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Abstract— Many manipulation tasks combine high-level dis-
crete planning over actions with low-level motion planning over
continuous robot motions. Task and motion planning (TMP)
provides a powerful general framework to combine discrete and
geometric reasoning, and solvers have been previously proposed
for single-robot problems. Multi-robot TMP expands the range
of TMP problems that can be solved but poses significant
challenges when considering scalability and solution quality.
We present a general TMP framework designed for multiple
robotic manipulators. This is based on two contributions. First,
we propose an optimal task planner designed to support simul-
taneous discrete actions. Second, we introduce an intermediate
scheduler layer between task planner and motion planner to
evaluate alternate robot assignments to these actions. This
aggressively explores the search space and typically reduces the
number of expensive task planning calls. Several benchmarks
with a rich set of actions for two manipulators are evaluated.
We show promising results in scalability and solution quality of
our TMP framework with the scheduler for up to six objects.
A demonstration indicates scalability to up to five robots.

I. INTRODUCTION

Typical robot manipulation tasks combine discrete and
continuous reasoning. Such problems can be described by
a high-level specification that captures the discrete rela-
tionships between states and actions. These actions involve
continuous motions by the robot that cannot be easily repre-
sented in a discrete planner. General TMP solvers [1], [2],
[3] provide a way to search across discrete choices of actions
and continuous robot motions. Unfortunately, these methods
have typically been limited to the single-robot case. The
availability of multiple manipulators opens up more complex
scenarios. Some problems can only be solved with multiple
robots (e.g., lifting a heavy object) and others can be solved
more efficiently by robots working in parallel. Multi-robot
TAMP poses challenges to scalability, in particular when
considering optimal task plans.

Consider the real-robot demonstration in Fig. 1; a typical
problem for TMP frameworks such as [1], [2], [3]. A
domain specification language such as the Planning Domain
Definition Language (PDDL) [4] can be used to specify
such tasks. Existing techniques repeatedly call a task planner,
evaluate motions for actions in the task plan, and return
feedback about infeasible actions to get new task plans. A
large number of such task planning calls can slow down the
computation significantly. To fully utilize multiple robots we
need to consider robots executing actions in parallel during
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The CLEAN action in an intermediate step

Fig. 1: A motivating demonstration. Top left shows the start
with two objects, and a duster. The objective is to a) clean
the green area of the table, and b) stack the black block.
Bottom: The cleaning action requires the white object to be
moved away in an intermediate step.

the same step such that the optimal task plan has the fewest
number of steps. In multi-robot TMP, the computational cost
of task planning is typically much larger than the time taken
to find a feasible motion plan (Fig 4), because the worst case
branching factor of the discrete search space is the cardinality
of the Cartesian product of all actions for all robots.

In multi-robot TMP when more than one robot can
perform the same action in a step, the task planner might
not have information to distinguish between certain robot-
action assignments. For example, consider a task plan where
the left arm moves block A and the right arm moves block B.
If both blocks are reachable by both arms, we trivially know
that left moving B and right moving A will still accomplish
the same task. Exploring alternative, equivalent robot-action
assignments through repeated task planner calls is inefficient.
Given a candidate task plan and task definition, the valid
permutations of robot-action assignments can be deduced. It
is therefore desirable to attempt motion planning for all these
candidate assignments before returning to task planning.

We propose a general, multi-robot TMP framework with
two major contributions to the state-of-the-art: a) Task Plan-
ner for Simultaneous Actions: We design an efficient task
planner based on Z3 [5], that supports simultaneous actions
to address task planning for multiple robots more efficiently.
b) Multi-Robot Scheduler: We propose an intermediate
scheduler layer between task planning and motion planning
to evaluate valid permutations of robot-action assignments
in a task step. This essentially allows us to group equivalent
robot-action assignments together to minimize calls to the
task planner and to prioritize search for what is heuristically
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the most promising assignment. Failure to find any valid
permutation triggers a sequential execution fallback. The
proposed framework can find an initial, feasible solution
quickly and eventually can report a task plan that is optimal
in terms of the number of steps.

Our experiments indicate promising performance of our
method in problems that current state-of-the-art TMP solvers
cannot solve. The results (Sec. V-C) show that our approach
can scale better than directly applying a task planner from
single-robot TMP [1] to the multi-robot case. The proposed
scheduler also improves our performance in benchmark
problems with two URS robots and up to six objects. In a
demonstration we also show scalability to up to five robots.
A real demonstration (Fig. 1) is performed on two URS arms.

