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Abstract

This is the online supplement of the paper: Team Orienteering with Time-Varying
Profit. Section 1 describes the details of components of the ILS precedure in the hybrid
heuristic algorithm ILS-MCS. Section 2 presents the instance generation. Section 3
provides the detailed results of the computational experiments discussed in Section 6

of the main article.

1 Detailed Description of the ILS-MCS algorithm

The ILS procedure discussed in Section 5 of the article consists of three main phases, i.e.,

initialization, perturbation and local search.

1.1 Initialization Phase

Considering that more than one factors have an impact on collecting profit, it is difficult to
deal with the visiting priority under these interactive factors. For example, a customer with
a large profit may attract the visit. However, if it requires a long service time, delaying
the visit to succeeding customers may result in higher loss of profit. In this case, it is

possible that prioritizing a visit to a nearer customer with a larger delay ratio may not be
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as profitable as a visit to a further one with a smaller delay ratio. To take into account
such different contributing factors, we assign a score to each customer. More specifically,
a customer with a larger ideal profit, smaller delay rate, steeper collecting coefficient and
shorter travel time required to traverse will have a higher priority to be visited first. We
compute the score of customer 7 as follows:

pibi

Giv = d; Aty (L)

where p;, d; and [; are ideal profit, delay rate and profit collection rate, respectively. At;,
is a route-specific value which equals the incremental travel time when customer 7 is added
to the tail of route k. Let r, denote the last customer visited by vehicle v, we have
Atiy = tr, i + tint1 — trynil

To construct the initial solution, we employ a parallel insertion method which builds
|V| routes simultaneously. Firstly, |V| routes that only consist of the starting depot 0
and ending depot n + 1 are initialized. Let 7, denote the departure time from the last
customer 7, in route R, and V denote a set of incomplete routes. Then, we try to assign
the customer ¢ with the highest score (;, to the associating route R,. If the insertion does
not satisfy the time limit constraint even without considering the service time of customer i,
the associating route R, is reviewed as a complete route and removed from the incomplete
set V. Otherwise, the insertion procedure is called. Recall that service time must be spent
to obtain profit, thus, it is plausible to assume that the service time spent on the visiting
customer is larger than zero. Thus, we set the amount of service time s; at each customer
i is as long as to collect 50% of profit when the remaining time is sufficient, otherwise, the
amount of service time is the remaining time. We provide the pseudo-code in Algorithm
1.

1.2 Perturbation Phase

The perturbation method is a key component in ILS where a perturbation is carried out
on the local optimal solution. The main idea is to remove some visited customers and then
insert some unvisited customers to generate a diversified solution.

We define a perturbation strength parameter 7 to indicate the number of customers to
be removed from the routes. The range of 7 belongs to [Tmin, Tmax] = [|V'|/2, | N (sol)|/2].
Initially, we set m = myin and increase its value by 1 if no better solution is found. Once a

new best solution is found, 7 is reset to myi,. This way, the search focuses on the promising



Algorithm 1 Initialization

1: Input: the set of customers N = {1,...,n}, the decision horizon T,.x, the number of vehicles
V]

2: Let sol = {(R",SY)|R” = {0,n + 1}, 5" = {0,0},Vv € V'}

3: Set 7, < 0, 7, < 0 for every route v € V and V = {1,...,|V]}
4: while V # () do

5. for all i€ N do

6: for all v €V do

7 Giv = %-

8: end for

9: end for
10:  Choose (i*,v*) - argmax;c g,y {Civ }
1 i 7y +teu v s (ng1) < Tinax then
12: 4= = min(8;, Tmax — (Tox 4 tru ix + tix (ng1)))
13: Update Ty« <= Tys 1t o ix + Six, Ty 37
14: R ={0,...,i*,n+1}, 8" ={0,...,8+,0}, N« N\i*
15:  else
16: V — V \ v*
17:  end if

18: end while
19: Output: sol

region around the local optima during the early stage while it moves to the unexplored
region further away from the local optima at a later stage. Once the number of customers
to be removed is determined, we then randomly select 7 customers and remove them from
the local optimal solution.

To diversify the search to unexplored region, we insert some unvisited customers into
the current solution after removal. First, to define an unexplored region, we assign a
number to each customer to record the times it has been inserted into the local optimal
solution successfully in the past perturbation phase. Then we sort all unvisited customers
in ascending order of this number, and the customers at the top of the list are more likely to
be in the unexplored region. Therefore, the algorithm proceeds to check these customers
successively. For each customer, it attempts to find all inserting positions satisfying all
constraints. Note that the amount of service time of this inserting customer is supposed
to be zero. Then, it randomly chooses a feasible position to insert this customer. If no

such position can be found, then it turns to the next customer. The insertion will continue



until all customers in the unexplored region have been checked or the total travel time of

the current route beyond half of Tijax.

