This page is intentionally blank. Proper e-companion title
page, with INFORMS branding and exact metadata of the
main paper, will be produced by the INFORMS office when

the issue is being assembled.

ecl



ec2 e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems

E-Companion
Appendix A: Detailed Description of Routing Strategies

In the following, we thoroughly describe the routing strategies return, midpoint, traversal, largest gap,
composite, combined, and optimal for the rectangular parallel-aisles single-block warehouse specified in
Section 2.The descriptions provide all necessary details to clarify our exact interpretation of the strategies
and to allow reproduction of our results. For completeness, we also provide a description of the mixed
strategy that has recently been proposed by Bahgeci and Oncan (2022). We use the terms required location
and required aisle for those storage locations and picking aisles, respectively, in which there is at least one
item to pick, given a set of orders. Figures EC.1a~EC.1i depict exemplary picker routes for picking the batch
comprising orders 2, 4, and 5 and each routing strategy. The items and corresponding storage locations are
highlighted in blue and the picker route following each strategy is shown with a dashed line.

Return Starting at the depot, the picker moves along the front cross aisle to the rightmost required
aisle, i.e., the required aisle furthest from the depot. On the way, the picker enters each required aisle from
the front cross aisle, travels towards the required location closest to the back cross aisle, makes a U-turn,
and exits the aisle again to the front cross aisle. After exiting the rightmost required aisle, the picker returns

to the depot on the front cross aisle.

Midpoint The warehouse is virtually divided into a front and a back part such that all storage locations
closer to the front (back) cross aisle are assigned to the front (back) part. Storage locations that are exactly
in the middle between front and back cross aisle are assigned to the front part. Starting at the depot, the
picker moves along the front cross aisle to the leftmost required aisle, i.e., the required aisle closest to the
depot. This aisle is traversed completely by entering from the front and exiting to the back cross aisle. The
picker then moves along the back cross aisle to the rightmost required aisle. Similar to the return strategy,
the picker enters from the back cross aisle all aisles that contain at least one required location in the back
part of the warehouse, travels towards the required location closest to the middle, makes a U-turn, and exits
the aisle again to the back cross aisle. The rightmost required aisle is traversed completely and the picker
returns along the front cross aisle to the depot. All aisles between the left- and rightmost that contain at
least one required location in the front part of the warehouse are visited from the front cross aisle in the
analog fashion as those of the back part. In the special case that there is only a single required aisle, the

route is the same as in the return strategy.

Traversal Starting at the depot, the picker moves horizontally to the rightmost required aisle. Each
required aisle is traversed completely so that the picker enters from and exits to different cross aisles. After
each traversal, the horizontal movement to the rightmost required aisle is continued on the opposite cross
aisle. If the number of required aisles is even, the picker traverses the last one from the back to the front
cross aisle and travels back to the depot on the front cross aisle. If the number of required aisles is odd, the
picker visits the last one in a return fashion entering from and exiting to the front cross aisle and travels

back to the depot on the front cross aisle.
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Largest Gap This strategy is similar to the midpoint strategy. If there is only a single required aisle,
the route is the same as in the return strategy. Otherwise, the picker travels horizontally on the front cross
aisle from the depot to the leftmost required aisle, traverses this aisle completely, continues horizontally
on the back cross aisle to the rightmost required aisle, traverses this aisle completely, and travels back to
the depot on the front cross aisle. The other required aisles are visited on the way from/to the depot in a
return fashion either from and to only one of the cross aisles or from and to both cross aisles, depending on
the largest gap in this aisle. The largest gap in an aisle is the largest value of any of the following: (i) the
distance between the front cross aisle and its closest required location, (ii) the distance between the back
cross aisle and its closest required location, or (iii) the distance between any pair of required locations for
which no third required location is closer to both locations. The aisle is then visited such that the largest
gap in this aisle is not traversed. In Figure EC.1d, the largest gaps are highlighted in orange. If the largest
gap is between the front (back) cross aisle and the required location closest to it as in the second (fourth)
aisle, then a return from and to the back (front) cross aisle is performed. If the largest gap is between any

two required locations (third aisle), then returns from and to both cross aisles are performed.

Composite The composite strategy combines elements of the traversal and return strategies. Starting
from the depot and on the front cross aisle, the picker moves horizontally to the rightmost required aisle
visiting all required aisles on the way and returns on the front cross aisle to the depot. Each required aisle
is either traversed completely (changing from the front to the back cross aisle and vice versa) or visited in
a return fashion entering from and exiting to the same cross aisle. The choice on how to visit an aisle is
made individually for each aisle in a pure greedy fashion. There are two interpretations in the literature. For
a given required aisle and the cross aisle on which the picker arrives at this aisle, Petersen (1995) chooses
traversal or return based on which of the two gives a shorter distance between the farthest required location
from the current cross aisle in the current aisle and the farthest required location from the current cross aisle
in the next required aisle. Roodbergen (2001) and Scholz and Wéscher (2017), on the other hand, choose
traversal whenever the distance between the farthest required location and the current cross aisle is more
than half of the distance of a full traversal. Otherwise, they choose a return visit. In both interpretations, the
rightmost required aisle has to be visited such that the picker exits to the front cross aisle, i.e., performing a
traversal if the picker arrives at the rightmost require aisle on the back cross aisle and performing a return

visit otherwise.

Combined The combined strategy is an enhanced version of the composite strategy. The only difference
is that the choice whether an aisle is visited with a traversal or a return is not made individually for each
aisle in a greedy fashion. Instead, these visits are performed such that the best possible route using only
these in-aisle visits results. To this end, a simple DP algorithm can be used. We refer to Roodbergen (2001)

for details.

Mixed The mixed routing strategy is similar to the midpoint and largest gap strategies. It adds elements
of the return strategy to the midpoint strategy. The only difference from the midpoint strategy is that the

required aisles between the leftmost and rightmost required aisles can be visited according to either the
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midpoint strategy, i.e., return visits to and from both cross aisles up to the middle of the aisles, or the return
strategy, i.e., a single return visit to and from the same cross aisle. An alternative description is as follows.
The mixed strategy differs from the largest gap strategy by allowing visits from and to both cross aisles only
in the case that the gap that is not traversed is between two required locations that are on different parts

(front and back) of the warehouse. We refer to Bahgeci and Oncan (2022) for details.

Optimal The optimal strategy follows a distance-minimal route of all possible picker routes which can
in principle be computed by solving a traveling salesman problem (TSP) over the required locations. For
a rectangular parallel-aisles single-block warehouse, the problem can be solved in linear time (linear in the
sum of the number of aisles and the number of required locations) by means of a DP approach. We refer to
Ratliff and Rosenthal (1983) for a detailed description of this DP algorithm. Note that the optimal strategy
allows all possible in-aisle visits, i.e., traversal, a single return visit from the front or back cross aisle, and a
double return visit from the front and back cross aisles as in the largest gap strategy, as well as all possible

traversals from one required aisle to the next.
Appendix B: Proof of Proposition 1

PRroOPOSITION 1. The routing strategies return, midpoint, traversal, largest gap, combined, mixed, and

optimal are monotone.

Proof. Let b; and by be two feasible batches with b; C by. We need to show that ¢, < ¢, holds for the
routing strategies.

Let R denote the set of additional required locations of by compared to b;. Without loss of generality,
we assume in the following that R # & (otherwise ¢, < ¢, obviously holds for all routing strategies). Note
further that for any batch and all strategies except optimal, the total horizontal distance traveled on the cross
aisles is exactly twice the distance from the depot to the rightmost required aisle. Thus, this distance strictly
increases if there is an additional required location in R located in an aisle further from the depot than the
rightmost required aisle of b;. Otherwise it stays the same. For these strategies, it suffices to consider the
distances traveled within the required aisles (including the distances to enter from/exit to the cross aisles)
in the following.

Return Any additional required location in R that is located in a required aisle of b; but not closer to the
back cross aisle than each required location of b; in this aisle does not change the distance traveled within
the respective aisle. Any additional required location in R that is located either in a required aisle of b; and
closer to the back cross aisle than each required location of b; in this aisle or in an aisle that is not required
in by strictly increases the distance traveled within the respective aisle. Thus, ¢, < ¢, obviously holds for

the return strategy.

Midpoint Consider first the special case of a single required aisle in b;. If all additional required locations
in R are also located in this aisle, then ¢, < ¢, follows with the same arguments as for the return strategy. If
there is at least one additional required location in R located in a different aisle, then the left- and rightmost

required aisles are both traversed completely for by implying a traveled distance of 2(L + 2a) within these
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aisles. The maximum possible distance traveled within the single required aisle of b; is 2(L —¢/2+a) if a
required location is the one closest to the back cross aisle, so that ¢;, < ¢, also holds in this case.

Consider now the general case with multiple required aisles in b;. If the left- or rightmost required aisles are
not identical for b; and by, then different aisles are traversed completely in b; and b,. The distances traveled,

however, do not change. Then, ¢, < ¢, immediately follows with similar arguments as in the return strategy.

Traversal We need to distinguish several cases:

(i) If the number of required aisles is even for b; and by, then any aisle traversed in b, is also traversed in
by and ¢, < ¢, obviously holds.

(ii) If the number of required aisles is odd for b; and b, and the rightmost required aisle is identical for b,
and by, then any aisle traversed in b; is also traversed in b, and, with the same arguments as for the
return strategy, the distance traveled in the rightmost required aisle for by cannot be smaller than the
distance for b; so that ¢,, < ¢, has to hold.

(iii) If the number of required aisles is odd for b; and by but the rightmost required aisle is not identical
for b; and by, then any aisle traversed in b; is also traversed in b, and there are at least two additional
required aisles in by. At least one of these is also traversed completely in by (the other might be the
rightmost required aisle of by which is not traversed completely). In addition, the rightmost required
aisle of by is also traversed completely in b, instead of the return visit in b;. For b,, the total distance
traveled within these two aisles is thus 2(L+ 2a). For b;, the maximum possible distance traveled within
its rightmost required aisle is 2(L — ¥/2+ a) if a required location is the one closest to the back cross
aisle, so that ¢;, < ¢, also holds in this case.

(iv) If the number of required aisles is odd for b; but even for by, then any aisle traversed in b; is also
traversed in bo, there is at least one additional required aisle in b, and the rightmost aisle is traversed
completely for b, instead of the return visit for b;. This additional required aisle as well as the rightmost
required aisle of b; are traversed completely in by resulting in a traveled distance of 2(L 4 2a) within
these two aisles. For by, the maximum possible distance traveled within its rightmost required aisle is
2(L —*/2+a) if a required location is the one closest to the back cross aisle, so that ¢, < ¢, also holds
in this case.

(v) If the number of required aisles is even for b; but odd for by, then any aisle traversed in b; is also
traversed in by except for the rightmost required aisle of by, there is at least one additional required
aisle in by, and the rightmost aisle is visited in return fashion for by instead of the complete traversal
for b;. The traversal of the additional required aisle in b, obviously implies the same distance as the

complete traversal of the rightmost required aisle in by, and it immediately follows that ¢y, < cp,.

Largest Gap The special case of a single required aisle in b; follows with the exact same arguments
as for the midpoint strategy. For the general case of multiple required aisles in by, recall that required
aisles are visited such that the largest gap between pairs of required locations or cross aisles and required
locations is not traveled. Any additional required location in R can clearly only decrease the largest gap in
the corresponding aisle so that the distance traveled within this aisle can only increase. The relation c,, < cp,

then follows with similar arguments as for the midpoint strategy.
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Figure EC.2 Picker routes for both interpretations of the composite strategy and batches b; = {6} (in blue) and
b ={6,7} (in red), cp, =48, cp, =46

Combined The combined strategy allows visiting aisles either in return fashion or by complete traversal.
It chooses the distance-minimal picker route using only these two in-aisle visits. Now, any additional required
location in R does not impact the distance of a complete traversal and can only increase the distance traveled

in a return visit of the corresponding aisle. Thus, ¢;, < ¢, obviously holds for the combined strategy.

Mixed The mixed strategy allows visiting aisles either in return or in midpoint fashion choosing for each
aisle the shorter of the two possibilities. Any additional required location within an aisle can only increase
the distance traveled for visiting this aisle in both return and midpoint fashion. Then, ¢;, < ¢, follows by

the same arguments as for the midpoint and the largest gap strategies.

Optimal Recall that the optimal strategy follows a distance-minimal route that is equivalent to an optimal
TSP tour over the required locations. Because the distances between all storage locations satisfy the triangle
inequality, any additional required location in R can never decrease the length of an optimal TSP tour and

we immediately have ¢, < ¢,. ]
Appendix C: Non-Monotonicity of Composite Routing Strategy

Figure EC.2 provides a small example showing that the composite strategy is not monotone, for neither of
the interpretations by Petersen (1995) and by Roodbergen (2001) and Scholz and Wéscher (2017). For batch
b, comprising only order 6, both variants of the composite strategy result in a picker route of length c,, =48
depicted with a blue dashed line. For batch by, = {6,7}, the corresponding picker route of both variants is
indicated with a red dotted line and has a length of ¢;,, = 46. Because b; C b, but ¢, > ¢,, the composite

strategy is obviously not monotone.
Appendix D: Algorithm Design Choices

In the following, we give some details on additional design choices made in our BPC algorithm. We also
present the specific values used for the parameters of the algorithm. These values were obtained in pretests
on a small subset of the instances used in our main computational study.

Initialization of RMP. We initialize the RMP with a subset € of feasible batches obtained from a variant
of the well-known savings heuristic by Clarke and Wright (1964). The heuristic first calculates for each pair of
customer orders, the savings in travel distance if the customer orders are picked in one picking route instead
of two individual routes. Starting with individual batches for each order, the heuristic then iterates over
the savings in non-decreasing order and combines the current batches of the two corresponding customer

orders to one larger batch, if feasible. To randomize the heuristic, the savings are multiplied with a number
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randomly drawn from the interval [0.85,1.15]. The heuristic is run several times and all batches contained
in any of the heuristic solutions are added to €.

We further initialize the RMP with a lower bound on the number of pickers needed by adding the corre-
sponding inequality (6) for S = O using x*(O). Notice that in this case, no additional resource is needed in
the labeling algorithm because the dual price po has to be subtracted once from all batches.

Pricing Problem Solution. In principle, any sorting of the orders can be used when constructing graph G
for the SPPRC representation of the pricing problem. The sorting, however, has a substantial impact on the
solution time of the pricing problem. In our BPC, the orders are sorted non-increasingly by relative profit
To/qo or, after branching, by a generalized version that takes the maximum relative profit multiplied by the
maximum capacity consumption of the feasible combinations of an order group. With this sorting, negative
reduced-cost batches can often be identified early in the labeling allowing an early termination. Moreover,
labels with positive reduced costs tend to be discarded early because of the small-valued completion bounds
resulting from this sorting.

Cutting and Branching Strategy. In the BPC, branching on the number of pickers, if fractional, is given
priority over cutting. Furthermore, cuts are only separated in the root node or in its two child nodes if they
result from a branching on the number of pickers.

The overall separation strategy is to first separate CCs with the greedy and connected-component heuris-
tics. If they fail to identify any violated cuts, we separate SRCs by enumeration. The computationally costly
MIP-based separation of CCs is only invoked when the other separation procedures fail. Moreover, we set a
hard time limit of five seconds for each call to the MIP.

To contain the size of the B&B tree, we apply strong branching at the second stage of the branching scheme.
The strong branching procedure considers a candidate set of order pairs (01,02) with fractional f,,,,. For
each pair, a rough evaluation of both child nodes is performed solving only the RMP with the corresponding
branching constraint without any column generation. The decision on which candidate branching is performed
is taken according to the product rule (Achterberg 2007). At the root node, the maximum size of the candidate
set is 25 and we decrease the size by two for each level of the B&B tree. We select the pairs (o;, 02) for which

for00 18 closest to 0.5 to enter the candidate set.
Appendix E: Benchmark Instances

In the following, we provide a description of the considered benchmark sets by Henn and Wiascher (2012)
(H&W), Muter and Oncan (2015) (M&0 and M&0-ext), and Zulj, Kramer, and Schneider (2018) (ZKS) as well
as the newly introduced instances (W&G-g and W&G-u). The same warehouse layouts are shared by the H&W
and ZKS instances and by the M&0, M&0-ext, W&G-g, and W&G-u instances, respectively.

The H&W and ZKS benchmarks consider a rectangular single-block warehouse with 10 parallel picking aisles
and 45 storage locations on both sides of each aisle. Each storage location has a length of one unit. Picking
an item takes place in the vertical middle of the corresponding storage location and does not require any
horizontal distance to be traveled. When entering/leaving an aisle from/to one of the cross aisles, the order
picker moves one unit in vertical direction. Thus, a complete traversal of a picking aisle amounts to 47 units.

The depot is located on the front cross aisle in front of the leftmost aisle. There is no additional distance to
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enter/leave the depot to/from the front cross aisle. The distance between two consecutive picking aisles is 5
units.

The M&0, M&0-ext, W&G-g, and W&G-u benchmark sets assume a single-block layout with 10 parallel picking
aisles, 10 storage locations of length one on both sides of each aisle, and a single depot located on the
front cross aisle in front of the leftmost aisle. Picking is performed as in the H&W and ZKS instances. The
horizontal distance between two consecutive picking aisles is 2.4 units. Unfortunately, we were not able to
get any information about the distances needed to enter/leave an aisle from/to one of the cross aisles or to
enter/leave the depot for the M&0 instances. We interpreted these distances as specified for the H&W and ZKS
instances also for the benchmark sets M&0, M&0-ext, W&G-g, and W&G-u.

The H&W benchmark considers two different scenarios with respect to storage assignment: class-based
demand (CBD) and uniformly distributed demand (UDD). For CDB, items are assigned to storage loca-
tions according to their demand frequencies: high-demand items in the leftmost aisle, medium-demand items
in subsequent aisles, and low-demand items in the right half of the warehouse. For UDD, items are ran-
domly assigned to storage locations. Henn and Wéscher (2012) originally introduced separate instances
for strategies traversal and largest gap resulting in the four subclasses CBD /traversal, CBD/largest gap,
UDD/traversal and UDD/largest gap. Obviously, all instances can be used for all routing strategies. For all
subclasses, there are 40 instances for each combination of capacity @ € {30,45,60,75} and number of orders
n € {20,30,...,100}. The number of items per order is uniformly distributed in {5,...,25}. The complete
benchmark comprises 5760 instances.

