NeuroLKH: Combining Deep Learning Model with
Lin-Kernighan-Helsgaun Heuristic for Solving the
Traveling Salesman Problem (Appendix)

A Experiments for TSP

To verify the quality of the edge candidate set learned by NeuroLKH, we report two metrics for the
edge candidate set attained by different methods, i.e., the average ranking of the optimal edges and
the percentage of optimal edges missed in the set, respectively. Regarding the sensitivity analysis of
the Minimum Spanning Tree with the subgradient optimization in LKH algorithm, 0.68% and 0.67%
of the optimal edges are missed in the candidate set for TSP100 and TSP500, respectively, where
the average rankings of optimal edges are 1.670 and 1.681. The ideal average ranking would be 1.5
since the two optimal edges for each node would be the first and the second in the ranks. NeuroLKH
reduces the average ranking to 1.557 and 1.597 where only 0.05% and 0.09% of the optimal edges are
missed in the set, which justifies the effectiveness of NeuroLKH in learning desirable edge candidates.

For TSP, we choose the number of directed edges pointed from one node in the sparse edge set £* as
~ = 20 to include most of the edges in the optimal tours into the sparse graph, which results in only
0.01% of the optimal edges missed in the sparse graph for the training dataset. In our experiments
with v = 10, 20, 30 (trained with 20% of the training samples to save time), 0.643%, 0.209% and
0.208% of the optimal edges are missed in the candidate set with the average ranking of the optimal
edges 1.653, 1.646 and 1.640 for TSP500, respectively. With v > 20 (i.e. numbers of edges), it only
improves the average ranking marginally with similar percentages of optimal edges but obviously
increases the computational time. Pertaining to other routing problems, we find similar results
therefore we use y = 20 for consistency. We find that the network can hardly give a high edge score
to an edge with considerably large Euclidean distance and include it into the candidate set. Therefore
larger + is not needed which does not impact the performance much as long as it is not too small (e.g.
less than 20).

The model outputs the node penalties within the range of [—C, C] with C' = 10. In the original LKH
algorithm, a subgradient optimization process is used to optimize the node penalties iteratively until
convergence for each instance. In this process for the training instances where the coordinates are
always between 0 and 1, we find that the penalties are usually between -10 and 10 (for different
sizes). While testing for instances with different coordinate ranges, we scale the instances to make
the coordinates between 0 and 1. The aspect ratio is fixed so that the objective value is just scaled by
a constant. Therefore, we use C' = 10 in our experiments.

In Table[S.I] we compare NeuroLKH with other recently proposed Deep Learning based methods
on TSP100. Notably, most of them can hardly handle problems with more than 100 nodes. One
exception is the method in [8], which is tested on large problems but the performance deteriorates
rapidly with the increase of problem size and is still inferior to LKH. We adopt the results from
their original works where the datasets tested on might be different but are sampled from the same
distribution. Therefore the optimality gap is a more important measure than the objective value. The
running time is reported for solving 1000 instances in total with the assumption that it is linearly
related to the number of instances. Apparently, NeuroLKH significantly outperforms other methods
with a short running time. And more importantly, as shown in Table 1 and Table 2, NeuroLKH
generalizes well to large TSP with up to 5000 nodes.
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Table S.1: Comparative results on TSP100. Here we report three results of NeuroLKH with different
time limits from Table 1.

Method Time(s)  Gap(%o0) | Method Time(s)  Gap(%o0) | Method Time(s)  Gap(%o00)
GCN greedy [18] 36 838.000 | AM Greedy [21] 0.6 453.000 | AM sampling [21] 360 226.000
Wu [33] 720 142.000 | GCN bs [18] 240 139.000 | CVAE-Opt-RS [15] 50500 135.000
da Costa [5] 246 87.000 | CVAE-Opt-DE [15] 55100 34.000 | POMO [22] 6 14.000
Fu [8] 90 4.000 | DPDP 10k [20] 456 0.900 | DPDP 100k [20] 990 0.400
NeuroLKH 33 0.111 | NeuroLKH 127 0.030 | NeuroLKH 938 0.000

B Experiments for TSPLIB

NeuroLKH is trained using only the instances with nodes generated from the uniform distribution.
With the same training dataset size, we trained another model NeuroLKH_M using a mixture of
instances with uniformly distributed nodes, clustered nodes with 3-8 clusters, half uniform and half
clustered nodes following [30]. Following the convention for TSPLIB in [12, 36], the number of
trials is set to be the number of nodes and the algorithms are run 10 times for each instance. During
each run, the algorithm will stop when the optimal solution is found and the number of trials actually
conducted is reported. Here we show the results of LKH, VSR-LKH, NeuroLKH and NeuroLKH_M
for each instance in Table[S.2] Table[S.3]and Table[S.4] The optimal tour distance is shown under the
instance name. We report the success times where the optimal solution is found, the best performance
(tour distance) during the runs, the average performance, the average running time (seconds) and the
average number of trials actually conducted. The results of LKH are the same as reported in [36]
(except the running time where we run all the algorithms on our machine for a fair comparison) while
the results of VSR-LKH are slightly different due to behaviour uncontrolled by the random seed in
the code.