1.3 Local Search Phase

Local search is another important part in ILS, here we define eight neighbourhood struc-
tures based on the classical neighborhoods in routing problem and the characteristic of
our problem. A given solution can be improved by adjusting the order of customers in a
route to reduce the travel time, by replacing the position of a customer in order to reduce
the delay penalty, or by removing some customers increase the service time spent at other
customers. We choose some classical operators for the routing problem and also design

additional neighborhood search operators. They are presented as follows:

e Or-opt: Relocate a chain of o consecutive customers in the same route, we set ¢ =

1,2, 3 here.
e swap: Swap the position of two customers in the same route.

e 2-opt: Remove two non-adjacent edges from the route and replace with other two

edges, we notice that the sequence between these two removed edges are reversed.

e \-FEzchange: Change the locations of two chains of A consecutive customers located

in a pair of routes (r;,r;), we set A < [min{|r;|, |r;|}/2].
e (Cross: Remove two edges from two routes and replace them with other two edges.

e Remowal: Remove all visited but unserved customers from the solution to extend the

service time.
e Insertion: Insert an unvisited customer into the solution to increase the profit.

e Replacement: Replace a visited customer v; by an unvisited customer v; with the

. e . &
possibility min{1, y

The first three neighborhood search operators are intra-route operators. These oper-
ators aim to improve the profit of a route by adjusting the order of visiting customers.
The following two are inter-route operators. They are used to balance the whole profit

of a solution via changing customers to different routes. While the last three operators



are designed to change the set of visited customers. The removal operator will remove un-
served customers from every route in the solution since we know that traversing a customer
without any service is time-wasting since no return will be obtained. Thus, the solution
will be improved if there exist an unserved customer. After removing unserved customers,
the solution may have a place to accommodate other unvisited customers, thus insertion is
called following the removal operator. We also attempt to improve the current solution by
replacing visited customers by unvisited customers. In each iteration, we implement these
eight neighborhoods in the given sequence, and for every neighborhood, we use the best

improvement strategy and return the best improved neighborhood if any.

1.3.1 Rules to Reduce the Neighbourhood Size.

In a neighbourhood operator, many neighbours of the current solution or route are gener-
ated. Consider the complete evaluation of a solution is time-consuming, we set two rules to
discard some uninteresting neighbours as follows. Let sol’ denotes a neighbour generated
from solution sol using the move operator.

Rule 1: Given the solution sol, in which the service times of all customers are known, the
total collected profit f(sol) can be calculated exactly using the objective function. If we as-
sume that the profit at each customer can be immediately obtained when the vehicle arrives
at the customer without spending any amount of service time. Then an upper bound of
(Po; — dv,av,),
where N, is the set of all visited customers by solution sol’ and a,, is the arrival time at

the total profit fyp(sol’) of the neighbour sol’ can be calculated as ZUiENsol/
visited customer v; without any service time. Then we define the neighbour solution sol’
is an uninteresting neighbour if fyg(sol’) < f(sol), as it is obvious that this neighbour
solution cannot result in a higher profit than the current one.

Rule 2: As the service time take a crucial role in collecting the profit, we consider sol’
as an uninteresting neighbour if the amount of total available service time T’ left in the

neighbour solution sol’ is less than 50% of the amount T in the current solution sol.

2 Details of the Instances

We generate the instances based on the Solomon instances'. Specifically, we consider the
R(C) type network extracting from R101(C101) data file with first 25 customers. In each

'The Solomon instances are obtained from http://neo.lcc.uma.es/vrp/vrp-instances/

capacitated-vrp-with-time-windows-instances/



instance, the parameters, i.e., x coordinate z;, y coordinate y; and demand p; (the ideal
profit in our problem) are taken from Solomon’s instances. We take the first node to be
the starting and ending depot, and we compute ¢;; using the Euclidean distance and round
it to the nearest hundredth. The other parameters in our problem are conducted from the
location (z;,y;) using a similar generation scheme as in Erdogan and Laporte (2013). More
specifically, let Xinax, Xmin, Ymax and Ymin denote the maximum X coordinate, minimum
X coordinate, maximum Y coordinate and minimum Y coordinate of all customers in the
instance, respectively. Then we determine a time factor as L = 2| Xipax — Xmin + Ymax —
Yiin |- Next we set two factors as rpin = 0.2 and rpax = 0.5 and determine the delay rate as
d;i = (Tmin+ ((| X;+Y;] mod 30)/30) * (rmax — ™min) ) /25. The collecting coefficient 3; is also
determined in the similar manner, using the formula ; = (rmin + ((| X; +Y;| mod 20)/20) x
(Pmax — Tmin))/20.

For each type of network, we generate a total of 48 instances. Each instance is charac-
terized by the number of customers n, the number of vehicles V' and the length of decision
horizon Tinax: The number of customers n belongs to {6,9,25}. The number of vehicles V'
belongs to {2,3,4,5} and the length of time limit equal to Tiax € {L,2L,3L,4L}. Here we
notice that the 6(9) customers are the first 6(9) among 25 customers in R type network,
while for the C type network, the 6(9) customers are chosen from 2(3) clusters.

We note here that this instance generation reflects the realistic situation in the context
of humanitarian search and rescue operation in the urban areas. First, we choose R type
and C type networks to represent different configurations of the clusters because the affected
sites could be located far from each other or could be clustered in certain specific regions.
Secondly, a separate profit function is designed for each location. In other words, the
parameters (p;,d; and (3;) take different values for different locations. This reflects the
different numbers of people to be rescued, the different damage levels and structure types
of building at each affected site. Finally, the values of 3; generated in this way generally
make the service times to be longer than the travel times between locations, which reflect
the situation in SAR, in particular in the urban areas. For example, it would take much

longer time to work in a collapsed building than the time it takes to arrive there.

3 Detailed Computational Results

The detailed results on the exact method BBC and its enhancement are presented in

Section 3.1. Section 3.2 describes the route generation for the service time scheduling



problem and the parameters using in the different NLP methods. Section 3.3 provides the
detailed results on the ILS-MCS. Finally, a discussion on the modified objective function is
offered in Section 3.4, together with numerical experiments and results. We mention here
that the detailed results of all the instances can be also obtained from https://github.
com/QinxiaoYu/TOPTTP.