II. RELATED WORK

Different approaches have been proposed to integrate task
planning and motion planning for a single robot. In [1],
task planning is handled by a general-purpose satisfiability
modulo theories (SMT) solver [5]. The SMT solver generates
a discrete task plan, and the actions are refined by a motion
planner sequentially. If the motion planner fails to instantiate
an action, information about the failure is passed back to the
SMT solver in the form of a motion constraint. The motion
constraint is incrementally added to the solver, which forces
the solver to find a new plan. [6] focuses on detecting the
“culprit” behind each failure and using that as a constraint.
Other approaches such as [2], [3], [7] use heuristic search
based on [8], [9] in a similar manner. There exist some
optimization-based TMP approaches [10], [11], but they do
not have completeness guarantees, while approaches like [1]
show probabilistic completeness. There are other lines of
work in this area, that almost exclusively focus on single-
robots. Of those that consider multiple robots [12], [13], [14],
the focus is on mobile robots rather than on manipulation.

Previous works have studied multi-robot planning of ma-
nipulators. While coordinated multi-robot motion planning
suffers from the curse of dimensionality, some sampling-
based approaches have been developed to reduce computa-
tional complexity while still tackling the general coordinated
problem [15], [16]. Multi-robot task planning was viewed as
having two components [17], task decomposition (TD) and
task allocation (TA). Approaches such as [18] only consider
TA, assuming the decomposition is given, while we do
address both aspects implicitly. In object rearrangement [19],
the TMP problem with manipulators is simplified by assum-
ing only pick-and-place actions, which can only reason about
object locations. Multi-arm rearrangement planning [20],
[21] have leveraged inherent structure in the search space
in this simplified setting. Rearrangement, though efficient in
some common problem domains, is not powerful enough to
address general problem specifications and richer actions.
Consider Fig. 1 where the white object has identical start
and goal poses but must be moved temporarily to satisfy the
constraints imposed by a CLEAN action. For rearrangement
planning, efficient solutions have been proposed for table-
top settings [20], [21], [19], [22], as well as works that

focus on industrial scenarios [23], [24]. These works rely on
assumptions that limit their applicability to general domains
and do not cover the breadth of the problem we consider.

Single robot TMP frameworks are inherently limited in
their capability. For instance, a single static robot cannot
deal with problems that involve objects beyond its reach, but
multiple robots might coordinate to address such problems.
Single-robot frameworks can be typically extended to multi-
robot scenarios by assuming the robots form a composite
robot. However, this exacerbates the curse of dimensionality.
In [25], the authors examine 2-arm problems, but do not
extend to more robots. They rely on solving relaxed variants
with heuristic search, whereas ours focuses on task-optimal
solutions using an SMT solver, scheduling, and incremental
solving. We also show applicability to up to five robots.

In [1] an approach to single-robot TMP was introduced,
and [26] reduced time spent attempting infeasible motion
plans. However, the task planning in these approaches does
not scale to multiple robots. We present a general framework
with a new task-planning approach and use a scheduling
layer to improve multi-robot scalability.

III. PROBLEM STATEMENT

We are interested in a multi-robot task-motion planning
(MR-TMP), with a set of n robots R = fry;ry; i rng.
Motion Planning: In multi-robot motion planning, we con-
sider n robots moving in a shared workspace. Each robot r;
is represented by a state in a dj-dimensional configuration
space Cr, RY%. The composite configuration space C =
Cr, Cp, Cr, R2:9i s the Cartesian product
of the individual spaces. We denote the free composite
configuration space as Cgree C. We say a valid motion
described by a trajectory D [0;1] ¥ Ciree is a time
parametrized curve in Csree. We call it a solution to a motion
planning problem between a start o and a goal state ¢ if

(0) =qo; (t) =qy. j is the i’th robot’s motion.

Task Planning: Task planning (TP) is defined over a
Domaintp consisting of a finite set of states, a finite
set of actions that allow transition between states, a finite
set of constraints, an initial state and a finite set of goal
states (TP goals). Typically, problems are described in some
specification language such as PDDL. Many off-the-shelf
solvers can be used to find a solution (assuming one exists)
[9], [8], [27]. This solution is called a task plan, which is
a sequence of discrete actions: A = (a%;al;:::;;aM). Here h
denotes the horizon of the task plan for a single robot.

MR-TMP: In the current work, we are interested in the
MR-TMP problems that are synchronous, where the robots
start and end the execution of actions synchronously. Any
robot that finishes an action should wait until every robot
has completed the execution of its current action. We define
the MR-TMP task plan as a sequence of  steps, i.e., each
robot’s horizon hj is expanded to match * by including No-
OP actions'. Each step is a tuple comprised of the set of n

!'A robot assigned a NO-OP action at a step does not have to do anything
that step but could move to avoid other robots.
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Task: All the objects in
the table must be
moved by the robots
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A partially grounded task plan with robot variables not grounded
| <PICK(7;, A), PICK(1;, B), PICK(T,, C)> = <PLACE(r;, A), PLACE(7}, B), PLACE(1},, C)> |