C Experiments for Other Routing Problems

Here we briefly introduce the Capacitated Vehicle Routing Problem (CVRP), the Pickup and Delivery
Problem (PDP) and CVRP with Time Windows (CVRPTW). For PDP, the customers contain pairs of
pickup and delivery nodes. The vehicle starts from the depot, visits each customer node once and
returns to the depot with the constraint that the pickup node must be visited before the corresponding
delivery node. For CVRP, multiple routes can be planned. In each route, the vehicle starts from the
depot, visits some customers and returns to the depot. The total demand of the customers in each route
cannot exceed the vehicle capacity and each customer must be visited once. CVRPTW generalizes
CVRP with an additional constraint that each customer must be visited within the corresponding time
window. The time will be spent on traveling between the nodes and serving the customers. The goal
of all three problems is to minimize the tour distance.

Similarly, we plot the performance of the LKH and NeuroLKH algorithms for solving CVRP, PDP
and CVRPTW in Figure|S.1] which shows similar trends as those in Figure 2. The time limits are set
to the longest ones used in Table 3, i.e., the running time of LKH algorithm with 10000 trials.

For the results reported in Table 3, almost all the improvements of NeuroLKH over LKH on different
sizes and with different time limits are statistically significant with confidence levels larger than 99%.
The only exceptions are the performance for the smallest size of each problem and the longest time
limits (the running time of LKH with 10000 trials), where the confidence levels are 98.7%, 98.9% and
77.9% for CVRP100, PDP40 and CVRPTW40, respectively. The confidence level for CVRPTW40
with the time limit of LKH with 10000 trials is relatively low because CVRPTW with 40 nodes
solved by LKH is already fairly close to the optimality with such a long time limit. Therefore the
improvement room left for NeuroLKH is small.

D Experiments on CVRPLIB and Solomon Benchmark

CVRPLIB [30] contains various sized CVRP instances with a combination of 3 depot positioning,
3 customer positioning and 7 demand distributions. We train one network using CVRP instances
ranging from 101 to 300 nodes. The instances are generated from this mixture of distributions



proposed in [30] and we generate 120000/|V| instances for each size |V| in the training dataset,
resulting in approximately 120000 instances in total.

Solomon benchmark [28] contains CVRPTW instances with 100 customers and various distributions
of time windows. An additional constraint for this benchmark is to minimize the number of routes.
Therefore the goal is to minimize the tour distance using the minimum number of routes. We choose
R2-type as the testbed in our experiment. We generate a training dataset of instances with 100
customers. The node coordinates are generated independently from the uniform distribution ranging
from O to 80. The demands are generated from a Gaussian distribution with mean 15 and standard
deviation 10 and the capacity is fixed as 1000. The serving time s for each customer is fixed as 10.
The center of time window for node 7 is generated from the uniform distribution with the interval
[dist, 1000 — s — dist], where dist is the distance between node ¢ and the depot. And the width of
time window is generated from a Gaussian distribution with the mean and standard deviation set to
115 and 35, 240 and 0, 350 and 160, 150 and 380, 470 and 70, respectively. For each of the first two
sets of parameters, four different types are generated with 0%, 25%, 50% and 100% of the customers
receiving the time windows. And for the last three sets of parameters, all customers are receiving the
time windows, resulting in 11 types of instances in total. We generate 5000 instances for each type in
the training dataset. Please refer to the code for more details.

As the running time is all relatively short, we run both LKH and NeuroLKH for 100 times on each
instance. The results of LKH and NeuroLKH are shown in Table [S.3] Table [S.6]and Table[S.7] while
the time limits are set to the running time of LKH with 100, 1000 and 10000 trials. The optimal tour
distance is shown under the instance name. We report the average running time (seconds), the best
performance (tour distance) during the runs, the average performance, the success times when the
optimal solution is found.
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Figure S.1: Performances of LKH and NeuroLKH for solving CVRP, PDP and CVRPTW with
different sizes against different running time