The ZKS benchmark comprises groups of 10 instances for the (n,Q)-pairs (200,6), (200,9), (200,12),
(200,15), (300,6), (400,6), (500,6), and (600,6) and order sizes uniformly distributed in {1,...,5}.

The original M&0 benchmark consists of instance groups characterized by capacity @ € {24,36,48} and
number of orders n € {20,30,...,100}. The sizes of the orders are randomly drawn from {2,...,10} and the
individual items are randomly distributed in the warehouse. Each group comprises 10 instances resulting in
a total of 270 instances. We additionally consider the M&0 instances with larger values for the capacities,
namely @Q € {60, 72}, referred to as benchmark set M&0-ext which comprises another 180 instances.

The W&G-g benchmark comprises groups of 10 instances where each group is characterized by a capacity @ €
{24,36,48,60,72} and a number of orders n € {125,150, ...,250}. The order sizes are randomly drawn from
{2,...,10} and the individual items are randomly distributed in the warehouse. The benchmark comprises a
total of 300 instances.

The W&G-u benchmark comprises groups of 10 instances where each group is characterized by a capacity
Q € {24,36,48,60,72} and a number of orders n € {100, 150, 200, 250}. The orders have a uniform size of six
items and the individual items are randomly distributed in the warehouse. The benchmark comprises a total

of 200 instances.
Appendix F: Detailed Computational Results

In this section, we report detailed computational results of our BPC algorithm and the BPC-based heuristics
for the six considered routing strategies traversal, return, midpoint, largest gap, combined and optimal. We

report results for the three benchmark sets from the literature by Muter and Oncan (2015) (M&0), Henn
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and Wischer (2012) (H&W), and Zulj, Kramer, and Schneider (2018) (ZKS). Furthermore, we report results
for the extended Muter and Oncan (2015) instances with enlarged capacities (M&O-ext) and the newly
created benchmark instances with general (W&G-g) and uniform (W&G-u) order weights. Finally, we provide a
comparison of the routing strategies in terms of total traveled distances. Instance-by-instance results of our
main BPC and the two BPC-based heuristics together with the best-known solutions (BKS) are provided at

https://logistik.wiwi.uni-k1.de/obp-bpc-detailedresults.

F.1. Summary Results of BPC Algorithm

Tables EC.1-EC.6 provide summary results for the six benchmark sets and all routing strategies aggregated
by capacity @ and number of orders n. They report the number of instances solved to optimality within the

time limit of one hour (Opt) and the average solution time in seconds ({[s]).


https://logistik.wiwi.uni-kl.de/obp-bpc-detailedresults
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Table EC.1 Summary results of our BPC algorithm for the M&0 instances
Traversal Return Midpoint Largest gap Combined  Optimal

Q n Inst Opt t[s] Opt t[s] Opt t[s] Opt t[s] Opt t[s] Opt t[s]
24 20 10 10 0.2 10 0.1 10 0.0 10 0.1 10 0.1 10 0.1
30 10 10 0.7 10 1.1 10 04 10 0.9 10 04 10 0.7

40 10 10 8.6 10 1.9 10 1.6 10 23 10 3.7 10 2.2

50 10 10 14.8 10 13.0 10 3.0 10 8.1 10 9.2 10 6.3

60 10 10 11,5 10 3.0 10 5.2 10 125 10 8.3 10 7.1

70 10 10 379 10 73.8 10 173 10 53.3 10 1185 10 59.3

80 10 10 3924 10 1283 10 39.2 10 69.5 10 51.0 10 40.5

90 10 8 10976 10 570.1 10 269.3 9 4574 10 406.2 9 557.6

100 10 10 493.0 10 274.8 9 5826 10 186.5 10 376.6 9 508.3
Subtotal 90 88 2285 90 1185 &9 102.1 89 87.8 90 108.2 88 131.3
36 20 10 10 2.1 10 0.6 10 0.3 10 0.2 10 04 10 0.4
30 10 10 254 10 5.6 10 2.5 10 3.2 10 2.8 10 6.5

40 10 10 43.5 10 30.8 10 72 10 14.7 10 26.1 10 29.7

50 10 9 649.2 10 59.3 10 271 10 1162 10 163.2 10 59.9

60 10 10 8058 10 1379 10 85.1 10 715 10 2721 10 156.3

70 10 8 11255 10 7919 10 1604 10 3732 10 7374 10 359.3

80 10 5 2141.7 8§ 1829.8 10 989.0 10 9294 8 1977.1 8 1755.7

90 10 6 2295.7 10 1098.1 10 1402.3 7 19414 9 14258 7 1969.3

100 10 4 2394.8 5 2971.8 8 2107.6 3 2977.9 4 3150.5 4 2881.0
Subtotal 90 72 1053.7 83 769.5 88 531.3 80 7142 81 861.7 79 802.0
48 20 10 10 3.6 10 1.2 10 0.5 10 1.0 10 1.4 10 0.9
30 10 10 146.5 10 21.8 10 46.4 10 35.6 10 49.1 10 96.5

40 10 9 6127 10 32.0 10 57.3 10 478 10 41.3 10 134.2

50 10 6 228.0 10 613.0 10 187.0 10 4029 9 1202.6 9 1030.0

60 10 6 16779 10 363.6 10 2686 10 5894 10 539.0 10 560.2

70 10 3 2951.5 5 2208.9 6 2286.7 5 2254.9 7 1746.4 7 1887.1

80 10 1 3316.5 5 2381.6 7 2197.2 5 3031.7 7 2345.8 7 2471.7

90 10 1 3276.8 1 3387.3 3 3160.0 3 2828.2 0 3600.0 1 3574.5

100 10 2 3039.8 3 3140.0 1 3387.8 3 3004.0 0 3600.0 1 3305.2
Subtotal 90 48 19234 64 1349.9 67 1287.9 66 1355.1 63 1458.4 65 1451.2
Total 270 208 1068.5 237 746.0 244 6404 235 719.0 234 809.4 232 794.8
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Table EC.2 Summary results of our BPC algorithm for the H&W instances

Traversal Return Midpoint Largest gap Combined Optimal
Q n Inst Opt t[s] Opt t[s] Opt t[s] Opt t[s] Opt t[s] Opt t[s]

30 20 160 160 0.0 160 0.0 160 0.0 160 0.0 160 0.0 160 0.0
30 160 160 0.0 160 0.0 160 0.0 160 0.0 160 0.0 160 0.0
40 160 160 0.1 160 0.1 160 0.0 160 0.0 160 0.0 160 0.0

50 160 160 0.1 160 0.0 160 0.0 160 0.0 160 0.0 160 0.0
60 160 158  45.2 160 0.1 160 0.1 160 0.1 160 0.1 160 0.1
70 160 158  45.2 160 0.2 160 0.1 160 0.1 160 0.2 160 0.1

80 160 155 129.2 160 0.2 160 0.1 160 0.2 159 22.9 160 13.9
90 160 154 157.5 160 0.2 160 0.1 160 0.2 159 22.8 160 0.2
100 160 155 123.1 160 0.3 160 0.1 160 0.3 160 0.3 160 0.4

Subtotal 1440 1420 55.6 1440 0.1 1440 0.1 1440 0.1 1438 5.2 1440 1.6

45 20 160 160 0.2 160 0.1 160 0.1 160 0.1 160 0.1 160 0.1
30 160 160 11.0 160 0.8 160 0.4 160 0.7 160 1.0 160 0.5
40 160 160 34.1 160 1.6 160 1.1 160 2.6 160 1.7 160 2.1

50 160 157 113.5 160 6.6 160 2.3 159 24.5 160 172 160 5.7
60 160 152 2215 159 35.2 160 6.9 160 79 159 81.6 160 15.7
70 160 150 334.3 158 80.2 160 10.7 160 249 158 105.2 159 56.4

80 160 145 4914 156 146.5 160 22.0 160 32.1 157 157.0 157 142.6
90 160 136 745.1 158 178.9 160 37.2 159 78.9 1567 176.0 157 140.7
100 160 132 818.8 148 432.2 158 1059 156 182.5 148 396.6 151 346.6

Subtotal 1440 1352 307.8 1419 98.0 1438 20.7 1434 39.3 1419 104.1 1424 78.9

60 20 160 160 1.3 160 0.3 160 0.2 160 0.2 160 0.3 160 0.3
30 160 159 49,5 160 1.9 160 1.9 160 1.9 160 2.2 160 2.0
40 160 149 3254 160 8.0 160 5.0 160 8.3 160 12.9 160 11.9

50 160 138 657.8 139 53.5 160 25.0 160 45.2 158 70.5 159 64.7
60 160 130 932.1 159 132.8 158 127.6 159 1429 157 2124 159 130.8
70 160 102 1503.0 155 333.3 153 283.7 154 323.7 153 411.9 152 403.6
80 160 79 20314 146 626.3 147 501.5 142 693.6 147 671.5 135 951.9
90 160 64 2432.1 134 8904 147 608.5 143 765.3 137 1018.8 141 996.3
100 160 39 2898.1 123 1381.1 139 932.1 136 1152.7 123 1456.0 120 1542.8

Subtotal 1440 1020 1203.4 1356 380.8 1384 276.2 1374 348.2 1355 428.5 1346 456.0

7 20 160 160 36.8 160 0.4 160 0.3 160 0.5 160 0.8 160 0.9
30 160 140 598.3 160 4.8 160 3.7 160 4.0 160 5.9 160 5.4
40 160 130 881.6 160 28.3 160 18.8 160 26.0 160 29.4 160 36.1

50 160 93 1731.2 160 139.2 160 100.4 159 157.5 158 153.5 160 162.9
60 160 83 2031.8 155 360.1 157 304.6 155 3822 155 375.6 157 457.1
70 160 50 2633.9 152 7219 144 7r8.8 143 8924 139 8989 144 878.2
80 160 36 2966.8 122 1473.2 134 1088.1 125 1426.8 129 1364.3 108 1835.8
90 160 15 3362.6 111 1901.0 109 1857.3 101 2036.9 111 1854.2 98 2099.8
100 160 13 3399.2 67 2758.6 78 2441.8 65 2712.8 77 2499.2 57 2838.7

Subtotal 1440 720 1960.2 1247 820.8 1262 732.6 1228 848.8 1249 798.0 1204 923.9
Total 5760 4512 881.8 5462 325.0 5524 257.4 5476 309.1 5461 333.9 5414 365.1




e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems

ecl3

Table EC.3 Summary results of our BPC algorithm for the ZKS instances

Traversal Return Midpoint Largest gap Combined  Optimal
@ n Inst Opt t[s] Opt t[s] Opt t[s] Opt t[s] Opt t[s] Opt t[s]
6 200 10 2 2884.8 6 1648.2 2 2978.5 4 2172.0 4 2513.2 3 2524.3
300 10 1 3253.7 2 3011.2 1 3250.6 0 3600.0 1 3243.9 1 3257.2
400 10 1 3259.1 0 3600.0 0 3600.0 1 3265.4 0 3600.0 0 3600.0
500 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 1 3384.2 0 3600.0
600 10 1 3581.2 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
9 200 10 0 3600.0 1 3344.2 0 3600.0 0 3600.0 3 2675.6 2 2991.5
12 200 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
15 200 10 0 3600.0 1 3510.9 0 3600.0 0 3600.0 0 3600.0 0 3600.0
Total 80 5 34224 10 3239.3 3 3478.6 5 3379.7 9 3277.1 6 3346.6

Table EC.4 Summary results of our BPC algorithm for the M&0-ext instances

Traversal Return Midpoint Largest gap Combined  Optimal
Q n Inst Opt t[s] Opt t[s] Opt t[s] Opt t[s] Opt t[s] Opt t[s]
60 20 10 10 13.3 10 1.2 10 23 10 1.7 10 45 10 7.7
30 10 10 330.1 10 992 10 386 10 60.6 10 2150 10 444.3
40 10 6 1590.0 10 139.1 10 81.7 10 1699 10 294.5 9 745.6
50 10 7 1791.3 9 5355 10 850.1 10 557.8 8 1387.5 8 1112.2
60 10 4 2596.3 5 2358.5 6 1760.1 6 23394 5 2389.4 6 2403.0
70 10 2 3090.8 7 1685.2 3 2823.2 3 3145.2 5 2645.1 2 32208
80 10 0 3600.0 1 3371.3 2 3054.8 0 3600.0 2 31071 0 3600.0
90 10 1 3262.8 2 3063.7 1 3357.8 0 3600.0 1 33174 1 3402.8
100 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
Subtotal 90 40 2208.3 54 1650.4 52 1729.8 49 1897.2 51 1884.5 46 2059.6
72 20 10 10 3.8 10 44 10 50 10 70 10 9.8 10 298
30 10 10 368.8 10 746 10 2264 10 249.0 10 1955 10 1010.6
40 10 8§ 841.6 10 980.8 9 5098 10 717.2 9 901.6 10 487.2
50 10 4 2728.1 6 1760.4 8 1525.1 7 1798.4 6 1692.2 8 1417.6
60 10 6 2141.7 3 2863.8 5 2326.9 2 32721 2 3074.3 6 2216.9
70 10 2 2903.7 2 32274 2 31874 0 3600.0 3 2825.8 0 3600.0
80 10 0 3600.0 1 3462.0 1 3529.1 0 3600.0 0 3600.0 0 3600.0
90 10 1 3356.4 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
100 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 1 3316.4 0 3600.0
Subtotal 90 41 2171.6 42 2174.8 45 2056.6 39 2271.5 41 2135.1 44 2173.6
Total 180 81 2189.9 96 1912.6 97 1893.2 88 2084.4 92 2009.8 90 2116.6
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Table EC.5 Summary results of our BPC algorithm for the W&G-g instances

Traversal Return Midpoint Largest gap Combined  Optimal
Q n Inst Opt t[s] Opt t[s] Opt t[s] Opt t[s] Opt t[s] Opt t[s]

24 125 10 5 2259.2 8 1423.7 6 1694.5 7 1557.1 7 19744 7 17309
150 10 4 2564.5 7 1845.8 7 2458.0 7 2043.3 5 2624.6 5 24104
175 10 3 2733.7 1 3508.7 5 3076.1 3 3169.5 3 3164.7 4 2671.1
200 10 0 3600.0 0 3600.0 1 3484.8 0 3600.0 0 3600.0 0 3600.0
225 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
250 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 1 3576.3 0 3600.0

Subtotal 60 12 3059.6 16 2929.7 19 2985.6 17 2928.3 16 3090.0 16 29354

36 125 10 0 3600.0 1 3489.9 4 2985.8 1 3367.5 1 3518.5 0 3600.0
150 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
175 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
200 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
225 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
250 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0

Subtotal 60 0 3600.0 1 3581.6 4 3497.6 1 3561.3 1 3586.4 0 3600.0

48 125 10 1 3445.3 0 3600.0 1 3561.2 0 3600.0 0 3600.0 0 3600.0
150 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
175 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
200 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
225 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
250 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0

Subtotal 60 1 3574.2 0 3600.0 1 3593.5 0 3600.0 0 3600.0 0 3600.0

60 125 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
150 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
175 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
200 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
225 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
250 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0

Subtotal 60 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0

72 125 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
150 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
175 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
200 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
225 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
250 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0

Subtotal 60 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0

Total 300 13 3486.8 17 3462.3 24 3455.3 18 34579 17 34953 16 3467.1
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Table EC.6 Summary results of our BPC algorithm for the W&G-u instances
Traversal Return Midpoint Largest gap Combined  Optimal
Q n Inst Opt t[s] Opt t[s] Opt t[s] Opt t[s] Opt t[s] Opt t[s]
24 100 10 10 77.8 10 340 10 378 10 245 10 285 10 54.0
150 10 7 14471 10 T77.8 10 5774 9 679.2 8 1538.9 10 1118.0
200 10 6 2896.3 9 1399.0 8 1908.6 5 2b48.2 6 2394.1 3 3150.8
250 10 1 3391.7 1 3290.1 0 3600.0 0 3600.0 0 3600.0 0 3600.0
Subtotal 40 24 1953.2 30 1375.2 28 1531.0 24 1713.0 24 18904 23 1980.7
36 100 10 7 2235.3 6 2793.7 8 17374 9 1809.8 5 2249.7 7 2174.5
150 10 2 3006.6 1 3336.6 0 3600.0 1 3380.1 1 34154 0 3600.0
200 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
250 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
Subtotal 40 9 3110.5 7 3332.6 8 3134.4 10 3097.5 6 3216.3 7 3243.6
48 100 10 2 3320.0 3 3251.1 1 3538.3 0 3600.0 1 35774 0 3600.0
150 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
200 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
250 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
Subtotal 40 2 3530.0 3 3512.8 1 3584.6 0 3600.0 1 3594.3 0 3600.0
60 100 10 1 3542.6 0 3600.0 0 3600.0 0 3600.0 1 3423.7 0 3600.0
150 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
200 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
250 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
Subtotal 40 1 3585.6 0 3600.0 0 3600.0 0 3600.0 1 3555.9 0 3600.0
72 100 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
150 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
200 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
250 10 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
Subtotal 40 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0 0 3600.0
Total 200 36 3155.9 40 3084.1 37 3090.0 34 3122.1 32 31714 30 3204.9
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F.2. Detailed Results of BPC Algorithm

Tables EC.7-EC.42 provide detailed results for the six benchmark sets and all routing strategies aggregated
by capacity @ and number of orders n. They report the number of instances solved to optimality within
the time limit of one hour (Opt), the average solution time in seconds (¢[s]), the average time for solving
the LP-relaxation in seconds (tF), the average optimality gap with respect to the best known solution of
the LP-relaxation (Gp), the average optimality gap with respect to the best known solution before the first
node resulting from a Ryan-and-Foster branching is solved (Gp®'), the average number of B&B nodes solved
(Nds), and the average number of CCs (CC) and SRCs (SRC) added. In cases where no average could be
computed for a given group, e.g., because the LP-relaxation could not be solved for one of the comprised

instances, the respective cell is left blank.