3.1 Detailed Results on the Exact Methods BBC and Enhanced BBC

Tables 1-3 present the performance of the SCIP, the BBC and the enhanced BBC for the
instances with 6, 9 and 25 customers. We highlight the best found objective value of each

instances using bold font in Tables 2 and 3.

3.2 Experimental Settings for the Comparisons of the Algorithms for
the Service Time Scheduling Subproblem

We demonstrate the effectiveness of the MCS by comparing it with other NLP methods
on a predetermined group of routes. The number of customers in a route varies from 2 to
30, and five routes are conducted randomly for each number of customers. We use C101
data file which includes 100 customers and 1 depot to generate these routes and define
Thax = 4L for all routes, where L is perimeter of the minimum bounding rectangle of the
101 nodes.

We performed preliminary experiments for hyper-parameter tuning for all the algo-
rithms to determine the best-performing ones. The following parameters are used in the
MCS: o = 10, aumin = 1 and ||€j]| = 0.01. For the IpOpt solver, we use the default settings
(as it generally gives the best results) where the IpOpt solver terminates when the NLP
optimality error becomes smaller than 103, For the MMA, SLSQP, COBYLA and ISRES
methods available from Johnson (2019), we set the relative tolerance on function value as
107 and the maximum wall-clock time as 1 second, so the algorithm stops before 1 second
if the increase in the function value from one iteration to next relative to the function value
is less than 1077, For the NOMAD and CS methods available in Abramson et al. (2019),
we set the maximum wall-clock time as 1 second, the direction type as OrthoMADS_2N
for the NOMAD method and GPS_2N_STATIC for the CS method, we refer readers to
Audet et al. (2009) for more details about these parameters.



Table 1: Results Comparing Three Exact Methods on Instances with 6 Customers

SCIP BBC Enhanced BBC
Instance z* Time(s) z* Time(s) z* Time(s)
C6/70/2 15.88 34.2 15.88 25.9 15.88 0.4
C6/140/2 30.25 79.1 30.25 47.7  30.25 2.0
C6/210/2 40.90 225.4 40.90 60.8 40.90 4.7
C6/280/2 48.01 453.5 48.01 53.8  48.01 10.2
C6/70/3 20.66 25.6 20.66 13.0 20.66 0.9
C6/140/3 40.91 50.5 40.91 18.4 4091 1.0
C6/210/3 52.74 68.5 52.74 22.8 52.74 3.4
C6/280/3 59.52 89.6 59.52 20.0 59.52 2.2
C6/70/4 25.25 11.1 25.25 6.5 25.25 0.5
C6/140/4  48.52 10.1 48.52 6.9  48.52 0.9
C6/210/4  60.83 17.7  60.83 5.1 60.83 1.1
C6/280/4  66.82 18.2 66.82 4.9 66.82 1.1
C6/70/5 29.28 5.8 29.28 1.4 29.28 0.2
C6/140/5 54.99 2.8 54.99 1.4 54.99 0.3
C6/210/5 66.57 2.7 66.57 1.9 66.57 0.3
C6/280/5  T1.71 18 7171 1.6 7171 0.4
Avg 456.80 68.5  45.80 18.8  456.80 1.9
R6/144/2  35.67 51.0 35.67 28.4  35.67 0.3
R6/288/2 52.98 121.2 52.98 52.1 52.98 3.4
R6/432/2  60.98 173.2 60.98 60.2 60.98 7.8
R6/576/2  63.70 155.6 63.70 53.9 63.70 14.1
R6/144/3  45.58 43.1 45.58 19.1 45.58 0.5
R6/288/3  63.83 42.5 63.83 20.3 63.83 2.0
R6/432/3  68.66 50.8 68.66 24.9 68.66 4.0
R6/576/3  69.85 47.2 69.85 214  69.85 5.5
R6/144/4 52.21 14.5 52.21 4.6 52.21 0.6
R6/288/4  69.09 10.0  69.09 4.7 69.09 1.2
R6/432/4 72.29 12.7 72.29 4.5 72.29 1.9
R6/576/4 72.85 15.4 72.85 4.9 72.85 2.7
R6/144/5 58.05 4.6 58.05 1.1 58.05 0.5
R6/288/5 72.50 4.9 72.50 1.0 72.50 0.7
R6/432/5 74.72 4.7 74.72 1.0 74.72 0.8
R6/576/5 75.08 4.5 75.08 1.2 75.08 1.2
Avg 63.00 47.2  63.00 19.0  63.00 2.9




