynamics. The
Waypoint Tracking Logic block generates the desired execution sequence
for the manipulation task, the Motion block contains the dynamics of the
manipulator and executes the task, and the Model Monitor and Safety
Monitor checks the correctness and safety of the execution

V. CONCLUSION

In this paper, we have proposed a two-phase planning and
runtime monitoring framework for the robotic manipulator
given a MITL specification. For the planning phase, we
discussed the automated generation of behaviors for a robotic
manipulator while considering the time constraints for both
position changes and for performing actions. We showed the
execution sequence generated by UPPAAL for two different
cases, and both of them satisfied the given specification.
For the runtime phase, we first modeled the manipulator
as a hybrid system, and then we discussed the design of
two runtime monitors. A model monitor is designed to
monitor the correctness of the task execution sequence, and
a safety monitor is designed based on LTL3 specifications

to guarantee the additional safety requirements during the
execution. We implemented the design with Matlab Simulink
and Stateflow while given a task specification and a safety
specification, and showed that the monitors could success-
fully detect the error behaviors. The future directions of this
work will include replanning or self-correction when an error
is detected, instead of simply terminating the execution and
holding at the current position. Different costs for different
actions and slack time objects could also be added into the
temporal calculus in the future for additional efficiency and
safety consideration.
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