Table EC.7 Detailed results of our BPC algorithm for the M&0 instances and the
traversal strategy

Q n Inst Opt t[s] t“P Gp Gpff Nds CC SRC

24 20 10 10 0.2 0.0 1.68 0.25 5 13 12
30 10 10 0.7 0.0 1.81 031 12 21 30
40 10 10 8.6 0.0 1.01 0.28 258 18 37

50 10 10 14.8 0.1 1.11 0.44 107 33 41
60 10 10 11.5 0.1 0.82 0.32 95 10 43
70 10 10 379 02 077 0.30 212 32 53

80 10 10 3924 0.2 062 031 5047 17 53
90 10 8 1097.6 0.3 0.56 0.35 13403 22 48
100 10 10 4930 0.4 044 022 1977 27 59

Subtotal 90 88 2285 0.2 098 0.31 2346 21 42

36 20 10 10 2.1 0.0 457 0.26 6 29 48
30 10 10 254 0.1 213 0.60 47 41 70
40 10 10 43.5 03 217 0.49 54 44 86

50 10 9 649.2 0.6 2.18 0.73 1129 58 98
60 10 10 805.8 09 216 0.65 2457 35 88
70 10 8 11255 1.3 1.54 054 2714 41 101
80 10 5 21417 2.0 1.66 0.54 4834 50 104
90 10 6 2295.7 2.5 146 0.53 5530 42 116
100 10 4 23948 3.1 1.20 0.56 6922 29 110

Subtotal 90 72 1053.7 1.2 2.12 0.54 2633 41 91
48 20 10 10 3.6 0.1 629 0.14 5 33 60

30 10 10 146.5 04 5.00 0.50 50 81 101
40 10 9 6127 0.9 265 0.60 1297 37 118

50 10 6 22850 2.3 3.06 0.84 2539 72 112
60 10 6 16779 3.7 1.64 0.70 1885 22 122
70 10 3 29515 5.2 228 0.89 2344 62 126
80 10 1 33165 7.7 2.02 090 4711 41 123
90 10 1 3276.8 134 233 082 1333 85 127
100 10 2 3039.8 14.0 1.56 0.74 1590 63 128

Subtotal 90 48 19234 5.3 298 0.68 1750 55 113
Total 270 208 1068.5 2.2 2.03 0.51 2243 39 82
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Table EC.8 Detailed results of our BPC algorithm for the M&(0 instances and the
return strategy

Q n Inst Opt t[s] t*¥ Gp Gpff Nds CC SRC
24 20 10 10 0.1 0.0 1.38 0.10 3 6 11
30 10 10 1.1 0.0 1.67 0.30 18 25 30

40 10 10 1.9 0.0 0.87 0.24 24 16 36

50 10 10 13.0 0.1 0.83 0.24 62 32 41

60 10 10 3.0 0.1 0.59 0.16 18 9 41

70 10 10 73.8 0.2 0.68 0.27 305 34 44

80 10 10 1283 0.3 054 028 932 14 47

90 10 10 570.1 0.3 0.52 0.29 781 10 44

100 10 10 2748 04 046 0.25 1209 27 45
Subtotal 90 90 1185 0.2 0.84 0.24 1158 19 38
36 20 10 10 0.6 00 361 0.11 4 28 38
30 10 10 5.6 0.1 1.69 0.20 9 41 48

40 10 10 30.8 0.3 2.14 0.33 31 45 62

50 10 10 59.3 0.5 1.61 0.36 41 67 76

60 10 10 1379 0.9 1.85 0.42 166 42 80

70 10 10 7919 1.3 130 044 450 65 80

80 10 8 1829.8 2.0 153 0.50 3322 67 86

90 10 10 1098.1 2.6 1.22 0.40 2111 46 76

100 10 5 2971.8 3.3 1.21 0.55 5732 53 90
Subtotal 90 83 769.5 1.2 1.79 0.37 1318 51 71
48 20 10 10 1.2 0.1 5.04 0.00 2 37 25
30 10 10 21.8 0.5 4.04 0.17 6 69 70

40 10 10 320 1.2 2.26 0.31 14 49 86

50 10 10 613.0 2.8 2.70 0.51 72 111 106

60 10 10 363.6 4.3 1.47 0.39 60 60 103

70 10 5 2208.9 6.7 202 0.65 354 101 105

80 10 5 2381.6 11.4 193 0.87 1478 79 109

90 10 1 3387.3 13.0 2.43 1.00 1090 112 122

100 10 3 3140.0 16.7 1.75 0.92 1000 88 118
Subtotal 90 64 13499 6.3 2.63 0.54 453 78 94
Total 270 237 746.0 2.6 1.75 0.38 976 49 67
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Table EC.9 Detailed results of our BPC algorithm for the M&(0 instances and the
midpoint strategy

Q n Inst Opt t[s] tf“P Gp Gpff Nds CC SRC

24 20 10 10 0.0 0.0 0.81 0.04 2 4 3
30 10 10 04 0.0 1.08 0.13 6 12 21
40 10 10 1.6 0.0 0.70 0.22 23 9 28

50 10 10 3.0 01 063 0.21 17 12 33
60 10 10 5.2 0.1 070 0.23 31 8 42
70 10 10 173 0.2 0.64 0.25 82 14 38

8 10 10 392 03 049 025 276 6 43
90 10 10 2693 04 049 0.28 2429 16 42
100 10 9 5826 04 047 031 5873 8 42

Subtotal 90 89 102.1 0.2 0.67 0.21 971 10 32

36 20 10 10 0.3 0.0 2,58 0.10 3 15 26
30 10 10 25 02 1.09 0.13 4 21 41
40 10 10 72 03 162 0.26 16 25 o6

50 10 10 2r1 08 136 0.31 30 34 68
60 10 10 8.1 1.2 1.50 043 140 22 68
70 10 10 1604 19 1.09 046 254 26 73
80 10 10 989.0 2.8 142 0.52 2111 37 80
90 10 10 14023 3.7 1.19 048 3509 25 86
100 10 8 21076 4.0 0.94 0.50 6743 16 T

Subtotal 90 88 531.3 1.7 1.42 035 1423 24 64

48 20 10 10 0.5 0.1 419 0.01 2 32 30
30 10 10 46.4 0.7 341 0.33 13 73 84
40 10 10 573 1.7 1.89 0.36 25 44 80

50 10 10 187.0 4.6 244 0.51 73 71 100
60 10 10 268.6 69 146 0.62 272 21 100
70 10 6 2286.7 12.8 2.00 0.91 1819 67 104
80 10 7 21972 189 1.64 0.78 1602 38 109
90 10 3 3160.0 25.6 2.13 1.01 1385 65 112
100 10 1 3387.8 31.9 2.11 1.53 2451 47 106

Subtotal 90 67 1287.9 11.5 236 0.67 849 51 92
Total 270 244 6404 4.4 1.48 041 1081 28 63
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Table EC.10 Detailed results of our BPC algorithm for the M&0 instances and
the largest gap strategy

Q n Inst Opt t[s] t*¥ Gp Gpff Nds CC SRC
24 20 10 10 0.1 0.0 1.16 0.02 2 7 9
30 10 10 09 00 1.22 0.19 12 14 27
40 10 10 23 0.1 0.77 0.19 34 12 28
50 10 10 8.1 0.1 074 0.29 51 13 38
60 10 10 12.5 0.2 0.67 0.25 94 6 41
70 10 10 53.3 0.2 0.63 0.26 261 16 42
80 10 10 69.5 0.3 049 0.27 487 6 46
90 10 9 4574 04 049 0.28 5550 12 43
100 10 10 186.5 0.5 041 0.26 1114 8 43
Subtotal 90 89 87.8 0.2 0.73 0.22 845 10 35
36 20 10 10 0.2 0.1 2.46 0.00 1 12 14
30 10 10 3.2 0.2 1.22 0.20 6 23 41
40 10 10 14.7 04 1.72 0.23 22 30 59
50 10 10 116.2 1.2 1.48 0.42 166 40 70
60 10 10 71.5 1.5 1.49 0.38 167 24 69
70 10 10 373.2 2.5 1.16 0.51 444 27 73
80 10 10 9294 3.8 145 0.50 1712 40 78
90 10 7 19414 44 1.21 0.51 6519 22 73
100 10 3 29779 5.8 1.23 0.76 6745 18 78
Subtotal 90 80 714.2 2.2 1.49 0.39 1754 26 62
48 20 10 10 1.0 0.2 4.16 0.04 2 24 26
30 10 10 35.6 1.1 3.59 0.24 10 65 84
40 10 10 478 2.5 1.97 0.32 23 38 80
50 10 10 4029 7.2 2.52 0.60 187 60 99
60 10 10 589.4 124 148 0.69 448 26 99
70 10 5 22549 189 199 088 1162 62 100
80 10 5 3031.7 31.2 1.60 0.79 2119 32 101
90 10 3 2828.2 37.2 2.44 1.28 1580 67 103
100 10 3 3004.0 50.5 1.80 1.26 1290 44 105
Subtotal 90 66 1355.1 17.9 2.40 0.68 758 46 89
Total 270 235 719.0 6.8 1.54 0.43 1119 28 62
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Table EC.11 Detailed results of our BPC algorithm for the M&0 instances and
the combined strategy

Q n Inst Opt t[s] tf“P Gp Gpff Nds CC SRC

24 20 10 10 0.1 0.0 1.53 0.19 5 8 14
30 10 10 0.4 0.0 150 0.11 6 16 18
40 10 10 3.7 0.0 093 032 38 18 34

50 10 10 92 01 092 033 o4 25 34
60 10 10 83 0.1 065 0.29 63 5 38
70 10 10 1185 0.2 0.73 033 1320 22 40

80 10 10 51.0 03 056 028 229 12 47
90 10 10 406.2 04 046 0.27 3806 11 47
100 10 10 376.6 0.4 043 0.24 1208 24 33

Subtotal 90 90 108.2 0.2 0.86 0.26 748 16 36

36 20 10 10 0.4 0.0 3.50 0.06 3 24 28
30 10 10 2.8 0.1 1.53 0.24 8 29 50
40 10 10 26.1 03 213 043 40 46 62

50 10 10 1632 0.6 193 051 121 65 78
60 10 10 2721 09 195 052 510 49 82
70 10 10 7374 14 139 0.53 1499 46 85
80 10 8§ 19771 2.3 1.66 0.61 4992 47 87
90 10 9 14258 2.6 1.25 0.45 2761 38 88
100 10 4 31505 3.3 1.34 0.69 8890 39 95

Subtotal 90 81 861.7 1.3 1.86 0.45 2092 43 73

48 20 10 10 14 0.1 548 0.09 3 34 45
30 10 10 49.1 0.5 4.66 0.40 19 72 100
40 10 10 41.3 1.1 229 0.38 32 48 95

50 10 9 12026 29 3.14 0.72 315 98 109
60 10 10 539.0 4.1 1.59 057 311 48 112
70 10 7 17464 6.7 203 0.64 518 82 115
80 10 7 23458 9.1 1.78 0.68 3816 48 118
90 10 0 3600.0 12.0 2.62 1.17 2247 91 120
100 10 0 3600.0 15.2 1.96 1.21 2587 55 125

Subtotal 90 63 14584 5.8 2.84 0.65 1094 64 104
Total 270 234 8094 24 185 045 1311 41 71
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Table EC.12 Detailed results of our BPC algorithm for the M&0 instances and
the optimal strategy

Q n Inst Opt t[s] t*¥ Gp Gpff Nds CC SRC
24 20 10 10 0.1 0.0 1.36 0.15 3 8 14
30 10 10 0.7 0.0 1.53 0.20 9 15 25
40 10 10 22 0.1 089 0.27 22 14 37
50 10 10 6.3 0.2 075 0.23 38 18 36
60 10 10 71 02 059 0.24 42 7 36
70 10 10 59.3 0.3 0.69 0.26 342 20 44
80 10 10 40.5 0.5 0.51 0.23 163 10 45
90 10 9 5576 0.6 049 0.29 6205 7 46
100 10 9 5083 0.7 041 0.23 2803 13 41
Subtotal 90 88 131.3 0.3 0.80 0.23 1070 12 36
36 20 10 10 04 0.1 330 0.05 2 24 22
30 10 10 6.5 0.3 148 0.20 8 38 50
40 10 10 29.7 0.7 204 0.37 30 47 64
50 10 10 59.9 14 161 042 74 38 69
60 10 10 1563 19 1.76 044 199 38 76
70 10 10 3593 29 135 047 443 43 82
80 10 8 1755.7 4.8 1.56 0.51 4018 46 76
90 10 7 19693 53 131 049 4764 34 84
100 10 4 2881.0 6.8 1.26 0.65 5905 30 94
Subtotal 90 79 802.0 2.7 1.74 0.40 1716 38 69
48 20 10 10 0.9 02 489 0.01 2 M 22
30 10 10 965 14 431 031 11 83 87
40 10 10 1342 34 245 045 38 95 95
50 10 9 1030.0 7.2 3.07 073 228 96 110
60 10 10 560.2 10.3 1.50 0.55 283 43 100
70 10 7 188v.1 17.7 216 079 466 83 114
80 10 7 24717 277 1.67  0.58 1498 54 123
90 10 1 35745 38.3 2.51 1.18 1091 &84 118
100 10 1 3305.2 43.5 2.07 1.35 1401 67 121
Subtotal 90 65 1451.2 16.6 2.74 0.66 558 67 99
Total 270 232 7948 6.5 1.76 043 1114 39 68
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Table EC.13 Detailed results of our BPC algorithm for the H&W instances and the
traversal strategy

Q n Inst Opt t[s] t¢¥ Gp Gpff Nds CC SRC

30 20 160 160 0.0 0.0 0.71 0.04 3 1 0
30 160 160 0.0 0.0 042 0.04 5 2 1

40 160 160 0.1 0.0 030 0.04 14 6 1

50 160 160 0.1 0.0 0.28 0.02 7 4 1

60 160 158 45.2 0.0 0.27 0.03 966 8 1

70 160 158 45.2 0.0 0.21 0.03 387 10 2

80 160 155 129.2 0.0 0.20 0.03 1295 12 2

90 160 154 157.5 0.0 0.16 0.02 1230 10 1

100 160 155 123.1 0.0 0.17 0.02 888 16 2
Subtotal 1440 1420 55.6 0.0 0.30 0.03 533 8 1
45 20 160 160 0.2 00 1.15 0.28 13 8 10
30 160 160 11.0 0.0 0.73 0.29 933 9 15

40 160 160 341 0.0 0.61 0.24 1845 14 19

50 160 157 113.5 0.0 0.58 0.26 5001 22 26

60 160 152 221.5 0.1 047 0.23 7458 21 29

70 160 150 3343 0.1 043 0.21 10293 25 31

80 160 145 4914 0.2 041 0.20 10162 27 36

90 160 136 745.1 0.2 0.38 0.19 13483 33 38

100 160 132 818.8 0.3 0.36 0.19 14740 30 41
Subtotal 1440 1352 307.8 0.1 0.57 0.23 7103 21 27
60 20 160 160 1.3 0.0 2.03 0.35 7115 25
30 160 159 49.5 0.0 1.33 0.36 2911 12 31

40 160 149 3254 0.1 1.056 0.39 11555 16 43

50 160 138 657.8 0.2 0.88 0.36 21302 15 50

60 160 130 932.1 0.3 080 0.34 21348 21 95

70 160 102 1503.0 0.4 0.73 0.34 29825 24 60

80 160 79 20314 0.6 0.66 0.32 33341 26 68

90 160 64 24321 09 0.61 0.31 33915 25 75

100 160 39 2898.1 1.2 0.59 0.29 30792 32 81
Subtotal 1440 1020 1203.4 0.4 0.96 0.34 20562 21 o4
7 20 160 160 36.8 0.0 230 0.29 1512 18 45
30 160 140 598.3 0.1 1.79 0.39 16026 17 53

40 160 130 881.6 0.2 1.556 0.38 19846 21 67

50 160 93 1731.2 04 141 042 27441 27 72

60 160 83 2031.8 0.7 1.12 0.40 26043 26 83

70 160 50 2633.9 1.1 099 0.36 28428 30 93

80 160 36 2966.8 1.5 0.87 0.35 27565 35 96

90 160 15 3362.6 2.2 0.86 0.36 24390 39 105
100 160 13 3399.2 2.8 0.75 0.33 22555 39 108

Subtotal 1440 720 1960.2 1.0 1.29 0.36 21534 28 80
Total 5760 4512 881.8 0.4 0.78 0.24 12433 19 41
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Table EC.14 Detailed results of our BPC algorithm for the H&W instances and the
return strategy

