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1 An example for the REVRP-LPCP

The REVRP-LPCP integrates EV and robot routing, customer selection, and locker utilization into an
innovative solution for last-mile delivery logistics. Fig. [1]illustrates an example of the problem visually. The
first EV starts from the depot, visits customers 7, 11, and 10 directly (home-delivery service), recharges at a
CS between customers 7 and 11, and returns to the depot. Also, this EV drops off two SADRs at customer
node 7, and these robots serve customers 8 and 9 (home delivery via robots) and return to the same EV.
The second EV also starts from the central depot and visits customers 1 and 2, one CS, and a locker before
returning to the depot. A SADR serves customer 3 with the drop-off point of customer 2. Also, customers
4, 5, and 6 collect their orders from the locker (self-collection service) visited by the second EV. In this
example, customers 12, 13, and 15 are not served and are left isolated for next-day delivery. The EVs visit
two out of four CSs, and only one of two lockers is open in the delivery planning. Notably, all customers,
except 12, 13, and 15, are served on the same day (planning period).
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Figure 1: A schematic example of REVRP-LPCP with fifteen customers

2 Notations of the REVRP-LPCP’s model

The notations, parameters, and decision variables of the REVRP-LPCP’s mathematical model are provided
in Table 1

3 Problem-specific improvement operators

This section explains the proposed improvement operators applied after destroy and repair operators within
the LNS-SA, with associated algorithms. It is essential to mention that when the customer i node is
considered a dispatching point for a robot to serve nearby customers, the total demands at customer ¢ is
the sum of its demands and the demands served by the robots dispatching from customer ¢. This updated
demand for a customer node 7 is represented by ¢} to avoid confusion with ¢;. Also, q} is defined for each
locker: Equals the sum of the demands assigned to the locker j € L. So, q; = 0 for a locker j means this
locker is not open. Also, ¢ > ¢; for a customer node i € C' means this customer is a dispatching point for



Table 1: Notation, parameters, and variables of REVRP-LPCP

Sets:

{0} The Central depot

{N + 1} The dummy of central depot

v Set of all nodes; V ={0fUCUFULU{N + 1}

% Set of customer, CSs, and locker nodes; V' = CUF U L

C Set of customers or demand nodes

F Set of CSs and their dummies

L Set of available lockers

A Set of arcs; A= {(¢,7) :1 € V\{N +1},j € V\{0}}
K Set of available EVs located at the depot

Parameters

N Number of customer, CS, and locker nodes; N = |[V'| = |C] + |F| + |L]
Q Maximum load capacity of EV

B Maximum battery capacity of EV

r Battery consumption rate of EV

g Battery recharging rate of EV

F utilization cost of an EV

v Driving speed of an EV

m Maximum number of robots (SADRs) in each EV

B’ Maximum battery capacity of robot

r’ Battery consumption rate of robot

v Driving speed of a robot

Q' Maximum accommodation capacity of locker

D Maximum coverage range of locker

w Opening cost of a single locker

Si Service time for an EV or a robot at node i € V'

% Service time for loading/unloading the parcels at parcel i € L

qi Demand quantity at customer node i € C

dij Distance between nodes (i,j) € A

Cij Traveling cost of EV from node 7 to j; (4,5) € A

tij Traveling time of EV from node i to j; (4,5) € A and t;; = dij/v

Cij Traveling cost of robot from node i to j; i,j € V

i Traveling time of robot from node i to j; (¢,7) € A and ¢;; = ds; /v’

a Minimum proportion of demands that need to be fulfilled.

B = 1 if demand node 7 € C must be served via an EV, robot, or locker; 0 otherwise.
Decision variables:

Tijk = 1 if the EV k € K travels the arc between nodes i,5 € V, 0 otherwise.
Yijk = 1 if a robot serves the customer i € C, dispatched from the EV k € K at the customer

node (drop-off point) j € C, 0 otherwise; the customer i € C served by the EV k € K is
indicated by yiix = 1.

Zijk = 1 if the customer ¢ € C is served by the locker j € L, visited by the EV k € K; 0 otherwise.
The opened locker j € L is denoted by z;;, = 1.

bik EV’s (k € K) remaining battery Upon reaching node ¢ € V'

fijk Total load of EV k € K after departing from node i € V' and moving towards node j € V'

Tik EV’s (k € K) arrival time at node i € V

W; Waiting time of an EV at customer node i € C; if customer node ¢ is a drop-off point for

the robots, w; will include the time that the EV must wait to collect the dispatched robots
at the same location (i.e., place of customer 7).




the robots to serve nearby customers. Moreover, the following notations explain the operators: Suppose the
predecessor and successor nodes of node ¢ on the same route are a and b, respectively. Also, the predecessor
and successor nodes of node j on the same route are d and e, respectively.

3.1 1-1 node_exchange

This operator swaps the positions of the customers and lockers on the routes. This operator evaluates a
possible better swap of every pair of the customers or lockers on the routes in the first-improvement fashion,
meaning that the first move (swap), which improves the objective function value, is applied on a node.
Then, the operator goes to the next node, and a similar process is repeated. Only the EV traveling costs
are compared to evaluate the current and new solutions. If the nodes i and j are swapped, the difference
between the current and new EV traveling costs will be: AZ = ¢4 + ¢ip + €gj + Cje — (Caj + Cjp + Cai + Cie). IE
AZ is positive, the new route is checked by two functions of Q_violation (See Alg. [l)) and B_violation (See
Alg. [2). It is accepted if the new route is not infeasible based on Q-violation and B_violation functions.
Notably, if the 1-1 node_exchange operator chooses two nodes from the same route (intra-route), there is no
need to check with @Q_violation function. For example, in Fig. [2] nodes 2 and 5 are swapped to improve the
current solution.

Algorithm 1 The Q_violation algorithm for checking the feasibility of a solution regarding @

1: Input: Current EV routes, allocation of customers to lockers, and updated ¢},Vi € C'U L.
2: Q_violation < 0

3: for Each route do

4 Cumulative_Q + 0

5: for Each customer and locker node 4 on the route do

6 Cumulative_Q <+ Cumulative_Q +q,

7 end for

8 if Cumulative_Q> () then

9: Q_violation + 1

10: end if
11: end for

12: if Q_violation= 0 then EV’s load capacity is not violated, and the new move is accepted.
13: end if

14: Output: New routes

—— Current EV routes: {..,1,5,3,..} and {..,4,2,6,..}

- - =» New EV routes: {..,1,2,3,..} and {..,4,5,6,...}

Figure 2: Visualisation of the 1-1 node_exchange improvement operator



Algorithm 2 The B_violation algorithm for checking the feasibility of a solution regarding B
1: Input: Current EV routes, visiting customers, lockers, and CSs.
2: B_violation < 0
3: Remaining-B_arrival[i] < 0 > EV’s remaining battery upon its arrival at node ¢
4: for Each route do

5 for Each node ¢, except the initial depot, on the route do

6 if j € {0} UCS then > Node j is the predecessor of node 7 on the route
7: Remaining-B_arrwal[il<— B —r x dj;

8 else Remaining_B_arrivallil<— Remaining_B_arrival[j|—r x dj;

9: end if

10: if Remaining_B_arrival[i]< 0 then

11: B_violation + 1

12: end if

13: end for

14: end for

15: if B_wiolation= 0 then EV’s battery capacity is not violated, and the new move is accepted.
16: end if
17: Output: New routes

3.2 1-0 node_itnsertion

This operator changes the position of a node on the route, including customers and lockers. The difference
between the EV’s traveling costs is found when evaluating the current and new solutions, presented as follows
(assume node 7 is inserted between the nodes j and k): AZ = cq; + cip + ¢jk — (¢ji + ik + Cap). If AZ >0,
the feasibility of the move is checked by the functions Q_violation and B-violation (Algs. [2f1). The new
move is accepted if there is no violation of @ and B. Notably, there is no need to check the @ violation if
the node is inserted into a position in the same route. In Fig. node two exchanges its current position
(between nodes 1 and 3) to a new position (between nodes 4 and 5).
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- = —=» New EV routes: {..,1,3,..} and {...4,2,5,..}

Figure 3: Visualisation of the 1-0 node_insertion improvement operator

3.3 unprofitable_customer_removal

This operator removes a customer node, which is not a mandatory-to-visit customer or a dispatching point
for a robot, along the route if it is profitable to serve it directly as an EV. The difference between the current
and new solutions are found by new EV traveling cost and collected prizes, calculated as follows: (assuming
node 4 is removed): AZ = cq; + ¢ip — pi — cap- I AZ > 0, the move is accepted if the task completion



parameter of the new route is not violated according to the a_violation function (See Alg. . Notably, there
is a need to apply the Q_violation and B_violation functions for this operator. This operator is shown in
Fig. 4l where Customer 2 is dropped from its current position (between nodes 1 and 3).

Algorithm 3 The a_violation algorithm for checking the feasibility of a solution regarding ’a’

Input: Current EV routes, allocation of customers to lockers, updated ¢;,Vi € C U L, and gr.
a_violation < 0
satisfied_demands<— 0
for Each route do

for Each node i € CUL do

satisfied_demands< satisfied-demands + ¢

end for
end for
if satisfied_demands/qr< a then

a-violation < 1
: end if
. if a_violation= 0 then Tak completion constraint is not violated, and the new move is accepted.
: end if
: Output: New routes

e e =
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— Current EV route: {..,1,2,3,..}

- - -» New EV route: {..,1, 3,..}

Figure 4: Visualisation of the unprofitable_customer_removal improvement operator

3.4 redundant_CS_removal

This operator eliminates the redundant CS node. These CSs are redundant since the EVs can deliver the
orders to the customer or lockers without the need for them for battery recharging. To find the redundant
CSs, each CS from the first to the last routes is removed to see if the EVs can deliver without them. If after
removing the CS j, the battery capacity (by applying the B_violation function) is not violated, the CS j
is removed from its current position. This process is repeated for all CSs until no redundant CS remains.
Notably, removing redundant CSs will reduce the EV’s traveling cost.

3.5 route_merge

This operator calculates the cumulative load of each EV (route); if two routes can be merged without
violating the @, those routes are combined, i.e., the last non-depot node of the first node is connected to
the first non-depot node of the second route. After merging two routes, the repair operator of repair_by_B
is applied to locate the required CSs. This operator could directly reduce the usage cost of EVs.



3.6 set_insertion

This operator is the generalized version of the 1-0 node_insertion by inserting a subset of nodes (more than one
node) to a new position while satisfying the ) and B constraints. The gap between the current and new routes
for the example, given by Flg is computed as AZ = C12 + Co3 +C34 + C45 + Cg7 — (015 + Cgo + Ca3 — C34 — 647)
or Z = c19 + c45 + cg7 — c15 — c2 — ca7. If AZ > 0, the move’s feasibility is checked via the functions
Q-violation and B_violation (Algs. . Acceptance of the new move is contingent upon the absence of Q
and B violations. When inserting a subset into a position within the same route, examining the @) violation
is unnecessary.
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—— Current EV routes: {..,1,2,3,4,5,..} and {..,6,7,...}
- —=> New EV routes: {..,1,5,..} and {...6,2,3,4,7...}

Figure 5: Visualisation of the set_insertion improvement operator

3.7 2-opt

This operator involves extracting two arcs from the routes and reconstructing a closed route with two new
arcs, trying to remove the arcs intersecting. The 2-opt operator is similar to choosing a subset of nodes
(more than one node) and reversing their order along the routes. The subset size is selected randomly, and
the operator finds a better route in the first-improvement fashion. The gap between the cost of the new
and current routes, as shown in Fig. @ is computed as AZ = ¢19 + o3 + ¢34 + 45 — (€14 + Ca3 + 32 — Co5).
By assuming the symmetric EV’s traveling cost matrix (¢;; = ¢j;, Vi, j € V), this gap could be simplified as
Z = c19 + c45 — c14 — co5. If AZ > 0, the feasibility of the move is checked using the functions Q_violation
and B_violation. Acceptance of the new move is subject to not violating the @@ and B. When reversing a
subset within the same route, evaluating @) violation becomes unnecessary.

A,

— Current EV routes: {..,1,2,3,4,5.,..}

- ——=> New EV routes: {..,1,4,3,2,5,..}

Figure 6: Visualisation of the 2-opt improvement operator



3.8 FEV-to-robot

This operator changes the service type of a customer from home delivery via an EV to a robot. The
difference in cost between the new and current routes for the example, depicted in Fig. [7] is calculated as
AZ = c12 + ca3 — (13 + 2 X c5). If AZ > 0, the robot’s battery range (B’) and the number of robots on
the EV (m) are not exceeded, then the move is accepted. This operator must be checked for the @ and B
violations if the customer the robot is assigned to and the customer the robot is dispatched from are not on
the same route. This operator is applied to all customers served by the EV, inserting them into a feasible
robot route while improving the solution’s quality.

EV #1 '/
3 1

--------- » New robot route: {1,2,1}
—— Current EV route: {..,1,2,3,..}

- ——» New EVroute: {..,1,3,..}

Figure 7: Visualisation of the EV-to-robot improvement operator

3.9 FEV-to-locker

This operator changes a customer’s service type from home delivery via an EV to being served by a locker.
This locker must be open, and its coverage range and accommodation capacity must not be violated. The
cost difference between the new and current routes for the example, illustrated in Fig. is computed as
AZ = c134 €3 locker — C1,locker- Due to the assumption of the triangle inequality, this move is accepted if the
locker-related constraints, including D and @Q’, are not violated. However, this operator must be checked for
a violation of ) on the route where the locker is located. This operator applies to all on-route customers,
assigning them to a nearby locker while improving the quality of the solution.

3.10 solated-to-EV_insertion

This function inserts an isolated customer into one of the current EV routes with the best possible im-
provement. The cost difference between the new and current routes, as shown in Fig. [} is calculated as
AZ = c13 — (c12 + ca3 — p2). If AZ > 0 and the load and battery capacity of the EV (Algs. are
not violated, this move is accepted. This operator is applied to all isolated customers, inserting them into
a feasible EV route while improving the objective function. For an example of this operator, in Fig. [J
Customer 2 is inserted into an EV route.

3.11 isolated-to-robot_insertion

This function inserts an isolated customer into a new robot route while satisfying the constraints of B’ and
m for the robot and @ for the EV route. The difference between the cost of new and current routes, for the
example of Fig. is computed as AZ = ¢153 — (2 X |5 — p2). If AZ > 0 and there are no breaches in the



Coverage range of locker
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Figure 8: Visualisation of the EV-to-locker improvement operator

EV #1 - & ~

— Current EV route: {..,1,3,..}

- ——» New EVroute: {..,1,2,3,..}

Figure 9: Visualisation of the isolated-to-EV_insertion improvement operator

load capacity of the EV, battery range of robot (B’), and maximum number of robots on the EV (m), this
move is approved. This operator is applied to all isolated customers, inserting them into a feasible robot
route while improving the solution’s quality.