All permutations for fully grounding the robots
[ <PICK(ry, A), PICK(r,, B), PICK(r3, C)> | <PLACE(y, A), PLACE(r, B), PLACE(r3, C)>
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[<PICK(r3, A), PICK(1+, B), T <PLACE(r3, A), PLACE(ry, B), PLACE(r,, C
[<PICK(r,, A), PICK(73, B), T<PLACE(r,, A), PLACE(r3, B), PLACE(ry, C)>
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PICK(r,, C)>

Sequential execution of one permutation of the fully grounded plan
|<PICK(r1, A)><PLACE(7y, A)><PICK(7;, B)><PLACE(,, B)><PICK(r3, C)><PLACE(r3, C)>|

Fig. 2: This demonstrates a problem where the TP cannot
differentiate between the robots for actions in the shared
workspace; thus the robot variables rj;rj; rx are partially
grounded. All the permutations for fully grounding the robots
are equivalent to the TP, and can be evaluated instead by the
scheduler. Note the actions can also be executed sequentially.

actions being performed by each arm at that step along with
the corresponding motions, i.e., the j’th step is an n-tuple

j _h(arla rl) (arz; f-’z); (& T rn)l

where each a is an action (possibly NO-OP), and the con-
current multi-robot motion for the j’th step is

=i L)
Definition 1: Given a TP domain DomainTp and a mo-

tion planning domain Domainmp, synchronous MR-TMP
is the problem of finding a feasible “-step task-motion plan:

T=(s1;82  ;8);
such that after executing T, TP goal is reached.
A feasible synchronous task and motion planning solution
T must satisfy the following conditions:
a) The projected set of sequences of actions for each robot
within T satisfies DomainTp, i.c.,

(af;a%; a;) SATISFIES Domaintp 8r;
and successfully transitions the initial to the goal TP state.
The Domaintp satisfaction depends on all actions that
started or ended at or before each step.

b) Each successive pair of motions is continuous for each
robot: The end configuration of J,_ri is the start configu-
ration of J;i+1, 8] < ‘. This means that each successive
pair of composite configurations describes a coordinated
motion for the jth step from ( 1 L (0); 1 L (0); i ,(0) to
( J+l(0) J+1(0) J+1(0))
¢) The composite motlon at the j™ step J that corresponds
to the step st needs to satisfy Domainyp, i.e., it cannot
have collisions with obstacles or other robots.

We focus on minimizing the number of steps in the task
plan, ¢, which is called makespan.

IV. METHOD

We present a framework for MR-TMP, which consists
of three layers: a task planner, a scheduler, and a motion
planner. Each layer operates at a different level of abstrac-
tion. The task planner reasons over the discrete task domain
modeled in PDDL, describing actions, preconditions, and
effects. The output is a symbolic task plan consisting of
partially grounded robots and actions (which we will call a
partially grounded task plan). Note that grounding a symbolic
expression means to assign values to the variables in it. In
order to execute the partially grounded task plan on the robot,
each robot and action has to be grounded and then each
action has to be refined to robotic motions through motion
planning step by step. Such motions might be infeasible due
to geometric collisions, despite the task step being valid
in the task domain. This information will be discovered
in the motion planning step, and passed back to the task
planner as motion constraints. The replanning inside the task
planner can be done in an incremental fashion, which avoids
replanning from scratch with each new constraint, so as to
reduce the task planning time. In this way, the strategy will
eventually discover the geometrically feasible groundings of
the actions involved in the task plan. Task planning can
be naively extended to multi-robot problems by treating the
robots as a composite robot. However, this naive approach
does not scale well. In our work we design an efficient task
planning module that allows simultaneous actions for the
multi-robot problems, using an SMT solver [5].

We also add a middle scheduler layer that is aware of the
geometric feasibility of motion plans. It evaluates different
robot-to-action assignments at each step. The goal of the
scheduler is twofold. Firstly, it can reduce the number of task
planner calls by evaluating equivalent groundings, which the
naive approach would only search by re-querying the task
planner. Secondly, it can bias search by ordering equivalent
plans based on geometric insight.

A. Task Planning: Simultaneous SMT Planning

The input to the TP is Domainp, encoded using PDDL.
The task planner determines which actions should be taken
when based on robot reachability and availability. We modify
an SMT-variant of a typical SAT planner similar to [1] by
relaxing the mutual-exclusion axioms. In a SAT planning
formulation, mutual-exclusion axioms are used to ensure that
only one action is taken at each time step. We instead allow
one action per robot at each timestep. We need to ensure
the chosen simultaneous actions have no conflicts, which
we encode as extra cross-robot mutual-exclusion constraints
inspired by the work in [27]. For example, when we encode
the transition from the time step j to j+1, actions aJ and aJ
can execute simultaneously only if the precondltlons of aJi
are not violated by the effects of ajr , and vice versa. Extra
book-keeping is required to track which motion failures are
caused by which robots and to block actions by pushing the
corresponding constraints onto the SMT solver’s stack.