Q n Inst Opt t[s] t¢“ Gp Gpff Nds CC SRC
30 20 160 160 0.0 0.0 0.50 0.02 2 1 0
30 160 160 0.0 0.0 0.27 0.01 3 1 1
40 160 160 0.1 0.0 0.23 0.03 9 3 1
50 160 160 0.0 0.0 0.19 0.01 3 2 1
60 160 160 0.1 0.0 0.17 0.01 ) 3 1
70 160 160 0.2 0.0 0.13 0.01 7 4 1
80 160 160 0.2 0.0 0.12 0.01 17 3 1
90 160 160 0.2 0.0 0.10 0.01 10 3 2
100 160 160 0.3 0.0 0.11 0.01 7 4 2
Subtotal 1440 1440 0.1 0.0 0.20 0.01 7 3 1
45 20 160 160 0.1 0.0 0.90 0.15 8 7 7
30 160 160 0.8 0.0 0.62 0.19 64 9 14
40 160 160 1.6 0.0 050 0.19 61 10 16
50 160 160 6.6 0.0 0.50 0.21 262 16 20
60 160 159 35.2 0.1 039 0.19 1294 12 24
70 160 158 80.2 0.1 0.37 0.18 2553 17 25
80 160 156 146.5 0.1 0.33 0.17 3636 15 27
90 160 158 1789 0.2 0.30 0.16 3526 15 28
100 160 148 432.2 0.2 0.31 0.17 8045 12 32
Subtotal 1440 1419 98.0 0.1 0.47 0.18 2161 13 21
60 20 160 160 0.3 0.0 1.70 0.18 8 17 19
30 160 160 1.9 0.0 1.14 0.26 72 19 28
40 160 160 8.0 0.1 0.89 0.28 106 20 34
50 160 159 53.5 0.2 0.77 031 1209 21 40
60 160 159 1328 0.3 0.70 0.31 2314 27 43
70 160 155 333.3 0.4 0.65 0.30 5415 26 45
80 160 146 626.3 0.6 0.61 0.31 7452 24 48
90 160 134 890.4 0.8 0.54 0.30 8265 23 53
100 160 123 1381.1 1.0 0.56 0.33 10414 27 54
Subtotal 1440 1356 380.8 0.4 0.84 0.29 3917 23 40
75 20 160 160 0.4 0.0 211 0.09 4 21 24
30 160 160 4.8 0.1 1.68 0.26 22 27 45
40 160 160 28.3 0.3 145 0.34 102 33 53
50 160 160 139.2 0.5 1.31 0.37 992 38 56
60 160 155 360.1 0.8 1.07 0.38 2263 39 59
70 160 152 7219 1.3 0.95 0.38 3866 37 65
80 160 122 1473.2 1.9 0.94 0.43 5625 44 70
90 160 111 1901.0 2.7 0.91 046 6157 42 71
100 160 67 2758.6 3.3 099 0.59 9209 42 77
Subtotal 1440 1247 820.8 1.2 1.26 0.37 3138 36 58
Total 5760 5462 325.0 0.4 0.69 0.21 2306 18 30




ec24 e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems

Table EC.15 Detailed results of our BPC algorithm for the H&W instances and the
midpoint strategy

Q n Inst Opt t[s] t*¥  Gp Gp®F Nds CC SRC

30 20 160 160 0.0 0.0 048 0.03 3 1 0
30 160 160 0.0 0.0 026 0.01 2 0

40 160 160 0.0 0.0 020 0.01 2 1

50 160 160 0.0 0.0 0.16 0.01 2 0

60 160 160 0.1 0.0 0.16 0.01 3 1

70 160 160 0.1 0.0 0.12 0.01 3 1

80 160 160 0.1 0.0 011 0.01 5 1

90 160 160 0.1 0.0 0.09 0.00 3 1

100 160 160 0.1 0.0 0.08 0.00 3 1
Subtotal 1440 1440 0.1 0.0 0.18 0.01 3 1

45 20 160 160 0.1 0.0 069 0.12 5
30 160 160 0.4 00 049 0.15 17
40 160 160 1.1 0.0 040 0.15 45
50 160 160 23 0.0 040 0.15 72
60 160 160 6.9 01 033 0.16 227
70 160 160 107 0.1 032 0.16 218
80 160 160 22.0 0.2 030 0.15 332
90 160 160 372 0.2 030 0.15 529

11
16
19
21
23
27
27

Lo =g Ut Oy .o O O Ut N W WNND = ==
(@)

100 160 158 1059 0.3 0.29 0.16 1683 30
Subtotal 1440 1438 20.7 0.1 039 0.15 347 6 20
60 20 160 160 0.2 00 1.08 0.11 4 13 15

30 160 160 1.9 0.0 0.88 0.25 43 12 26
40 160 160 50 0.1 072 0.30 57 13 31
50 160 160 25.0 0.2 0.63 0.30 586 12 36
60 160 158 127.6 0.3 0.63 0.34 2784 16 40
70 160 153 283.7 0.5 0.58 033 5145 13 40
80 160 147 501.5 0.6 0.54 0.32 6486 12 42
90 160 147 608.5 0.9 0.50 0.31 5916 14 46

100 160 139 9321 1.2 049 0.32 7246 11 48
Subtotal 1440 1384 276.2 0.4 0.67 0.29 3141 13 36
75 20 160 160 0.3 00 148 0.08 3 18 21

30 160 160 3.7 01 132 0.24 23 20 39
40 160 160 188 0.3 1.17 034 128 26 47
50 160 160 1004 0.6 1.09 0.43 684 30 50
60 160 157 304.6 0.9 094 0.44 2179 27 56
70 160 144 7788 1.5 0.86 0.47 5038 24 57
80 160 134 1088.1 2.2 0.78 0.45 4933 29 59
90 160 109 1857.3 3.1 0.84 0.52 7098 28 62

100 160 78 2441.8 4.0 090 0.61 8481 27 66
Subtotal 1440 1262 732.6 1.4 1.04 040 3174 25 ol
Total 5760 5524 2574 0.5 0.57 0.21 1666 11 27
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Table EC.16 Detailed results of our BPC algorithm for the H&W instances and the
largest gap strategy

Q n Inst Opt t[s] t‘“ Gp Gpff Nds CC SRC
30 20 160 160 0.0 0.0 0.49 0.01 2 1 0
30 160 160 0.0 0.0 0.26 0.00 2 1 0

40 160 160 0.0 0.0 0.22 0.01 2 1 1

50 160 160 0.0 0.0 0.19 0.01 3 2 0

60 160 160 0.1 0.0 0.18 0.01 4 2 1

70 160 160 0.1 0.0 0.12 0.01 3 2 1

80 160 160 0.2 0.0 0.12 0.01 28 2 1

90 160 160 0.2 0.0 0.11 0.01 6 3 1

100 160 160 0.3 0.0 0.11 0.01 12 3 1
Subtotal 1440 1440 0.1 0.0 0.20 0.01 7 2 1
45 20 160 160 0.1 0.0 0.71 0.12 6 6 7
30 160 160 0.7 0.0 0.50 0.17 55 6 12

40 160 160 2.6 0.0 0.40 0.14 214 8 16

50 160 159 24.5 0.1 0.37 0.15 1097 8 19

60 160 160 79 0.1 0.31 0.14 220 7 21

70 160 160 249 0.1 029 0.15 779 8 24

80 160 160 32.1 0.2 028 0.15 635 7 26

90 160 159 78.9 0.2 0.28 0.14 1488 7 27

100 160 156 182.5 0.3 0.27 0.15 3177 6 30
Subtotal 1440 1434 39.3 0.1 0.38 0.15 852 7 20
60 20 160 160 0.2 00 1.15 0.13 5 13 16
30 160 160 1.9 0.1 090 0.29 43 12 25

40 160 160 83 0.1 0.75 0.30 132 14 32

50 160 160 45.2 0.2 0.63 0.30 1021 12 35

60 160 159 1429 0.4 0.60 0.32 2380 15 39

70 160 154 323.7 0.6 0.55 0.31 4587 13 40

80 160 142 693.6 0.9 0.53 0.32 7339 15 41

90 160 143 765.3 1.2 0.48 0.30 6327 13 47

100 160 136 1152.7 1.5 0.48 0.32 7115 12 47
Subtotal 1440 1374 348.2 0.6 0.67 0.29 3217 13 36
75 20 160 160 0.5 0.0 1.56 0.11 4 18 23
30 160 160 4.0 0.2 1.31 0.26 22 19 40

40 160 160 26.0 0.4 1.19 0.37 165 25 46

50 160 159 157.5 0.8 1.10 0.42 1008 28 49

60 160 155 382.2 1.4 091 042 2170 26 53

70 160 143 8924 2.4 0.86 0.46 4194 27 56

80 160 125 1426.8 3.0 0.79 0.47 5623 29 57

90 160 101 2036.9 4.7 0.87 0.55 5710 27 60

100 160 65 2712.8 6.1 0.88 0.60 6904 30 64
Subtotal 1440 1228 848.8 2.1 1.05 0.41 2867 25 50
Total 5760 5476 309.1 0.7 0.58 0.21 1736 12 27
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Table EC.17 Detailed results of our BPC algorithm for the H&W instances and the
combined strategy

Q n Inst Opt t[s] t¢¥ Gp Gpff Nds CC SRC

30 20 160 160 0.0 0.0 0.57 0.02 2 0 0
30 160 160 0.0 0.0 0.34 0.02 2 2 0

40 160 160 0.0 0.0 024 0.02 5 2 1

50 160 160 0.0 0.0 0.23 0.01 2 3 1

60 160 160 0.1 0.0 021 0.01 10 4 1

70 160 160 0.2 0.0 0.17 0.01 24 4 1

80 160 159 229 0.0 016 0.01 123 5 1

90 160 159 22.8 0.0 0.14 0.01 35 5 1

100 160 160 0.3 0.0 014 0.01 14 5 1
Subtotal 1440 1438 52 0.0 024 0.02 24 3 1
45 20 160 160 0.1 0.0 093 0.20 8 7 8
30 160 160 1.0 0.0 0.60 0.22 (A 12

40 160 160 1.7 0.0 052 0.19 58 10 18

50 160 160 172 0.1 049 0.23 933 12 21

60 160 159 81.6 0.1 0.40 0.20 3769 13 24

70 160 158 1052 0.1 035 0.19 3345 14 24

80 160 157 157.0 0.2 035 0.19 3995 13 29

90 160 157 1v6.0 0.2 031 0.17 3176 17 29

100 160 148 396.6 0.3 0.30 0.17 7161 10 31
Subtotal 1440 1419 104.1 0.1 047 0.20 2504 12 22
60 20 160 160 0.3 00 176 0.17 7 16 20
30 160 160 2.2 01 122 0.30 68 17 29

40 160 160 129 0.1 098 0.32 200 22 36

50 160 158 70.5 0.2 0.76 0.29 1958 20 40

60 160 157 2124 04 0.73 0.32 4234 24 44

70 160 153 4119 0.5 0.66 0.30 6443 28 48

80 160 147 6715 0.7 061 0.29 6860 27 51

90 160 137 1018.8 1.0 0.56 0.31 9098 23 57

100 160 123 1456.0 1.3 0.53 0.30 10721 27 58
Subtotal 1440 1355 4285 0.5 0.87 0.29 4399 23 43
7 20 160 160 0.8 0.0 223 0.15 8 21 31
30 160 160 59 02 173 0.29 34 23 47

40 160 160 294 03 143 0.34 99 30 55

50 160 158 153.5 0.6 1.34 0.35 980 35 61

60 160 155 375.6 1.0 1.09 0.37 2474 38 65

70 160 139 898.9 1.7 096 0.37 5198 36 74

80 160 129 13643 24 088 0.35 5179 45 79

90 160 111 1854.2 3.0 0.83 0.36 6282 44 82

100 160 T 2499.2 43 0.85 043 7245 42 89
Subtotal 1440 1249 798.0 1.5 1.26 0.34 3055 35 65
Total 5760 5461 3339 0.5 0.71 0.21 2495 18 32
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Table EC.18 Detailed results of our BPC algorithm for the H&W instances and the
optimal strategy

Q n Inst Opt t[s] t‘“ Gp Gpff Nds CC SRC
30 20 160 160 0.0 0.0 0.55 0.02 2 1 0
30 160 160 0.0 0.0 0.28 0.00 2 1 0

40 160 160 0.0 0.0 0.22 0.01 4 2 1

50 160 160 0.0 0.0 0.20 0.00 2 1 0

60 160 160 0.1 0.0 0.19 0.01 3 3 1

70 160 160 0.1 0.0 0.14 0.01 9 2 1

80 160 160 13.9 0.0 0.14 0.01 360 3 1

90 160 160 0.2 0.0 0.13 0.01 ) 3 1

100 160 160 0.4 0.0 0.12 0.01 17 3 1
Subtotal 1440 1440 1.6 0.0 0.22 0.01 45 2 1
45 20 160 160 0.1 0.0 0.79 0.16 9 7 7
30 160 160 0.5 0.0 0.51 0.17 25 8 13

40 160 160 2.1 00 043 0.15 82 10 17

50 160 160 5.7 0.1 0.41 0.18 204 13 20

60 160 160 15.7 0.1 0.34 0.18 393 10 23

70 160 159 56.4 0.2 0.31 0.16 1487 11 24

80 160 157 1426 0.2 0.29 0.16 3175 10 26

90 160 157 140.7 0.3 0.28 0.15 2121 12 27

100 160 151 346.6 0.4 0.27 0.16 5071 9 31
Subtotal 1440 1424 78.9 0.2 040 0.16 1396 10 21
60 20 160 160 0.3 0.0 148 0.15 6 17 20
30 160 160 2.0 01 1.03 0.26 36 17 28

40 160 160 11.9 0.2 0.84 0.31 174 22 34

50 160 159 64.7 0.3 0.69 0.30 1164 19 38

60 160 159 130.8 0.5 0.66 0.31 1272 23 44

70 160 152 403.6 0.7 0.60 0.31 4359 26 44

80 160 135 9519 1.0 0.58 0.32 8010 23 48

90 160 141 996.3 1.4 0.51 0.31 5375 22 51

100 160 120 1542.8 1.8 0.51 0.31 7930 24 99
Subtotal 1440 1346 456.0 0.7 0.77 0.29 3147 22 40
75 20 160 160 09 0.1 198 0.12 5 25 26
30 160 160 5.4 0.2 1.56 0.25 21 28 41

40 160 160 36.1 0.5 1.35 0.35 100 36 53

50 160 160 1629 0.9 1.22 0.38 798 36 54

60 160 157 457.1 1.5 1.03 0.39 1759 40 60

70 160 144 8782 2.3 091 0.40 3246 38 64

80 160 108 1835.8 3.2 0.88 0.43 5349 47 69

90 160 98 2099.8 4.5 0.88 0.48 5230 43 71

100 160 57 2838.7 5.7 0.95 0.59 6614 44 77
Subtotal 1440 1204 9239 2.1 1.19 0.38 2569 37 o7
Total 5760 5414 365.1 0.7 0.65 0.21 1789 18 30
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Table EC.19 Detailed results of our BPC algorithm for the ZKS instances and the
traversal strategy

Q@ n Inst Opt t[s] t!¥ Gp Gpff Nds CC SRC

6 200 10 2 2884.8 0.1 0.18 0.06 19134 128 76
300 10 1 3253.7 03 0.13 0.03 9538 147 77
400 10 1 3259.1 06 0.15 0.03 6987 140 101
500 10 0 36000 1.3 0.16 0.03 3615 152 123
600 10 1 35812 19 0.15 0.02 1088 151 128

9 200 10 0 3600.0 0.6 0.38 0.18 3905 140 121

12 200 10 0 3600.0 3.9 0.80 0.55 8663 39 128

15 200 10 0 3600.0 11.9 1.54 1.09 3531 61 128

Total 80 5 34224 26 044 0.25 7058 120 110

Table EC.20 Detailed results of our BPC algorithm for the ZKS instances and
the return strategy

Q n Inst Opt t[s] t*¥ Gp Gp® Nds CC SRC

6 200 10 6 1648.2 0.1 0.24 0.07 10474 92 63
300 10 2 3011.2 0.3 0.15 0.04 11391 133 82
400 10 0 3600.0 0.7 0.15 0.05 4407 155 120
500 10 0 3600.0 1.2 0.13 0.05 2706 150 128
600 10 0 3600.0 1.9 0.13 0.04 1080 138 128

9 200 10 1 33442 0.5 041 0.15 4235 92 123

12 200 10 0 3600.0 1.6 0.60 0.34 3552 35 128

15 200 10 1 35109 5.8 082 049 1862 20 128

Total 80 10 32393 1.5 033 0.15 4963 102 112

Table EC.21 Detailed results of our BPC algorithm for the ZKS instances and the
midpoint strategy

Q@ n Inst Opt t[s] t!¥ Gp Gpff Nds CC SRC

6 200 10 2 29785 0.1 0.18 0.06 29924 111 71
300 10 1 3250.6 04 0.16 0.03 19045 147 76
400 10 0 3600.0 0.8 0.16 0.04 10661 147 112
500 10 0 3600.0 1.6 0.16 0.04 3335 160 127
600 10 0 3600.0 2.5 0.16 0.04 1597 160 128

9 200 10 0 3600.0 0.9 0.38 0.20 5817 128 128

12 200 10 0 3600.0 3.8 0.55 031 6797 41 128

15 200 10 0 3600.0 13.2 1.46 1.06 2573 64 128

Total 80 3 34786 29 040 0.22 9969 120 112




e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems

ec29

Table EC.22 Detailed results of our BPC algorithm for the ZKS instances and the
largest gap strategy

Q@ n Inst Opt t[s] t!¥ Gp Gpff Nds CC SRC
6 200 10 4 21720 0.2 0.19 0.06 20578 110 80
300 10 0 3600.0 0.3 0.17 0.04 21082 160 77
400 10 1 32654 09 0.16 0.04 5841 147 113
500 10 0 3600.0 1.6 0.17 0.04 3282 160 128
600 10 0 3600.0 2.5 0.15 0.04 1402 160 128
9 200 10 0 3600.0 0.8 0.35 0.18 7359 128 128
12 200 10 0 3600.0 4.2 0.55 030 8070 37 128
15 200 10 0 3600.0 14.2 147 1.06 2533 76 128
Total 80 5 3379.7 3.1 040 0.22 8768 122 114

Table EC.23 Detailed results of our BPC algorithm for the ZKS instances and

the combined strategy
@ n Inst Opt t[s] t*¥ Gp Gp® Nds CC SRC
6 200 10 4 2513.2 0.2 0.16 0.07 15785 116 57
300 10 1 32439 04 0.15 0.04 17634 120 71
400 10 0 3600.0 0.8 0.13 0.03 8213 146 112
500 10 1 3384.2 1.4 0.12 0.03 3880 158 120
600 10 0 3600.0 2.3 0.12 0.04 1155 159 128
9 200 10 3 26756 0.8 040 0.16 8015 75 117
12 200 10 0 3600.0 3.0 0.50 0.29 6920 37 128
15 200 10 0 3600.0 99 1.15 0.83 3238 33 128
Total 80 9 3277.1 24 034 0.19 8105 106 108
Table EC.24 Detailed results of our BPC algorithm for the ZKS instances and the
optimal strategy