Table 2: Results Comparing Three Exact Methods on Instances with 9 Customers

SCIP BBC Enhanced BBC
Instance s Zub Gap Time(s) 21 Zub Gap Time(s) S Zub Gap Time(s)
C9/116/2 35.69 87.03  143.9% 7200.0 36.32 88.69  144.2% 7200.0 36.32 36.32 0.0% 2.9
C9/232/2 62.29 128.27  105.9% 7200.0 62.98 128.27  103.7% 7200.0 63.68 63.69 0.0% 196.2
C9/348/2 80.32 133.73 66.5% 7200.0 80.25 135.09 68.3% 7200.0 80.57 85.60 6.2% 7200.0
C9/464/2 89.48 135.92 51.9% 7200.0 90.35 136.54 51.1% 7200.0 90.53 109.26  20.7% 7200.0
C9/116/3 46.28 86.98 87.9% 7200.0 45.73 88.69 94.0% 7200.0 46.47 46.47 0.0% 6.9
C9/232/3 77.69 128.27 65.1% 7200.0 80.73 128.27 58.9% 7200.0 81.46 81.47 0.0% 862.7
C9/348/3 96.00 135.09 40.7% 7200.0 98.34 135.09 37.4% 7200.0 98.78 101.73 3.0% 7200.0
C9/464/3 106.48 136.54 28.2% 7200.0 106.63 136.54 28.0% 7200.0 106.82 127.48 19.3% 7200.0
C9/116/4 56.44 56.44 0.0% 5990.7 56.40 88.65 57.2% 7200.0 56.44 56.44 0.0% 15.1
C9/232/4 94.26 126.24 33.9% 7200.0 95.06 128.27 34.9% 7200.0 95.26 95.27 0.0% 565.9
C9/348/4 110.36 134.16 21.6% 7200.0 110.70 135.09 22.0% 7200.0 110.96 110.97 0.0% 1647.5
C9/464/4 106.23  136.54 28.5% 7200.0 116.85  136.54 16.9% 7200.0 116.98 116.99 0.0% 6840.9
C9/116/5 66.17 66.17 0.0% 2138.5 66.17 66.18 0.0% 3807.7 66.17 66.18 0.0% 24.0
C9/232/5 105.12 121.45 15.5% 7200.0 105.21 105.21 0.0% 4792.3 105.21  105.22 0.0% 381.0
C9/348/5 117.78 134.17 13.9% 7200.0 118.94 118.95 0.0% 4600.5 118.94 118.95 0.0% 1117.9
C9/464/5 117.25 136.54 16.5% 7200.0 123.00 123.01 0.0% 3882.4 123.00 123.01 0.0% 1601.0
Avg 85.49 117.72 45.0% 6808.08 87.10 117.44 44.8% 6467.7 87.35 90.31 3.1% 2628.9
R9/176/2 40.23 87.53 117.6% 7200.0 39.72 92.54  133.0% 7200.0 40.39 40.39 0.0% 5.2
R9/352/2 61.99 102.94 66.0% 7200.0 64.28 104.10 62.0% 7200.0 64.92 64.92 0.0% 2451.3
R9/528/2 70.28  105.05 49.5% 7200.0 72.99  105.05 43.9% 7200.0 73.99 87.73  18.6% 7200.0
R9/704/2 76.13 105.00 37.9% 7200.0 75.80 105.17 38.7% 7200.0 76.71 93.19 21.5% 7200.0
R9/176/3 56.12 90.50 61.3% 7200.0 55.63 92.54 66.3% 7200.0 56.12 56.12 0.0% 12.6
R9/352/3 79.23 103.32 30.4% 7200.0 80.09 104.10 30.0% 7200.0 80.09 80.10 0.0% 3517.1
R9/528/3 81.14  105.05 29.5% 7200.0 84.31  105.05 24.6% 7200.0 86.45 93.63 8.3% 7200.0
R9/704/3 85.83 105.17 22.5% 7200.0 87.47 105.17 20.2% 7200.0 87.47 98.33 12.4% 7200.0
R9/176/4 65.99 65.99 0.0% 2682.7 65.62 92.54 41.0% 7200.0 65.99 65.99 0.0% 166.7
R9/352/4 88.46 102.66 16.1% 7200.0 88.12 104.10 18.1% 7200.0 88.46 88.47 0.0% 1797.8
R9/528/4 91.69  104.76 14.3% 7200.0 91.72  105.05 14.5% 7200.0 92.57 92.58 0.0% 2832.4
R9/704/4 92.19 105.17 14.1% 7200.0 93.20 105.17 12.8% 7200.0 93.20 93.21 0.0% 5808.0
R9/176/5 74.14 74.14 0.0% 3377.5 74.14 74.15 0.0% 4677.4 74.14 74.15 0.0% 74.8
R9/352/5 88.46 102.66 16.1% 7200.0 93.92 93.93 0.0% 4224.3 93.92 93.93 0.0% 560.3
R9/528/5 96.29  102.67 6.6% 7200.0 96.29 96.30 0.0% 3923.0 96.29 96.30 0.0% 895.5
R9/704/5 96.39 105.15 9.1% 7200.0 96.55 96.56 0.0% 3972.1 96.55 96.56 0.0% 1243.6
Avg 77.79 97.99  80.7%  6678.76 78.74 98.84 31.6% 6449.8 79.20  82.28 3.8% 3010.4