Table S.2: TSPLIB results for each hard instance

Method Name Success  Best Average  Time Trials | Name Success  Best Average  Time Trials
LKH oBlso 210 26130 261316 032 1284 [ o0 910 2323 23235 022 55
VSR-LKH 410 26130 261312 021 106.3 910 2323 23235 036 69.5
NewoLKH R | ). o0 1010 26130 26130 007 9.8 133 10/10 2323 2323 0.11 8.4
NeuroLKH_M 10/10 26130 26130  0.12 2.1 10/10 2323 2323 0.06 3.9
LKH oo 910 48191 481943 04 SLT | 40s 6/10 35002 350028 471 219.6
VSR-LKH P 10/10 48191 48191 043 13.6 10/10 35002 35002 05 8.8
NewoLKH R | jo 1o/ 1010 48191 48191 025 100 | 500 610 35002 350322 673 320.5
NeuroLKH_M 10/10 48191 48191 022 132 10/10 35002 35002 067 275
LKH 210 6773 67738 323 5269 /10 250045 2590456 4.53 549
VSR-LKH a7 g0 6773 67734 32 3106 | P1002 o0 250045 259045 072 16
NewroLKH R | . 910 6773 67731 191 179 | hsgoqs 10710 250045 259045 846 330.6
NeuroLKH_M 710 6773 67733 387 3453 10/10 259045 259045  1.05 34
LKH sogo S0 224094 2241075 10176 6633 | oo 310 239297 2393726 4616  824.1
VSR-LKH 10/10 224004 224094 3.52 19.1 710 239297 239312.6 4941 4748
NewoLKH R | ). 1010 224004 224094 3507 2069 | yi00g, 110 239207 2393795 234 1028.9
NeuroLKH_M 10/10 224004 224094  10.05 75.4 710 239297 2393151 2129 4397
LKH w73 Y10 56892 56895 537 844 | 1304 V10 252048 2531564 1828 1170
VSR-LKH P 810 56892 56893  7.07 436.9 10/10 252048 252948 144 17.9
NewoLKH R | cooo)  O/10 56892 568925 532 4104 | o0 910 252048 2529531 926 370.8
NeuroLKH_M 810 56892 56893 648 3782 810 252048 2529582 1136  600.6
LKH Gl 610 270199 2702196 1257 7188 | oo 610 56638 56640 9.84 759.3
VSR-LKH 10/10 270199 270199 9.08 189.7 9/10 56638 566385  12.84 2537
NewoLKH R | .0 o0 7/10 270199 2702479 1659 422 | gone M0 S6638 566385 1528 3724
NeuroLKH_M 810 270199 2702044 11.13 538.5 10/10 56638 56638 7.85 260.8
LKH a0 V1020127 201603 270375 13729 | oo 010 22254 222606 96598 1577
VSR-LKH /10 20127 201603 332331 13806 0/10 22254 222558  3095.13 1577
NewoLKH R | oo o0 00 20165 202355 35677 1400 | 000 110 22249 222566 65275 14458
NeuroLKH_M 0/10 20164 201694 75403 1400 0/10 22254 223028 52249 1577
LKH 9/10 336556 3365573 17.62 1007.9 /10 57201 572511 6328 1817
VSR-LKH vml748 - 0/10 336556 336556 5.42 378 | U7 g0 S7200 57212 15943 967
NewoLKH R | oo oo 510 336556 336628  38.16 12829 | oo 210 57201 572273 23886 18034
NeuroLKH_M 10/10 336556 336556 13.65 460.2 210 57201 572252 12601 16915
LKH lisso 010 316549 3165498 5931 1889 [ o103 010 80454 80462 11169 2103
VSR-LKH 410 316536 316569  143.58 13939 0/10 80454 804542 61938 2103
NewoLKH R | o oo 010 316638 3166487 14123 1889 | o000 410 80450 804524 33902 15603
NeuroLKH_M 310 316536 3166194 81.93 1485.6 310 80450 804546 213 1614.7
LKH olsy 310 64253 642877 8879 1614 | oo 410 137694 1377012 7922 20786
VSR-LKH 710 64253 642701 17854 13347 | P 7/10 137694 1376955 21424 14222
NewoLKH R | (oo 910 64253 642587 5663 5209 | iro, 810 137694 137695 15191 1104
NeuroLKH_M 810 64253 642552  66.85 878.1 8/10 137694 137695 9923  1084.6
LKH 375 010 28813 288137 3404595 3795 | L. 9/10 182566 1825665 31.89  923.1
VSR-LKH 0/10 28831 28831 75405 3795 10/10 182566 182566  19.94  89.1
NewoLKH R | oo O/10 28999 290106  80797.24 3795 | oo 1010 182566 182566 2791 1715
NeuroLKH_M 0/10 29488 294953 132972 3795 10/10 182566 182566 1926 1515
LKH isors 010 565544 5655812 22129 5915 | .oo. 010 556136 5563098 37179 5934
VSR-LKH /10 565530 565580.8 896.59 53549 410 556045 556099.6 923.66 48047
NewoLKH R | oo cooo 010 565585 5659609 65832 5915 | oo 810 556045 5560595 37657 34702
NeuroLKH_M 1710 565530 5655795 36582 53529 10/10 556045 556045 14334  1529.8