Q n Inst Opt t[s] t!¥ Gp Gpff Nds CC SRC
6 200 10 3 25243 0.2 0.20 0.08 17991 105 58
300 10 1 32572 0.5 0.16 0.05 20512 129 80
400 10 0 3600.0 0.9 0.13 0.04 11327 146 118
500 10 0 3600.0 1.8 0.10 0.04 3772 147 120
600 10 0 3600.0 2.7 0.12 0.04 1568 155 128
9 200 10 2 29915 1.1 0.34 0.12 4529 108 116
12 200 10 0 3600.0 4.9 0.52 0.33 5249 37 128
15 200 10 0 3600.0 185 1.19 0.89 2203 39 128
Total 80 6 3346.6 3.8 035 0.20 8394 108 109
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Table EC.25 Detailed results of our BPC algorithm for the M&0-ext instances and
the traversal strategy

Q n Inst Opt t[s] tf Gp GpfFf Nds CC SRC

60 20 10 10 13.3 0.1 6.16 0.06 4 4 48
30 10 10 330.1 09 335 034 144 60 85
40 10 6 1590.0 20 320 0.41 298 75 126

50 10 7 1791.3 4.8 440 0.84 827 64 128
60 10 4 2596.3 9.6 398 094 999 71 124
70 10 2 3090.8 15.7 2.15 0.75 1266 72 128
80 10 0 3600.0 26.2 239 097 1203 56 128
90 10 1 3262.8 36.7 235 0.68 1126 44 128
100 10 0 3600.0 48.0 224 088 683 73 128

Subtotal 90 40 2208.3 16.0 3.36 0.65 728 62 114

72 20 10 10 3.8 02 755 0.02 3 60 23
30 10 10 368.8 1.3 897 048 25 108 126
40 10 8 8416 3.8 659 048 47 86 116

50 10 4 27281 13.6 5.92 224 100 93
60 10 6 2141.7 249 458 0.63 234 83 128
70 10 2 2903.7 42.8 3.00 275 89 120
80 10 0 3600.0 60.1 3.61 091 38 91 128
90 10 1 33564 844 3.03 0.84 226 114 128
100 10 0 3600.0 1044 1.99 051 344 69 128

Subtotal 90 41 2171.6 37.3 5.03 196 89 110
Total 180 81 2189.9 26.6 4.19 462 75 112
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Table EC.26 Detailed results of our BPC algorithm for the M&0-ext instances
and the return strategy

Q n Inst Opt t[s] t“¥ Gp Gpff Nds CC SRC
60 20 10 10 1.2 0.2 4.34 0.00 2 29 5
30 10 10 99.2 1.5 3.15 0.06 4 83 86
40 10 10 139.1 4.6 267 024 13 66 102
50 10 9 5355 11.2 333 036 29 83 121
60 10 5 2358.5 232 385 0.66 121 130 124
70 10 7 1685.2 325 1.93 0.57 133 102 124
80 10 1 3371.3 62.0 2.64 1.25 457 114 127
90 10 2 3063.7 76.6 233 082 730 73 127
100 10 0 3600.0 95.2 2.58 1.25 428 114 128
Subtotal 90 54 1650.4 34.1 2.98 0.58 213 88 105
72 20 10 10 4.4 0.4 7.30 0.00 2 81 14
30 10 10 746 42 7.7 0.06 3 121 72
40 10 10 980.8 17.2 6.01 031 32 117 97
50 10 6 17604 62.7 4.45 0.56 60 133 128
60 10 3 2863.8 131.0 4.86 135 127 128
70 10 2 32274 169.6 3.20 1.14 142 130 128
80 10 1 3462.0 321.3 4.21 1.56 166 131 128
90 10 0 3600.0 496.7 4.50 2.29 89 146 128
100 10 0 3600.0 545.9 4.63 2.87 115 132 128
Subtotal 90 42 2174.8 194.3 5.21 83 124 106
Total 180 96 1912.6 114.2 4.10 148 106 105




ec32 e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems

Table EC.27 Detailed results of our BPC algorithm for the M&0-ext instances and
the midpoint strategy

Q n Inst Opt t[s] t!P Gp Gpff Nds CC SRC

60 20 10 10 2.3 0.3 3.96 0.00 2 35 24
30 10 10 38.6 25 202 0.07 5 62 60
40 10 10 81.7 8.8 236 030 18 52 102

50 10 10 850.1 26.8 3.32 058 65 72 114
60 10 6 1760.1 49.7 347 0.84 207 91 119
70 10 2823.2 87.0 2.15 090 472 80 117

3

80 10 2 3054.8 146.5 242 1.27 472 68 123
1
0

90 10 3357.8 196.5 253 1.15 658 58 120
100 10 3600.0 2276 2.69 1.63 405 101 123

Subtotal 90 52 1729.8 82.8 2.77 0,75 256 69 100

72 20 10 10 5.0 0.6 6.02 0.00 2 63 15
30 10 10 2264 8.5 6.34 0.16 7 110 87
40 10 9 5098 34.0 467 025 23 93 104

50 10 8 1525.1 1694 4.00 0.50 42 123 127

60 10 5 23269 3327 4.67 139 90 120 124

70 10 2 31874 539.2 3.39 84 115 117

80 10 1 3529.1 1050.3 4.95 253 87 114 128

90 10 0 3600.0 1395.7 4.73 2.74 47 143 128

100 10 0 3600.0 1656.8 71 114 114
Subtotal 90 45 2056.6 576.4 50 110 105

Total 180 97 1893.2 329.6 153 90 103




e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems
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Table EC.28 Detailed results of our BPC algorithm for the M&0-ext instances and
the largest gap strategy

Q n Inst Opt t[s] t!P Gp Gpff Nds CC SRC
60 20 10 10 1.7 0.4 4.08 0.00 2 23 23
30 10 10 60.6 4.4 215 0.12 4 49 73

40 10 10 1699 16.1 255 037 19 50 113

50 10 10 557.8 498 343 0.66 98 62 110

60 10 6 2339.4 874 3.62 094 360 98 112

70 10 3 31452 148.0 2.35 457 88 110

80 10 0 3600.0 319.2 257 138 368 64 117

90 10 0 3600.0 314.9 275 142 694 54 112

100 10 0 3600.0 3923 257 148 361 95 120
Subtotal 90 49 1897.2 148.0 2.90 263 65 99
7220 10 10 7.0 0.8 6.04 0.00 2 69 11
30 10 10 249.0 187 648 0.11 9 100 66

40 10 10 7172 604 459 027 16 90 91

50 10 7 17984 300.1 4.38 63 113 116

60 10 2 32721 723.2 4.79 148 105 111

70 10 0 3600.0 1109.0 3.92 103 106 103

80 10 0 3600.0 2192.1 44 95 93

90 10 0 3600.0 2614.2 8 118 69

100 10 0 3600.0 2880.7 18 74 62
Subtotal 90 39 2271.5 1099.9 46 97 80
Total 180 88 2084.4 624.0 154 81 90




ec34 e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems

Table EC.29 Detailed results of our BPC algorithm for the M&0-ext instances and
the combined strategy

Q n Inst Opt t[s] tf Gp GpfFf Nds CC SRC

60 20 10 10 4.5 0.2 5.77 0.02 2 43 33
30 10 10 215.0 1.6 3.58 0.27 9 75 122
40 10 10 2945 3.9 3.09 0.33 25 72 122

50 10 8 1387.5 9.7 4.00 0.63 152 82 122

60 10 5 23894 173 399 0.60 360 112 125
70 10 5 2645.1 273 233 0.75 560 109 128
80 10 2 31071 423 233 082 623 98 126
90 10 1 33174 523 251 095 1205 60 125
100 10 0 3600.0 66.7 2.33 095 563 110 128

Subtotal 90 51 1884.5 24.6 3.33 0.9 389 84 114

72 20 10 10 98 04 7.60 0.00 2 171 34
30 10 10 1955 4.2 845 0.18 7 109 71
40 10 9 9016 109 6.52 039 48 123 104

50 10 6 1692.2 39.7 451 056 144 106 128
60 10 2 30743 783 4.80 0.78 220 116 128
70 10 3 28258 118.0 3.14 0.92 116 119 128
80 10 0 3600.0 190.8 3.95 092 221 119 128
90 10 0 3600.0 2349 4.60 2.22 120 146 128
100 10 1 3316.4 280.2 3.08 1.37 149 114 128

Subtotal 90 41 2135.1 106.4 5.18 0.82 114 114 109
Total 180 92 2009.8 65.5 4.25 0.70 252 99 112




e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems
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Table EC.30 Detailed results of our BPC algorithm for the M&0-ext instances and
the optimal strategy

Q n Inst Opt t[s] t!P Gp Gpff Nds CC SRC
60 20 10 10 7.7 0.5 544 0.00 2 4 24
30 10 10 4443 40 335 029 10 78 116

40 10 9 T45.6 12.1 314 057 80 68 110

50 10 8 1112.2 323 3.67 0.53 68 82 108

60 10 6 2403.0 61.0 3.85 0.67 244 110 121

70 10 2 3220.8 79.6 2.44 522 103 123

80 10 0 3600.0 1555 2.58 1.15 464 95 124

90 10 1 3402.8 154.1 244 098 721 66 127

100 10 0 3600.0 215.7 244 1.09 311 120 128
Subtotal 90 46 2059.6 79.4 3.26 269 85 109
7220 10 10 29.8 1.1 790 0.00 2 95 42
30 10 10 1010.6 13.8 816 034 42 127 84

40 10 10 487.2 387 5.81 026 15 116 127

50 10 8 14176 1549 431 050 54 112 126

60 10 6 22169 306.0 4.59 60 117 115

70 10 0 3600.0 377.1 3.67 148 122 94

80 10 0 3600.0 734.3 4.50 124 125 116

90 10 0 3600.0 883.5 5.06 99 146 112

100 10 0 3600.0 1070.4 5.25 91 112 115
Subtotal 90 44 2173.6 397.7 5.47 66 119 104
Total 180 90 2116.6 238.6 4.37 168 102 106




ec36 e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems

Table EC.31 Detailed results of our BPC algorithm for the W&G-g instances and the
traversal strategy

Q n Inst Opt t[s] tEP Gp Gpff  Nds CC SRC

24 125 10 5 2259.2 0.7 0.57 0.30 19047 20 71
150 10 4 2564.5 1.1 0.44 0.26 14542 23 81
175 10 3 2733.7 20 036 0.24 12180 18 83
200 10 0 3600.0 25 044 0.30 6009 38 92
225 10 0 3600.0 5.6 045 032 5569 36 113
250 10 0 3600.0 50 048 0.36 2742 60 123

Subtotal 60 12 3059.6 2.8 046 0.30 10015 32 94

36 125 10 0 3600.0 5.9 112 0.57 6002 51 119
150 10 0 3600.0 9.6 095 051 5023 28 126
175 10 0 3600.0 15.0 1.29 0.98 3349 27 128
200 10 0 3600.0 21.1 1.21  0.89 1936 51 128
225 10 0 3600.0 35.0 1.07 0.83 1303 38 128
250 10 0 3600.0 432 122 094 994 41 128

Subtotal 60 0 3600.0 21.6 1.15 0.79 3101 39 126

48 125 10 1 3445.3 329 1.72  0.82 1579 69 128
150 10 0 3600.0 475 148 1.03 1625 50 128
175 10 0 3600.0 744 125 098 1873 39 128
200 10 0 3600.0 106.0 1.44 1.03 510 84 128
225 10 0 3600.0 178.6 1.84 1.43 550 44 128
250 10 0 3600.0 2229 150 1.29 627 25 128

Subtotal 60 1 35742 1104 1.54 1.10 1127 52 128

60 125 10 0 3600.0 99.2 2.04 0.88 483 87 128
150 10 0 3600.0 168.2 2.23 1.21 462 70 128
175 10 0 3600.0 263.6 2.59 220 86 111
200 10 0 3600.0 385.6 3.13 281 84 102
225 10 0 3600.0 971.7 105 97 115
250 10 0 3600.0 808.0 3.48 287 96 87 128

Subtotal 60 0 3600.0 4494 275 85 119

72 125 10 0 3600.0 2904 290 1.53 194 85 128
150 10 0 3600.0 816.3 134 76 102
175 10 0 3600.0 2194.3 7 25 64
200 10 0 3600.0 2100.3 68 39 64
225 10 0 3600.0 3130.3 8 38 38
250 10 0 3600.0 2840.8 33 22 64

Subtotal 60 0 3600.0 1895.4 85 48 7

Total 300 13 3486.8 495.9 2921 51 109




e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems
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Table EC.32 Detailed results of our BPC algorithm for the W&G-g instances and the
return strategy
Q n Inst Opt t[s] tEP Gp GpRf Nds CC SRC
24 125 10 8 1423.7 0.7 0.48 0.27 5781 23 61
150 10 7 1845.8 1.1 039 0.25 5286 16 62
175 10 1 3508.7 1.5 043 0.29 9694 40 68
200 10 0 3600.0 2.1 044 032 5054 48 76
225 10 0 3600.0 4.2 046 0.34 3945 38 84
250 10 0 3600.0 49 048 038 3494 35 83
Subtotal 60 16 2929.7 24 045 031 5542 33 72
36 125 10 1 3489.9 5.8 1.14 0.56 2254 81 111
150 10 0 3600.0 9.5 1.34 0.84 2239 61 112
175 10 0 3600.0 14.9 1.27 0.92 2074 56 115
200 10 0 3600.0 21.2 148 1.12 884 71 123
225 10 0 3600.0 33.3 143 117 765 52 127
250 10 0 3600.0 398 149 126 660 56 128
Subtotal 60 1 3581.6 20.7 1.36 098 1479 63 119
48 125 10 0 3600.0 399 1.74 094 1015 98 124
150 10 0 3600.0 589 146 1.00 1114 69 124
175 10 0 3600.0 103.1 1.82 148 596 74 126
200 10 0 3600.0 130.7 1.99 1.58 284 117 128
225 10 0 3600.0 2226 291 244 236 93 128
250 10 0 3600.0 2609 194 1.66 168 96 128
Subtotal 60 0 3600.0 136.0 1.98 1.52 569 91 126
60 125 10 0 3600.0 242.5 3.07 2.00 275 131 128
150 10 0 3600.0 461.2 2.82 1.94 367 83 128
175 10 0 3600.0 1203.4 106 103 102
200 10 0 3600.0 1405.8 136 70 102
225 10 0 3600.0 2814.4 14 43 38
250 10 0 3600.0 3046.7 10 35 38
Subtotal 60 0 3600.0 1529.0 151 77 90
72 125 10 0 3600.0 1938.5 68 92 90
150 10 0 3600.0 2974.9 18 56 38
175 10 0 3600.0 3408.6 10 10 26
200 10 0 3600.0 3600.0 0 0 0
225 10 0 3600.0 3600.0 0 0 0
250 10 0 3600.0 3600.0 0 0 0
Subtotal 60 0 3600.0 3187.0 16 26 26
Total 300 17 3462.3 975.0 1552 58 87




ec38 e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems

Table EC.33 Detailed results of our BPC algorithm for the W&G-g instances and the
midpoint strategy

Q n Inst Opt t[s] tEP Gp Gpff  Nds CC SRC

24 125 10 6 1694.5 0.8 0.50 0.32 9695 16 54
150 10 7 2458.0 1.2 037 0.23 11454 22 59
175 10 5 3076.1 20 034 024 7997 25 66
200 10 1 3484.8 26 036 0.27 7086 23 71
225 10 0 3600.0 53 043 034 6644 11 80
250 10 0 3600.0 5.6 042 033 3475 21 95

Subtotal 60 19 2985.6 29 040 029 7725 19 71

36 125 10 4 2985.8 8.4 092 052 3840 29 96
150 10 0 3600.0 129 1.12  0.70 3319 29 101
175 10 0 3600.0 197 1.25 094 2121 33 110
200 10 0 3600.0 288 1.10 0.81 1444 23 117
225 10 0 3600.0 47.0 1.23 1.02 1284 20 124
250 10 0 3600.0 92.7 141 1.18 826 26 123

Subtotal 60 4 3497.6 28.3 1.17 086 2139 27 112

48 125 10 1 3561.2 67.0 1.47 086 1670 36 113
150 10 0 3600.0 95.2 1.98 154 1115 39 122
175 10 0 3600.0 1509 2.03 1.79 825 36 125
200 10 0 3600.0 238.1 197 1.61 360 68 128
225 10 0 3600.0 348.8 246 2.12 390 31 128
250 10 0 3600.0 425.2 218 191 248 54 128

Subtotal 60 1 3593.5 2209 2.01 1.64 768 44 124

60 125 10 0 3600.0 5934 242 1.55 287 97 126
150 10 0 3600.0 941.7 3.10 237 280 50 125
175 10 0 3600.0 1993.7 76 83 102
200 10 0 3600.0 2026.9 7.16 6.69 e T30 127
225 10 0 3600.0 3393.6 5 12 20
250 10 0 3600.0 3452.8 2 16 26

Subtotal 60 0 3600.0 2067.0 121 55 88

72 125 10 0 3600.0 3055.6 32 38 49
150 10 0 3600.0 3591.8 0 2 13
175 10 0 3600.0 3600.0 0 0 0
200 10 0 3600.0 3600.0 0 0 0
225 10 0 3600.0 3600.0 0 O 0
250 10 0 3600.0 3600.0 0 O 0