Note that TP cannot distinguish among robots with the
same capabilities, and the abstraction only includes pred-



IEEE IROS. Preprint Version. Accepted June, 2021

icates defining which regions each robot can reach. Thus
the output of the task planner is agnostic to the geometry
within a region. Therefore, it may not always be possible to
fully ground the robot variable of a task action. If the actual
poses involved in some actions of a task step can be reached
by multiple robots, the task planner does not distinguish
between them; instead, a partially grounded task plan is
returned, where the robot variable symbolically represents
any robot that can reach this location.

B. Scheduler

The scheduler, which is aware of the geometry, is respon-
sible for fully grounding the robot variables in the partially
grounded task plan (see example scenario in Fig. 2).

If n robots have the same capabilities, i.e., the problem
resides in the commonly reachable workspace, each step can
have at most n! possible valid robot assignments to the n
actions. The scheduler evaluates these permutations.

The scheduler leverages geometric information (e.g.,
robot, object, and grasp poses) to a) accelerate constraint dis-
covery, and b) heuristically prioritize promising permutations
that can help reduce motion planning failures. As in [26],
the heuristic does not affect probabilistic completeness. If
the motion planning keeps failing, the scheduler can exhaust
all permutations for a step. After complete failure at a step,
we combine all the motion constraints and add them back to
the task planner. This means we only need to call the task
planner once to evaluate n! fully-grounded plans in the worst
case. This typically reduces the number of task planner calls.

C. Motion Planner

A probabilistically complete sampling-based motion plan-
ner is used as the underlying centralized motion planning
primitive. Specifically we use RRT-Connect [28]. Each action
is also associated with a goal sampler that informs the motion
planner of configurations to reach. In typical manipulation
domains this involves solving inverse kinematics problems
for grasping, placement, or handoff poses.

D. Algorithm

The proposed framework is shown in Alg. 1. The task
planner performs incremental task planning, which allows
simultaneous actions (Alg. 1 line 5). A candidate task plan
is sent to the scheduler, which assigns each action to a
real robot by finding a permutation of robots for each
appropriate step (Alg. 1 line 11). The scheduler predicts the
best permutation based on heuristics. In our implementation,
the permutations are sorted by a heuristic measure of the
maximum Euclidean distance between the base pose of the
robots and its corresponding action end-effector pose. Note
that other types of heuristics apply (e.g., estimates of motion
duration). The actions in the permuted step are refined by
the motion planner (Alg. 1 line 13). Coordinated motion
planning is performed if a step involves simultaneous actions.
If the motion planning fails, the information is reported to the
scheduler, which tries the next best permutation of that step
(Alg. 1 line 11), until all permutations are exhausted. Then

we invoke a fallback behavior that sequences the simultane-
ous actions (Alg. 1 line 19). This sequential execution helps
to find the first feasible task-motion plan faster. Whenever
motion planning fails, we encode the failure as a new motion
constraint (Alg. 1 line 15). If all permutations are exhausted
and the fallback also fails, we end the motion refinement
and feed all of the motion constraints to the task planner at
once in the next iteration of the high level loop TP (Alg. 1
line 5). If all the steps have a valid motion plan, the task
and motion plan T is reconstructed fully. The search keeps
running till the task planner runs out of options (Alg 1 line
6), which triggers a reset of constraints and increases the
motion planning time budget. If a plan T was completely
refined without sequential fallbacks (Alg. 1 line 23), this is
the best makespan coordinated task plan, and the search ends.

This algorithm demonstrates anytime behavior - it can
quickly obtain an initial feasible task and motion plan that
might include sequential executions, but keeps searching till
an optimal makespan coordinated solution is discovered.

Algorithm 1: MR-TMP
Input: Domaintp; Domainyp; TP-Goal

Output: Output task and motion plan, T
1 INITIALIZE(DOMainrp)
2 T 5
3 init, // Set initial MP time budget
4 while T = ; do
// Task planning

5. // Motion Constraints (MC)

5 A  Z3Smm(Domaintp; ; TP-Goal)
6 if A = ; then
7 L - + ; continue;

8 foreach s 2 A do

9 ; // Initialize empty motion plan
10 while = ; do

// The best permutation of the step
1 S  NEXTBESTPERMUTATION(S)
12 if s & ; then

// Motion planning

13 MP(s; Domainpp; )
14 if = ; then
15 | ADDNEWMC( ;s)
16 else
17 L break // o permutations left
18 if = ; then

/ Sequential fallback
19 SEQ(s; Domainpp; );
20 if 6 ; then
21 | T ArpenD(T:fs; g)
2 else T ;; break;

23 if T & ; and NOSEQFALLBACK then break;

// Otherwise continue finding optimal plan

24 return T