EV #1 o

--------- » New robot route: {1,2,1}
—— Current EV route: {..,1,3,..}

Figure 10: Visualisation of the isolated-to-robot_insertion improvement operator



3.12 isolated-to-locker_insertion

This function allocates an isolated customer to an open locker, ensuring compliance with the constraints of
D and @’ for the locker and @ for the route in which the locker is located. This move is accepted only if
the locker- and EV-related constraints are not violated (Since the prize for each customer is a positive value,
there is no need to find the cost difference). This operation is applied to all isolated customers, assigning
them to a feasible locker while enhancing the solution’s efficiency.

3.13 locker-to-robot

This function changes the service type of a customer from self-collection by locker to home delivery by the
robot, ensuring adherence to the constraints of B’ and m for the robot and @ for the route where the robot
is dispatched. Notably, this operator selects a customer who is the only customer assigned to the locker. In
other words, if this customer is no longer assigned to the locker, that locker will be deactivated or closed.
The cost difference for the example given by Fig. is found as AZ = ¢1 jocker + Clocker,2 + W — (c12+2 X ¢} 3)
(The opening cost of locker, W is considered in the calculation since the locker will be closed if the move
is accepted). This move is accepted if AZ > 0 and robot- and EV-related constraints are satisfied. This
procedure is performed for all self-serviced customers, serving them by a feasible robot while improving the
solution’s quality. This move does not need to be checked for a @) violation if the customer is served by a
robot dispatching from the same EV route.

I » Coverage range of locker

--------- > New robot route: {1,3,1}

—— Current EV route: {..,1,Locker;2,..}

"""" Current customer assignment (path): 3— Locker
===> New EV route: {..,1,2,..}

Figure 11: Visualisation of the locker-to-robot improvement operator

3.14 locker-to-EV

This function changes a customer’s service method from self-collection by a locker to home delivery by an
EV, ensuring compliance with the constraints of B and @ for the EV route. This operator targets customers
who are the sole customers of the locker. The cost difference in the example given by Fig. [12]is calculated as
AZ = 1 jocker + Clocker,2 + W — (€13 + ¢32), where the opening cost of the locker, W, is factored in since the
locker will be closed if the move is accepted. Approval of this move requires AZ > 0 and compliance with
the EV-related constraints, i.e., @) and B. This procedure applies to all self-serviced customers, transitioning
them to a viable EV service while enhancing the solution’s efficiency. If the customer is served by the same
EV visiting the locker, there’s no need to check for a @ violation.

10
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== -> New EV route: {..,1,3,2,..}

Figure 12: Visualisation of the locker-to-E'V improvement operator

3.15 FEV-to-robot_exchange

This operator exchanges the service type of two customers, one with EV-based home delivery and the other
with robot-based home delivery, dispatching from the former customer’s place, ensuring compliance with the
constraints of B for the EV. Notably, the customer who swatches from EV to robot must not already be a
drop-off point for the robots. Since the robot routes remain the same, the cost difference in the example
presented by Fig. is calculated as AZ = ¢1 3 + ¢34 — (c12 + c24). Additionally, there is no need to check
the battery range of the robot or the EV’s violation for this move. The approval of this move only requires
AZ > 0. This procedure applies to all pairs of customers, one of whom is on the EV route and the other is
served by a robot, thereby improving the quality of the solution.

EV #1
-_—

--------- » Current and new robot route: {3,2,3}
—— Current EV route: {..,1,3,4,..}
- ——> New EV route: {..,1,2/4,..}

Figure 13: Visualisation of the EV-to-robot_exchange improvement operator

3.16 Experimental design for improvement operators ordering

To determine an effective execution order for the 15 improvement operators in our metaheuristic framework,
we adopted a structured trial-and-error approach. Given that a full permutation search over 15! combinations
is computationally infeasible, we first classified the operators into meaningful subsets based on their impact
scope and designed a series of targeted experiments.
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Operator classification strategy

e Operators 1-7: These operators mainly affect the routing and structure of customers served by EVs,
and were ordered based on prior literature using a small-to-large neighborhood strategy. Due to the
factorial complexity (7! = 5040 combinations), we considered them as a unified block and did not test
every permutation.

e Operators 8-15: These operators primarily modify the delivery mode (EV, robot, locker, or isolated)
for customers.

— Operators 8-14: These involve mode changes for a single customer.
x Operators 8-9: Affect EV-served customers.
x Operators 10-12: Affect isolated customers.
x Operators 13—14: Affect locker-served customers.

— Operator 15: This operator affects two customers simultaneously and was treated separately in
later tests.

Step-by-step experimental process

1. We first tested all six permutations of the three customer-mode-related classes (EV-served, isolated,
and locker-served) from Operators 8-14 on the ten large instances (f20c70l10-r1-f40c140120_c2), as
shown in Table We selected the one yielding the lowest average objective value. If the average
objective value was similar, the one with the lower execution time was chosen.

2. Next, we inserted Operator 15 either before or after the previously selected sequence of Operators 8-14
and selected the best of the two options, as presented in Table

3. Finally, we compared the performance of executing Operators 1-7 before vs. after Operators 8-15 to
finalize the global ordering. Each configuration was evaluated on the same set of 10 large instances,
with the average objective value and execution time recorded, as given in Table

Table 2: Evaluation of six combinations of Operators 8-14 (Class Order: EV, Isolated, Locker)

Combination ID Order Average Solution Quality | Average Execution Time (s)
C1 [EV, Isolated, Locker] 2778.54 72.64
C2 [EV, Locker, Isolated] 2778.54 73.50
C3 [Isolated, EV, Locker] 2787.13 72.94
C4 [Isolated, Locker, EV] 2793.22 70.27
C5 [Locker, EV, Isolated] 2785.90 73.65
C6 [Locker, Isolated, EV] 2790.55 72.29

Table 3: Evaluation of Operator 15 placement relative to Operators 8-14
Combination ID | Order (8-14 vs. 15) | Average Solution Quality | Average Execution Time (s)
P1 8-14 before 15 2721.54 80.54
P2 15 before 8-14 2740.11 78.55

Through this structured and hierarchical design, we significantly reduced the complexity of testing all pos-
sible operator permutations, while ensuring that the selected operator order delivers high-quality solutions.
The selected ordering (1-15) was empirically verified to outperform all other tested sequences.

12



Table 4: Global ordering: Operators 1-7 vs. Operators 8-15
Combination ID | Order (1-7 vs. 8-15) | Average Solution Quality | Average Execution Time (s)
G1 1-7 before 8-15 2485.53 142.58
G2 8-15 before 1-7 2491.08 143.85

4 Tuning of LNS-SA’s parameters

In this section, the parameter tuning process for the proposed metaheuristic, LNS-SA, is described in detail.
In this study, we followed a similar parameter tuning approach as described by Moradi et al.| (2023) to
fine-tune the parameters of LNS-SA, including Trhaz, Tmin, @ kmaz, 01, 02, 03, 04, 05, and gg. Each
parameter was tested with five different values, while the remaining ones were fixed at their original values.
The values listed in Table [5| represent potential selections for each parameter. These specific values were
selected to ensure that the runtime of LNS-SA does not exceed 90 seconds while providing adequate analysis
variability. We focused on the first ten large instances with a = 0.7 for the parameter tuning process.
The value that resulted in the smallest average gap between the returned (by that value) and the best-found
objective function was selected. The optimal values obtained for each parameter are as follows: T}, = 1000,
Tonin = 0.01, a = 0.99, kpoe = 10, 01 = 092 = 03 = 06 = 0.3, and 04 = o5 = 0.5. The tuning outcomes,
which include the average percentage gaps between the best-found objective function and the objective
function associated with each parameter value, are briefly presented in Table[6] The numbers in parentheses
following each parameter value indicate the average percentage gaps between the objective function achieved
by that value and the best-found objective function. Optimal parameter values are highlighted in bold. If
two values have identical average gaps, preference is given to the one with the shorter runtime.

Table 5: Various values of the LNS-SA’s parameters in the tuning process
Parameters Values

T {1, 10, 100, 1000, 10000}

Toin {0.1,0.01,0.001, 0.0001, 0.00001 }
o {0.9,0.95,0.98,0.99, 0.998}
Ko {5,10, 25,50, 100}

o1 {0,0.3,0.5,0.7, 1}

oo {0,0.3,0.5,0.7, 1}

o3 {0,0.3,0.5,0.7,0.9}

o4 {0,0.3,0.5,0.7, 1}

o5 {0,0.3,0.5,0.7, 1}

o6 {0,0.3,0.5,0.7,0.9}

5 Generated instances

5.1 Small and medium sizes

For small and medium-sized instances, the EVRP dataset from |Schneider et al.| (2014) was modified to
incorporate additional parameters while preserving the original ones. This dataset comprises three subsets
with five, ten, and fifteen customer nodes, denoted as |C| = 5, 10, and 15 (referred to as C5, C10, and C15,
respectively). Each subset classifies customer distribution into three categories: (i) Instances labeled with ¢
correspond to a clustered distribution of customers; (ii) those with the prefix r represent randomly distributed

13



Table 6: Parameter tuning of the LNS-SA

Parameters Values
T 1 10 100 1000 10000
maz (10.15)  (8.03)  (8.01)  (5.66) (5.97)
T 0.1 0.01 0.00L  0.0001 0.00001
min (5.66)  (4.29)  (4.29)  (4.29)  (4.29)
0.9 0.95 098  0.99  0.998
@ (429)  (272)  (1.94)  (1.08)  (1.08)
. 5 10 25 50 100
maz (1.08)  (0.75)  (0.75)  (0.75)  (0.75)
0 0.3 05 0.7 1
oL (0.75)  (0.11)  (0.25)  (0.29)  (0.98)
0 0.3 05 0.7 1
72 (0.11)  (0.07)  (0.12)  (0.11)  (0.19)
0 0.3 05 0.7 0.9
73 (0.07)  (0.03)  (0.12)  (0.18)  (0.23)
0 0.3 0.5 0.7 0.9
74 (0.03)  (0.03) (~0.00) (0.04) (0.07)
0 0.3 0.5 0.7 0.9
5 (= 0.00) (x~0.00) (0.00) (0.03) (0.07)
0 0.3 05 0.7 0.9
76 (~0.00) (0.00)  (0.21)  (0.77)  (0.83)

customers; and (iii) instances marked as rc feature a mix of both clustered and random customer locations.
Each of the C5, C10, and C15 subsets includes four clustered, four random, and four mixed-distribution
instances, resulting in 12 instances per dataset. To generate the REVRP-LPCP instances, new parameters
were introduced, such as setting F = 1000, while the values of a were defined as {0.60,0.65,0.70,0.75,0.80}.
The profit assigned to each demand node was randomly selected as a discrete value within the range of [1, 80],
consistent with the “Prize-Collecting VRP (PCVRP)” instances introduced by Trachanatzi et al.| (2020).
Furthermore, since a robot’s battery range is approximately 10% of an EV’s in practice (Newatlas.coml,
2021)), we define B’ = 0.1B. The operating cost per mile for an electric delivery van driven by a human is
USD 1.60, whereas it could decrease to USD 0.06 for autonomous delivery robots (Ark-invest.com) [2018).
Thus, we set c;; = 0.04c;;,V(i,j) € A. The robot’s travel speed is defined as v' = v/4.65, based on the
average speeds of robots and EVs in urban environments—4 mph and 18.6 mph, respectively (Movotiv.com),
2024; Hossain), 2022)). Additionally, EVs and robots’ battery consumption rates remain identical (r = r’),
with each EV carrying two robots (m = 2). Each locker location is randomly placed within the range
defined by the customers’ minimum and maximum x- and y-coordinates. The locker-related parameters are
configured as follows: W = [0.5B], D = B, Q" = [qr/|C|], and |L| = [|C|/20] (Wang et al.| 2018} [Yu et al.|
2023). Importantly, key parameters from the original EVRP instances, including {d;;}, {¢;}, @, B, and r,
remained unchanged. As a result, considering five different values of a for each EVRP instance, a total of
5 x 36 = 180 small and medium-sized REVRP-LPCP instances were generated to facilitate the evaluation of
the model and method. These instances may be downloaded from https://nimamoradi.wixsite.com/website
under the ‘Optimization codes’ item.
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5.2 Large sizes

Two datasets were developed for large-scale instances: (i) one based on set A of the CVRP instances
from |[Augerat et al.| (1995), which includes 27 instances with node counts ranging from 32 to 80; and
(ii) self-generated instances with 100, 200, 300, 400, and 500 nodes. These datasets were designated as
L1 and L2, respectively. Since set A of the CVRP instances does not contain CSs and lockers, the first
[|C]/6] customers were designated as CSs (|F| = [|C|/6]), while the last [|C]/20] customers were assigned
as lockers (]L| = [|C]/20]). Consequently, the number of customers in each instance was determined as
|C| = |V| = |F| — |L|, where |V| represents the total number of nodes. The demand at both CS and locker
nodes was set to zero. The EV-specific parameters were set as B = 150, v = 1, ¢ = 3.39 r = 1, and
F = 1000. The parameters related to robots and lockers were kept consistent with those used for small
and medium-sized instances. Each customer’s profit was randomly assigned within the range of 1 to 80, as
per [Trachanatzi et al.| (2020). Additionally, two values of a (0.6 and 0.7) were considered for each instance,
leading to the creation of 2 x 27 = 54 large instances in dataset L1.