Subtotal 60 0 3600.0 3507.9 5 7 10

Total 300 24 3455.3 1165.4 2152 30 81




e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems
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Table EC.34 Detailed results of our BPC algorithm for the W&G-g instances and the
largest gap strategy
Q n Inst Opt t[s] ttP Gp Gpff Nds CC SRC
24 125 10 7 1557.1 0.9 045 0.25 7845 15 49
150 10 7 2043.3 1.3 042 027 7625 14 62
175 10 3 3169.5 2.1 042 0.32 7396 22 66
200 10 0 3600.0 2.9 036 0.27 8043 17 73
225 10 0 3600.0 4.8 044 033 4892 14 86
250 10 0 3600.0 6.6 043 0.37 4093 10 87
Subtotal 60 17 2928.3 3.1 042 0.30 6649 16 70
36 125 10 1 3367.5 10.3 1.01 0.60 4941 26 88
150 10 0 3600.0 15.3 1.15 0.76 3505 19 94
175 10 0 3600.0 249 138 1.08 1838 26 109
200 10 0 3600.0 33.1 1.26 099 1360 24 118
225 10 0 3600.0 51.2 132 1.13 1139 24 121
250 10 0 3600.0 61.8 1.41 120 729 20 125
Subtotal 60 1 3561.3 32.8 1.26 0.96 2252 23 109
48 125 10 0 3600.0 96.6 2.06 1.42 1181 48 113
150 10 0 3600.0 1428 193 148 964 34 122
175 10 0 3600.0 219.2 1.78 1.52 542 37 127
200 10 0 3600.0 318.2 191 1.55 327 58 128
225 10 0 3600.0 662.2 2.52 217 314 30 126
250 10 0 3600.0 5788 231 206 191 53 128
Subtotal 60 0 3600.0 336.3 2.08 1.70 587 43 124
60 125 10 0 3600.0 985.3 3.15 233 227 79 122
150 10 0 3600.0 1520.5 3.48 2.74 166 52 128
175 10 0 3600.0 2421.3 57 91 103
200 10 0 3600.0 3035.0 16 65 70
225 10 0 3600.0 3555.9 0o 7 13
250 10 0 3600.0 3600.0 0 O 0
Subtotal 60 0 3600.0 2519.7 78 49 72
72 125 10 0 3600.0 3542.2 3 4 26
150 10 0 3600.0 3600.0 0 0 0
175 10 0 3600.0 3600.0 0 O 0
200 10 0 3600.0 3600.0 0 O 0
225 10 0 3600.0 3600.0 0 0 0
250 10 0 3600.0 3600.0 0 0 0
Subtotal 60 0 3600.0 3590.4 0 1 4
Total 300 18 34579 1296.4 1913 26 76




ec40 e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems

Table EC.35 Detailed results of our BPC algorithm for the W&G-g instances and the
combined strategy

Q n Inst Opt t[s] ttP Gp Gpff Nds CC SRC

24 125 10 7 1974.4 0.8 0.56 0.30 8877 32 o7
150 10 5 2624.6 1.2 041 0.25 9788 26 76
175 10 3 3164.7 1.8 037 0.25 7062 26 7
200 10 0 3600.0 2.8 041 0.29 5734 34 85
225 10 0 3600.0 5.1 046 0.34 4413 29 93
250 10 1 3576.3 6.0 046 0.36 2895 53 112

Subtotal 60 16 3090.0 29 045 0.30 6462 33 84

36 125 10 1 3518.5 6.9 1.15 0.59 3545 55 117
150 10 0 3600.0 104 1.20 0.67 2953 48 117
175 10 0 3600.0 156 1.38 1.01 2443 28 128
200 10 0 3600.0 222 139 1.01 962 57 126
225 10 0 3600.0 35.6 1.11 0.87 1012 33 128
250 10 0 3600.0 420 131 1.07 784 36 128

Subtotal 60 1 3586.4 22.1 1.26  0.87 1950 43 124

48 125 10 0 3600.0 30.3 1.72 093 1351 71 128
150 10 0 3600.0 50.4 1.36 092 1278 52 126
175 10 0 3600.0 76.1 1.83 148 771 46 128
200 10 0 3600.0 1127 1.73 1.34 38 80 128
225 10 0 3600.0 181.2 2,65 207 326 75 128
250 10 0 3600.0 205.2 218 191 303 60 128

Subtotal 60 0 3600.0 109.3 190 144 736 64 128

60 125 10 0 3600.0 142.0 241 1.33 446 108 128
150 10 0 3600.0 543.7 442 46 115
175 10 0 3600.0 992.0 185 77 102
200 10 0 3600.0 1137.3 151 57 102
225 10 0 3600.0 1332.3 56 98 102
250 10 0 3600.0 1913.5 46 56 T

Subtotal 60 0 3600.0 1010.1 221 74 105

72 125 10 0 3600.0 849.0 125 113 113
150 10 0 3600.0 1495.6 60 110 90
175 10 0 3600.0 2158.2 49 55 T
200 10 0 3600.0 2425.2 27 66 7
225 10 0 3600.0 3514.7 0 2 13
250 10 0 3600.0 3299.9 4 18 o1

Subtotal 60 0 3600.0 2290.4 44 61 70

Total 300 17 3495.3 687.0 1882 55 102




e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems
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Table EC.36 Detailed results of our BPC algorithm for the W&G-g instances and the
optimal strategy
Q n Inst Opt t[s] ttP Gp Gpff Nds CC SRC
24 125 10 7 1730.9 1.2 048 0.24 8323 19 59
150 10 5 24104 2.0 0.38 0.24 8146 13 69
175 10 4 2671.1 2.9 043 0.30 5237 25 66
200 10 0 3600.0 3.9 046 0.34 5483 26 84
225 10 0 3600.0 7.0 044 032 4440 20 89
250 10 0 3600.0 8.1 0.52 0.44 3172 23 98
Subtotal 60 16 2935.4 4.2 0.45 031 5800 21 78
36 125 10 0 3600.0 12,5 1.21  0.65 2387 65 112
150 10 0 3600.0 19.2 122  0.72 2138 44 113
175 10 0 3600.0 28.2 141 1.03 1552 31 123
200 10 0 3600.0 393 140 1.06 861 45 124
225 10 0 3600.0 59.7 126 1.03 871 27 128
250 10 0 3600.0 70.2 159 136 647 32 128
Subtotal 60 0 3600.0 38.2 1.35 097 1409 41 122
48 125 10 0 3600.0 79.8 1.86 1.13 915 68 127
150 10 0 3600.0 110.1 1.55 1.12 818 54 128
175 10 0 3600.0 184.6 212 1.77 528 50 128
200 10 0 3600.0 263.8 2.07 165 266 81 128
225 10 0 3600.0 385.8 3.15 269 268 60 128
250 10 0 3600.0 47v3.1 219 192 175 70 128
Subtotal 60 0 3600.0 249.5 2.16 1.71 495 64 128
60 125 10 0 3600.0 1051.2 210 90 102
150 10 0 3600.0 729.0 2.69 1.78 248 62 128
175 10 0 3600.0 1806.6 84 68 90
200 10 0 3600.0 2131.9 99 64 90
225 10 0 3600.0 2829.9 10 66 60
250 10 0 3600.0 3209.1 2 49 31
Subtotal 60 0 3600.0 1959.6 102 66 83
72 125 10 0 3600.0 2676.0 37 52 39
150 10 0 3600.0 3094.1 19 34 38
175 10 0 3600.0 3530.3 2 8 26
200 10 0 3600.0 3600.0 0 0 0
225 10 0 3600.0 3600.0 0 0 0
250 10 0 3600.0 3600.0 0 0 0
Subtotal 60 0 3600.0 3350.1 10 16 17
Total 300 16 3467.1 1120.3 1563 42 86




ec42 e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems

Table EC.37 Detailed results of our BPC algorithm for the W&G-u instances and the
traversal strategy

Q n Inst Opt t[s] t!? Gp Gpfff  Nds CC SRC

24 100 10 10 77.8 0.3 036 0.21 688 0 61
150 10 7 1447.1 1.0 037 0.18 4133 28 74
200 10 6 2896.3 3.1 021 0.12 10114 2 102
250 10 1 3391.7 5.4 020 0.10 2057 84 122

Subtotal 40 1953.2 25 0.28 0.15 4248 28 90

[\}
e

36 100 10 7 2235.3 23 112 0.57 4202 31 118
150 10 2 3006.6 7.0 0.62 047 6439 0 128
200 10 0 3600.0 17.0 0.87 0.55 3571 19 128
250 10 0 3600.0 355 0.72 0.59 2368 10 128

Subtotal 40 9 3110.5 154 0.83 054 4145 15 125

48 100 10 2 3320.0 9.7 1.59 0.70 1478 33 128
150 10 0 3600.0 30.7 1.41 0.89 607 65 128
200 10 0 3600.0 84.6 1.05 0.90 957 0 128
250 10 0 3600.0 1722 1.56 1.21 487 13 128

Subtotal 40 2 3530.0 74.3 1.40 0.93 882 28 128

60 100 10 1 3542.6 279 094 0.62 1000 1 128
150 10 0 3600.0 1175 1.07 0.83 597 0 128
200 10 0 3600.0 2784 1.65 1.44 365 0 128
250 10 0 3600.0 599.2 497 4.84 241 0 128

Subtotal 40 1 3585.6 255.7 2.16 1.93 551 0 128

72 100 10 0 3600.0 58.4 225 0.90 317 38 128
150 10 0 3600.0 253.6 294 2.07 160 44 128
200 10 0 3600.0 670.7 4.37 3.71 56 78 128
250 10 0 3600.0 1438.7 6.65 6.29 21 109 128

Subtotal 40 0 3600.0 6053 4.05 3.24 139 67 128

Total 200 36 31559 190.7 1.75 1.36 1993 28 120




e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems
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Table EC.38 Detailed results of our BPC algorithm for the W&G-u instances and the
return strategy
Q n Inst Opt t[s] ttP Gp Gpff Nds CC SRC
24 100 10 10 34.0 0.3 030 0.19 118 0 42
150 10 10 777.8 0.8 042 0.18 856 43 57
200 10 9 1399.0 22 024 015 3727 1 71
250 10 1 3290.1 3.5 038 0.24 1186 50 88
Subtotal 40 30 1375.2 1.7 033 0.19 1472 24 65
36 100 10 6 2793.7 2.3 1.06 0.52 2544 61 97
150 10 1 3336.6 76 0.63 050 4493 0 98
200 10 0 3600.0 159 1.09 0.71 1478 18 120
250 10 0 3600.0 309 1.11 0.88 513 54 126
Subtotal 40 7 3332.6 142 097 0.65 2257 33 110
48 100 10 3 3251.1 119 1.79 0777 786 85 124
150 10 0 3600.0 39.1 1.72 1.29 429 92 126
200 10 0 3600.0 949 142 126 626 0 126
250 10 0 3600.0 168.6 195 1.65 339 14 128
Subtotal 40 3 3512.8 78.6 1.72 124 545 48 126
60 100 10 0 3600.0 60.1 147 1.16 597 0 125
150 10 0 3600.0 193.2 1.66 147 368 0 126
200 10 0 3600.0 494.8 2.20 2.02 212 0 128
250 10 0 3600.0 873.5 240 226 127 0 128
Subtotal 40 0 3600.0 4054 193 173 326 0 127
72 100 10 0 3600.0 287.2 3.53 1.71 123 101 128
150 10 0 3600.0 984.1 5.73 4.66 55 144 128
200 10 0 3600.0 2408.6 9.80 3 151 103
250 10 0 3600.0 3600.0 0 0 0
Subtotal 40 0 3600.0 1820.0 45 99 90
Total 200 40 3084.1 464.0 929 41 104




ecd4 e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems

Table EC.39 Detailed results of our BPC algorithm for the W&G-u instances and the
midpoint strategy

Q n Inst Opt t[s] ttP Gp Gpff Nds CC SRC

24 100 10 10 37.8 04 034 019 176 0 42
150 10 10 5774 1.0 044 0.18 1381 14 58
200 10 8 1908.6 3.0 027 0.17 5843 0 68
250 10 0 3600.0 4.6 0.38 0.25 2710 22 90

Subtotal 40 28 1531.0 23 036 020 2528 9 65
36 100 10 8 17374 3.4 096 0.50 2719 38 88
150 10 0 3600.0 11.1 090 0.76 4311 0 92
200 10 0 3600.0 239 130 099 1713 9 105
250 10 0 3600.0 443 131 111 778 19 123
Subtotal 40 8 31344 20.7 1.12 0.84 2380 17 102
48 100 10 1 3538.3 234 1.75 094 1370 50 120
150 10 0 3600.0 79.4 2.06 1.60 618 54 122
200 10 0 3600.0 1722 195 1.80 424 0 122
250 10 0 3600.0 353.7 2.53 227 247 13 128
Subtotal 40 1 3584.6 157.2 2.07 1.65 665 29 123
60 100 10 0 3600.0 1527 179 150 315 0 114
150 10 0 3600.0 578.8 245 226 146 0 121
200 10 0 3600.0 1348.5 3.17 3.01 86 0 125
250 10 0 3600.0 2522.8 7.98 7.83 28 0 128
Subtotal 40 0 3600.0 1150.7 3.85 3.65 144 0 122
72 100 10 0 3600.0 9945 4.57 3.14 83 72 126
150 10 0 3600.0 3600.0 0 O 0
200 10 0 3600.0 3600.0 0 O 0
250 10 0 3600.0 3600.0 0 0 0
Subtotal 40 0 3600.0 2948.6 21 18 32
Total 200 37 3090.0 855.9 1148 15 89




e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems
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Table EC.40 Detailed results of our BPC algorithm for the W&G-u instances and the
largest gap strategy
Q n Inst Opt t[s] t¢P Gp Gpff Nds CC SRC
24 100 10 10 24.5 0.4 0.28 0.14 77 0 48
150 10 9 679.2 1.2 036 0.14 1834 20 60
200 10 5 2548.2 3.3 030 0.21 6710 0 74
250 10 0 3600.0 5.9 035 0.22 2674 24 91
Subtotal 40 24 1713.0 2.7 032 0.18 2824 11 68
36 100 10 9 1809.8 4.7 093 048 2302 35 80
150 10 1 3380.1 14.7 077  0.63 2994 0 99
200 10 0 3600.0 319 1.32 098 1357 12 111
250 10 0 3600.0 579 1.28 1.09 643 24 123
Subtotal 40 10 3097.5 27.3 1.08 0.80 1824 18 103
48 100 10 0 3600.0 40.6 2.02 1.21 1070 56 118
150 10 0 3600.0 1323 2.07 1.61 465 52 126
200 10 0 3600.0 2829 2.00 1.85 323 0 123
250 10 0 3600.0 514.8 2.66 2.43 183 9 126
Subtotal 40 0 3600.0 2427 2.19 1.78 510 29 123
60 100 10 0 3600.0 321.2 2.13 1.89 182 0 105
150 10 0 3600.0 11819 2.93 2.77 99 0 112
200 10 0 3600.0 2612.8 19.71 19.59 18 0 122
250 10 0 3600.0 3600.0 0 0 0
Subtotal 40 0 3600.0 1929.0 75 0 85
72 100 10 0 3600.0 2386.0 17.64 7 65 82
150 10 0 3600.0 3600.0 0 0 0
200 10 0 3600.0 3600.0 0 0 0
250 10 0 3600.0 3600.0 0 0 0
Subtotal 40 0 3600.0 3296.5 2 16 21
Total 200 34 3122.1 1099.6 1047 15 80




ec46 e-companion to Wahlen and Gschwind: BPC-Based Solution of Order Batching Problems

Table EC.41 Detailed results of our BPC algorithm for the W&G-u instances and the
combined strategy

Q n Inst Opt t[s] ttP Gp Gpff Nds CC SRC

24 100 10 10 28.5 04 027 0.15 119 0 45
150 10 8 1538.9 1.0 046 0.20 5158 26 56
200 10 6 2394.1 3.0 026 0.17 7607 O 75
250 10 0 3600.0 5.0 039 0.25 3206 25 100

Subtotal 40 24 1890.4 23 035 019 4022 13 69
36 100 10 5 2249.7 26 1.05 0.52 2736 40 112
150 10 1 3415.4 8.0 0.67 0.53 4927 0 110
200 10 0 3600.0 18.0 1.14 0.76 1532 13 124
250 10 0 3600.0 35.1 1.21 098 592 37 128
Subtotal 40 6 3216.3 159 1.02 0.70 2447 23 119
48 100 10 1 3577.4 10.2 2.01 0.98 1581 60 127
150 10 0 3600.0 34.1 1.67 114 538 78 128
200 10 0 3600.0 75.5 1.18 1.04 850 0 128
250 10 0 3600.0 141.2 1.62 1.28 384 17 128
Subtotal 40 1 3594.3 65.3 1.62 1.11 838 38 128
60 100 10 1 3423.7 39.9 139 1.10 776 0 126
150 10 0 3600.0 128.2 1.72 149 472 0 128
200 10 0 3600.0 290.3 1.72 1556 297 0 128
250 10 0 3600.0 555.7 2.08 195 175 0 128
Subtotal 40 1 3555.9 2535 1.73 1.52 430 0 127
72 100 10 0 3600.0 1234 344 164 153 70 128
150 10 0 3600.0 452.7 3.94 2.67 66 128 128
200 10 0 3600.0 1132.2 5.50 4.78 34 144 128
250 10 0 3600.0 2168.1 6.48 6.15 16 142 128
Subtotal 40 0 3600.0 969.1 484 3.81 67 121 128

Total 200

w
\V)

31714 261.2 191 147 1561 39 114
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Table EC.42 Detailed results of our BPC algorithm for the W&G-u instances and the
optimal strategy

Q n Inst Opt t[s] ttP Gp Gpf'f Nds CC SRC
24 100 10 10 54.0 0.7 029 0.17 183 0 54
150 10 10 1118.0 1.9 041 0.17 2564 28 54
200 10 3 3150.8 4.7 028 0.19 7668 0 73
250 10 0 3600.0 8.0 043 0.29 2241 34 85
Subtotal 40 23 1980.7 3.8 035 0.20 3164 16 66
36 100 10 7 2174.5 5.8 1.02 0.49 1810 50 102
150 10 0 3600.0 19.2 0.83 0.67 2292 0 112
200 10 0 3600.0 372 1.14 0.79 1008 17 127
250 10 0 3600.0 679 1.24 1.04 505 36 128
Subtotal 40 7 3243.6 32,5 1.06 0.75 1404 26 117
48 100 10 0 3600.0 324 1.83 084 820 76 124
150 10 0 3600.0 1085 184 136 373 8 128
200 10 0 3600.0 223.9 1.55 1.40 343 0 128
250 10 0 3600.0 406.4 235 2.06 202 14 128
Subtotal 40 0 3600.0 192.8 1.89 142 434 44 127
60 100 10 0 3600.0 1614 1.57 1.28 261 0 121
150 10 0 3600.0 5324 2.04 1.85 153 0 128
200 10 0 3600.0 1126.5 2.08 1.92 91 0 128
250 10 0 3600.0 2035.2 4.32 4.18 43 0 128
Subtotal 40 0 3600.0 963.9 2,50 231 137 0 126
72 100 10 0 3600.0 648.4 3.72 1.88 67 92 128
150 10 0 3600.0 24374 15.16 10 136 115
200 10 0 3600.0 3600.0 0 0 0
250 10 0 3600.0 3600.0 0 0 0
Subtotal 40 0 3600.0 2571.5 19 57 61
Total 200 30 3204.9 752.9 1032 29 100
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F.3. Detailed Results of BPC-based Heuristics

Tables EC.43-EC.48 provide aggregated results per capacity @ for the proposed BPC-based heuristics on the
six benchmark sets and all considered routing strategies. They compare variants of the set-covering heuristic
(SC) and the depth-first heuristic (BPC-DF) with hard time limits of 2, 3, and 5 minutes (-2, -8, -5). The
average gap with respect to the best known solution (Gp) and the average computation time in seconds (#[s])
are reported. In cases where no average could be computed for a given group, e.g., because no lower bound

was available for one of the comprised instances, the corresponding cell is left blank.