Table 3: Results Comparing Three Exact Methods on Instances with 25 Customers

SCIP BBC Enhanced BBC
Instance Z1p Zub Gap Time(s) Z1b Zub Gap Time(s) B Zub Gap Time(s)
C25/130/2 60.92 317.85 421.71% 7200.0 62.03 317.85 412.4% 7200.0 59.34 74.02 24.7% 7200.0
C25/260/2 95.72 430.34 349.59% 7200.0 102.17 430.33 321.2% 7200.0 122.40 145.37 18.8% 7200.0
C25/390/2 153.47 447.92 191.87% 7200.0 120.11 447.92 272.9% 7200.0 168.38 224.03 33.0% 7200.0
C25/520/2 180.64 451.31 149.84% 7200.0 127.45 451.31 254.1% 7200.0 199.68 236.35 18.4% 7200.0
C25/130/3 71.12 317.85 346.91% 7200.0 87.43 317.85 263.5% 7200.0 85.33 109.74 28.6% 7200.0
C25/260/3 134.39 430.33 220.20% 7200.0 137.95 430.33 211.9% 7200.0 167.26 195.53 16.9% 7200.0
C25/390/3 189.96 447.92 135.80% 7200.0 159.39 447.92 181.0% 7200.0 215.61 252.67 17.2% 7200.0
C25/520/3 227.10 451.30 98.72% 7200.0 167.63 451.31 169.2% 7200.0 250.22 296.36 18.4% 7200.0
C25/130/4 87.29 317.85 264.14% 7200.0 102.97 317.85 208.7% 7200.0 102.68 139.19 35.6% 7200.0
C25/260/4 167.85 430.34 156.38% 7200.0 170.11 430.33 153.0% 7200.0 192.78 234.26 21.5% 7200.0
C25/390/4 213.86 447.92 109.44% 7200.0 196.64 447.92 127.8% 7200.0 246.15 366.80 49.0% 7200.0
C25/520/4 255.27 451.32 76.80% 7200.0 206.55 451.31 118.5% 7200.0 270.04 429.75 59.1% 7200.0
C25/130/5 97.86 317.85 224.80% 7200.0 115.52 317.85 175.2% 7200.0 119.61 162.42 35.8% 7200.0
C25/260/5 189.25 430.33 127.39% 7200.0 192.01 430.33 124.1% 7200.0 224.62 266.59 18.7% 7200.0
C25/390/5 24591 447.92 82.15% 7200.0 221.29 447.92 102.4% 7200.0 271.47 422.02 55.5% 7200.0
C25/520/5 283.68 451.30 59.09% 7200.0 232.13 451.31 94.4% 7200.0 303.75 451.31 48.6% 7200.0
Avg 165.89  411.85 188.43% 7200.0 150.08  411.85 199.4% 7200.0 187.46 250.40 31.2% 7200.0
R25/240/2 32.59 303.60 831.47% 7200.0 64.72 303.60 369.1% 7200.0 77.12 79.59 3.2% 7200.0
R25/480/2 82.53 322.40 290.67% 7200.0 90.09 322.40 257.9% 7200.0 124.86 150.88 20.8% 7200.0
R25/720/2 104.75 323.41 208.74% 7200.0 94.14 323.41 243.5% 7200.0 145.95 199.02 36.4% 7200.0
R25/960/2 94.48 323.48 242.39% 7200.0 94.66 323.48 241.7% 7200.0 158.29 234.43 48.1% 7200.0
R25/240/3 73.00 303.61 315.90% 7200.0 91.54 303.60 231.6% 7200.0 103.68 115.36 11.3% 7200.0
R25/480/3 131.31 322.40 145.53% 7200.0 141.80 322.40 127.4% 7200.0 164.02 197.97 20.7% 7200.0
R25/720/3 145.26 323.41 122.64% 7200.0 154.08 323.41 109.9% 7200.0 170.60 298.91 75.2% 7200.0
R25/960/3 144.33 323.49 124.13% 7200.0 156.86 323.48 106.2% 7200.0 172.43 323.48 87.6% 7200.0
R25/240/4 81.00 303.60 274.82% 7200.0 120.92 303.60 151.1% 7200.0 126.02 150.89 19.7% 7200.0
R25/480/4 161.19 322.39 100.01% 7200.0 177.98 322.40 81.1% 7200.0 175.47 297.17 69.4% 7200.0
R25/720/4 188.53 323.40 71.54% 7200.0 191.83 323.41 68.6% 7200.0 201.27 323.41 60.7% 7200.0
R25/960/4 98.41 323.48 228.70% 7200.0 194.70 323.48 66.1% 7200.0 193.57 323.48 67.1% 7200.0
R25/240/5 102.51 303.60 196.16% 7200.0 139.49 303.60 117.6% 7200.0 143.08 214.78 50.1% 7200.0
R25/480/5 157.68 322.40 104.47% 7200.0 205.82 322.40 56.6% 7200.0 197.44 319.40 61.8% 7200.0
R25/720/5 194.04 323.40 66.67% 7200.0 221.34 323.41 46.1% 7200.0 219.05 323.41 47.6% 7200.0
R25/960/5 - - - 7200.0 224.30 323.48 44.2% 7200.0 224.28 323.48 44.2% 7200.0
Avg 119.44 817.87  221.59% 7200.0 142.66  317.87 151.6% 7200.0 158.19  236.81 45.8% 7200.0

- indicates that SCIP did not find a solution within 2 hours.
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3.3 Detailed Results of the Heuristic Method ILS-MCS

3.3.1 Detailed Results of ILS-MCS and ILS-IpOpt on Small Instances (6, 9

and 25 Customers)

The results of heuristic methods ILS-MCS and ILS-IpOpt on instances with 6, 9 and 25
customers are shown in Tables 4-6, we also list the results of the enhanced BBC in these
three tables for easy comparison. Boldface letters are used to indicate the best found

objective value of each instances.

3.3.2 Detailed Results of ILS-MCS on Large Instances (50, 75 and 100 Cus-

tomers)

In Tables 7-9, we detail the results from the enhanced BBC, ILS-IpOpt and ILS-MCS for
instances with 50, 75 and 100 customers. Boldface letters are used to indicate the best

found objective value of each instances.
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3.4 Modified Objective Function

Theoretically, the enhanced BBC framework can be adapted to solve the problem where
objective function is twice continuously differentiable. Furthermore, this framework can
tackle a more general objective function as long as the nonlinear model [SSP] can be solved
to optimality. Although the inequalities proposed for estimating the upper bound of the
objective value should be revised based on the form of the chosen objective function, we
can still employ the linear estimation technique to derive an upper bound.

To derive an upper bound of the modified objective function in terms of arrival time,
the inequality (29) in the [EnMP] is revised accordingly. Here we use a simple linear
estimation >, o (piYiv — $-aiw) as the term on the right hand side of inequality (29).
Because the profit will never decrease to zero when the arrival time increases in the case of
the modified objective function described in Section 6.5, we set a rule that each customer
becomes unprofitable when its profit decreases to 1073, Therefore, the value of D; is set
to —In(1073/p;)/d;. With the changes indicated above, the enhanced BBC framework can
be used to solve the problem with the modified objective function.