For dataset L2, the coordinates of customers, CSs, and lockers were randomly selected within the range
[0, 100], with the depot fixed at (50, 50). A total of 30 network instances were generated, spanning 100, 200,
300, 400, and 500 nodes, with customer distributions classified as random, clustered, and a mix of both.
Each instance was identified as ‘ fXcYIZ_O; where X, Y, Z, and O denote the number of CSs, the number
of customers, number of lockers, and type of customer distribution. For customer distribution, we use ‘c,” ‘r,’
and ‘r¢’ representing clustered, randomly, and clustered-and-randomly distributed distributions, respectively.
For example, an instance denoted by f20c¢70/10_r1 means that this instance has 20 CSs, 70 customer nodes,
and 10 lockers, and customers are located randomly in the network. Also, the two instances with numbers
1 and 2 are the same in customer locations but different in locations of CSs and lockers; for example, the
instances f20c¢70[10_r1 and f20c70{10_r2 have the same number of nodes and customer distribution and
locations but are different in locations of CSs and lockers. In the L2 dataset, the parameters for EVs were
defined as @ = 500, B = 150, r = v = 1, ¢ = 3.39 and F = 1000. The settings for robots and lockers
remained the same as those used in small and medium-sized instances. Each customer’s profit was randomly
selected from 1 to 80. Customer node demand was based on a random number between 1 and 50. The service
times at customer and locker nodes were randomly chosen from [2, 5] and [5, 10], respectively. Furthermore,
we set a = 0.6 for each instance, generating 30 large instances in dataset L2. The datasets L1 and L2 have
54 and 30 instances; thus, 54 4+ 30 = 84 large-scale instances were constructed for the REVRP-LPCP. These
instances can be found in the |https://nimamoradi.wixsite.com/website under the ‘Optimization codes’ item.
In all generated instances, for simplicity, the traveling cost of an EV on each arc {c;;} is equal to the traveling
distance {d;;}.

6 Results of Gurobi on the small and medium REVRP-LPCP
instances

The results by Gurobi for REVRP-LPCP instances involving five, ten, and fifteen customers are displayed in
Tables In all Tables, the columns T', O.G.%, A, %, A%, and A1+% denote the execution time of Gurobi
in seconds, the optimality gap returned by Gurobi, the gap between the traveling cost of REVRP-LPCP
and EVRP, the gap between the usage cost of REVRP-LPCP and EVRP, and the gap between the total
cost of REVRP-LPCP and EVRP. The calculation of A,.%, A,%, and Ar% are given in Section 5.2 of the
main paper. In Tables solutions with execution time lower than 7200 seconds or zero optimality gap (as
given by the column of ‘O.G.%’) are optimal. In instances with |C| = 5, a substantial reduction in EV travel
costs is observed at the lowest a = 0.60, ranging from 34.27% to 80.63%. Among the 60 instances, traveling
cost enhancements were observed in all cases. When |C| = 10, all cases displayed enhancements in traveling
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costs while improving the EV usage cost in 30 instances, underscoring the effectiveness of REVRP-LPCP.
In all medium-sized instances (|C| = 15), REVRP-LPCP reduces the EV’s traveling cost. Additionally, in
all cases, at least one of the EV’s route or utilization costs is reduced, with a maximum 66.67% reduction in
the number of used EVs compared to EVRP.

Table 7: Gurobi’s results on REVRP-LPCP’s small-size instances when |C] = 5

REVRP-LPCP (via Gurobi) EVRP . . .
Instance  a | or, . o0, o o, T (sec) 0G% |07, 0O or A A% AT
r104C5 0.6 907.85 36.85 1000.00 0.00 31.00 160.00 0.90 0.00 136.69 1000.00 971.69 -73.04 0.00 -6.57
rl05C5 0.6 904.78 33.78 1000.00 0.00 31.00 160.00 0.32 0.00 151.87 2000.00 1986.87 -77.75 -50.00 -54.46
1r202C5 0.6 918.89 52.89 1000.00 0.00 31.00 165.00 1.42 0.00 128.78 1000.00 963.78 -58.93 0.00 -4.66
r203C5 0.6 905.69 34.69 1000.00 0.00 31.00 160.00 0.88 0.00 179.06 1000.00 1014.06 -80.63 0.00 -10.69
cl01C5 0.6 972.15 67.15 1000.00 0.00 39.00 134.00 0.38 0.00 208.90 1000.00 1043.90 -67.86 0.00 -6.87
c103C5 0.6 950.07 76.07 1000.00 0.00 39.00 165.00 0.50 0.00 154.50 1000.00 989.50 -50.76 0.00 -3.98
c206C5 0.6 942.36 63.36 1000.00 0.00 39.00 160.00 0.59 0.00 201.55 1000.00 1036.55 -68.56 0.00 -9.09
c208C5 0.6 959.85 53.85 1000.00 0.00 39.00 133.00 1.32 0.00 158.48 1000.00 993.48 -66.02 0.00 -3.38
rcl05C5 0.6 955.07 76.07 1000.00 0.00 39.00 160.00 1.87 0.00 214.59 2000.00 2049.59 -64.55 -50.00 -53.40
rcl08C5 0.6 981.72 102.72 1000.00 0.00 39.00 160.00 3.18 0.00 253.93 2000.00 2088.93 -59.55 -50.00 -53.00
rc204C5 0.6 962.12 82.96 1000.00 0.16 39.00 160.00 0.36 0.00 176.39 1000.00 1011.39 -52.97 0.00 -4.87
rc208C5 0.6 950.41 110.41 1000.00 0.00 0.00 160.00 1.16 0.00 167.98 1000.00 1002.98 -34.27 0.00 -5.24
r104C5 0.65 907.85 36.85 1000.00 0.00 31.00 160.00 1.05 0.00 136.69 1000.00 971.69 -73.04 0.00 -6.57
rl05C5 0.65 904.78 33.78 1000.00 0.00 31.00 160.00 0.30 0.00 151.87 2000.00 1986.87 -77.75 -50.00 -54.46
r202C5 0.65 918.89 52.89 1000.00 0.00 31.00 165.00 0.50 0.00 128.78 1000.00 963.78 -58.93 0.00 -4.66
r203C5 0.65 927.69 34.69 1000.00 0.00 31.00 138.00 0.70 0.00 179.06 1000.00 1014.06 -80.63 0.00 -8.52
cl01C5 0.65 972.15 67.15 1000.00 0.00 39.00 134.00 0.34 0.00 208.90 1000.00 1043.90 -67.86 0.00 -6.87
c103C5 0.65 950.07 76.07 1000.00 0.00 39.00 165.00 0.56 0.00 154.50 1000.00 989.50 -50.76 0.00 -3.98
c206C5 0.65 942.36 63.36 1000.00 0.00 39.00 160.00 0.66 0.00 201.55 1000.00 1036.55 -68.56 0.00 -9.09
c208C5 0.65 962.79 57.79 1000.00 0.00 39.00 134.00 1.66 0.00 158.48 1000.00 993.48 -63.53 0.00 -3.09
rc105C5 0.65 955.07 76.07 1000.00 0.00 39.00 160.00 2.47 0.00 214.59 2000.00 2049.59 -64.55 -50.00 -53.40
rcl08C5 0.65 981.72 102.72 1000.00 0.00 39.00 160.00 3.90 0.00 253.93 2000.00 2088.93 -59.55 -50.00 -53.00
rc204C5 0.65 962.12 82.96 1000.00 0.16 39.00 160.00 0.61 0.00 176.39 1000.00 1011.39 -52.97 0.00 -4.87
rc208C5 0.65 950.41 110.41 1000.00 0.00 0.00 160.00 0.55 0.00 167.98 1000.00 1002.98 -34.27 0.00 -5.24
r104C5 0.7 907.85 36.85 1000.00 0.00 31.00 160.00 1.11 0.00 136.69 1000.00 971.69 -73.04 0.00 -6.57
r105C5 0.7 908.57 42.57 1000.00 0.00 31.00 165.00 0.64 0.00 151.87 2000.00 1986.87 -71.97 -50.00 -54.27
r202C5 0.7 918.89 52.89 1000.00 0.00 31.00 165.00 0.46 0.00 128.78 1000.00 963.78 -58.93 0.00 -4.66
r203C5 0.7 927.69 34.69 1000.00 0.00 31.00 138.00 0.72 0.00 179.06 1000.00 1014.06 -80.63 0.00 -8.52
cl01C5 0.7 985.62 111.62 1000.00 0.00 39.00 165.00 0.48 0.00 208.90 1000.00 1043.90 -46.57 0.00 -5.58
c103C5 0.7 950.07 76.07 1000.00 0.00 39.00 165.00 0.53 0.00 154.50 1000.00 989.50 -50.76 0.00 -3.98
c206C5 0.7 942.36 63.36 1000.00 0.00 39.00 160.00 0.68 0.00 201.55 1000.00 1036.55 -68.56 0.00 -9.09
c208C5 0.7 962.79 57.79 1000.00 0.00 39.00 134.00 1.53 0.00 158.48 1000.00 993.48 -63.53 0.00 -3.09
rc105C5 0.7 955.07 76.07 1000.00 0.00 39.00 160.00 1.75 0.00 214.59 2000.00 2049.59 -64.55 -50.00 -53.40
rcl08C5 0.7 981.72 102.72 1000.00 0.00 39.00 160.00 9.60 0.00 253.93 2000.00 2088.93 -59.55 -50.00 -53.00
rc204C5 0.7 962.12 82.96 1000.00 0.16 39.00 160.00 0.55 0.00 176.39 1000.00 1011.39 -52.97 0.00 -4.87
rc208C5 0.7 950.41 110.41 1000.00 0.00 0.00 160.00 0.79 0.00 167.98 1000.00 1002.98 -34.27 0.00 -5.24
r104C5 0.75 907.85 36.85 1000.00 0.00 31.00 160.00 0.79 0.00 136.69 1000.00 971.69 -73.04 0.00 -6.57
r105C5 0.75 908.57 42.57 1000.00 0.00 31.00 165.00 0.45 0.00 151.87 2000.00 1986.87 -71.97 -50.00 -54.27
r202C5 0.75 918.89 52.89 1000.00 0.00 31.00 165.00 0.33 0.00 128.78 1000.00 963.78 -58.93 0.00 -4.66
r203C5 0.75 940.93 74.93 1000.00 0.00 31.00 165.00 0.77 0.00 179.06 1000.00 1014.06 -58.15 0.00 -7.21
cl01C5 0.75 985.62 111.62 1000.00 0.00 39.00 165.00 0.45 0.00 208.90 1000.00 1043.90 -46.57 0.00 -5.58
c103C5 0.75 950.07 76.07 1000.00 0.00 39.00 165.00 0.51 0.00 154.50 1000.00 989.50 -50.76 0.00 -3.98
c206C5 0.75 968.98 94.98 1000.00 0.00 39.00 165.00 0.53 0.00 201.55 1000.00 1036.55 -52.87 0.00 -6.52
c208C5 0.75 971.17 96.93 1000.00 0.24 39.00 165.00 1.56 0.00 158.48 1000.00 993.48 -38.84 0.00 -2.25
rcl05C5 0.75 972.86 98.86 1000.00 0.00 39.00 165.00 3.43 0.00 214.59 2000.00 2049.59 -53.93 -50.00 -52.53
rc108C5 0.75 981.72 102.72 1000.00 0.00 39.00 160.00 19.26 0.00 253.93 2000.00 2088.93 -59.55 -50.00 -53.00
rc204C5 0.75 962.12 82.96 1000.00 0.16 39.00 160.00 0.54 0.00 176.39 1000.00 1011.39 -52.97 0.00 -4.87
rc208C5 0.75 950.41 110.41 1000.00 0.00 0.00 160.00 1.13 0.00 167.98 1000.00 1002.98 -34.27 0.00 -5.24
r104C5 0.8 907.85 36.85 1000.00 0.00 31.00 160.00 0.80 0.00 136.69 1000.00 971.69 -73.04 0.00 -6.57
r105C5 0.8 908.57 42.57 1000.00 0.00 31.00 165.00 0.48 0.00 151.87 2000.00 1986.87 -71.97 -50.00 -54.27
r202C5 0.8 918.89 52.89 1000.00 0.00 31.00 165.00 1.35 0.00 128.78 1000.00 963.78 -58.93 0.00 -4.66
r203C5 0.8 940.93 74.93 1000.00 0.00 31.00 165.00 0.48 0.00 179.06 1000.00 1014.06 -58.15 0.00 -7.21
cl01C5 0.8 985.62 111.62 1000.00 0.00 39.00 165.00 0.44 0.00 208.90 1000.00 1043.90 -46.57 0.00 -5.58
c103C5 0.8 950.07 76.07 1000.00 0.00 39.00 165.00 0.83 0.00 154.50 1000.00 989.50 -50.76 0.00 -3.98
c206C5 0.8 968.98 94.98 1000.00 0.00 39.00 165.00 0.70 0.00 201.55 1000.00 1036.55 -52.87 0.00 -6.52
c208C5 0.8 971.17 96.93 1000.00 0.24 39.00 165.00 1.77 0.00 158.48 1000.00 993.48 -38.84 0.00 -2.25
rcl05C5 0.8 972.86 98.86 1000.00 0.00 39.00 165.00 4.00 0.00 214.59 2000.00 2049.59 -53.93 -50.00 -52.53
rc108C5 0.8 981.72 102.72 1000.00 0.00 39.00 160.00 2.24 0.00 253.93 2000.00 2088.93 -59.55 -50.00 -53.00
rc204C5 0.8 962.12 82.96 1000.00 0.16 39.00 160.00 2.72 0.00 176.39 1000.00 1011.39 -52.97 0.00 -4.87
rc208C5 0.8 950.41 110.41 1000.00 0.00 0.00 160.00 1.52 0.00 167.98 1000.00 1002.98 -34.27 0.00 -5.24
Average 947.31 73.28 1000.00 0.02 33.08 159.08 1.54 0.00 177.73 1250.00 1262.73 -58.94 -12.50 -17.59
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Table 8: Gurobi’s results on REVRP-LPCP’s small-size instances when |C| = 10