Table EC.43 Comparison of the BPC-based heuristics on the M&0 instances

SC heuristic BPC-DF heuristic
SC-2 SC-3 SC-5 BPC-DF-2 BPC-DF-3 BPC-DF-5
Routing Q@ Gp t[s] Gp t[s] Gp t[s] Gp t[s] Gp t[s] Gp t[s]

Traversal 24 0.09 5.6 0.09 5.6 0.09 5.6 0.02 40.4 0.02 54.8 0.01 781
36 0.50 52.6 040 68.2 033 929 0.22 804 0.17 115.6 0.11 181.3
48 1.63 64.5 1.58 87.8 1.07 129.7 0.67 89.5 0.40 131.8 0.29 214.7

Subtotal 0.74 40.9 0.69 53.9 050 76.1 030 70.1 0.20 100.8 0.14 158.1

Return 24 0.08 6.1 0.08 6.7 0.08 7.0 0.04 30.3 0.03 388 0.01 550
36 0.44 499 033 65.8 031 88.0 0.20 64.2 0.16 914 0.08 141.9
48 2.02 64.v 1.50 89.7 141 136.1 1.19 75.2 0.70 108.5 0.36 168.6

Subtotal 0.85 40.2 0.64 54.1 0.60 77.0 0.48 56.6 0.30 79.6 0.15 121.8

Midpoint 24 0.06 4.7 0.06 4.7 0.06 4.7 001 241 0.01 31.7 0.01 46.5
36 0.61 45.6 0.56 624 042 87.1 0.17 60.0 0.15 83.3 0.09 127.5
48 2.30 704 1.89 100.9 1.61 152.0 1.02 77.8 0.62 1124 0.32 1764

Subtotal 0.99 40.2 0.84 56.0 0.70 81.3 0.40 54.0 0.26 75.8 0.14 116.8

Largest Gap 24 0.06 4.1 0.06 4.1 0.06 4.1 0.02 306 0.01 388 0.01 51.1
36 0.62 499 0.54 65.8 044 96.1 0.16 65.8 0.14 93.8 0.09 146.6
48 247 724 2.01 100.5 1.75 153.7 1.19 82.0 0.75 117.6 0.45 187.5

Subtotal 1.05 42.1 0.87 56.8 0.75 84.6 0.45 594 0.30 834 0.18 1284

Combined 24 010 74 0.10 7.5 0.10 7.5 0.02 30.7 0.02 394 0.01 56.8
36 0.68 53.9 059 714 050 994 020 709 0.14 100.3 0.11 155.1
48 2.52 68.7 227 976 191 150.6 0.66 79.7 0.47 115.5 0.28 186.2

Subtotal 1.10 43.4 0.99 588 0.84 &85.8 0.29 60.5 0.21 85.1 0.13 132.7

Optimal 24 0.09 49 0.09 4.9 0.09 49 002 315 0.02 42.0 0.01 56.9
36 0.75 53.7 0.61 727 0.52 1044 0.27 703 0.21 99.1 0.16 1524
48 2.31 73.0 2.17 101.3 1.82 151.5 1.73 88.3 1.12 127.9 0.67 204.8

Subtotal 1.05 43.9 0.96 59.6 0.81 86.9 0.67 634 045 89.7 0.28 138.0
Total 0.96 418 0.83 56.5 0.70 82.0 043 60.7 0.29 857 0.17 132.6
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Table EC.44 Comparison of the BPC-based heuristics on the H&W instances
SC heuristic BPC-DF heuristic
SC-2 SC-3 SC-5 BPC-DF-2 BPC-DF-3 BPC-DF-5
Routing Q Gp t[s] Gp t[s] Gp t[s] Gp t[s] Gp t[s] Gp t[s]

Traversal 30 0.00 0.1 0.00 0.1 0.00 0.1 0.00 4.3 0.00 6.0 0.00 9.4
45 0.06 1.7 0.06 1.7 0.06 1.7 0.02 380 0.02 523 0.02 78.0
60 0.10 14.5 0.10 15.8 0.10 16.9 0.11 72.8 0.09 104.9 0.08 166.0
75 0.23 33.1 0.20 40.2 0.18 49.3 0.25 90.7 0.21 133.4 0.18 216.2

Subtotal 0.10 12.3 0.09 14.4 0.08 17.0 0.10 51.5 0.08 74.2 0.07 1174

Return 30 0.00 0.1 0.00 0.1 0.00 0.1 0.00 0.1 0.00 0.1 0.00 0.1
45 006 14 006 14 006 14 0.01 143 001 185 0.00 25.8
60 0.15 21.0 0.14 24.0 0.13 27.6 0.08 45.8 0.06 61.7 0.05 89.4
75 0.51 48.0 0.44 64.1 0.36 904 0.21 64.1 0.16 90.7 0.12 139.5

Subtotal 0.18 17.6 0.16 22.4 0.14 29.9 0.07 31.1 0.06 42.7 0.05 63.7

Midpoint 30 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0
45 0.04 10 004 1.0 0.04 1.0 0.00 7.9 0.00 9.5 0.00 11.8
60 0.15 156 0.14 17.6 0.13 20.0 0.05 41.2 0.04 555 0.03 79.9
75 0.52 44.5 0.46 58.5 0.39 81.3 0.18 63.3 0.14 89.6 0.11 136.7

Subtotal 0.18 15.3 0.16 19.3 0.14 25.6 0.06 28.1 0.05 38.6 0.04 57.1

Largest gap 30 0.00 0.1 0.00 0.1 0.00 0.1 0.00 0.2 0.00 0.3 0.00 0.5
45 004 1.1 004 11 004 1.1 000 9.6 000 11.5 0.00 14.6
60 0.14 185 0.13 21.0 0.12 23.1 0.06 44.6 0.05 61.4 0.04 90.7
75 0.57 47.1 0.50 62.7 0.43 88.5 0.25 67.0 0.20 95.1 0.15 147.0

Subtotal 0.19 16.7 0.17 21.2 0.15 28.2 0.08 304 0.06 42.1 0.05 63.2

Combined 30 0.00 0.1 0.00 0.1 0.00 0.1 0.00 0.6 0.00 0.8 0.00 1.2
45 0.06 16 005 1.6 0.05 1.7 0.01 17.5 0.01 223 0.01 29.9
60 0.14 22.8 0.13 26.1 0.12 29.4 0.10 50.6 0.08 69.6 0.06 103.8
75 042 43.6 035 56.8 0.28 77.0 0.22 658 0.18 93.7 0.13 145.6

Subtotal 0.15 17.0 0.13 21.2 0.11 27.0 0.08 33.6 0.07 46.6 0.05 70.1

Optimal 30 0.00 0.1 0.00 0.1 0.00 0.1 0.00 0.2 0.00 0.2 0.00 0.3
45 0.06 1.5 005 1.5 0.05 1.5 0.01 15.1 0.01 18.2 0.01 24.1
60 0.17 254 0.15 30.1 0.13 35.2 0.09 523 0.07 72.2 0.06 107.9
75 0.58 51.3 0.50 68.4 0.42 95.8 0.29 70.0 0.23 99.6 0.16 154.5

Subtotal 0.20 19.6 0.17 25.0 0.15 33.1 0.10 344 0.08 47.6 0.06 71.7
Total 0.17 16.4 0.15 20.6 0.13 26.8 0.08 34.8 0.07 48.6 0.05 73.9
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Table EC.45 Comparison of the BPC-based heuristics on the ZKS instances

BPC-DF heuristic

SC heuristic

SC-2 SC-3 SC-5 BPC-DF-2 BPC-DF-3 BPC-DF-5

Routing Q n Gp t[s] Gp t[s] Gp t[s] Gp t[s] Gp t[s] Gp t[s]
Traversal 6 200 0.05 2.3 0.05 2.3 0.05 2.3 0.08 108.1 0.07 162.1 0.07 270.1
6 300 0.03 8.0 0.03 8.0 0.03 8.0 0.11 108.1 0.06 162.1 0.05 270.1

6 400 0.03 18.6 0.03 18.8 0.03 18.9 0.23 109.8 0.17 163.8 0.15 271.7

6 500 0.02 40.2 0.02 41.8 0.02 41.8 0.48 120.0 0.44 180.0 0.38 300.0

6 600 0.02 53.7 0.02 59.5 0.02 60.0 1.04 120.0 0.62 180.1 0.38 300.0

9 200 0.16 283 0.16 282 0.16 28.3 1.48 120.0 1.25 180.0 1.06 300.0

12 200 1.49 119.6 1.14 179.4 1.07 293.8 1.73 120.0 1.46 180.0 1.09 300.0

15 200 3.41 119.6 2.98 1794 2.69 298.9 3.68 120.0 2.20 180.0 1.67 300.0

Subtotal 0.65 48.8 0.55 64.7 0.51 94.0 1.10 115.8 0.78 173.5 0.61 289.0

Return 6 200 0.02 2.2 0.02 2.2 0.02 2.2 0.16 108.4 0.15 162.4 0.09 270.4
6 300 0.02 4.6 0.02 4.6 0.02 4.6 0.16 120.0 0.15 180.0 0.13 300.0

6 400 0.04 379 0.03 39.8 0.03 39.6 0.25 120.0 0.21 180.0 0.19 300.0

6 500 0.04 525 0.03 59.6 0.03 71.6 0.50 120.0 0.34 180.0 0.29 300.0

6 600 0.04 71.0 0.03 90.3 0.03 120.8 0.51 120.0 0.49 180.0 0.37 300.0

9 200 0.12 30.3 0.12 30.3 0.12 30.2 0.67 120.0 0.51 180.0 0.50 300.0

12 200 0.70 116.8 0.40 170.5 0.35 255.7 1.19 120.0 1.16 180.0 0.81 300.0

15 200 1.52 119.6 1.36 179.3 1.04 298.8 1.60 120.0 1.21 180.0 1.07 300.0

Subtotal 0.31 54.4 0.25 72.1 0.21 102.9 0.63 118.6 0.53 177.8 0.43 296.3

Midpoint 6 200 0.06 2.5 0.06 2.5 0.06 2.5 0.08 120.0 0.08 180.0 0.07 300.0
6 300 0.03 8.0 0.03 7.9 0.03 8.0 0.14 1085 0.12 162.5 0.10 270.5

6 400 0.03 17.5 0.03 17.6 0.03 17.2 0.40 120.0 0.24 180.0 0.21 300.0

6 500 0.04 52.8 0.04 64.7 0.04 79.2 0.42 120.0 0.33 180.0 0.29 300.0

6 600 0.05 79.2 0.03 96.2 0.03 120.0 0.65 120.0 0.55 180.0 0.47 300.0

9 200 0.18 33.2 0.18 33.1 0.18 33.1 0.89 120.0 0.79 180.0 0.55 300.0

12 200 1.18 119.6 0.80 174.7 0.41 270.3 1.16 120.0 0.85 180.0 0.63 300.0

15 200 2.88 119.7 2.56 179.5 2.28 299.1 3.11 120.0 2.09 180.0 1.70 300.0

Subtotal 0.56 54.1 0.47 72.0 0.38 103.7 0.86 118.6 0.63 177.8 0.50 296.3

Largest gap 6 200 0.05 2.8 0.05 2.8 0.05 2.8 0.10 108.6 0.09 162.6 0.08 270.6
6 300 0.04 7.3 0.04 7.3 0.04 7.3 0.17 120.0 0.13 180.0 0.10 300.0

6 400 0.03 18.9 0.03 19.0 0.03 18.8 0.25 120.0 0.24 180.0 0.22 300.0

6 500 0.03 41.9 0.03 42.8 0.03 42.8 0.56 120.0 0.48 180.0 0.36 300.0

6 600 0.03 67.4 0.03 80.0 0.03 101.6 1.44 120.0 0.58 180.0 0.52 300.0

9 200 0.15 47.1 0.15 53.3 0.15 65.1 1.03 120.0 0.81 180.0 0.64 300.0

12 200 0.85 112.9 0.49 166.7 0.51 251.5 1.14 120.0 1.07 180.0 0.85 300.0

15 200 2.54 119.6 2.30 179.3 1.86 298.8 2.71 120.0 2.42 180.0 1.69 300.0

Subtotal 0.47 52.2 0.39 689 0.34 98.6 0.93 118.6 0.73 177.8 0.56 296.3

Combined 6 200 0.04 2.7 0.04 2.7 0.04 2.7 0.13 106.0 0.12 153.9 0.11 250.7
6 300 0.03 7.3 0.03 7.2 0.03 7.2 0.28 120.0 0.20 180.0 0.19 300.0

6 400 0.03 16.7 0.03 16.7 0.03 16.7 0.23 120.0 0.22 180.0 0.13 300.0

6 500 0.03 36.6 0.03 41.2 0.03 40.9 0.36 120.0 0.28 180.0 0.22 300.0

6 600 0.03 82.0 0.03 94.0 0.03 109.6 0.64 120.0 0.53 180.0 0.36 300.0

9 200 0.13 36.2 0.13 40.6 0.13 40.5 0.65 120.0 0.55 180.0 0.50 300.0

12 200 0.58 112.0 0.32 156.6 0.24 240.3 1.04 120.0 0.84 180.0 0.72 300.0

15 200 2.23 119.7 2.20 179.4 2.10 299.0 2.55 120.0 2.01 180.0 1.59 300.0

Subtotal 0.39 51.7 0.35 67.3 0.33 94.6 0.73 118.3 0.59 176.7 0.48 293.9

Optimal 6 200 0.05 2.8 0.05 2.8 0.05 2.8 0.13 111.3 0.13 165.1 0.10 273.1
6 300 0.05 12.1 0.05 12.0 0.05 12.2 0.16 120.0 0.15 180.0 0.12 300.0

6 400 0.03 17.0 0.03 17.0 0.03 16.9 0.27 120.0 0.21 180.0 0.15 300.0

6 500 0.03 31.3 0.03 31.2 0.03 31.2 0.32 120.0 0.29 180.0 0.24 300.0

6 600 0.03 78.0 0.03 959 0.03 111.3 1.20 120.0 0.47 180.0 0.33 300.0

9 200 0.09 33.0 0.08 33.2 0.08 33.2 0.87 120.0 0.61 180.0 0.59 300.0

12 200 0.88 119.3 0.63 177.0 0.41 273.5 1.24 120.0 1.03 180.0 1.02 300.0

15 200 2.71 119.6 2.51 179.4 2.27 299.0 2.13 120.0 1.37 180.0 1.18 300.0

Subtotal 0.48 51.6 0.43 68.6 0.37 97.5 0.79 118.9 0.53 1782 0.46 296.6

Total 0.48 52.1 041 68.9 0.36 98.6 0.84 118.1 0.63 177.0 0.51 294.7
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Table EC.46 Comparison of the BPC-based heuristics on the M&{-ext instances

SC heuristic BPC-DF heuristic
SC-2 SC-3 SC-5 BPC-DF-2 BPC-DF-3 BPC-DF-5
Routing Q Gp t[s] Gp t[s] Gp t[s] Gp t[s] Gp t[s] Gp t[s]
Traversal 60 4.52 84.6 3.99 1203 3.55 1853 1.71 945 0.98 139.8 0.50 226.4
72 751 871 6.18 1229 5.18 190.8 6.56 100.6 4.05 147.1 1.57 234.8
Subtotal 6.02 85.8 5.08 121.6 4.36 188.1 4.14 97.5 251 1434 1.04 230.6
Return 60 593 794 477 108.8 3.88 1614 4.61 81.7 2.84 117.3 1.06 181.6
72 10.23 89.8 9.61 128.8 8.87 201.6 10.63 96.7 9.68 140.7 7.57 226.7
Subtotal 8.08 84.6 7.19 118.8 6.38 181.5 7.62 89.2 6.26 129.0 4.31 204.2
Midpoint 60 8.43 81.3 6.97 115.8 4.75 1746 836 86.2 556 123.9 2.95 1985
72 95.4 135.5 211.1 98.8 142.0 227.0
Subtotal 88.3 125.7 192.8 92.5 132.9 212.8
Largest gap 60 10.20 89.3 9.48 1264 7.14 197.7 951 919 873 133.8 6.33 2129
72 99.0 143.5 229.3 102.1 148.7 238.8
Subtotal 94.2 135.0 213.5 97.0 141.2 225.9
Combined 60 6.51 87.2 556 1229 440 186.7 296 88.3 1.93 127.3 0.88 202.9
72 879 86.7 864 121.4 8.00 1904 855 97.8 7.41 141.6 4.92 227.9
Subtotal 7.65 86.9 7.10 1221 6.20 188.6 5.75 93.1 4.67 134.4 290 2154
Optimal 60 9.04 89.6 7.74 1293 536 201.1 7.62 943 6.24 137.2 3.41 2199
72 10.74 1129 10.18 154.1 9.29 229.8 10.62 106.1 10.05 154.8 8.68 247.5
Subtotal 9.89 101.3 8.96 141.7 7.33 2154 9.12 100.2 8.15 146.0 6.04 233.7
Total 90.2 127.5 196.7 94.9 137.8 220.4
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Table EC.47 Comparison of the BPC-based heuristics on the W&G-g instances