Table S.3: TSPLIB results for each easy instance

Method \ Name Success  Best Average Time  Trials \ Name Success  Best Average Time Trials
LKH wil51 1010 426 426 0 1 berlinsy 1010 7542 7542 001 0
VSR-LKH 10/10 426 426 0 1 1010 7542 7542 002 0
NeuroLKH_R | 1010 426 426 0 1 540 1010 7542 7542 002 0
NeuroLKH_M 10/10 426 426 0 1 1010 7542 7542 002 0
LKH «70 10/10 675 675 001 1 wil76 10/10 538 538 0 1
VSR-LKH 10/10 675 675 001 1 10/10 538 538 0 1
NeuroLKHR | 1010 675 675 001 1 38 10/10 538 538 0 1
NeuroLKH_M 10/10 675 675 001 1 10/10 538 538 0 1
LKH 6 10/10 108159 108159  0.02 1 99 10/10 1211 1211 0 1
VSR-LKH pr 10/10 108159 108159  0.02 1 ra 10/10 1211 1211 0 1
NewroLKH_R | |0 oo 10/10 108159 108159  0.02 1 - 10/10 1211 1211 001 1
NeuroLKH_M 10/10 108159 108159  0.02 1 10/10 1211 1211 0 1
LKH 1010 21282 21282 002 1 10/10 22141 22141 0.03 12
VSR-LKH kroAI00 1010 21282 21282 001 1 kroBI0O 1010 22141 22141 004 25
NeuroLKH_R | , 50 1010 21282 21282 001 1 14l 10/10 22141 22141 003 1
NeuroLKH_M 1010 21282 21282 001 1 10/10 22141 22141 0.03 1
LKH KroCloo 10710 20749 20749 001 1 woDloo 1010 21294 21294 002 18
VSR-LKH 10/10 20749 20749 002 1 10/10 21294 21294  0.02 1
NeuroLKH_R | -0 10/10 20749 20749 002 1 21294 1010 21294 21294  0.02 1
NeuroLKH_M 10/10 20749 20749 002 1 10/10 21294 21294  0.02 1
LKH 10/10 22068 22068 003 32 10/10 7910 7910 0 1
VSR-LKH kroE100 1010 22068 22068 006 85 rd100 10/10 7910 7910 0 1
NeuroLKH_R | 5,0 10/10 22068 22068 003 1 2910 10/10 7910 7910 001 1
NeuroLKH M 10/10 22068 22068 004 48 10/10 7910 7910 001 1
LKH 101 10/10 629 629 0 1 lin105 10/10 14379 14379 0 1
VSR-LKH “ 10/10 629 629 0 1 m 10/10 14379 14379 0 1
NewroLKH R | (o 10/10 629 629 0 1 14379 10/10 14379 14379 0 1
NeuroLKH_M 1010 629 629 0 1 10/10 14379 14379 0 1
LKH 107 10/10 44303 44303 013 1 14 10/10 59030 59030  0.04 1
VSR-LKH p 10/10 44303 44303 013 1 P 10/10 59030 59030  0.04 1
NeuroLKH_R | 202 10/10 44303 44303 0.14 1.1 59030 10/10 59030 59030  0.07 1
NeuroLKH_M 10/10 44303 44303 013 1 10/10 59030 59030  0.06 1
LKH bierlo7 10710 118282 118282  0.01 1 eh130 10/10 6110 6110 003 1
VSR-LKH 10/10 118282 118282  0.02 1 10/10 6110 6110 007 73
NewroLKH_R | | e5qy  4/10 118282 118300.6 013 1025 | ¢ (0 10/10 6110 6110 002 1.1
NeuroLKH_M 10/10 118282 118282  0.01 1 10/10 6110 6110 003 2.1
LKH 136 10/10 96772 96772 008 1 144 10/10 58537 58537 037 1
VSR-LKH p 1010 96772 96772 008 1 P 10/10 58537 58537 043 1
NeuroLKH_R | ¢ o, 10/10 96772 96772 0.15 45 58537 1/10 58537 585847 2.6  131.8
NeuroLKH M 1010 96772 96772 011 1 2/10 58537 58614 231 1223
LKH eh150 10/10 6528 6528 004 1.7 oAlso 10710 26524 26524 0.05 38
VSR-LKH 1010 6528 6528 002 1 10/10 26524 26524  0.04 1
NeuroLKH_R | (oo 10/10 6528 6528 002 1.1 26504 10/10 26524 26524  0.04 26
NeuroLKH_M 1010 6528 6528 002 1.1 1010 26524 26524  0.02 1
LKH 150 1010 73682 73682 048 294 159 10/10 42080 42080  0.01 1
VSR-LKH p 8/10 73682 737092  0.69 47 u 10/10 42080 42080  0.01 1
NeuroLKH_R | 20 8/10 73682 737092 144 596 | o000 10/10 42080 42080  0.01 1
NeuroLKH_M 9/10 73682 736956  0.87 387 10/10 42080 42080  0.01 1