The instances, which were used for the original experiments in this case, are modified
by changing the value of delay ratio d; in the small size instances used for the original
objective function. More specifically, we use diE P and diLi” to denote the delay ratio in
the exponentially decreasing profit function and the linearly decreasing profit function,
respectively. The value of d”*? is computed as — In(1073/p;)/(pi/d*™). When the profit
of a customer decreases to 1073, we assume that the profit is zero. Thus, changing the
delay ratio this way could keep the deadline of each customer unchanged.

Tables 10-12 show the results obtained by different methods for instances with 6, 9 and
25 customers under the modified objective function. We note that the column “Gap” for
ILS-MCS is computed by (z. — Avg.Obj)/Avg.Obj x 100%. Boldface letters are used to
indicate the best found objective value of each instances. To validate the results obtained by
the enhanced BBC, SCIP is employed for the instances with 6 customers. The computing
time is set to 4 hours for SCIP and the enhanced BBC, the other parameters of the
enhanced BBC and the ILS-MCS are the same as in the experiments for the original

objective function.
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Table 10: Results of the Exact and Heuristic Methods on the Instances with 6 Customers
When the Profit Decreases Exponentially with Arrival Time

SCIP Enhanced BBC ILS-MCS

Instance 21b Zub Gap Time 21b Zub Gap Time Best ‘Worst Avg. Std. Gap Avg.

(s) (s) Obj Obj Obj Dev Time(s)
C6/70/2 14.65 14.65 0.00% 22.26 14.65 14.65 0.0% 0.12 14.65 14.65 14.65 0.00 0.0% 0.04
C6/140/2 26.18 26.18  0.00% 51.37 26.18 26.18 0.0% 4.00 26.18 26.18 26.18 0.00  0.0% 0.03
C6/210/2 31.63 31.63 0.00% 133.64 31.63 31.63 0.0% 5.61 31.63 31.63 31.63 0.00 0.0% 0.03
C6/280/2 34.21 34.21  0.00% 229.33 34.21 34.21 0.0% 11.50 34.21 34.21 34.21 0.00 0.0% 0.03
C6/70/3 18.27 18.27  0.00% 17.94 18.27 18.27 0.0% 0.61 18.27 18.27 18.27 0.00 0.0% 0.05
C6/140/3  32.97 32.97  0.00% 49.38  32.97 32.97 0.0% 295 32.97 32.97 32.97 0.00 0.0% 0.06
C6/210/3  39.56 39.56  0.00% 132.42 39.56 39.56 0.0% 5.09 39.56 39.56 39.56 0.00 0.0% 0.06
C6/280/3 42.53 42,53  0.00% 204.06 42.53 42.53 0.0% 7.88 42.53 42.53 42.53 0.00  0.0% 0.05
C6/70/4 21.83 21.83  0.00% 10.56 21.83 21.83 0.0% 097 21.83 21.83 21.83 0.00 0.0% 0.09
C6/140/4  39.49 39.49  0.00% 24.62 39.49 39.49 0.0% 2.85 39.49 39.49 39.49 0.00 0.0% 0.06
C6/210/4  46.92 46.92  0.00% 33.99 46.92 46.92 0.0% 3.66 46.92 46.92 46.92 0.00 0.0% 0.05
C6/280/4 50.28 50.28  0.00% 42.97 50.28 50.28 0.0% 6.53 50.28 50.28 50.28 0.00 0.0% 0.08
C6/70/5 25.25 25.25  0.00% 3.63 25.25 25.25 0.0% 0.49 25.25 25.25 25.25 0.00 0.0% 0.04
C6/140/5 45.65 45.65  0.00% 3.7 45.65 45.65 0.0% 0.97 45.65 45.65 45.65 0.00  0.0% 0.05
C6/210/5 54.17 54.17  0.00% 2.98 54.17 54.17  0.0% 1.08 54.17 54.17 54.17 0.00 0.0% 0.07
C6/280/5 57.87 57.87  0.00% 3.11 57.87 57.87  0.0% 1.10 57.87 57.87 57.87 0.00 0.0% 0.06
Avg 36.34 36.34 0.0% 60.37  36.34 36.34 0.0% 3.46 36.34 86.34  36.34 0.00 0.0% 0.05
R6/144/2 31.34 31.34  0.00% 29.43 31.34 31.34 0.0% 1.00 31.34 31.34 31.34 0.00  0.0% 0.10
R6/288/2 39.23 39.23  0.00% 64.04 39.23 39.23 0.0% 11.11  39.23 39.23 39.23 0.00 0.0% 0.09
R6/432/2  40.68 40.68 0.00% 102.51 40.68 40.68 0.0% 31.32 40.68 40.68 40.68 0.00 0.0% 0.16
R6/576/2 41.04 41.04  0.00% 98.63 41.04 41.04 0.0% 52.88 41.04 41.04 41.04 0.00 0.0% 0.71
R6/144/3  39.05 39.05  0.00% 21.91 39.05 39.05 0.0% 2.13 39.05 39.05 39.05 0.00 0.0% 0.08
R6/288/3 48.99 48.99  0.00% 31.32 48.99 48.99 0.0% 12.21 48.99 48.94 48.98 0.02 0.0% 0.10
R6/432/3 50.86 50.86  0.00% 36.62 50.86 50.86 0.0% 29.99 50.86 50.86 50.86 0.00  0.0% 0.15
R6/576/3 51.16 51.16  0.00% 64.87 51.16 51.16 0.0% 35.40 51.16 50.74 50.99 0.23  0.0% 0.74
R6/144/4 45.78 45.78  0.00% 8.56 45.78 45.78 0.0% 2.25 45.78 45.78 45.78 0.00 0.0% 0.05
R6/288/4 56.80 56.80  0.00% 10.53 56.80 56.80 0.0% 4.89 56.80 56.80 56.80 0.00 0.0% 0.08
R6/432/4 58.35 58.35  0.00% 21.99 58.35 58.35 0.0% 8.03 58.35 58.35 58.35 0.00 0.0% 0.11
R6/576/4 58.61 58.61  0.00% 13.75 58.61 58.61 0.0% 14.22 58.61 58.61 58.61 0.00 0.0% 0.51
R6/144/5 49.95 49.95  0.00% 1.73  49.95 49.95 0.0% 0.97 49.95 49.95 49.95 0.00  0.0% 0.05
R6/288/5 61.54 61.54 0.00% 0.84 61.54 61.54  0.0% 1.82 61.54 61.54 61.54 0.00 0.0% 0.06
R6/432/5 63.12 63.12  0.00% 0.8 63.12 63.12 0.0% 1.64 63.12 63.12 63.12 0.00 0.0% 0.08
R6/576/5 63.39 63.39  0.00% 6.3 63.39 63.39 0.0% 1.34 63.39 63.39 63.39 0.00 0.0% 0.38
Avg 49.99  49.99 0.00 32.11 49.99  49.99 0.00 13.20 49.99 49.96  49.98 0.02 0.00 0.22

