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1 Introduction

The 21st century is marked by the fourth industrial revolution, which embraces many
technologies and concepts. Among them, robotization is often viewed as the most promising
avenue of progress in the field of automated production. Indeed the use of more and more
sophisticated machines and robots is able to bring improvements in production costs, rates,
quality and operators safety.

Among the various types of robots frequently used in production systems are the han-
dling robots, which basically pick parts somewhere in the shop and place them elsewhere.
More specifically, this study focuses on automated packaging systems involving several
handling robots. A packaging system is generally composed of two conveyor belts convey-
ing products and boxes, respectively. A handling robot picks one or several products on
the former conveyor and places them in a box on the latter. The conveyor belts may have
several possible shapes: parallel, perpendicular or circular. The parallel one is the most
common and product and box flows can go in the same or opposite direction, as illustrated
in Figure 1 (taken from (Blanco Rendon 2013)). A pick/place task can only be carried out
by one robot when the corresponding product/box is present inside the working area of
this robot. The normal speed of each conveyor being assumed known, a time window can
be associated with each robot task. Moreover, the pick/place task duration can vary and
depends either on the product or the robot.

Fig. 1. Conveyor belts configurations



The problem considered in this paper, further referred to as the Multi-robot-Pick-and-
Place Scheduling Problem (MPPSP), consists in i) assigning products and boxes to robots
and ii) defining a consistent starting time for each pick/place task, so that the filling rate
is maximized (or equivalently, the number of filled boxes over a given time horizon is
maximized). In the case of a pick-task, the starting-time consistency only requires that the
task is performed by the robot during its time execution window (i.e., when the product
is present inside the robot workspace). In the case of a place-task, the previous condition
should obviously hold and, additionally, there are flow constraints: if k products should
be placed inside each box in a one-shot operation, one has to ensure that k pick tasks
have been achieved before the place task can be carried out. Finally, note that in the case
the conveyor speed can be controlled (which is assumed impossible in the present study),
the filling rate can be further improved, which gives rise to a third MPPSP dimension
consisting in the determination of the optimal conveyor speed profiles.

In many existing systems, a vision system is integrated in front of the conveyor entries to
locate the various parts, which allows predicting the working-area entry or exit events a few
seconds before their occurrence. Moreover, in the context of the industry 4.0, all information
about production and packaging processes may be known in advance so that execution
windows of pick/place tasks could be either predicted earlier. Under the assumption of
predictability of the product/box flows, the MPPSP is studied in its offline version in this
paper and a compact Mixed-Integer Linear Programming (MILP) formulation is proposed.

The paper is structured as follows. First, a brief literature overview is made that par-
ticularly put into evidence some relationships between MPPSP and some other well-known
problems of the scheduling literature. Then, our MILP formulation is established that takes
benefits from specific dominance rules, which allows characterizing all the dominant solu-
tions on a robot within a single master-sequence. Some conclusions are drawn in the last
section.

2 Literature overview

A vast majority of the paper of the literature tackles the online version of the problem,
taking interest in designing efficient rules or cooperation mechanisms between robots that
maximize the filling rate, while balancing the working load between robots, e.g., (Blanco
Rendon 2013, Bouchrit 2016, Huang et al. 2015, Humbert et al. 2015). In the OR literature,
Daoud et al. (2014) took interest in designing pick-and-place robotic systems and propose
fast metaheuristics to determine the best schedule rule to be applied to each robot.

For the offline version of MPPSP, the literature is scarcer. In (A. Bouchrit 2016), a
network-based MILP formulation is proposed to solve the offline MPPSP in the case of
a homogeneous product/box flow (each product/box is separated from the next one on
the conveyor by a constant distance). Products are considered as nodes within a network
and the problem amounts to find for each robot the best path to collect the maximum
possible number of products, which gives a pick-and-place task sequence. Many constraints
are taken into account such as conveyor belt velocities, robot load balance, time windows
and flow constraints. Nevertheless, the implementation of this formulation on commercial
solver does not provide satisfying performances as finding optimal solution turns out to be
too time-demanding.