Table S.4: TSPLIB results for each easy instance (continued)

Method | Name Success  Best Average Time Trials | Name Success  Best Average Time  Trials
LKH 4198 10/10 15780 15780 057 1 oao00 10710 29368 29368 006 17
VSR-LKH 10/10 15780 15780 043 1 10/10 29368 29368  0.06 1.5
NeuroLKH_R | | <0 0/10 15789 15825 254 198 | ,oaco 10/10 29368 29368  0.05 1
NeuroLKH_M 10/10 15780 15780 087 1 10/10 29368 29368  0.04 1
LKH oB200  10/10 29437 29437 002 1 295 1010 126643 126643  0.04 1
VSR-LKH ° 10/10 29437 29437 003 1 s 10/10 126643 126643  0.02 1
NeuroLKH_R | 59,2~ 10/10 29437 29437 002 1 6643 1010 126643 126643 006 1
NeuroLKH_M 1010 29437 29437 002 1 10/10 126643 126643  0.06 1
LKH 50225 10/10 3916 3916 006 1 6 10/10 80369 80369  0.08 1
VSR-LKH SP 10/10 3916 3916 007 1 pr 10/10 80369 80369 0.1 133
NeuroLKH R | 4o, 10/10 3916 3916 006 1 80369 6/10 80369 803817 1.34 1462
NeuroLKH_M 10/10 3916 3916 006 1 10/10 80369 80369 022 59
LKH i 10/10 2378 2378 0.14 106 64 10/10 49135 49135 024 144
VSR-LKH &l 10/10 2378 2378 005 1.7 P 10/10 49135 49135  0.19 1
NeuroLKH R | 5 0 1010 2378 2378 013 8 19135 10/10 49135 49135  0.13 6.2
NeuroLKH_M 10/10 2378 2378 005 22 10/10 49135 49135  0.09 24
LKH 1080 1010 2579 2579 003 1 lin318 1010 42029 42029 023 279
VSR-LKH 10/10 2579 2579 002 1 10/10 42029 42029  0.09 1.8
NeuroLKH R | < 9 1010 2579 2579 002 1 12029 10/10 42029 42029  0.18 3.6
NeuroLKH_M 10/10 2579 2579 003 1 10/10 42029 42029  0.15 5.9
LKH 14400 10/10 15281 15281 023 33 e 10/10 11861 11861 269 7.3
VSR-LKH 10/10 15281 15281 023 11.6 10/10 11861 11861 191 3.7
NeuroLKH_R | | o 10/10 15281 15281 0.11 39 11861 5/10 11861  11867.6 16.64 337.2
NeuroLKH M 10/10 15281 15281 0.12 47 9/10 11861  11861.1 167 517
LKH 439 10/10 107217 107217 059 395 bagy 1071050778 50778 016 82
VSR-LKH pr 10/10 107217 107217 044 221 | P°¢ 10/10 50778 50778  0.07 3
NeuroLKH_R | |05 0 3/10 107217 1072674 1.64 3201 | om0 10/10 50778 50778  0.11 3.8
NeuroLKH_M 9/10 107217 1072242  0.71  90.3 10/10 50778 50778  0.18 6.9
LKH s 1010 36905 36905 08 1499 | 10/10 34643 34643  7.04 229
VSR-LKH u 10/10 36905 36905 039 292 |P 10/10 34643 34643 428 9
NeuroLKH_R | 500 1010 36905 36905 02 38 34643 1/10 34643 34765.8 4027 619
NeuroLKH_M 10/10 36905 36905 011 19 10/10 34643 34643 263 7
LKH 4657 10/10 48912 48912 048 335 | 10/10 41910 41910 153 1254
VSR-LKH 10/10 48912 48912 044 21 10/10 41910 41910 085 233
NeuroLKH_R | ,o0.- 5/10 48912 489125 665  SIL5 | 000 10/10 41910 41910 094 466
NeuroLKH_M 10/10 48912 48912 039 10 10/10 41910 41910  0.64 168
LKH at783 10/10 8806 8806 0.08 42 41291 10/10 50801 50801 627  192.1
VSR-LKH 10/10 8806 8806 0.11 39 10/10 50801 50801 251 395
NeuroLKH_R | o0 10/10 8806 8806 0.14 42 0801 9/10 50801  50803.4 5.64 2744
NeuroLKH M 10/10 8806 8806 021 122 7/10 50801 508082 9.46 4374
LKH 1432 10/10 152970 152970  0.43 5.3 41655 10/10 62128 62128 544 176
VSR-LKH u 10/10 152970 152970 055 5 10/10 62128 62128 094 9.8
NewroLKH R | | 0o 10/10 152970 152970  0.56 7.1 62128 8/10 62128 621282 2222 8704
NeuroLKH_M 10/10 152970 152970  0.43 3.8 10/10 62128 62128  7.86  214.1
LKH 2319 10/10 234256 234256 046 3.1 h3gp 10710 378032 378032 0.4 5.8
VSR-LKH u 10/10 234256 234256 089 3.9 pr 10/10 378032 378032 0.78 8.7
NewroLKH R | ,o0,sc  10/10 234256 234256 0.67 35 37803 1010 378032 378032 122 255
NeuroLKH_M 10/10 234256 234256 037 2.6 10/10 378032 378032 131 259