19



Table 11: Results of the Exact and Heuristic Methods on the Instances with 9 Customers
When the Profit Decreases Exponentially with Arrival Time

Enhanced BBC ILS-MCS

Instance 21b Zub Gap Time Found Best Worst Avg. Std. Gap Avg

(s) Time(s) Obj Obj Obj Dev Time(s)
C9/116/2  31.36 31.36 0.0% 4.12 253 31.36 31.36 31.36 0.00 0.0% 0.16
C9/232/2 46.13 46.13 0.0% 227.70 11.45 46.13 46.13 46.13 0.00 0.0% 0.16
C9/348/2 50.24  50.24 0.0% 1064.86 892.40 50.24 50.24  50.24  0.00 0.0% 0.19
C9/464/2 51.17 51.17 0.0% 1069.13 841.15 51.17 51.17 51.17 0.00 0.0% 0.22
C9/116/3 42.26  42.26 0.0% 11.29 1.32  42.26 42,26 42.26  0.00 0.0% 0.14
C9/232/3 60.77  60.77 0.0% 269.36 217.67 60.77  60.77  60.77  0.00 0.0% 0.18
C9/348/3 65.72  65.73 0.0% 870.92 662.31 65.72 65.72  65.72  0.00 0.0% 0.23
C9/464/3 66.85  66.85 0.0% 1959.92 1959.91 66.85 66.85  66.85  0.00 0.0% 0.23
C9/116/4  49.69 49.69 0.0% 22.42 18.38  49.69 49.69 49.69 0.00 0.0% 0.18
C9/232/4 72.73  72.73 0.0% 291.05 371.29 72.73 72.73  72.73  0.00 0.0% 0.18
C9/348/4 76.83  76.83 0.0% 935.63 742.54 76.83 76.83  76.83  0.00 0.0% 0.27
C9/464/4 T7.86  T77.86 0.0% 1819.32 1288.20 77.86 77.86  77.86  0.00 0.0% 0.23
C9/116/5 55.70  55.70 0.0% 35.73 15.69 55.70 55.70  55.70  0.00 0.0% 0.18
C9/232/5 80.83  80.83 0.0% 334.43 212.94 80.83 80.83  80.83  0.00 0.0% 0.21
C9/348/5 85.27  85.28 0.0% 623.97 386.16 85.27  85.27  85.27  0.00 0.0% 0.23
C9/464/5 86.36  86.36 0.0% 1114.74 131.22 86.36 86.36  86.36  0.00 0.0% 0.27
Avg 62.49  62.49 0.0% 665.91 484.70  62.49  62.49 62.49  0.00 0.0% 0.20
R9/176/2  34.40 34.40 0.0% 13.42 0.25 34.40 34.40 34.40 0.00 0.0% 0.10
R9/352/2 40.12  40.13 0.0% 856.99 851.94 40.12 40.12  40.12  0.00 0.0% 0.21
R9/528/2 40.98  40.99 0.0% 1694.78 457.14  40.98 40.98  40.98  0.00 0.0% 0.43
R9/704/2 41.12 41.12 0.0% 9818.63 5836.98 41.12 41.10 41.12 0.01 0.0% 0.51
R9/176/3 45.21 45.21 0.0% 64.26 23.77 45.21 45.21 45.21 0.00 0.0% 0.13
R9/352/3 52.99  52.99 0.0% 1522.51 788.92 52.99 52.99 5299  0.00 0.0% 0.22
R9/528/3 53.93  53.93 0.0% 3575.88 2793.64 53.93 53.93  53.93  0.00 0.0% 0.34
R9/704/3 54.04 76.65 41.8%  14400.10 8833.69 54.04 54.04  54.04 0.00 41.8% 0.40
R9/176/4 53.23  53.23 0.0% 101.26 53.06 53.23 53.23  53.23  0.00 0.0% 0.16
R9/352/4 62.01  62.02 0.0% 1944.43 1219.53  62.01 62.01  62.01 0.00 0.0% 0.20
R9/528/4 62.86 62.86 0.0% 3102.69 2473.74  62.86 62.86  62.86  0.00 0.0% 0.37
R9/704/4 62.96 76.41  21.4%  14400.10 1292250 62.96 62.96 62.96 0.00 21.4% 0.51
R9/176/5 60.67  60.67 0.0% 105.15 101.79 60.67  60.67  60.67  0.00 0.0% 0.17
R9/352/5 69.08  69.09 0.0% 1021.88 874.24  69.08 69.08  69.08  0.00 0.0% 0.19
R9/528/5 69.85  69.85 0.0% 1364.38 1070.18 69.85 69.85  69.85  0.00 0.0% 0.27
R9/704/5 69.95  69.96 0.0% 6089.51 5914.70  69.95 69.95 69.95 0.00 0.0% 0.53
Avg 54.59  56.84 4.0% 3754.75 2763.50  54.59  54.59  54.59  0.00 4.0% 0.30
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Table 12: Results of the Exact and Heuristic Methods on the Instances with 25 Customers
When the Profit Decreases Exponentially with Arrival Time