SC heuristic BPC-DF heuristic

SC-2 SC-3 SC-5 BPC-DF-2 BPC-DF-3 BPC-DF-5
Routing Q@ Gp t[s] Gp t[s] Gp t[s] Gp t[s] Gp t[s] Gp t[s]

Traversal 24 1.08 111.0 0.81 1588 0.56 240.3 2.10 120.0 0.96 179.4 0.47 297.0
36 3.69 119.8 3.10 17v9.5 294 299.1 7.75 1200 4.44 180.0 1.88 300.0
48 15.73 1199 13.63 1799 7.75 299.6 16.66 120.0 14.36 180.0 9.33 300.1

60 120.0 180.0 299.9 120.0 180.0 300.0

72 120.0 180.0 300.0 120.0 180.0 300.0

Subtotal 118.1 175.6 287.8 120.0 179.9 299.4
Return 24 090 1042 0.71 1489 0.52 229.0 0.67 120.0 0.42 179.0 0.34 297.0

36 4.76 119.8 3.22 17v9.7 293 299.3 7.33 120.1 5.25 180.0 2.38 300.0
48 15.68 120.0 13.78 179.9 10.90 299.7 16.81 120.0 14.99 180.0 11.09 300.1

60 120.0 180.0 300.0 120.0 180.0 300.0
72 120.0 180.0 300.0 120.0 180.0 300.1
Subtotal 116.8 173.7 285.6 120.0 179.8 299.5

Midpoint 24 094 107.5 0.80 151.1 0.67 2264 0.52 118.7 0.38 177.4 0.33 293.3
36 5.41 119.8 3.18 179.6 3.08 299.2 7.33 120.1 4.35 180.0 1.82 300.0
48 18.96 120.0 1590 179.9 12.85 299.7 20.38 120.0 17.61 180.0 12.83 300.1

60 120.0 180.0 300.0 120.0 180.0 300.0
72 120.0 180.0 300.0 120.0 180.0 300.0
Subtotal 117.5 174.1 285.1 119.8 179.5 298.7

Largest gap 24 1.02 104.2 0.93 148.6 0.70 2285 0.59 119.2 048 178.2 0.31 2944
36 593 119.8 3.32 17v9.2 3.20 296.8 7.69 120.0 5.85 180.0 2.30 300.0
48 18.53 120.0 17.36 180.0 13.38 299.8 19.23 120.0 17.90 180.0 14.79 300.0

60 120.0 180.0 300.0 120.0 180.0 300.0
72 120.0 180.0 300.0 120.0 180.0 300.0
Subtotal 116.8 173.6 285.0 119.9 179.7 298.9

Combined 24 1.08 112.8 0.89 163.1 0.67 255.0 1.21 120.0 0.73 1794 0.46 2975
36 4.01 119.8 3.45 17v9.5 3.17 299.1 8&8.09 120.0 4.05 180.0 2.19 300.0
48 15.03 119.9 1241 179.8 9.49 299.6 16.58 120.0 14.19 180.1 10.53 300.1

60 120.0 180.0 299.9 120.0 180.0 300.0
72 120.0 180.0 300.0 120.0 180.1 300.0
Subtotal 118.5 176.5 290.7 120.0 179.9 299.5

Optimal 24 098 1114 090 1578 0.75 244.2 1.00 120.0 0.58 180.0 0.39 299.5
36 6.84 1199 3.68 179.7 3.26 299.3 9.76 120.2 6.72 180.0 2.50 300.0
48 18.01 120.0 16.48 180.0 13.06 299.8 18.01 120.0 17.33 180.0 14.53 300.1

60 120.0 180.0 300.0 120.0 180.0 300.0
72 120.0 180.0 300.0 120.0 180.0 300.4
Subtotal 118.2 175.5 288.7 120.1 180.0 300.0

Total 117.7 174.8 287.1 120.0 179.8 299.3
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Table EC.48

Comparison of the BPC-based heuristics on the W&G-u instances

Routing Q

SC heuristic

BPC-DF heuristic

SC-2

SC-3

SC-5

BPC-DF-2

BPC-DF-3

BPC-DF-5

Gp

t[s]

Gp

t[s]

Gp

t[s]

Gp

t[s]

Gp

t[s]

Gp

t[s]

Traversal 24
36
48
60
72

Subtotal

Return 24
36
48
60
72

Subtotal

Midpoint 24
36
48
60
72

Subtotal

Largest gap 24
36
48
60
72

Subtotal

Combined 24
36
48
60
72

Subtotal

Optimal 24
36
48
60
72

Subtotal
Total

0.15
3.63
12.79
21.50
23.12

12.24

0.31
4.18
12.79
20.09

0.38
7.26
19.30
26.44

0.39
7.28
19.34

0.55
3.72
11.54
22.41
25.59

12.76

0.61
6.94
17.79
22.10

61.7
116.7
119.9
119.9
120.0

107.6

76.0
119.6
119.9
120.0
120.0

111.1

78.5
117.2
120.0
120.0
120.0

111.1

74.0
119.8
120.0
120.0
120.0

110.8

80.5
119.8
119.9
119.9
120.0

112.0

79.2
119.0
120.0
120.0
120.0

111.6
110.7

0.09
3.35
11.84
19.53
22.99

11.56

0.27
2.96
10.01
19.84

0.32
3.71
17.18
25.48

0.32
3.66
18.52

0.42
3.51
11.25
19.55
24.53

11.85

0.40
4.44
17.17
21.51

75.7
172.4
179.7
179.8
179.9

157.5

102.8
179.3
179.8
179.9
180.0

164.4

105.7
169.8
179.9
180.0
180.0

163.1

103.8
178.4
179.9
180.0
180.0

164.4

114.7
178.9
179.7
179.9
180.0

166.6

113.5
175.9
179.9
180.0
180.0

165.9
163.6

0.06
3.05
7.47
18.34
21.46

10.08

0.14
2.60
6.47
17.12

0.20
3.59
11.55
23.20

0.22
3.49
15.60

0.26
3.17
7.57
18.67
23.39

10.61

0.29
3.29
12.48
20.17

90.0
278.7
299.4
299.6
299.8

253.5

141.4
2974
299.4
299.8
300.0

267.6

157.2
272.8
299.7
299.9
300.0

265.9

158.7
292.0
299.8
300.0
300.0

270.1

170.5
294.2
299.4
299.7
299.9

272.7

172.3
285.6
299.8
299.9
300.0

271.5
266.9

1.04
6.00
13.26
20.10
24.17

12.91

0.23
5.32
13.31
18.03

0.21
5.96
19.09
26.44

0.22
6.73
19.71

0.34
6.07
14.04
20.06
25.59

13.22

0.90
8.40
18.97
22.10

103.5
120.0
120.0
120.0
120.0

116.7

94.6
120.0
120.0
120.0
120.0

114.9

97.7
120.2
120.0
120.0
120.0

115.6

89.2
120.2
120.0
120.0
120.0

113.9

93.9
120.0
120.0
120.0
120.0

114.8

101.8
120.1
120.0
120.0
120.0

116.4
1154

0.62
1.22
8.54
16.44
22.00

9.76

0.18
4.16
10.75
17.84

0.17
4.36
17.18
26.44

0.17
5.38
18.33

0.18
4.50
8.01
17.12
25.59

11.08

0.24
5.55
17.39
22.10

151.9
180.0
180.1
180.0
180.0

174.4

138.0
180.0
180.2
180.0
180.0

171.6

140.0
180.0
180.0
180.0
180.0

172.0

131.1
180.0
180.0
180.0
180.0

170.2

136.1
180.0
180.2
180.0
180.0

171.3

143.9
180.0
180.0
180.0
180.0

172.8
172.1

0.13
0.90
5.59
14.64
20.51

8.35

0.12
1.51
6.65
14.28

0.12
1.06
13.59
21.16

0.14
0.99
14.73

0.12
1.51
5.47
14.28
23.87

9.05

0.14
3.09
13.30
17.78

247.0
299.1
300.0
300.0
300.0

289.2

221.5
300.0
300.0
300.0
300.0

284.3

217.8
298.3
300.0
300.0
300.0

283.2

208.2
300.1
300.0
300.0
300.0

281.7

219.9
299.4
300.0
300.0
300.0

283.9

225.6
300.0
300.0
300.0
300.0

285.1
284.6
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F.4. Comparison of Routing Strategies

Tables EC.49-EC.52 provide a comparison of the different routing strategies with respect to the total traveled
distances for the benchmark sets M&0, H&W, and ZKS aggregated by capacity ) and number of orders n. The
H&W instances are further subdivided into the two groups uniformly distributed demand (UDD) and class-
based demand (CBD). The columns report the percentage increase in the total traveled distances for the

respective routing strategy compared to the optimal strategy. For the comparison, we use the best known

solution for each instance and routing strategy.

Table EC.49 Percentage increase in total traveled distances compared to the
optimal strategy for the M&0 instances

Q n Traversal Return Midpoint Largest gap Combined
24 20 11.8% 33.3% 9.5% 5.6% 4.3%
30 10.3% 32.3% 9.9% 5.4% 3.3%
40 11.0% 31.8% 10.3% 6.0% 4.2%
50 10.8%  34.0% 10.1% 6.3% 4.0%
60 9.3% 32.2% 10.0% 5.8% 3.3%
70 10.3%  32.9% 9.3% 5.4% 3.9%
80 10.1% 32.9% 9.8% 5.9% 3.6%
90 10.0%  32.7% 9.7% 5.6% 3.3%
100 9.8% 33.1% 10.1% 5.8% 3.2%
Subtotal 10.4%  32.8% 9.9% 5.8% 3. 7%
36 20 8.7% 35.7% 14.1% 7.7% 3.0%
30 71%  35.2% 14.2% 8.4% 2.3%
40 7.6% 34.2% 13.7% 8.4% 2.9%
50 7.6% 35.7% 13.7% 8.6% 2.8%
60 6.6% 34.2% 13.6% 8.2% 2.2%
70 7.0% 34.8% 13.0% 7.9% 2.6%
80 6.6% 34.9% 13.2% 8.3% 2.5%
90 6.6% 34.4% 13.0% 8.0% 2.1%
100 6.3% 34.7% 13.1% 8.1% 2.2%
Subtotal 71%  34.9% 13.5% 8.2% 2.5%
48 20 7.0% 37.0% 18.2% 10.8% 2.6%
30 54% 36.3% 18.0% 11.1% 1.9%
40 5.6% 35.5% 17.3% 10.9% 1.8%
50 52% 37.2% 16.8% 10.8% 1.9%
60 4.9% 36.3% 17.8% 11.3% 1.4%
70 52% 36.8% 16.5% 10.5% 1.8%
80 54% 37.2% 16.8% 10.8% 2.0%
90 4.4%  36.1% 15.9% 10.5% 1.6%
100 41% 36.3% 16.7% 10.4% 1.6%
Subtotal 5.3% 36.5% 17.1% 10.8% 1.8%
Total 7.6% 34.7% 13.4% 8.2% 2.7%
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Table EC.50 Percentage increase in total traveled distances compared to the
optimal strategy for the H&W UDD instances

Q n Traversal Return Midpoint Largest gap Combined
30 20 18.8%  52.9% 15.0% 8.5% 7.6%
30 17.7% 53.1% 15.2% 8.8% 7.6%
40 17.1%  52.0% 15.7% 9.1% 7.2%
50 17.6% 52.6% 15.4% 8.8% 7.1%
60 17.3%  52.5% 15.5% 8.9% 7.1%
70 17.4%  52.8% 15.3% 8.9% 7.1%
80 16.9% 52.5% 15.6% 9.0% 7.0%
90 17.0%  52.9% 15.5% 8.9% 7.1%
100 172%  52.9% 15.5% 9.0% 7.0%
Subtotal 17.4%  52.7% 15.4% 8.9% 7.2%
45 20 10.4% 53.6% 20.7% 12.5% 4.5%
30 10.3%  54.1% 20.8% 12.8% 4.3%
40 10.2%  54.1% 20.7% 12.5% 4.3%
50 10.0% 54.0% 20.5% 12.7% 4.2%
60 9.9% 54.2% 20.6% 12.6% 4.2%
70 10.0% 54.0% 20.5% 12.5% 4.3%
80 9.8% 53.7% 20.3% 12.4% 4.1%
90 9.5% 53.6% 20.5% 12.5% 4.0%
100 9.7% 53.5% 20.1% 12.4% 4.1%
Subtotal 10.0%  53.9% 20.5% 12.5% 4.2%
60 20 7.8% 56.0% 24.7% 15.9% 3.3%
30 8.0% 56.1% 25.2% 16.1% 3.1%
40 7.7%  55.4% 25.1% 16.2% 2.8%
50 7.6% 55.8% 24.6% 16.0% 3.0%
60 7.5% 55.2% 24.4% 15.7% 3.0%
70 7.5% 55.2% 24.5% 15.8% 2.9%
80 7.3% 54.9% 24.6% 15.8% 2.8%
90 71% 55.2% 24.2% 15.7% 2.8%
100 72% 55.2% 24.2% 15.6% 2.8%
Subtotal 7.5% 55.4% 24.6% 15.9% 2.9%
75 20 6.2%  56.8% 28.9% 19.1% 2.6%
30 6.9% 57.4% 28.8% 19.3% 2.5%
40 6.6% 57.2% 28.7% 19.2% 2.3%
50 6.6% 57.0% 27.9% 18.9% 2.3%
60 6.4% 57.0% 28.1% 19.0% 2.2%
70 6.3% 57.1% 27.9% 19.0% 2.2%
80 6.1% 56.8% 27.8% 18.9% 2.0%
90 5.8% 56.5% 27.6% 18.8% 1.9%
100 5.7%  56.7% 27.5% 18.7% 1.9%
Subtotal 6.3% 56.9% 28.1% 19.0% 2.2%
Total 10.2%  54.7% 22.1% 14.0% 4.1%
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Table EC.51 Percentage increase in total traveled distances compared to the
optimal strategy for the H&W CBD instances

Q n Traversal Return Midpoint Largest gap Combined

30 20 19.4% 51.9% 9.6% 5.4% 8.9%
30 19.7%  52.7% 9.2% 5.3% 8.9%
40 18.7% 52.4% 9.2% 5.3% 8.6%
50 19.3% 52.1% 9.3% 5.3% 8.7%
60 19.6% 52.1% 9.4% 5.4% 8.9%
70 19.1% 52.2% 9.6% 5.4% 8.6%
80 19.0% 52.4% 9.5% 5.4% 8.7%
90 18.7% 51.7% 9.5% 5.4% 8.4%
100 18.9% 52.2% 9.4% 5.3% 8.4%

Subtotal 192% 52.2% 9.4% 5.4% 8.7%

45 20 12.7% 52.3% 12.7% 7.4% 5.8%
30 12.8% 53.2% 12.9% 7.4% 6.1%
40 11.9% 52.2% 12.3% 7.2% 5.8%
50 12.1% 52.4% 12.5% 7.3% 5.7%
60 12.0% 52.6% 12.7% 7.3% 5.7%
70 11.7%  52.2% 12.5% 7.2% 5.4%
80 11.8% 52.3% 12.2% 7.0% 5.6%
90 11.6% 52.1% 12.0% 7.0% 5.3%
100 11.8% 52.3% 11.9% 71% 5.5%

Subtotal 12.0% 52.4% 12.4% 7.2% 5.7%

60 20 9.8%  52.7% 15.7% 9.3% 4.3%
30 9.7%  53.6% 15.5% 9.4% 4.3%
40 9.2%  53.9% 15.5% 9.4% 4.1%
50 9.0% 53.2% 15.3% 9.3% 4.2%
60 8.9% 52.8% 15.1% 9.1% 4.2%
70 8.7%  53.3% 15.1% 9.3% 4.1%
80 8.6% 52.9% 15.1% 9.2% 4.0%
90 8.7% 53.1% 15.2% 9.3% 4.0%
100 8.8%  53.2% 14.8% 9.1% 4.0%

Subtotal 9.1% 53.2% 15.2% 9.3% 4.1%

75 20 8.6% 54.6% 19.0% 11.6% 3.7%
30 8.0% 53.7% 18.7% 11.7% 3.3%
40 7.7%  54.4% 17.9% 11.4% 3.1%
50 7.5% 54.2% 18.2% 11.4% 3.2%
60 6.9% 53.8% 17.9% 11.4% 2.9%
70 7.1% 54.3% 17.8% 11.3% 3.0%
80 71% 54.2% 17.7% 11.2% 3.1%
90 7.2%  54.0% 17.4% 11.1% 3.1%
100 7.1%  53.7% 17.0% 11.0% 3.1%

Subtotal 7.5% 54.1% 18.0% 11.3% 3.2%

Total 11.8% 53.0% 13.7% 8.3% 5.4%
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Table EC.52 Percentage increase in total traveled distances compared to the
optimal strategy for the ZKS instances

@ n Traversal Return Midpoint Largest gap Combined

6 200 21.1%  30.7% 6.5% 6.2% 5.5%
300 21.0%  29.2% 6.8% 6.5% 5.3%
400 20.8% 28.9% 6.6% 6.3% 5.3%
500 21.2%  28.5% 6.6% 6.3% 5.3%
600 20.9% 28.0% 6.6% 6.2% 5.3%

9 200 17.4%  34.1% 6.1% 5.4% 5.2%

12200 15.3%  38.8% 5.6% 4.5% 4.9%

15 200 14.2%  40.4% 6.1% 4.6% 4.5%

Total 19.0%  32.2% 6.4% 5.7% 5.2%
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