Table S.5: CVRPLIB results

| | LKH with 100 trials as time limit | LKH with 1000 trials as time limit | LKH with 10000 trials as time limit

Name | Method | Time Best Avg Suc | Time Best Avg Suc | Time Best Avg Suc
X-n101-k25 | LKH 12 27744 282145 O 13 27591 277943 6 131 27591  27667.0 33
27591 NeuroLKH ’ 27665 28146.6 O 27591 277903 5 27591  27669.5 30
X-n106-k14 | LKH 09 26495  26730.1 O 10 26426  26557.6 0 105 26381 264383 O
26362 NeuroLKH ’ 26447 267128 O 26396 265285 O 26381 264285 O
X-n110-k13 | LKH 0.4 14971 152162 2 3 14971 15073.3 31 29 14971 150204 53
14971 NeuroLKH ’ 14971 15207.3 2 14971 15074.2 32 14971 15022.3 58
X-n115-k10 | LKH 0.2 12750 128383 0 2 12747 127783 14 17 12747 127703 46
12747 NeuroLKH ’ 12747 12837.6 1 12747 127839 14 12747 12771.8 40
X-n120-k6 LKH 03 13332 135474 1 2 13332 133943 10 21 13332 13358.6 40
13332 NeuroLKH ’ 13333 135199 O 13332 13389.7 5 13332 133529 33
X-n125-k30 | LKH 31 56167 56690.8 0 3] 55733  56041.8 O 335 55546 55813.0 O
55539 NeuroLKH ’ 56011 56624.7 O 55645 55981.7 O 55539 557797 1
X-n129-k18 | LKH 0.8 29173 296355 O ] 28967 292575 O 36 28948 29108.8 0
28940 NeuroLKH ’ 29160 29566.1 O 28948 292243 O 28948 290813 O
X-n134-k13 | LKH 1.1 11024 112157 O 10 10931 110488 O 94 10916 10994.8 1
10916 NeuroLKH ’ 11023 111949 0 10941 110446 O 10916 10987.1 1
X-n139-k10 | LKH 0.4 13670 138949 0 3 13605 13713.6 0 33 13590 13660.4 5
13590 NeuroLKH ’ 13672 138711 O 13605 13702.6 O 13590 13657.0 6
X-n143-k7 LKH 05 15765 16186.5 O 5 15737 159104 O 50 15711 158124 O
15700 NeuroLKH ’ 15781 16208.1 O 15726 158859 O 15726 157873 0
X-n148-k46 | LKH 0.9 43833 443824 O 9 43485 438192 O 89 43448 436352 18
43448 NeuroLKH ’ 43809 44283.0 O 43514 438181 O 43448 436347 19
X-n153-k22 | LKH 17 21328 215592 0O 15 21236  21326.8 O 156 21225 21263.6 O
21220 NeuroLKH ’ 21298 21493.7 O 21240 213111 O 21225 212721 O
X-n157-k13 | LKH 05 16903 17008.7 O 4 16876  16911.0 8 40 16876  16893.4 40
16876 NeuroLKH ’ 16900 17006.8 O 16876 169049 14 16876 16889.0 52
X-n162-k11 | LKH 0.3 14179 14362.6 O 3 14156 142252 0 26 14138 141968 6
14138 NeuroLKH ’ 14190 14388.8 O 14161 142453 0 14138 142139 2
X-n167-k10 | LKH 0.6 20826 21319.8 0 7 20583 208632 O 65 20557 20749.5 1
20557 NeuroLKH ’ 20687 212705 O 20592 20857.8 O 20557 207403 1
X-n172-k51 | LKH 12 46141 46679.2 0 11 45742  46078.0 O 122 45607 458405 5
45607 NeuroLKH ’ 46134 46533.1 O 45707 45994.7 O 45607 457839 3
X-n176-k26 | LKH 36 48035 48819.7 O 33 47930 48273.6 O 353 47840 480903 O
47812 NeuroLKH ’ 48147 487263 O 47950 48279.7 O 47812 480989 1
X-n181-k23 | LKH 05 25677 25829.7 O 4 25611 25691.2 O 40 25582 256453 0
25569 NeuroLKH ’ 25691 258228 O 25603 256859 O 25577 256412 O
X-n186-k15 | LKH 1.0 24297 24882.6 O 10 24227 245283 0 104 24149 243596 O
24145 NeuroLKH ’ 24511 249115 O 24178 24523.0 O 24147  24361.7 O
X-n190-k8 LKH 09 17187 174180 O ] 17065 172754 0 g4 16993 171552 0
16980 NeuroLKH ’ 17160 174100 O 17041 17259.8 0 16985 171451 O
X-n195-k51 | LKH 1.4 44911 455949 O 11 44437 44799.6 O 117 44334 44558.1 O
44225 NeuroLKH ’ 44685 452445 O 44422  44688.0 O 44237 445248 O
X-n200-k36 | LKH 43 59329 599843 0 39 58919 591742 O 405 58643 58927.5 0
58578 NeuroLKH ’ 59229 598039 O 58844 591046 O 58694 589374 0




