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1 Introduction and motivation

In warehouse operations, order picking stands out as one of the most critical processes,
with its primary objective being the preparation of customer orders. It represents the
majority of total operational costs. Warehouses can operate in different ways depending
on the level of technology. Operations may involve humans, robots, or both, as presented
in [3]. This work focuses on a classic picker-to-parts system, where pickers push a trolley
around the warehouse to collect different items.

Despite the increasing popularity of robotic operations in recent years, many companies
still employ human operators for several reasons. Firstly, humans offer flexibility by easily
adapting to changes in operations such as highly fluctuating demand. Additionally, the
high initial investment required to purchase infrastructure discourages the adoption of
automated systems.

From an operational point of view, the main decisions are order batching and picker
routing. The Order Batching Problem (OBP) deals with assigning different customer
orders to a given set of pickers, and the Picker Routing Problem (PRP) is defined as
determining, for a single picker, the sequence in which the products to be picked are

collected. Both problems have as objective the minimization of the traveled distance or



time. When solving the OBP with an optimal routing policy, the focus shifts to integrating
both OBP and PRP. This integrated problem, known as the Joint Order Batching and
Picker Routing Problem (JOBPRP), is usually solved using a column generation based
approach as proposed in [2] or [4].

In warehouses, avoiding congestion is challenging and carries significant consequences
for cost, performance, and safety [1]. The existing literature about congestion in ware-
houses mainly focuses on evaluating congestion by simulation in the context of narrow
aisles or picker blocking. When solving the JOBPRP, works in the literature usually as-
sume a no congestion situation. However, in practice, congestion is a very well known
phenomenon in warehouses with human pickers. In this work, we propose a solution

method for the JOBPRP that considers congestion aspects.

2 Modeling congestion and problem formulation

Given the complexities of human behavior, precise coordination of pickers does not seem
relevant. Therefore, we propose a rough estimation of congestion levels by introducing
time discretization, and dividing the planning horizon into time intervals. In our analysis,
we examine a rectangular warehouse layout featuring parallel cross and vertical aisles.
Vertical aisles contain the products, and cross-aisles serve as navigation paths for pickers
throughout the warehouse. In each time interval, an extra delay is determined by using
a function based on the number of pickers in each sub-aisle (the intersection of the space
between two consecutive cross-aisles and a vertical aisles). The delay is applied to all
pickers in that sub-aisle. It is crucial to note that congestion computation is typically
nonlinear, as delay in one period leads to additional delay in the future. Moreover, includ-
ing congestion in time minimization can result in undesirable situations. For instance,
an optimal solution could consider picker waiting times, or a picker walking a distance
longer than the shortest path between two consecutive picking locations. Such situations
are not realistic in practice and should be avoided in a feasible solution of JOBPRP when
considering congestion.

In particular, we consider a rectangular warehouse with v vertical aisles and b blocks,
a set IC of pickers with a trolley capacity C. To tackle the problem, we proposed an
exponential Mixed Integer Programming (MIP) formulation. In this formulation, variables
(or picker routes) are depicted as a sequence of locations followed by the picker, along
with the time each location is visited and the level of congestion in each visited sub-aisle
and time intervals. As the timing on the routes depends on the levels of congestion,
the mathematical formulations guarantee to select routes that are compatible (have same
levels of congestion), ensuring that each order is collected without using more than the

available pickers.



3 A column generation heuristic

To solve the JOBPRP with picker congestion and provide a performance guarantee (lower
and upper bounds), we propose a heuristic based on column generation. The linear relax-
ation of the extended MIP formulation is solved through a column generation approach. In
each iteration, the pricing problem is tackled using a labeling algorithm. Note that column
generation approaches for the JOBPRP without congestion do not use labeling algorithm
techniques to solve the pricing problem since the order requirement (all products of an
order must be collected in the same route) is challenging to consider. However, when con-
sidering congestion, the timing aspect does not permit easily adapting the existing pricing
solvers in the literature. Using a labeling algorithm permits easily incorporating timing
aspects and non-linearity of congestion.

The labeling algorithm relies on representing partial solutions as a set of attributes
denoted as a label. Labels are propagated from a picking location to the next one until
the represented solution reach the depot. To speed up the process and avoid evaluating
every potential label, two main components have been introduced. A completion bound,
derived from optimistic dual values, and a time bound obtained from the analysis of an
optimal solution of the JOBPRP are proposed.

As mentioned earlier, congestion involves a nonlinear component that can lead to un-
desirable situations. As a main advantage, the labeling algorithm enables us to address
these complexities by precisely computing the congestion value and discarding the explo-
ration of labels with undesirable situations. The column generation algorithm starts with
an initial set of columns derived from the optimal solution of the classic JOBPRP. At
the end of the column generation process, we obtain a lower bound, which can be derived
from a lower bound of the solution of the JOBPRP, a Lagrangian bound, or the optimal
solution of the linear relaxation of the extended formulation. Finally, an upper bound is

obtained by solving the integer problem with the columns generated so far.

4 Computational experiments

We generated a new benchmark of instances, considering scenarios of interest in terms
of congestion. Table 1 presents preliminary results obtained by running our Column
Generation Heuristic (CGH) with a time limit of 40 minutes. The first six columns report
information about the instances: ID: an identifier, v: the number of vertical aisles, b: the
number of blocks, |K|: the number of pickers, C: the capacity of each trolley, |OLN|: total
number of order lines (for a given order an order line indicates a product to be collected).
The next two columns report information about an initial solution, obtained by solving
the JOBPRP with no congestion. Z7 is the optimal objective, and UB; is an upper bound
obtained by computing the congestion in the JOBPRP solution. The last columns report



Instance Initial Solution Column generation heuristic
ID v b K| C |OLN|| Z3 UB; | LB,y UBgs optgap imp
1 12 1 6 9 30 594 628 594 596.8 0.5%  5.0%
2 6 3 20 35 656 714.4 656 691.4 51%  3.2%
3 12 1 9 37 834 878.7 834 838.4 0.5%  4.6%
4 6 3 14 43 814 853.1 814 817.6 0.4%  4.2%
5 12 2 10 9 49 1430 1505 1430 14849 3.7% 1.3%
6 16 2 10 9 49 1954  2084.4 | 1965 1979.6 0.7%  5.0%
7T 6 3 10 9 49 1328  1431.5 | 1328 1402.5 53%  2.0%
8 12 1 6 20 57 914 964.3 914 927.7 1.5%  3.8%
9 6 3 6 20 57 1054  1128.5 | 1054 1102.9 4.4%  2.3%
10 16 2 6 20 59 1744 1838.5 | 1744 1746.3 0.1%  5.0%
1 12 1 5 30 92 994 10454 994  1004.4 1.0%  3.9%
12 12 1 5 68 219 1644  1769.3 | 1644 1690.4 2.7%  4.5%

Table 1: Preliminary results

information about CGH: LB¢g and U Bog report the lower and upper bounds, gap is the
optimality gap and imp reports the improvement of the solution w.r.t. the initial solution.

The results show the ability of the algorithm to improve the initially provided solution
and reduce the initial optimality gap. The algorithm is strongly dependent on the num-
ber of order lines, limiting its performance in large-sized instances. Although there are
instances where the initial lower bound of the JOBPRP can be improved, its computation
requires solving the optimality pricing problem, representing a significant challenge. Fu-
ture research aims to evaluate the approach on larger instances and enhance the labeling

prioritization to accelerate the production of promising columns.
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