REVRP-LPCP (via Gurobi) EVRP o, o o,
Instance | or, o o0, o 0, T (sec) 0G% |07, o or A A A%
r102C10 0.6 715.26 107.26 1000.00 0.00 31.00 423.00 24.65 0.00 220.97 2000.00 1785.97 -51.46 -50.00 -59.95
r103C10 0.6 690.10 94.10 1000.00 0.00 31.00 435.00 98.30 0.00 160.41 2000.00 1725.41 -41.34 -50.00 -60.00
r201C10 0.6 717.64 109.64 1000.00 0.00 31.00 423.00 176.99 0.00 192.21 1000.00 757.21 -42.96 0.00 -5.23
r203C10 0.6 721.32 115.32 1000.00 0.00 31.00 425.00 20.87 0.00 214.90 1000.00 779.90 -46.34 0.00 -7.51
cl01C10 0.6 775.95 129.79 1000.00 0.16 39.00 393.00 120.01 0.00 284.95 2000.00 1849.95 -54.45 -50.00 -58.06
cl04C10 0.6 731.58 95.58 1000.00 0.00 39.00 403.00 28.03 0.00 273.93 2000.00 1838.93 -65.11 -50.00 -60.22
c202C10 0.6 733.51 119.51 1000.00 0.00 39.00 425.00 115.37 0.00 214.96 1000.00 779.96 -44.40 0.00 -5.95
c205C10 0.6 755.26 103.26 1000.00 0.00 39.00 387.00 81.55 0.00 224.78 1000.00 789.78 -54.06 0.00 -4.37
rc102C10 0.6 751.23 93.23 1000.00 0.00 39.00 381.00 21.39 0.00 376.23 3000.00 2941.23 -75.22 -66.67 -74.46
rc108C10 0.6 713.20 77.20 1000.00 0.00 39.00 403.00 6.55 0.00 345.53 3000.00 2910.53 -77.66 -66.67 -75.50
rc201C10 0.6 758.06 108.06 1000.00 0.00 39.00 389.00 28.25 0.00 247.26 1000.00 812.26 -56.30 0.00 -6.67
rc205C10 0.6 769.30 121.30 1000.00 0.00 39.00 391.00 16.52 0.00 306.82 1000.00 871.82 -60.47 0.00 -11.76
r102C10 0.65 715.26 107.26 1000.00 0.00 31.00 423.00 17.71 0.00 220.97 2000.00 1785.97 -51.46 -50.00 -59.95
r103C10 0.65 690.10 94.10 1000.00 0.00 31.00 435.00 83.87 0.00 160.41 2000.00 1725.41 -41.34 -50.00 -60.00
r201C10 0.65 717.64 109.64 1000.00 0.00 31.00 423.00 156.87 0.00 192.21 1000.00 757.21 -42.96 0.00 -5.23
r203C10 0.65 721.32 115.32 1000.00 0.00 31.00 425.00 30.65 0.00 214.90 1000.00 779.90 -46.34 0.00 -7.51
cl01C10 0.65 775.95 129.79 1000.00 0.16 39.00 393.00 149.56 0.00 284.95 2000.00 1849.95 -54.45 -50.00 -58.06
cl04C10 0.65 731.58 95.58 1000.00 0.00 39.00 403.00 30.55 0.00 273.93 2000.00 1838.93 -65.11 -50.00 -60.22
c202C10 0.65 733.51 119.51 1000.00 0.00 39.00 425.00 114.98 0.00 214.96 1000.00 779.96 -44.40 0.00 -5.95
c205C10 0.65 733.51 119.51 1000.00 0.00 39.00 425.00 90.45 0.00 224.78 1000.00 789.78 -46.83 0.00 -7.12
rc102C10 0.65 751.23 93.23 1000.00 0.00 39.00 381.00 29.44 0.00 376.23 3000.00 2941.23 -75.22 -66.67 -74.46
rcl108C10 0.65 713.20 77.20 1000.00 0.00 39.00 403.00 11.54 0.00 345.53 3000.00 2910.53 -77.66 -66.67 -75.50
rc201C10 0.65 758.06 108.06 1000.00 0.00 39.00 389.00 33.60 0.00 247.26 1000.00 812.26 -56.30 0.00 -6.67
rc205C10 0.65 769.30 121.30 1000.00 0.00 39.00 391.00 10.54 0.00 306.82 1000.00 871.82 -60.47 0.00 -11.76
r102C10 0.7 715.26 107.26 1000.00 0.00 31.00 423.00 64.95 0.00 220.97 2000.00 1785.97 -51.46 -50.00 -59.95
r103C10 0.7 690.10 94.10 1000.00 0.00 31.00 435.00 100.54 0.00 160.41 2000.00 1725.41 -41.34 -50.00 -60.00
r201C10 0.7 717.64 109.64 1000.00 0.00 31.00 423.00 128.65 0.00 192.21 1000.00 757.21 -42.96 0.00 -5.23
r203C10 0.7 721.32 115.32 1000.00 0.00 31.00 425.00 22.65 0.00 214.90 1000.00 779.90 -46.34 0.00 -7.51
cl01C10 0.7 780.28 166.12 1000.00 0.16 39.00 425.00 1538.55 0.00 284.95 2000.00 1849.95 -41.70 -50.00 -57.82
cl04C10 0.7 731.58 95.58 1000.00 0.00 39.00 403.00 29.65 0.00 273.93 2000.00 1838.93 -65.11 -50.00 -60.22
c202C10 0.7 733.51 119.51 1000.00 0.00 39.00 425.00 99.65 0.00 214.96 1000.00 779.96 -44.40 0.00 -5.95
c205C10 0.7 733.51 119.51 1000.00 0.00 39.00 425.00 93.55 0.00 224.78 1000.00 789.78 -46.83 0.00 -7.12
rc102C10 0.7 752.38 126.38 1000.00 0.00 39.00 413.00 24.65 0.00 376.23 3000.00 2941.23 -66.41 -66.67 -74.42
rcl108C10 0.7 713.20 77.20 1000.00 0.00 39.00 403.00 7.13 0.00 345.53 3000.00 2910.53 -77.66 -66.67 -75.50
rc201C10 0.7 771.72 100.72 1000.00 0.00 39.00 368.00 147.66 0.00 247.26 1000.00 812.26 -59.27 0.00 -4.99
rc205C10 0.7 769.30 121.30 1000.00 0.00 39.00 391.00 14.76 0.00 306.82 1000.00 871.82 -60.47 0.00 -11.76
r102C10 0.75 715.26 107.26 1000.00 0.00 31.00 423.00 64.67 0.00 220.97 2000.00 1785.97 -51.46 -50.00 -59.95
r103C10 0.75 690.10 94.10 1000.00 0.00 31.00 435.00 90.65 0.00 160.41 2000.00 1725.41 -41.34 -50.00 -60.00
r201C10 0.75 717.64 109.64 1000.00 0.00 31.00 423.00 145.74 0.00 192.21 1000.00 757.21 -42.96 0.00 -5.23
r203C10 0.75 721.32 115.32 1000.00 0.00 31.00 425.00 20.64 0.00 214.90 1000.00 779.90 -46.34 0.00 -7.51
cl01C10 0.75 780.28 166.12 1000.00 0.16 39.00 425.00 1261.44 0.00 284.95 2000.00 1849.95 -41.70 -50.00 -57.82
c104C10 0.75 731.58 95.58 1000.00 0.00 39.00 403.00 46.77 0.00 273.93 2000.00 1838.93 -65.11 -50.00 -60.22
c202C10 0.75 733.51 119.51 1000.00 0.00 39.00 425.00 100.64 0.00 214.96 1000.00 779.96 -44.40 0.00 -5.95
c205C10 0.75 766.55 126.55 1000.00 0.00 39.00 399.00 140.55 0.00 224.78 1000.00 789.78 -43.70 0.00 -2.94
rc102C10 0.75 752.38 126.38 1000.00 0.00 39.00 413.00 29.52 0.00 376.23 3000.00 2941.23 -66.41 -66.67 -74.42
rc108C10 0.75 735.20 77.20 1000.00 0.00 39.00 381.00 17.99 0.00 345.53 3000.00 2910.53 -77.66 -66.67 -74.74
rc201C10 0.75 772.30 132.30 1000.00 0.00 39.00 399.00 137.88 0.00 247.26 1000.00 812.26 -46.49 0.00 -4.92
rc205C10 0.75 788.34 152.34 1000.00 0.00 39.00 403.00 112.55 0.00 306.82 1000.00 871.82 -50.35 0.00 -9.57
r102C10 0.8 715.26 107.26 1000.00 0.00 31.00 423.00 70.65 0.00 220.97 2000.00 1785.97 -51.46 -50.00 -59.95
r103C10 0.8 690.10 94.10 1000.00 0.00 31.00 435.00 97.39 0.00 160.41 2000.00 1725.41 -41.34 -50.00 -60.00
r201C10 0.8 717.64 109.64 1000.00 0.00 31.00 423.00 900.65 0.00 192.21 1000.00 757.21 -42.96 0.00 -5.23
r203C10 0.8 721.32 115.32 1000.00 0.00 31.00 425.00 18.90 0.00 214.90 1000.00 779.90 -46.34 0.00 -7.51
cl01C10 0.8 780.28 166.12 1000.00 0.16 39.00 425.00 1146.76 0.00 284.95 2000.00 1849.95 -41.70 -50.00 -57.82
c104C10 0.8 740.40 114.40 1000.00 0.00 39.00 413.00 64.66 0.00 273.93 2000.00 1838.93 -58.24 -50.00 -59.74
c202C10 0.8 733.51 119.51 1000.00 0.00 39.00 425.00 111.71 0.00 214.96 1000.00 779.96 -44.40 0.00 -5.95
c205C10 0.8 774.87 170.87 1000.00 0.00 39.00 435.00 180.46 0.00 224.78 1000.00 789.78 -23.98 0.00 -1.89
rcl102C10 0.8 752.38 126.38 1000.00 0.00 39.00 413.00 29.40 0.00 376.23 3000.00 2941.23 -66.41 -66.67 -74.42
rc108C10 0.8 768.14 154.14 1000.00 0.00 39.00 425.00 23.88 0.00 345.53 3000.00 2910.53 -55.39 -66.67 -73.61
rc201C10 0.8 772.30 132.30 1000.00 0.00 39.00 399.00 316.46 0.00 247.26 1000.00 812.26 -46.49 0.00 -4.92
rc205C10 0.8 788.34 152.34 1000.00 0.00 39.00 403.00 34.25 0.00 306.82 1000.00 871.82 -50.35 0.00 -9.57
Average 738.86 115.03 1000.00 0.01 36.33 412.52 148.91 0.00 255.25 1666.67 1486.91 -52.72 -27.78 -35.61

7 Variants of REVRP-LPCP

To assess the performance of two variants of the REVRP-LPCP, EVRP-LPCP (excluding robots) and
REVRP-PCP (excluding lockers), they are compared with EVRP in the subsequent sections. REVRP-
LPCP is simplified to EVRP-LPCP by setting m = 0 and to REVRP-PCP by setting L = (). Additionally,
EVRP-LPCP and REVRP-PCP are reduced to EVRP by assuming L = (),a = 1, and m = 0,a = 1, respec-
tively. Section shows the comparison between EVRP-LPCP and EVRP, and Section presents the
comparison between REVRP-PCP and EVRP.
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Table 9: Gurobi’s results on REVRP-LPCP’s medium-size instances when |C| = 15