Table S.6: CVRPLIB results (continued)

| LKH with 100 trials as time limit | LKH with 1000 trials as time limit | LKH with 10000 trials as time limit

Name | Method | Time Best Avg Suc | Time Best Avg Suc | Time Best Avg Suc
X-n204-k19 | LKH 06 19795 20159.5 0 5 19718 19880.5 0 49 19662 19777.9 0
19565 NeuroLKH ’ 19794 20076.7 0 19692 19857.7 0 19583 19776.3 0
X-n209-k16 | LKH 0.9 31259 31648.1 0 9 30818 312149 0 93 30700 31028.9 0
30656 NeuroLKH ’ 31163 31555.8 0 30864 31140.2 0 30722 30969.3 0
X-n214-k11 | LKH 26 11727 12131.2 0 23 11147 11487.5 0 229 10974 11182.9 0
10856 NeuroLKH ’ 11702 12128.5 0 11235 11498.2 0 10988 11214.2 0
X-n219-k73 | LKH 14 117821 1182427 O 10 117595  117790.2 1 101 117595 1176843 3
117595 NeuroLKH ’ 117046 1179983 O 117622  117733.2 O 117595 117654.8 4
X-n223-k34 | LKH 1.4 41250 41880.6 0 12 40766 41087.1 0 127 40560 40818.7 0
40437 NeuroLKH ’ 41066 41662.6 0 40641 41022.8 0 40563 40821.3 0
X-n228-k23 | LKH 16 26051 26541.4 0 15 25863 26037.7 0 150 25781 25910.4 0
25742 NeuroLKH ’ 26067 26614.9 0 25835 26030.5 0 25791 25907.7 0
X-n233-k16 | LKH 05 19615 19885.4 0 4 19379 19599.1 0 39 19305 19477.2 0
19230 NeuroLKH ’ 19499 19831.7 0 19381 19597.4 0 19324 19473.2 0
X-n237-k14 | LKH 08 27381 27829.6 0 7 27164 27406.5 0 65 27050 27276.5 0
27042 NeuroLKH ’ 27324 27789.5 0 27124 27402.8 0 27042 27240.0 1
X-n242-k48 | LKH 29 84353 85218.4 0 19 83419 83826.9 0 198 83045 83401.3 0
82751 NeuroLKH ’ 84090 84685.6 0 83299 83743.7 0 83042 83357.2 0
X-n247-k50 | LKH 23 37681 38206.5 0 2% 37353 37701.6 0 280 37289 37457.1 0
37274 NeuroLKH ’ 37629 38118.3 0 37326 37638.8 0 37292 37454.3 0
X-n251-k28 | LKH 13 39394 39831.8 0 1 39010 39274.9 0 117 38838 39067.3 0
38684 NeuroLKH ’ 39277 39720.2 0 38988 39259.8 0 38887 39069.3 0
X-n256-k16 | LKH 24 19931 20953.7 0 17 19150 19519.9 0 148 18926 19164.9 0
18839 NeuroLKH ’ 19681 20730.2 0 19046 19433.9 0 18889 19143.3 0
X-n261-k13 | LKH 12 27395 27891.3 0 13 26966 27367.3 0 150 26686 27104.9 0
26558 NeuroLKH ’ 27174 27746.3 0 26749 27308.2 0 26661 27074.4 0
X-n266-k58 | LKH 41 77457 78371.5 0 35 76117 76718.3 0 359 75803 76193.4 0
75478 NeuroLKH ’ 76864 77879.7 0 76175 76582.7 0 75876 76187.2 0
X-n270-k35 | LKH 17 35999 36580.2 0 14 35513 35870.2 0 142 35407 35613.1 0
35291 NeuroLKH ’ 35808 36425.9 0 35509 35817.5 0 35424 35598.2 0
X-n275-k28 | LKH 0.7 21455 21784.3 0 5 21304 21524.7 0 50 21245 21422.8 1
21245 NeuroLKH ’ 21515 21715.7 0 21320 21512.0 0 21281 21424.8 0
X-n280-k17 | LKH 29 34230 34932.1 0 2 33790 34218.8 0 229 33633 33943.8 0
33503 NeuroLKH ’ 34071 34844.4 0 33699 34178.3 0 33632 33943.0 0
X-n284-k15 | LKH 07 20917 21194.0 0 7 20580 20862.8 0 76 20381 20655.2 0
20215 NeuroLKH ’ 20903 211994 0 20609 20849.8 0 20455 20639.5 0
X-n289-k60 | LKH 59 97877 99666.8 0 53 96381 97129.8 0 557 95687 96226.0 0
95151 NeuroLKH ’ 97731 99084.0 0 96163 96998.4 0 95754 96154.4 0
X-n294-k50 | LKH 21 48490 49351.2 0 17 47575 48009.5 0 176 47381 47644.4 0
47161 NeuroLKH ’ 48093 48990.2 0 47550 47914.8 0 47354 47616.2 0
X-n298-k31 | LKH 17 35568 36543.4 0 12 34732 35199.4 0 121 34343 34764.9 0
34231 NeuroLKH ’ 35380 36292.7 0 34656 35113.6 0 34320 34763.9 0