Enhanced BBC ILS-MCS
Instance Z1p Zsb Gap Found Best Worst Avg. Std. Gap Avg.

Time(s) Obj Obj Obj Dev Time(s)
C25/130/2 56.21 66.75 18.7% 52.68 56.46 54.65 55.74 0.99 19.8% 0.55
(C25/260/2 54.72 135.42 147.5% 3.72 95.35 95.35 95.35 0.00 42.0% 0.86
C25/390/2 94.73 189.39 99.9% 6026.02 113.36 113.36 113.36 0.00 67.1% 1.19
C25/520/2 48.36 231.01 377.7% 6.22 119.13 118.97 119.10 0.07 94.0% 3.08
C25/130/3 77.76 92.27 18.7% 9416.93 77.76 77.49 77.64 0.14 18.8% 0.69
C25/260/3  116.13 179.96 55.0% 10645.70 126.19 126.19 126.19 0.00 42.6% 1.02
C25/390/3 72.36 242.47 235.1% 3.55 143.42 143.42 143.42 0.00 69.1% 1.92
C25/520/3 130.14  332.88 155.8% 3159.38  148.20 148.05 148.17  0.07 124.7% 4.28
C25/130/4 90.75 114.99 26.7% 12552.00 94.93 94.86 94.88 0.03 21.2% 1.00
C25/260/4 118.95 223.79 88.1% 755.06 150.51 150.46 150.49 0.03 48.7% 2.54
C25/390/4  137.34 343.53 150.1% 6994.81 168.08 167.33 167.90 0.32 104.6% 4.08
C25/520/4 91.42 391.40 328.1% 101.82 172.37 171.64 172.22 0.33 127.3% 5.88
C25/130/5 97.26 142.22 46.2% 6952.19 110.55 110.44 110.48 0.06 28.7% 1.47
C25/260/5 120.37 328.35 172.8% 3417.73  171.72 171.72 171.72 0.00 91.2% 1.90
C25/390/5 157.40 388.42 146.8% 10230.60 188.93 188.40 188.70 0.23 105.8% 3.59
C25/520/5 107.23 391.40 265.0% 86.16 192.84 192.23 192.62 0.23 103.2% 3.96
Avg 98.20  237.14 145.8% 4400.29 183.11  182.79 183.00 0.16 69.3% 2.37
R25/240/2 54.27 80.00 47.4% 1271.20 55.93 55.93 55.93 0.00 43.0% 0.44
R25/480/2 43.03 147.39 242.5% 7539.86 70.47 70.47 70.47 0.00 109.1% 0.96
R25/720/2 24.48 197.12 705.4% 1089.96 72.28 72.28 72.28 0.00 172.7% 5.52
R25/960/2 29.15 265.41 810.4% 12975.80 72.46 72.45 72.46 0.01 266.3% 6.06
R25/240/3 72.99 112.12 53.6% 3053.14 75.48 75.48 75.48 0.00 48.5% 0.60
R25/480/3 77.41 240.65 210.9% 9037.75 90.97 90.97 90.97 0.00 164.5% 2.01
R25/720/3 64.43  265.35 311.8% 2377.60 92.69 92.68 92.68  0.01 186.3% 6.70
R25/960/3 22.60 265.41 1074.2% 12740.80 92.84 92.82 92.84 0.01 185.9% 11.61
R25/240/4 80.62 144.59 79.4% 9111.92 93.08 92.74 93.01 0.15 55.5% 1.09
R25/480/4 80.67 264.48 227.9% 10623.90 109.35 109.11 109.29 0.10 142.0% 2.45
R25/720/4 48.86  265.35 443.0% 7089.84 110.80 110.67  110.77  0.06  139.5% 9.99
R25/960/4 43.68  265.41 507.6% 8.78 110.92 110.82 110.88  0.04  139.4% 8.88
R25/240/5 98.37 175.27 78.2% 8822.56 109.62 107.75 108.65 0.90 61.3% 2.88
R25/480/5 59.05 264.48 347.9% 56.23 126.09 125.93 126.05 0.07 109.8% 3.50
R25/720/5 42.20 265.35 528.8% 8838.92 127.43 126.53 127.06 0.48 108.8% 9.23
R25/960/5 72.49 265.41 266.1% 13077.20 127.55 126.63 127.02 0.45 109.0% 10.82
Avg 57.14 217.74 870.9% 6732.22 96.12 95.83 95.99 0.14 127.6% 5.17
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