REVRP-LPCP (via Gurobi) EVRP . . .
Instance  a | 5, or, “ o, o o T (sec) 0G% | or,  0X or Arth o Au% AT
r102C15 0.6 548.49 108.49 1000.00 0.00 31.00 591.00 7200.00 1.25 307.00 3000.00 2690.00 -64.66 -66.67 -79.61
r105C15 0.6 539.36 93.36 1000.00 0.00 31.00 585.00 7200.00 1.67 282.28 3000.00 2665.28 -66.93 -66.67 -79.76
r202C15 0.6 560.25 104.25 1000.00 0.00 31.00 575.00 1326.87 0.00 275.04 1000.00 658.04 -62.10 0.00 -14.86
r209C15 0.6 573.04 143.04 1000.00 0.00 31.00 601.00 7200.00 2.79 239.70 1000.00 622.70 -40.33 0.00 -7.97
c103C15 0.6 627.64 175.40 1000.00 0.24 39.00 587.00 7200.00 6.82 280.19 2000.00 1663.19 -37.40 -50.00 -62.26
c106C15 0.6 574.58 137.89 1000.00 0.69 39.00 603.00 2032.08 0.00 240.98 2000.00 1623.98 -42.78 -50.00 -64.62
c202C15 0.6 631.68 166.39 1000.00 0.29 39.00 574.00 6602.77 0.00 314.62 1000.00 697.62 -47.11 0.00 -9.45
c208C15 0.6 611.31 188.80 1000.00 0.51 39.00 617.00 7200.00 7.07 262.50 1000.00 645.50 -28.07 0.00 -5.30
rcl03C15 0.6 627.42 144.42 1000.00 0.00 39.00 556.00 7200.00 4.16 354.82 3000.00 2737.82 -59.30 -66.67 -77.08
rcl08C15 0.6 620.87 134.63 1000.00 0.24 39.00 553.00 1756.87 0.00 374.36 3000.00 2757.36 -64.04 -66.67 -77.48
rc202C15 0.6 637.20 189.20 1000.00 0.00 39.00 591.00 3789.06 0.00 295.60 1000.00 678.60 -35.99 0.00 -6.10
rc204C15 0.6 598.89 154.49 1000.00 0.40 39.00 595.00 7200.00 4.50 285.13 1000.00 668.13 -45.82 0.00 -10.36
r102C15 0.65 548.49 108.49 1000.00 0.00 31.00 591.00 5687.76 0.00 307.00 3000.00 2690.00 -64.66 -66.67 -79.61
r105C15 0.65 539.36 93.36 1000.00 0.00 31.00 585.00 7200.00 1.09 282.28 3000.00 2665.28 -66.93 -66.67 -79.76
r202C15 0.65 560.25 104.25 1000.00 0.00 31.00 575.00 5247.03 0.00 275.04 1000.00 658.04 -62.10 0.00 -14.86
r209C15 0.65 573.04 143.04 1000.00 0.00 31.00 601.00 3133.88 0.00 239.70 1000.00 622.70 -40.33 0.00 -7.97
c103C15 0.65 627.64 175.40 1000.00 0.24 39.00 587.00 7200.00 6.64 280.19 2000.00 1663.19 -37.40 -50.00 -62.26
c106C15 0.65 574.58 137.89 1000.00 0.69 39.00 603.00 2355.98 0.00 240.98 2000.00 1623.98 -42.78 -50.00 -64.62
c202C15 0.65 631.68 166.39 1000.00 0.29 39.00 574.00 2005.76 0.00 314.62 1000.00 697.62 -47.11 0.00 -9.45
c208C15 0.65 611.31 188.80 1000.00 0.51 39.00 617.00 2944.87 0.00 262.50 1000.00 645.50 -28.07 0.00 -5.30
rcl03C15 0.65 1640.53 149.53 2000.00 0.00 39.00 548.00 7200.00 62.40 354.82 3000.00 2737.82 -57.86 -33.33 -40.08
rc108C15 0.65 620.87 134.63 1000.00 0.24 39.00 553.00 590.66 0.00 374.36 3000.00 2757.36 -64.04 -66.67 -77.48
rc202C15 0.65 637.20 189.20 1000.00 0.00 39.00 591.00 4007.98 0.00 295.60 1000.00 678.60 -35.99 0.00 -6.10
1c204C15 0.65 598.89 154.49 1000.00 0.40 39.00 595.00 7200.00 4.67 285.13 1000.00 668.13 -45.82 0.00 -10.36
r102C15 0.7 548.49 108.49 1000.00 0.00 31.00 591.00 4297.65 0.00 307.00 3000.00 2690.00 -64.66 -66.67 -79.61
r105C15 0.7 539.36 93.36 1000.00 0.00 31.00 585.00 7200.00 0.98 282.28 3000.00 2665.28 -66.93 -66.67 -79.76
r202C15 0.7 563.69 111.69 1000.00 0.00 31.00 579.00 6254.09 0.00 275.04 1000.00 658.04 -59.39 0.00 -14.34
r209C15 0.7 573.04 143.04 1000.00 0.00 31.00 601.00 2099.76 0.00 239.70 1000.00 622.70 -40.33 0.00 -7.97
c103C15 0.7 627.64 175.40 1000.00 0.24 39.00 587.00 7200.00 6.02 280.19 2000.00 1663.19 -37.40 -50.00 -62.26
cl106C15 0.7 574.58 137.89 1000.00 0.69 39.00 603.00 1890.65 0.00 240.98 2000.00 1623.98 -42.78 -50.00 -64.62
c202C15 0.7 631.68 166.39 1000.00 0.29 39.00 574.00 4899.86 0.00 314.62 1000.00 697.62 -47.11 0.00 -9.45
c208C15 0.7 611.31 188.80 1000.00 0.51 39.00 617.00 2476.09 0.00 262.50 1000.00 645.50 -28.07 0.00 -5.30
rc103C15 0.7 1647.81 211.81 2000.00 0.00 39.00 603.00 7200.00 61.21 354.82 3000.00 2737.82 -40.31 -33.33 -39.81
rc108C15 0.7 620.87 134.63 1000.00 0.24 39.00 553.00 327.76 0.00 374.36 3000.00 2757.36 -64.04 -66.67 -77.48
rc202C15 0.7 637.20 189.20 1000.00 0.00 39.00 591.00 4573.87 0.00 295.60 1000.00 678.60 -35.99 0.00 -6.10
rc204C15 0.7 598.89 154.49 1000.00 0.40 39.00 595.00 7200.00 4.33 285.13 1000.00 668.13 -45.82 0.00 -10.36
r102C15 0.75 548.49 108.49 1000.00 0.00 31.00 591.00 3609.65 0.00 307.00 3000.00 2690.00 -64.66 -66.67 -79.61
r105C15 0.75 539.36 93.36 1000.00 0.00 31.00 585.00 7200.00 1.01 282.28 3000.00 2665.28 -66.93 -66.67 -79.76
r202C15 0.75 565.57 121.57 1000.00 0.00 31.00 587.00 3276.09 0.00 275.04 1000.00 658.04 -55.80 0.00 -14.05
r209C15 0.75 573.04 143.04 1000.00 0.00 31.00 601.00 2055.87 0.00 239.70 1000.00 622.70 -40.33 0.00 -7.97
c103C15 0.75 1627.85 185.61 2000.00 0.24 39.00 597.00 7200.00 64.34 280.19 2000.00 1663.19 -33.76 0.00 -2.12
c106C15 0.75 574.58 137.89 1000.00 0.69 39.00 603.00 1503.08 0.00 240.98 2000.00 1623.98 -42.78 -50.00 -64.62
c202C15 0.75 631.68 166.39 1000.00 0.29 39.00 574.00 4634.98 0.00 314.62 1000.00 697.62 -47.11 0.00 -9.45
c208C15 0.75 611.31 188.80 1000.00 0.51 39.00 617.00 2336.97 0.00 262.50 1000.00 645.50 -28.07 0.00 -5.30
rcl03C15 0.75 1647.81 211.81 2000.00 0.00 39.00 603.00 7200.00 61.56 354.82 3000.00 2737.82 -40.31 -33.33 -39.81
rcl08C15 0.75 1622.79 162.55 2000.00 0.24 39.00 579.00 7200.00 1.33 374.36 3000.00 2757.36 -56.58 -33.33 -41.15
rc202C15 0.75 637.20 189.20 1000.00 0.00 39.00 591.00 4753.99 0.00 295.60 1000.00 678.60 -35.99 0.00 -6.10
rc204C15 0.75 598.89 154.49 1000.00 0.40 39.00 595.00 7200.00 3.67 285.13 1000.00 668.13 -45.82 0.00 -10.36
r102C15 0.8 548.49 108.49 1000.00 0.00 31.00 591.00 4223.67 0.00 307.00 3000.00 2690.00 -64.66 -66.67 -79.61
r105C15 0.8 542.92 112.92 1000.00 0.00 31.00 601.00 4628.54 0.00 282.28 3000.00 2665.28 -60.00 -66.67 -79.63
r202C15 0.8 566.66 126.66 1000.00 0.00 31.00 591.00 422.65 0.00 275.04 1000.00 658.04 -53.95 0.00 -13.89
r209C15 0.8 573.04 143.04 1000.00 0.00 31.00 601.00 1638.07 0.00 239.70 1000.00 622.70 -40.32 0.00 -7.97
c103C15 0.8 1638.94 200.70 2000.00 0.24 39.00 601.00 7200.00 1.47 280.19 2000.00 1663.19 -28.37 0.00 -1.46
c106C15 0.8 574.58 137.89 1000.00 0.69 39.00 603.00 1586.91 0.00 240.98 2000.00 1623.98 -42.78 -50.00 -64.62
c202C15 0.8 634.19 199.90 1000.00 0.29 39.00 605.00 2424.76 0.00 314.62 1000.00 697.62 -36.46 0.00 -9.09
c208C15 0.8 611.31 188.80 1000.00 0.51 39.00 617.00 1809.76 0.00 262.50 1000.00 645.50 -28.07 0.00 -5.30
rcl103C15 0.8 1657.66 192.66 2000.00 0.00 39.00 574.00 7200.00 62.34 354.82 3000.00 2737.82 -45.70 -33.33 -39.45
rc108C15 0.8 1643.56 221.09 2000.00 0.47 39.00 617.00 4009.65 0.00 374.36 3000.00 2757.36 -40.94 -33.33 -40.39
rc202C15 0.8 637.20 189.20 1000.00 0.00 39.00 591.00 4902.76 0.00 295.60 1000.00 678.60 -35.99 0.00 -6.10
rc204C15 0.8 621.11 188.71 1000.00 0.40 39.00 607.00 2675.09 0.00 285.13 1000.00 668.13 -33.82 0.00 -7.04
Average 731.96 152.90 1133.33 0.20 36.33 590.82 4619.90 6.19 292.68 1833.33 1509.02 -47.16 -25.56 -35.41

7.1 EVRP-LPCP vs. EVRP

This section compares the performance of EVRP-LPCP, assuming home delivery via just EVs, self-collection
service via lockers, and prioritizing the prime customers, against EVRP (service only by EVSs) across three
datasets containing instances with five, ten, and fifteen customers (small and medium sizes). Table
presents the results of EVRP-LPCP compared to EVRP for instances with five customers. The objective
of minimizing the robots’ traveling cost (O,) is omitted since it’s not meaningful in EVRP-LPCP. Gurobi’s
average time for EVRP-LPCP instances is 0.86 seconds. Also, EVRP-LPCP improves EVRP’s traveling, EV
usage, and total costs by an average of 58.67%, 12.50%, and 17.56%. EVRP-LPCP employs the minimum
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number of EVs (i.e., one EV) in all instances with five customers.

Table 10: Results by Gurobi on EVRP-LPCP’s small-size instances with five customers

EVRP-LPCP EVRP

Instance a Or or. o o o, T 0.6.% | or, o or A% A% Ar%
r104C5 0.6 907.85 36.85 1000.00 31.00 160.00 1.45 0.00 136.69 1000.00 971.69 -73.04 0.00 -6.57
r105C5 0.6 904.78 33.78 1000.00 31.00 160.00 0.32 0.00 151.87 2000.00 1986.87 -77.75 -50.00 -54.46
r202C5 0.6 918.89 52.89 1000.00 31.00 165.00 1.85 0.00 128.78 1000.00 963.78 -58.93 0.00 -4.66
r203C5 0.6 905.69 34.69 1000.00 31.00 160.00 0.65 0.00 179.06 1000.00 1014.06 -80.63 0.00 -10.69
c101C5 0.6 972.15 67.15 1000.00 39.00 134.00 0.55 0.00 208.90 1000.00 1043.90 | -67.86 0.00 -6.87
c103C5 0.6 950.07 76.07 1000.00 39.00 165.00 0.33 0.00 154.50 1000.00 989.50 -50.76 0.00 -3.98
c206C5 0.6 942.36 63.36 1000.00 39.00 160.00 0.55 0.00 201.55 1000.00 1036.55 -68.56 0.00 -9.09
c208C5 0.6 959.85 53.85 1000.00 39.00 133.00 0.76 0.00 158.48 1000.00 993.48 -66.02 0.00 -3.38
rcl105C5 0.6 955.07 76.07 1000.00 39.00 160.00 1.65 0.00 214.59 2000.00 2049.59 -64.55 -50.00 -53.40
rc108C5 0.6 981.72 102.72 1000.00 39.00 160.00 0.36 0.00 253.93 2000.00 2088.93 | -59.55  -50.00  -53.00
rc204C5 0.6 962.50 91.50 1000.00 0.00 129.00 0.34 0.00 176.39 1000.00 1011.39 -48.13 0.00 -4.83
rc208C5 0.6 950.41 110.41 1000.00 0.00 160.00 0.60 0.00 167.98 1000.00 1002.98 -34.27 0.00 -5.24
r104C5 0.65 907.85 36.85 1000.00 31.00 160.00 0.44 0.00 136.69 1000.00 971.69 -73.04 0.00 -6.57
r105C5 0.65 904.78 33.78 1000.00 31.00 160.00 0.45 0.00 151.87 2000.00 1986.87 -77.75 -50.00 -54.46
r202C5 0.65 918.89 52.89 1000.00 31.00 165.00 0.26 0.00 128.78 1000.00 963.78 -58.93 0.00 -4.66
r203C5 0.65 927.69 34.69 1000.00 31.00 138.00 1.49 0.00 179.06 1000.00 1014.06 -80.63 0.00 -8.52
c101C5 0.65 972.15 67.15 1000.00 39.00 134.00 0.44 0.00 208.90 1000.00 1043.90 -67.86 0.00 -6.87
c103C5 0.65 950.07 76.07 1000.00 39.00 165.00 0.57 0.00 154.50 1000.00 989.50 -50.76 0.00 -3.98
c206C5 0.65 942.36 63.36 1000.00 39.00 160.00 0.76 0.00 201.55 1000.00 1036.55 -68.56 0.00 -9.09
c208C5 0.65 962.79 57.79 1000.00 39.00 134.00 0.44 0.00 158.48 1000.00 993.48 -63.53 0.00 -3.09
rcl05C5 0.65 955.07 76.07 1000.00 39.00 160.00 1.65 0.00 214.59 2000.00 2049.59 -64.55 -50.00 -53.40
rcl108C5 0.65 981.72 102.72 1000.00 39.00 160.00 0.57 0.00 253.93 2000.00 2088.93 -59.55 -50.00 -53.00
rc204C5 0.65 965.47 86.47 1000.00 39.00 160.00 0.74 0.00 176.39 1000.00 1011.39 -50.98 0.00 -4.54
rc208C5 0.65 950.41 110.41 1000.00 0.00 160.00 0.95 0.00 167.98 1000.00 1002.98 -34.27 0.00 -5.24
r104C5 0.7 907.85 36.85 1000.00 31.00 160.00 0.55 0.00 136.69 1000.00 971.69 -73.04 0.00 -6.57
r105C5 0.7 908.57 42.57 1000.00 31.00 165.00 0.77 0.00 151.87 2000.00 1986.87 -71.97 -50.00 -54.27
r202C5 0.7 918.89 52.89 1000.00 31.00 165.00 0.64 0.00 128.78 1000.00 963.78 -58.93 0.00 -4.66
r203C5 0.7 927.69 34.69 1000.00 31.00 138.00 1.49 0.00 179.06 1000.00 1014.06 -80.63 0.00 -8.52
c101C5 0.7 985.62 111.62 1000.00 39.00 165.00 0.65 0.00 208.90 1000.00 1043.90 -46.57 0.00 -5.58
c103C5 0.7 950.07 76.07 1000.00 39.00 165.00 0.99 0.00 154.50 1000.00 989.50 -50.76 0.00 -3.98
c206C5 0.7 942.36 63.36 1000.00 39.00 160.00 0.75 0.00 201.55 1000.00 1036.55 -68.56 0.00 -9.09
c208C5 0.7 962.79 57.79 1000.00 39.00 134.00 0.67 0.00 158.48 1000.00 993.48 -63.53 0.00 -3.09
rcl05C5 0.7 955.07 76.07 1000.00 39.00 160.00 1.65 0.00 214.59 2000.00 2049.59 | -64.55 -50.00 -53.40
rc108C5 0.7 981.72 102.72 1000.00 39.00 160.00 0.76 0.00 253.93 2000.00 2088.93 -59.55 -50.00 -53.00
rc204C5 0.7 965.47  86.47 1000.00 39.00 160.00 0.77 0.00 176.39 1000.00 1011.39 | -50.98 0.00 -4.54
rc208C5 0.7 950.41 110.41 1000.00 0.00 160.00 0.76 0.00 167.98 1000.00 1002.98 -34.27 0.00 -5.24
r104C5 0.75 907.85 36.85 1000.00 31.00 160.00 0.63 0.00 136.69 1000.00 971.69 -73.04 0.00 -6.57
rl105C5 0.75 908.57  42.57 1000.00 31.00 165.00 0.12 0.00 151.87  2000.00 1986.87 | -71.97  -50.00 -54.27
r202C5 0.75 918.89 52.89 1000.00 31.00 165.00 0.45 0.00 128.78 1000.00 963.78 -58.93 0.00 -4.66
r203C5 0.75 940.93 74.93 1000.00 31.00 165.00 0.97 0.00 179.06 1000.00 1014.06 | -58.15 0.00 -7.21
cl01C5 0.75 985.62 111.62 1000.00 39.00 165.00 0.65 0.00 208.90 1000.00 1043.90 -46.57 0.00 -5.58
c103C5 0.75 950.07 76.07 1000.00 39.00 165.00 0.42 0.00 154.50 1000.00 989.50 -50.76 0.00 -3.98
c206C5 0.75 968.98 94.98 1000.00 39.00 165.00 0.21 0.00 201.55 1000.00 1036.55 | -52.87  0.00 -6.52
c208C5 0.75 973.70 99.70 1000.00 39.00 165.00 1.65 0.00 158.48 1000.00 993.48 -37.09 0.00 -1.99
rcl05C5 0.75 972.86 98.86 1000.00 39.00 165.00 2.95 0.00 214.59 2000.00 2049.59 | -53.93 -50.00 -52.53
rc108C5 0.75 981.72 102.72 1000.00 39.00 160.00 0.76 0.00 253.93 2000.00 2088.93 -59.55 -50.00 -53.00
rc204C5 0.75 965.47 86.47 1000.00 39.00 160.00 0.56 0.00 176.39 1000.00 1011.39 -50.98 0.00 -4.54
rc208C5 0.75 950.41 110.41 1000.00 0.00 160.00 1.76 0.00 167.98 1000.00 1002.98 | -34.27  0.00 -5.24
r104C5 0.8 907.85 36.85 1000.00 31.00 160.00 0.77 0.00 136.69 1000.00 971.69 -73.04 0.00 -6.57
r105C5 0.8 908.57 42.57 1000.00 31.00 165.00 0.21 0.00 151.87 2000.00 1986.87 -71.97 -50.00 -54.27
r202C5 0.8 918.89 52.89 1000.00 31.00 165.00 0.18 0.00 128.78 1000.00 963.78 -58.93 0.00 -4.66
r203C5 0.8 940.93 74.93 1000.00 31.00 165.00 1.88 0.00 179.06 1000.00 1014.06 -58.15 0.00 -7.21
c101C5 0.8 985.62 111.62 1000.00 39.00 165.00 0.54 0.00 208.90 1000.00 1043.90 | -46.57  0.00 -5.58
c103C5 0.8 950.07 76.07 1000.00 39.00 165.00 0.76 0.00 154.50 1000.00 989.50 -50.76 0.00 -3.98
c206C5 0.8 968.98 94.98 1000.00 39.00 165.00 0.56 0.00 201.55 1000.00 1036.55 -52.87 0.00 -6.52
c208C5 0.8 973.70 99.70 1000.00 39.00 165.00 1.65 0.00 158.48 1000.00 993.48 -37.09 0.00 -1.99
rcl105C5 0.8 972.86 98.86 1000.00 39.00 165.00 1.76 0.00 214.59 2000.00 2049.59 -53.93 -50.00 -52.53
rcl08C5 0.8 981.72 102.72 1000.00 39.00 160.00 0.76 0.00 253.93 2000.00 2088.93 | -59.55  -50.00  -53.00
rc204C5 0.8 965.47 86.47 1000.00 39.00 160.00 0.62 0.00 176.39 1000.00 1011.39 -50.98 0.00 -4.54
rc208C5 0.8 950.41 110.41 1000.00 0.00 160.00 1.99 0.00 167.98 1000.00 1002.98 -34.27 0.00 -5.24