In the scheduling literature, MPPSP is sharing some similarities with the parallel ma-
chine problem with time windows that aims at minimizing the number of tardy jobs,
(denoted as P|r;|>_U; in (Pinedo 2008)). This problem is known to be NP-Hard in the
strong sense even for one single machine. Nevertheless, still under the assumption of a
single machine environment, it is polynomially solvable when execution windows have a



staircase structure. As a specific feature of MPPSP, we observe that there are several pos-
sible time windows for the execution of a task (depending on the robot implementing it),
which tends to indicate that MPPSP is also related to the Runway Scheduling Problem
(RSP) (Artiouchine et. al. 2008) that consists in sequencing aircraft landing. Note that
RSP is also NP-hard.

3 MILP formulation

This chapter takes an interest in finding a job sequence that maximizes the number of
filled boxes assuming the product and box flows predictable. We consider three sets B, P
and R of B boxes, P products and R robots, respectively. In the notations used below,
index b (p and r, respectively) refers to a box b € B (a product p € P and a robot r € R,
respectively). The pick and place processing times are denoted D, and Dy, which depend
on robot 7. We refer to [Sy,, Fpr] and [Sy,, ] as the execution windows of product p (box
b, respectively) on robot .

In the remainder of this paper, as the conveyor speed is assumed constant, we set
Fpr — Spr = Ay, V(p,7) € P X R (Fyr — Sor = Ay, V(b 1) € B x R, resp.). Moreover,
without loss of generality, we assume that A, > A, (products stay longer in the robot
working area than boxes) but, as explained below, it could be the reverse.

Once an assignment of products and boxes to robots is decided (note that a product/box
can possibly not be assigned), the problem left is to find a pick-and-place sequence on each
robot that i) is time feasible and ii) respects the constraint that &k picks should always
precede any place operation. For ensuring time feasibility, following the idea proposed by
Briand and Ourari (2013), a master sequence can be considered that characterizes a set
of dominant sequences. This master sequence uses the notion of a top-job, i.e. a job such
that its execution window does not (strictly) include the execution window of any other
job. In our case, as there are only two kinds of time intervals (the pick and place ones) and
because Ay, > Ay, , any place operation is a top job. Therefore, a master sequence O,
having the form below can be defined for each robot r.
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Each place task ¢ has two sets o;,. and aj; of pick tasks at its left and its right, respec-
tively. More specifically, af_ 1 represents products which intervals overlap place interval
¢— 1 but not place interval ¢. Similarly, o;_ gathers pick tasks such that their intervals over-
lap box interval ¢ but not box interval 7 — 1. Eventually, o;_1,; gathers product intervals
which overlap both box intervals i — 1 and i. We refer to 6,_1, as the subset of pick tasks
located between place task ¢ — 1 and i, with 6y, (6p5,) the subset located at the left (the
right) of box 1 (of box B, resp.). Note that the same pick task can belong to several sets 6
and one has to decide whether the task is performed and, if it is performed, in which set
f. One advantage of a master sequence lies in the fact that, once the previous decisions
made, the time feasibility of the resulting pick-and-place sequence can easily be assessed.

The following formulation takes benefit of the master sequence notion and introduces
the following binary variables. A box b is filled by robot r if binary variable y;,. = 1 (0
otherwise). A product p is picked in subset 8y, if pp, = 1.

maz 2= Y, 5, v
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The master sequence O, is time feasible , Vr (4)
zppr € {0,1} , Vb Vp Vr
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The formulation aims at maximizing the number of filled boxes. Constraints (1-2) en-
force any product/box to be picked /filled once at the most. Constraints (3) aim at satisfying
the (flow) constraint, i.e. k product at the most should be picked before any place opera-
tion. As in (C. Briand and S. Ourari 2013), high level constraints (4) can be implemented
using a set of big-M linear constraints (not stated here for matter of conciseness) that use
integer variables sy, and fp,.. Theses variables refer to as the earliest starting time and the
latest finishing time, respectively, of place task b on robot r (this value linearly depending
on the values of other binary variables), provided that sy + Dpr < for.

4 Conclusion

This paper sketches a formulation for solving the offline MPPSP. This formulation has
been tested and validated using some academic instances. A more systematic experimental
study is currently in progress to assess the efficiency of our approach. The special case
where the processing times of the pick/place tasks are identical (i.e., Dp, = Dpick, and
Dy, = Dplace,) will also be considered.
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