Table S.7: Solomon benchmark results

|  LKH with 100 trials as time limit

LKH with 1000 trials as time limit

LKH with 10000 trials as time limit

Name | Method | Time Best Avg Suc | Time Best Avg Suc | Time Best Avg Suc
R201 LKH 06 1252372 12754645 1 4 1252372 12588973 8 35 1252372 12540274 21
1252372 | NeuroLKH : 1253210 1271983.1 O 1252372 12571143 5 1252372  1253575.6 11
R202 LKH 45 1195297 12343623 O 33 1191698  1207016.3 19 283 1191698 1197334.8 82
1191698 | NeuroLKH ’ 1193776  1221507.1 O 1191698  1204530.3 31 1191698  1193964.5 87
R203 LKH 21 947357 964214.4 0 16 941996 948987.2 0 143 939504 943864.1 6
939504 NeuroLKH ’ 943363 957044.9 0 941405 947506.7 0 939504 943832.2 3
R204 LKH 49 836241 879723.0 0 37 829440 846041.2 0 320 825510 838430.7 2
825510 NeuroLKH ’ 838945 875614.2 0 825510 846814.1 1 825510 837939.1 8
R205 LKH 14 994429 10462942 1 1 994429 10246824 8 95 994429 1014571.8 40
994429 NeuroLKH ’ 1003685 1038416.6 O 994429 10228704 6 994429 1009598.9 45
R206 LKH 15 913333 942722.6 0 12 909820 926079.9 0 104 906145 918597.5 19
906145 NeuroLKH : 913333 940668.2 0 906145 925617.6 2 906145 918009.4 24
R207 LKH 6.0 908532 965102.0 0 51 894793 929064.0 0 445 890608 915756.4 1
890608 NeuroLKH ’ 903583 956950.3 0 893384 924560.7 0 890608 913160.8 5
R208 LKH 20 726817 751164.7 2 15 726817 736114.7 9 125 726817 731161.9 16
726817 NeuroLKH ’ 727258 744832.5 0 726817 733925.3 6 726817 730790.3 9
R209 LKH 17 918711 946581.2 0 14 913141 927854.0 0 113 909158 920110.0 7
909158 NeuroLKH ’ 914609 935769.5 0 909158 922974.0 2 909158 917506.1 9
R210 LKH 17 951624 979061.5 0 13 939373 959573.6 1 114 939373 953584.1 20
939373 NeuroLKH ’ 939373 967980.8 1 939373 955815.6 9 939373 950722.1 39
R211 LKH 51 910853 963151.8 0 44 893168 926350.7 0 378 890930 914120.6 2
890930 NeuroLKH ’ 909830 956837.2 0 892988 923050.2 0 890930 912125.8 2
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