Average 947.62 73.75 1000.00 32.43 158.57 0.86 0.00 177.73 1250.00 1262.73 -58.67 -12.50 -17.56

Moreover, Table [L1] showcases the results of EVRP-LPCP and EVRP for instances with ten customers.
Similarly, EVRP-LPCP enhances the traveling cost of EVRP by an average of 52.67%. Gurobi’s execution
time averaged 76.40 seconds for these instances, and all solutions were optimal. The average improvement
over EV usage and total costs were 27.78% and 35.47%. Results also indicate that EVRP-LPCP exhibits
more considerable improvements for instances with ten customers than five customers in EV utilization and
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total delivery costs.

Table 11: Results by Gurobi on EVRP-LPCP’s small-size instances with ten customers

Instance  a EXRP ngp ox o o, T 0.6.% gZRP o Or A% Au% A%
102CI0 0.6 | 71526 10726 100000 3100 423.00 2341 000 | 22007 2000.00 178507 | -51.46 -50.00 -50.95
r103C10 0.6 | 690.10 94.10 100000 31.00 435.00 17.64 000 | 160.41 2000.00 1725.41 | -41.34 -50.00  -60.00
r201C10 0.6 | 717.64 100.64 100000 31.00 423.00 12475 000 | 192.21 1000.00 757.21 | -42.96 0.00  -5.23
r203C10 0.6 | 721.32 11532 100000 31.00 425.00 18.06 000 | 214.90 1000.00 779.90 | -46.34 0.00  -7.51
c101C10 0.6 | 781.30 13530 1000.00 39.00 393.00 153.75 000 | 284.95 2000.00 1849.95 | -52.52 -50.00 -57.77
c104C10 0.6 | 731.58 95.58 100000 39.00 403.00 36.75 000 | 273.93 2000.00 1838.93 | -65.11 -50.00 -60.22
c202C10 0.6 | 733.51 11051 100000 39.00 425.00 10577 000 | 214.96 1000.00 779.96 | -44.40 0.00  -5.95
c205C10 0.6 | 755.26 103.26 100000 39.00 387.00 78.65 000 | 224.78 1000.00 789.78 | -54.06 0.00  -4.37
rc102C10 0.6 | 751.23 93.23 100000 39.00 38100 16.80 000 | 376.23 3000.00 2041.23 | -75.22  -66.67 -74.46
rc108C10 0.6 | 713.20 7720 100000 39.00 403.00 3.63 000 | 345.53 3000.00 2910.53 | -77.66 -66.67 -75.50
rc201C10 0.6 | 758.06 108.06 100000 39.00 389.00 25.45 000 | 247.26 100000 81226 | -56.30 0.00  -6.67
rc205C10 0.6 | 769.30 12130 100000 39.00 391.00 22.66 000 | 306.82 1000.00 87182 | -60.47 0.00  -11.76
r102C10  0.65 | 715.26 107.26 100000 31.00 423.00 31.64 000 | 22097 200000 1785.97 | -51.46 -50.00 -59.95
r103C10  0.65 | 690.10 94.10 100000 31.00 435.00 20.64 000 | 160.41 2000.00 172541 | -41.34 -50.00  -60.00
r201C10  0.65 | 717.64 100.64 100000 31.00 423.00 10154 000 | 192.21 1000.00 75721 | -42.96 0.00  -5.23
r203C10  0.65 | 721.32 11532 100000 31.00 425.00 24.76 000 | 21490 1000.00 779.00 | -46.34 0.00  -7.51
c101C10  0.65 | 781.30 13530 1000.00 39.00 393.00 146.87 000 | 284.95 2000.00 1849.95 | -52.52 -50.00 -57.77
c104C10  0.65 | 73158 95.58 100000 39.00 403.00 36.54 000 | 273.93 2000.00 1838.93 | -65.11 -50.00  -60.22
c202C10  0.65 | 733.51 11051 100000 39.00 425.00 47.08 000 | 214.96 1000.00 779.96 | -44.40 0.00  -5.95
c205C10  0.65 | 755.26 103.26 1000.00 39.00 387.00 90.65 000 | 224.78 1000.00 789.78 | -54.06 0.00  -4.37
rc102C10  0.65 | 751.23 93.23 100000 39.00 38100 20.65 000 | 376.23 3000.00 2041.23 | -75.22 -66.67 -74.46
rc108C10  0.65 | 713.20 77.20 100000 39.00 403.00 3.82 000 | 345.53 3000.00 2910.53 | -77.66 -66.67 -75.50
rc201C10  0.65 | 758.06 108.06 100000 39.00 389.00 4510 000 | 247.26 1000.00 81226 | -56.30 0.00  -6.67
rc205C10  0.65 | 769.30 12130 100000 39.00 391.00 20.54 000 | 306.82 1000.00 87182 | -60.47 0.00  -11.76
r102C10 0.7 | 71526 107.26 100000 31.00 423.00 33.87 000 | 22097 2000.00 1785.97 | -51.46 -50.00 -50.95
r103C10 0.7 | 690.10 9410 100000 31.00 43500 2276 000 | 160.41 2000.00 172541 | -41.34  -50.00  -60.00
r201C10 0.7 | 717.64 109.64 100000 3100 423.00 99.65 000 | 192.21 100000 75721 | -42.96 0.00  -5.23
r203C10 0.7 721.32 115.32 1000.00 31.00 425.00 29.08 0.00 214.90 1000.00 779.90 -46.34 0.00 -7.51
c101C10 0.7 | 78313 169.13 100000 39.00 425.00 655.54 000 | 284.95 2000.00 1849.95 | -40.65 -50.00 -57.67
c104C10 0.7 | 73158 95.58  1000.00 39.00 403.00 33.76 000 | 273.93 2000.00 1838.93 | -65.11 -50.00  -60.22
202C10 0.7 | 73351 11051 100000 39.00 425.00 5L54 000 | 214.96 1000.00 779.96 | -44.40 0.00  -5.95
c205C10 0.7 | 766.55 126,55 1000.00 39.00 399.00 180.64 000 | 224.78 1000.00 789.78 | -43.70 0.00  -2.04
rc102C10 0.7 | 752,38 126,38 100000 39.00 413.00 22.64 000 | 376.23 3000.00 2041.23 | -66.41 -66.67 -74.42
rc108C10 0.7 | 713.20 77.20 100000 39.00 403.00 2.64 000 | 345.53 3000.00 2010.53 | -77.66 -66.67  -75.50
r201C10 0.7 | 77L.72 10072 100000 39.00 368.00 118.54 000 | 247.26 1000.00 812.26 | -59.27 0.00  -4.99
rc205C10 0.7 | 769.30 121.30 100000 39.00 391.00 22.57 000 | 306.82 1000.00 87182 | -60.47 0.00  -11.76
r102C10  0.75 | 71526 107.26 100000 31.00 423.00 30.61 000 | 22097 2000.00 1785.97 | -51.46 -50.00 -50.95
r103C10  0.75 | 690.10 9410 100000 31.00 43500 26.82 000 | 160.41 2000.00 172541 | -41.34  -50.00  -60.00
r201C10 075 | 717.64 100.64 100000 3100 423.00 11154 000 | 192.21 100000 75721 | -42.96 0.00  -5.23
r203C10 075 | 721.32 11532 100000 3100 425.00 24.76 000 | 21490 1000.00 779.90 | -46.34 0.00  -7.51
c101C10 075 | 78313 169.13 100000 39.00 42500 31555 000 | 284.95 2000.00 1849.95 | -40.65 -50.00 -57.67
c104C10 075 | 73158 95.58 100000 39.00 403.00 30.65 000 | 273.93 200000 1838.93 | -65.11 -50.00 -60.22
202C10  0.75 | 733.51 11051 100000 39.00 425.00 49.06 000 | 214.96 1000.00 779.96 | -44.40 0.00  -5.95
c205C10  0.75 | 766.55 126,55 1000.00 39.00 399.00 151.64 000 | 224.78 1000.00 78978 | -43.70 0.00  -2.04
rc102C10  0.75 | 752,38 126.38  1000.00 39.00 413.00 20.16 000 | 376.23 3000.00 2041.23 | -66.41 -66.67 -74.42
rcl08C10  0.75 | 735.20 77.20 100000 39.00 38100 1859 000 | 345.53 3000.00 2010.53 | -77.66 -66.67 -74.74
r201C10  0.75 | 772,30 13230 1000.00 39.00 399.00 120.65 000 | 247.26 1000.00 812.26 | -46.49 0.00  -4.92
rc205C10  0.75 | 788.34 152,34 100000 39.00 403.00 51.65 000 | 306.82 1000.00 871.82 | -50.35 0.00  -9.57
r102C10 0.8 | 71526 107.26 100000 31.00 423.00 20.20 000 | 220.97 2000.00 1785.97 | -51.46 -50.00 -50.95
r103C10 0.8 | 690.10 94.10 100000 31.00 435.00 21.92 000 | 160.41 2000.00 172541 | -41.34  -50.00  -60.00
r201C10 0.8 | 717.64 100.64 100000 31.00 423.00 13154 000 | 192.21 1000.00 75721 | -42.96 0.00  -5.23
r203C10 0.8 | 721.32 11532 100000 31.00 425.00 26.87 000 | 21490 1000.00 779.90 | -46.34 0.00  -7.51
c101C10 0.8 | 78513 169.13 100000 39.00 423.00 160.65 000 | 284.95 2000.00 1849.95 | -40.65 -50.00 -57.56
c104C10 0.8 | 74040 11440 100000 39.00 413.00 85.32 000 | 273.93 2000.00 1838.93 | -58.24 -50.00 -5.74
202C10 0.8 | 733.51 11951 100000 39.00 42500 4550 000 | 214.96 100000 779.96 | -44.40 0.00  -5.95
205C10 0.8 | 774.87 170.87 100000 39.00 435.00 190.65 000 | 22478 100000 789.78 | -23.98 0.00  -1.89
rc102C10 0.8 752.38 126.38 1000.00 39.00 413.00 21.51 0.00 376.23 3000.00 2941.23 -66.41 -66.67 -74.42
rcl08C10 0.8 | 768.14 154.14 100000 39.00 425.00 16.38 000 | 345.53 3000.00 2910.53 | -55.39 -66.67 -73.61
r201C10 0.8 | 77230 13230 1000.00 39.00 399.00 332.76 000 | 247.26 1000.00 812.26 | -46.49 0.00  -4.02
rc205C10 0.8 | 788.34 152,34 1000.00 39.00 403.00 70.92 000 | 306.82 1000.00 87182 | -50.35 0.00  -9.57
Average 740.13 11521 1000.00 3633 4142 76.40 _ 0.00 | 255.25 1666.67 1486.91 | -52.67 -27.78 -35.47

In addition to small-size instances, the performance of EVRP-LPCP was
medium-sized instances with fifteen customers. Table [I2] presents the computational results of EVRP-
LPCP and EVRP for these instances, where EVRP-LPCP improves EV’s route usage, and total costs by an
average of 46.56%, 24.72%, and 34.12% respectively, with its improvement percentage being more significant
than in small-size instances. Also, unlike the small cases, EVRP-LPCP finds solutions with lower usage
costs of EVs, averaging 1150.00 compared to 1833.33 returned by EVRP. Gurobi’s execution time averages
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evaluated against EVRP in




5630.31 seconds, achieving an optimal solution in 25 instances. Its average optimality gap is 8.33%. Despite
EVRP-LPCP having more time complexity in medium instances, its improvement and performance surpass
EVRP in medium instances regarding the usage cost of EVs. These results underscore the potential for
cost reduction achievable by implementing the EVRP-LPCP approach, including EV-based delivery and
self-collection services for prime customers.

Table 12: Results by Gurobi on EVRP-LPCP’s medium-size instances with fifteen customers

EVRP-LPCP EVRP - - .
Instance a or or. or o o, T 0.6.% | o, o Or A% A% Ar%
r102C15 0.6 548.49 108.49 1000.00 31.00 591.00 7200.00 1.38 307.00 3000.00 2690.00 -64.66 -66.67 -79.61
r105C15 0.6 539.36 93.36 1000.00  31.00  585.00  7200.00 1.21 282.28  3000.00  2665.28 | -66.93 -66.67 -79.76
r202C15 0.6 560.25 104.25 1000.00 31.00 575.00 1298.65 0.00 275.04 1000.00 658.04 -62.10 0.00 -14.86
r209C15 0.6 573.04 143.04  1000.00  31.00 601.00  7200.00 2.75 239.70  1000.00  622.70 -40.33  0.00 -7.97
c103C15 0.6 632.83 180.83 1000.00 39.00 587.00 7200.00 7.11 280.19 2000.00 1663.19 -35.46 -50.00 -61.95
c106C15 0.6 602.96 138.96 1000.00  39.00  575.00  7200.00 8.10 240.98  2000.00 1623.98 | -42.34  -50.00 -62.87
c202C15 0.6 635.76 170.76 1000.00 39.00 574.00 7200.00 4.78 314.62 1000.00 697.62 -45.72 0.00 -8.87
c208C15 0.6 612.80 190.80 1000.00  39.00 617.00  7200.00 7.19 262.50  1000.00  645.50 -27.31  0.00 -5.07
rc103C15 0.6 627.42 144.42 1000.00 39.00 556.00 7200.00 4.17 354.82 3000.00 2737.82 -59.30 -66.67  -77.08
rcl08C15 0.6 623.69 137.69 1000.00  39.00  553.00  814.65 0.00 374.36  3000.00 2757.36 | -63.22 -66.67 -77.38
rc202C15 0.6 637.20 189.20 1000.00 39.00 591.00 3099.96 0.00 295.60 1000.00 678.60 -35.99 0.00 -6.10
rc204C15 0.6 601.77 157.77  1000.00  39.00  595.00  7200.00  5.03 285.13  1000.00  668.13 -44.67  0.00 -9.93
r102C15 0.65 548.49 108.49 1000.00 31.00 591.00 6109.54 0.00 307.00 3000.00 2690.00 -64.66 -66.67 -79.61
r105C15 0.65 | 539.36 93.36 1000.00  31.00  585.00  7200.00 1.27 282.28  3000.00  2665.28 | -66.93 -66.67 -79.76
r202C15 0.65 | 560.25 104.25 1000.00  31.00 575.00 5482.76  0.00 275.04  1000.00  658.04 -62.10  0.00 -14.86
r209C15 0.65 | 573.04 143.04  1000.00  31.00 601.00 7154.09  0.00 239.70  1000.00  622.70 -40.33  0.00 -7.97
c103C15 0.65 | 627.90 175.90 1000.00  39.00 587.00  7200.00 7.89 280.19  2000.00 1663.19 | -37.22  -50.00 -62.25
c106C15 0.65 | 603.51 139.51 1000.00  39.00  575.00  7200.00 8.25 240.98  2000.00 1623.98 | -42.11 -50.00 -62.84
c202C15 0.65 | 635.76 170.76 1000.00  39.00  574.00  7200.00 3.26 314.62 1000.00  697.62 -45.72  0.00 -8.87
c208C15 0.65 | 612.80 190.80 1000.00  39.00 617.00  7200.00 6.43 262.50  1000.00  645.50 -27.31  0.00 -5.07
rc103C15 0.65 1640.53 149.53  2000.00  39.00  548.00  7200.00  62.48 354.82  3000.00 2737.82 | -57.86 -33.33  -40.08
rcl08C15 0.65 | 623.69 137.69 1000.00  39.00  553.00  903.65 0.00 374.36  3000.00  2757.36 | -63.22 -66.67 -77.38
rc202C15 0.65 | 637.20 189.20 1000.00  39.00 591.00 5987.65  0.00 295.60  1000.00  678.60 -35.99  0.00 -6.10
rc204C15 0.65 | 601.77 157.77  1000.00  39.00  595.00 1034.55  0.00 285.13  1000.00  668.13 -44.67  0.00 -9.93
r102C15 0.7 548.49 108.49 1000.00  31.00 591.00 6088.54  0.00 307.00  3000.00  2690.00 | -64.66 -66.67 -79.61
r105C15 0.7 539.36 93.36 1000.00 31.00 585.00 7200.00 1.31 282.28 3000.00 2665.28 -66.93 -66.67  -79.76
r202C15 0.7 563.69 111.69 1000.00  31.00 579.00 6234.65  0.00 275.04  1000.00  658.04 -59.39  0.00 -14.34
r209C15 0.7 573.04 143.04 1000.00 31.00 601.00 4823.05 0.00 239.70 1000.00 622.70 -40.33 0.00 -7.97
c103C15 0.7 627.90 175.90 1000.00  39.00  587.00  7200.00 8.68 280.19  2000.00 1663.19 | -37.22  -50.00 -62.25
c106C15 0.7 603.51 139.51 1000.00 39.00 575.00 7200.00 8.26 240.98 2000.00 1623.98 -42.11 -50.00 -62.84
c202C15 0.7 635.76 170.76 1000.00  39.00 574.00  2100.65  0.00 314.62 1000.00  697.62 -45.72  0.00 -8.87
c208C15 0.7 612.80 190.80 1000.00 39.00 617.00 7200.00 6.02 262.50 1000.00 645.50 -27.31 0.00 -5.07
rc103C15 0.7 1647.81  211.81  2000.00  39.00 603.00  7200.00 62.22 354.82  3000.00 2737.82 | -40.31 -33.33 -39.81
rc108C15 0.7 623.69 137.69 1000.00 39.00 553.00 853.96 0.00 374.36 3000.00 2757.36 -63.22 -66.67  -77.38
rc202C15 0.7 637.20 189.20 1000.00  39.00  591.00  7200.00 0.54 295.60  1000.00  678.60 -35.99  0.00 -6.10
rc204C15 0.7 601.77 157.77 1000.00 39.00 595.00 1654.78 0.00 285.13 1000.00 668.13 -44.67 0.00 -9.93
r102C15 0.75 | 548.49 108.49 1000.00  31.00 591.00 6793.66  0.00 307.00  3000.00  2690.00 | -64.66 -66.67 -79.61
r105C15 0.75 539.36 93.36 1000.00 31.00 585.00 7200.00 1.33 282.28 3000.00 2665.28 -66.93 -66.67  -79.76
r202C15 0.75 | 565.57 121.57  1000.00  31.00  587.00  3247.09  0.00 275.04  1000.00  658.04 -55.80  0.00 -14.05
r209C15 0.75 | 573.04 143.04 1000.00  31.00 601.00  4573.09  0.00 239.70  1000.00  622.70 -40.33  0.00 -7.97
c103C15 0.75 1629.68 187.68  2000.00  39.00 597.00  7200.00 63.86 280.19  2000.00 1663.19 | -33.02  0.00 -2.01
c106C15 0.75 | 603.51 139.51 1000.00  39.00 575.00  7200.00 6.03 240.98  2000.00 1623.98 | -42.11  -50.00 -62.84
c202C15 0.75 | 635.76 170.76 1000.00  39.00 574.00 78.54 0.00 314.62 1000.00  697.62 -45.72  0.00 -8.87
c208C15 0.75 | 612.80 190.80 1000.00  39.00 617.00  7200.00 6.13 262.50  1000.00  645.50 -27.31  0.00 -5.07
rc103C15 0.75 1647.81  211.81  2000.00  39.00 603.00  7200.00 62.19 354.82  3000.00 2737.82 | -40.31 -33.33 -39.81
rc108C15 0.75 1624.62 164.62  2000.00 39.00 579.00  7200.00 1.25 374.36  3000.00  2757.36 | -56.03 -33.33 -41.08
rc202C15 0.75 | 637.20 189.20 1000.00  39.00  591.00  7200.00 0.64 295.60  1000.00  678.60 -35.99  0.00 -6.10
rc204C15 0.75 | 601.77 157.77  1000.00  39.00  595.00 1982.06  0.00 285.13  1000.00  668.13 -44.67  0.00 -9.93
r102C15 0.8 548.49 108.49 1000.00  31.00  591.00  7109.65  0.00 307.00  3000.00 2690.00 | -64.66 -66.67 -79.61
r105C15 0.8 542.92 112.92 1000.00  31.00 601.00  7200.00  2.59 282.28  3000.00  2665.28 | -60.00 -66.67 -79.63
r202C15 0.8 566.66 126.66 1000.00  31.00  591.00  499.65 0.00 275.04  1000.00  658.04 -53.95  0.00 -13.89
r209C15 0.8 573.04 143.04  1000.00  31.00 601.00 4123.96  0.00 239.70  1000.00  622.70 -40.33  0.00 -7.97
c103C15 0.8 1639.46 201.46 2000.00 39.00 601.00 7200.00 1.64 280.19 2000.00 1663.19 -28.10 0.00 -1.43
c106C15 0.8 1591.95 159.95  2000.00 39.00 607.00 7200.00 64.92 240.98  2000.00 1623.98 | -33.63  0.00 -1.97
c202C15 0.8 640.31 206.31 1000.00 39.00 605.00 94.65 0.00 314.62 1000.00 697.62 -34.43 0.00 -8.21
c208C15 0.8 612.80 190.80 1000.00  39.00 617.00  7200.00 6.24 262.50  1000.00  645.50 -27.31  0.00 -5.07
rc103C15 0.8 1657.66 192.66 2000.00 39.00 574.00 7200.00 62.55 354.82 3000.00 2737.82 -45.70 -33.33 -39.45
rc108C15 0.8 1645.71  223.71  2000.00 39.00 617.00 7200.00 1.68 374.36  3000.00 2757.36 | -40.24 -33.33  -40.32
rc202C15 0.8 637.20 189.20 1000.00 39.00 591.00 3675.07 0.00 295.60 1000.00 678.60 -35.99 0.00 -6.10
rc204C15 0.8 623.99 191.99 1000.00  39.00 607.00  7200.00 0.60 285.13  1000.00  668.13 -32.67  0.00 -6.61
Average 751.91 154.59 1150.00  36.33  589.02  5630.31  8.33 292.68  1833.33 1509.02 | -46.56  -24.72  -34.12
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7.2 REVRP-PCP vs. EVRP

This section evaluates the performance of REVRP-PCP, assuming home delivery via robot and EV and
no self-collection services, compared to EVRP across small and medium instances. Table [L3]illustrates the
results of REVRP-PCP compared to EVRP for instances with a customer size of five. Notably, the results do
not include the objective of minimizing the locker opening cost (O;) as there is no locker in the REVRP-PCP.
Gurobi’s average time for REVRP-PCP instances with |C| = 5 is 0.75 seconds. On average, REVRP-PCP
improves the EV traveling, usage, and total costs of EVRP by 15.06%, 6.67%, and 8.13%, respectively.
Furthermore, REVRP-PCP uses less number of EVs in eight instances.

Furthermore, Table [I4] presents the results for instances with ten customers. REVRP-PCP demonstrates
an average improvement of 15.77%, 8.89%, and 10.70 in EV traveling, usage, and total costs over EVRP.
The average execution time for Gurobi in these instances is 3290.07 seconds, with 33 solutions being optimal.
It’s noteworthy that REVRP-PCP exhibits more substantial improvements for instances with ten customers
than those with five.

Also, REVRP-PCP’s performance was evaluated in medium-sized scenarios with fifteen customers, as
depicted in Table REVRP-PCP demonstrates an average improvement of 16.77% in traveling cost
over EVRP across all instances, with a 6.39% improvement in usage cost. Additionallyy, REVRP-PCP
provides solutions with lower total costs for EVs than EVRP instances. The average execution time using
Gurobi increased to 5301.12 seconds, significantly larger than in smaller instances. Nonetheless, REVRP-
PCP achieves optimal solutions in 23 medium-sized instances. Despite REVRP-PCP exhibiting higher time
complexity in medium-sized instances than smaller ones, its improvements and performance outperform
EVRP in routing cost optimization. Additionally, REVRP-PCP utilized home delivery via robots in 31 out
of 60 instances, resulting in EV’s traveling cost improvements. These results highlight the potential cost
reduction achievable by implementing the REVRP-PCP approach, including robot-and-EV-based delivery,
compared to only EV-based delivery.

8 Performance of the proposed LNS-SA over small & medium
instances

The results obtained by the LNS-SA for REVRP-LPCP instances, encompassing customer sizes of five, ten,
and fifteen, are presented in Tables [I6}I8 The results of the proposed LNS-SA were the best ones over ten
runs. T is the average execution time of the LNS-SA in seconds, which is over ten runs on each instance.
Also, the last column, ‘Gap with Gurobi%,” shows the gap between the best-found solution by Gurobi and
the LNS-SA.

9 Convergence behavior of the LNS-SA

The averaged convergence behavior(history) of the LNS-SA algorithm on large instances is shown in Figs.
for sizes of 100, 200, 300, 400, and 500 nodes, respectively. The average execution time for these
instances was 281.67 seconds. These figures show that our algorithm consistently improved the quality of
the initial solution during the iterations.

10 Performance of the LNS-SA vs. existing methods

Tables[I9}20]show the results of the proposed LNS-SA and existing methods in the literature, including FAC,
DEbin, DEexp, BA, and ¢cPSO (Trachanatzi et al.; [2020), over two groups of PCVRP instances. In these
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Table 13: Results by Gurobi on REVRP-PCP’s small-size instances with five customers

Instance a (R;'T}?VRP POC;;UP o o, o, T 0.G.% gZ]RP u or A% A% Ar%
r104C5 0.6 971.69 136.69 1000.00 0.00 165.00 0.65 0.00 136.69 1000.00 971.69 0.00 0.00 0.00
r105C5 0.6 956.73 63.73 1000.00 0.00 107.00 0.44 0.00 151.87 2000.00 1986.87 -58.03 -50.00 -51.85
r202C5 0.6 963.78 128.78 1000.00 0.00 165.00 0.66 0.00 128.78 1000.00 963.78 0.00 0.00 0.00
r203C5 0.6 961.16 121.16 1000.00 0.00 160.00 0.55 0.00 179.06 1000.00 1014.06 | -32.34 0.00 -5.22
c101C5 0.6 997.95 130.95 1000.00 0.00 133.00 0.56 0.00 208.90 1000.00 1043.90 -37.32 0.00 -4.40
c103C5 0.6 987.34 147.34 1000.00 0.00 160.00 0.43 0.00 154.50 1000.00 989.50 -4.63 0.00 -0.22
c206C5 0.6 1013.82 173.82 1000.00 0.00 160.00 0.66 0.00 201.55 1000.00 1036.55 | -13.76 0.00 -2.19
c208C5 0.6 985.73 145.49 1000.00 0.24 160.00 0.63 0.00 158.48 1000.00 993.48 -8.20 0.00 -0.78
rcl05C5 0.6 976.19 136.19 1000.00 0.00 160.00 0.87 0.00 214.59 2000.00 2049.59 | -36.53  -50.00 -52.37
rcl108C5 0.6 2076.72 236.72 2000.00 0.00 160.00 0.76 0.00 253.93 2000.00 2088.93 -6.78 0.00 -0.58
rc204C5 0.6 962.32 91.16 1000.00 0.16 129.00 1.75 0.00 176.39 1000.00 1011.39 -48.32 0.00 -4.85
rc208C5 0.6 950.41 110.41 1000.00 0.00 160.00 2.89 0.00 167.98 1000.00 1002.98 | -34.27  0.00 -5.24
r104C5 0.65 971.69 136.69 1000.00 0.00 165.00 0.86 0.00 136.69 1000.00 971.69 0.00 0.00 0.00
r105C5 0.65 968.70 102.70 1000.00 0.00 134.00 0.23 0.00 151.87  2000.00 1986.87 | -32.38 -50.00 -51.24
r202C5 0.65 963.78 128.78 1000.00 0.00 165.00 0.77 0.00 128.78 1000.00 963.78 0.00 0.00 0.00
r203C5 0.65 1014.06 179.06 1000.00 0.00 165.00 0.76 0.00 179.06 1000.00 1014.06 0.00 0.00 0.00
c101C5 0.65 997.95 130.95 1000.00 0.00 133.00 0.24 0.00 208.90 1000.00 1043.90 | -37.32 0.00 -4.40
c103C5 0.65 987.34 147.34 1000.00 0.00 160.00 0.54 0.00 154.50 1000.00 989.50 -4.63 0.00 -0.22
c206C5 0.65 1013.82 173.82 1000.00 0.00 160.00 0.97 0.00 201.55 1000.00 1036.55 | -13.76 0.00 -2.19
c208C5 0.65 985.73 145.49 1000.00 0.24 160.00 0.76 0.00 158.48 1000.00 993.48 -8.20 0.00 -0.78
rcl05C5 0.65 976.19 136.19 1000.00 0.00 160.00 1.76 0.00 214.59 2000.00 2049.59 -36.53 -50.00 -52.37
rc108C5 0.65 2076.72 236.72 2000.00 0.00 160.00 0.87 0.00 253.93 2000.00 2088.93 | -6.78 0.00 -0.58
rc204C5 0.65 978.87 112.71 1000.00 0.16 134.00 0.76 0.00 176.39 1000.00 1011.39 -36.11 0.00 -3.22
rc208C5 0.65 950.41 110.41 1000.00 0.00 160.00 0.66 0.00 167.98 1000.00 1002.98 | -34.27  0.00 -5.24
r104C5 0.7 971.69 136.69 1000.00 0.00 165.00 0.68 0.00 136.69 1000.00 971.69 0.00 0.00 0.00
r105C5 0.7 968.70 102.70 1000.00 0.00 134.00 0.88 0.00 151.87 2000.00 1986.87 -32.38 -50.00 -51.24
r202C5 0.7 963.78 128.78 1000.00 0.00 165.00 0.78 0.00 128.78 1000.00 963.78 0.00 0.00 0.00
r203C5 0.7 1014.06 179.06 1000.00 0.00 165.00 0.43 0.00 179.06 1000.00 1014.06 0.00 0.00 0.00
c101C5 0.7 1018.68 178.68 1000.00 0.00 160.00 0.89 0.00 208.90 1000.00 1043.90 -14.47 0.00 -2.42
c103C5 0.7 987.34 147.34 1000.00 0.00 160.00 1.53 0.00 154.50 1000.00 989.50 -4.63 0.00 -0.22
c206C5 0.7 1013.82 173.82 1000.00 0.00 160.00 0.86 0.00 201.55 1000.00 1036.55 -13.76 0.00 -2.19
c208C5 0.7 985.73 145.49 1000.00 0.24 160.00 0.66 0.00 158.48 1000.00 993.48 -8.20 0.00 -0.78
rcl105C5 0.7 976.19 136.19 1000.00 0.00 160.00 0.87 0.00 214.59 2000.00 2049.59 -36.53 -50.00 -52.37
rc108C5 0.7 2076.72 236.72 2000.00 0.00 160.00 0.42 0.00 253.93 2000.00 2088.93 -6.78 0.00 -0.58
rc204C5 0.7 1003.43 163.27 1000.00 0.16 160.00 0.97 0.00 176.39 1000.00 1011.39 -7.44 0.00 -0.79
rc208C5 0.7 950.41 110.41 1000.00 0.00 160.00 0.35 0.00 167.98 1000.00 1002.98 -34.27 0.00 -5.24
r104C5 0.75 971.69 136.69 1000.00 0.00 165.00 0.56 0.00 136.69 1000.00 971.69 0.00 0.00 0.00
r105C5 0.75 968.70 102.70 1000.00 0.00 134.00 0.48 0.00 151.87 2000.00 1986.87 -32.38 -50.00 -51.24
r202C5 0.75 963.78 128.78 1000.00 0.00 165.00 0.65 0.00 128.78 1000.00 963.78 0.00 0.00 0.00
r203C5 0.75 1014.06 179.06 1000.00 0.00 165.00 0.97 0.00 179.06 1000.00 1014.06 0.00 0.00 0.00
c101C5 0.75 1018.68 178.68 1000.00 0.00 160.00 0.67 0.00 208.90 1000.00 1043.90 -14.47 0.00 -2.42
c103C5 0.75 987.34 147.34 1000.00 0.00 160.00 0.66 0.00 154.50 1000.00 989.50 -4.63 0.00 -0.22
c206C5 0.75 1028.64 162.64 1000.00 0.00 134.00 0.79 0.00 201.55 1000.00 1036.55 -19.31 0.00 -0.76
c208C5 0.75 985.73 145.49 1000.00 0.24 160.00 1.54 0.00 158.48 1000.00 993.48 -8.20 0.00 -0.78
rcl05C5 0.75 2049.59 214.59 2000.00 0.00 165.00 1.87 0.00 214.59 2000.00 2049.59 0.00 0.00 0.00
rc108C5 0.75 2076.72 236.72 2000.00 0.00 160.00 0.47 0.00 253.93 2000.00 2088.93 -6.78 0.00 -0.58
rc204C5 0.75 1003.43 163.27 1000.00 0.16 160.00 0.34 0.00 176.39 1000.00 1011.39 | -7.44 0.00 -0.79
rc208C5 0.75 950.41 110.41 1000.00 0.00 160.00 0.24 0.00 167.98 1000.00 1002.98 -34.27 0.00 -5.24
r104C5 0.8 971.69 136.69 1000.00 0.00 165.00 0.56 0.00 136.69 1000.00 971.69 0.00 0.00 0.00
r105C5 0.8 968.70 102.70 1000.00 0.00 134.00 0.10 0.00 151.87 2000.00 1986.87 -32.38 -50.00 -51.24
r202C5 0.8 963.78 128.78 1000.00 0.00 165.00 0.35 0.00 128.78 1000.00 963.78 0.00 0.00 0.00
r203C5 0.8 1014.06 179.06 1000.00 0.00 165.00 0.34 0.00 179.06 1000.00 1014.06 0.00 0.00 0.00
c101C5 0.8 1018.68 178.68 1000.00 0.00 160.00 0.45 0.00 208.90 1000.00 1043.90 -14.47 0.00 -2.42
c103C5 0.8 987.34 147.34 1000.00 0.00 160.00 0.28 0.00 154.50 1000.00 989.50 -4.63 0.00 -0.22
c206C5 0.8 1028.64 162.64 1000.00 0.00 134.00 0.46 0.00 201.55 1000.00 1036.55 | -19.31 0.00 -0.76
c208C5 0.8 985.73 145.49 1000.00 0.24 160.00 0.45 0.00 158.48 1000.00 993.48 -8.20 0.00 -0.78
rcl05C5 0.8 2049.59 214.59 2000.00 0.00 165.00 0.35 0.00 214.59 2000.00 2049.59 0.00 0.00 0.00
rcl108C5 0.8 2076.72 236.72 2000.00 0.00 160.00 0.66 0.00 253.93 2000.00 2088.93 -6.78 0.00 -0.58
rc204C5 0.8 1003.43 163.27 1000.00 0.16 160.00 0.34 0.00 176.39 1000.00 1011.39 -7.44 0.00 -0.79
rc208C5 0.8 950.41 110.41 1000.00 0.00 160.00 0.56 0.00 167.98 1000.00 1002.98 | -34.27  0.00 -5.24
Average 1115.32 151.89 1120.00 0.04 156.60 0.75 0.00 177.73 1250.00 1262.73 -15.06 -6.67 -8.13

tables, ‘O.F.” represents the best objective function values obtained by each algorithm over five runs for each
instance. The (% shows the percentage difference between the O.F.s produced by LNS-SA and those from
each existing method.
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Table 14: Results by Gurobi on REVRP-PCP’s small-size instances with ten customers

REVRP-PCP EVRP o

Instance a or or. ox o, o, T 0.6.% | or, ox or A% A% A%
r102C10 0.6 810.05 133.05 1000.00 0.00 323.00 527.54 0.00 220.97 2000.00 1785.97 -39.79 -50.00 -54.64
r103C10 0.6 784.42 130.42 1000.00 0.00 346.00 7200.00 6.87 160.41 2000.00 1725.41 -18.69 -50.00 -54.54
r201C10 0.6 742.41 165.41 1000.00 0.00 423.00 57.97 0.00 192.21 1000.00 757.21 -13.95 0.00 -1.96
r203C10 0.6 766.65 160.65 1000.00 0.00 394.00 20.92 0.00 214.90 1000.00 779.90 -25.24 0.00 -1.70
cl01C10 0.6 786.60 179.44 1000.00 0.16 393.00 15.16 0.00 284.95 2000.00 1849.95 -37.03 -50.00 -57.48
c104C10 0.6 1838.93 273.93 2000.00 0.00 435.00 7200.00 55.13 273.93 2000.00 1838.93 0.00 0.00 0.00
c202C10 0.6 759.59 184.59 1000.00 0.00 425.00 448.97 0.00 214.96 1000.00 779.96 -14.13 0.00 -2.61
c205C10 0.6 781.60 175.60 1000.00 0.00 394.00 75.76 0.00 224.78 1000.00 789.78 -21.88 0.00 -1.04
rc102C10 0.6 1827.65 208.65 2000.00 0.00 381.00 7200.00 50.73 376.23 3000.00 2941.23 -44.54 -33.33 -37.86
rc108C10 0.6 1874.11 263.11 2000.00 0.00 389.00 7200.00 53.21 345.53 3000.00 2910.53 -23.85 -33.33  -35.61
rc201C10 0.6 812.26 247.26 1000.00 0.00 435.00 92.56 0.00 247.26 1000.00 812.26 0.00 0.00 0.00
rc205C10 0.6 845.87 248.87 1000.00 0.00 403.00 79.65 0.00 306.82 1000.00 871.82 -18.89 0.00 -2.98
r102C10 0.65 1785.84 154.8439 2000.00 0.00 369.00 7200.00 56.22 220.97 2000.00 1785.97 0.00 0.00 -0.01
r103C10 0.65 1725.41 160.41 2000.00 0.00 435.00 7200.00 57.62 160.41 2000.00 1725.41 0.00 0.00 0.00
r201C10 0.65 742.41 165.41 1000.00 0.00 423.00 60.75 0.00 192.21 1000.00 757.21 -13.95 0.00 -1.96
r203C10 0.65 766.65 160.65 1000.00 0.00 394.00 22.65 0.00 214.90 1000.00 779.90 -25.24 0.00 -1.70
cl01C10 0.65 786.60 179.44 1000.00 0.16 393.00 27.34 0.00 284.95 2000.00 1849.95 -37.03 -50.00 -57.48
c104C10 0.65 1838.93 273.93 2000.00 0.00 435.00 7200.00 54.92 273.93 2000.00 1838.93 0.00 0.00 0.00
c202C10 0.65 759.59 184.59 1000.00 0.00 425.00 76.64 0.00 214.96 1000.00 779.96 -14.13 0.00 -2.61
c205C10 0.65 781.60 175.60 1000.00 0.00 394.00 45.76 0.00 224.78 1000.00 789.78 -21.88 0.00 -1.04
rc102C10 0.65 1827.65 208.65 2000.00 0.00 381.00 7200.00 49.03 376.23 3000.00 2941.23 -44.54 -33.33 -37.86
rc108C10 0.65 1874.11 263.11 2000.00 0.00 389.00 7200.00 52.33 345.53 3000.00 2910.53 -23.85 -33.33  -35.61
rc201C10 0.65 812.26 247.26 1000.00 0.00 435.00 100.65 0.00 247.26 1000.00 812.26 0.00 0.00 0.00
rc205C10 0.65 845.87 248.87 1000.00 0.00 403.00 49.08 0.00 306.82 1000.00 871.82 -18.89 0.00 -2.98
r102C10 0.7 1785.84 154.84 2000.00 0.00 369.00 7200.00 55.91 220.97 2000.00 1785.97 -29.93 0.00 -0.01
r103C10 0.7 1725.41 160.41 2000.00 0.00 435.00 7200.00 57.91 160.41 2000.00 1725.41 0.00 0.00 0.00
r201C10 0.7 742.41 165.41 1000.00 0.00 423.00 67.65 0.00 192.21 1000.00 757.21 -13.95 0.00 -1.96
r203C10 0.7 766.65 160.65 1000.00 0.00 394.00 30.65 0.00 214.90 1000.00 779.90 -25.24 0.00 -1.70
c101C10 0.7 1820.88 223.72 2000.00 0.16 403.00 7200.00 55.79 284.95 2000.00 1849.95 -21.49 0.00 -1.57
c104C10 0.7 1838.93 273.93 2000.00 0.00 435.00 7200.00 55.89 273.93 2000.00 1838.93 0.00 0.00 0.00
c202C10 0.7 759.59 184.59 1000.00 0.00 425.00 87.64 0.00 214.96 1000.00 779.96 -14.13 0.00 -2.61
c205C10 0.7 781.60 175.60 1000.00 0.00 394.00 33.22 0.00 224.78 1000.00 789.78 -21.88 0.00 -1.04
rc102C10 0.7 1835.89 192.89 2000.00 0.00 357.00 7200.00 52.07 376.23 3000.00 2941.23 -48.73 -33.33  -37.58
rc108C10 0.7 1874.11 263.11 2000.00 0.00 389.00 7200.00 53.34 345.53 3000.00 2910.53 -23.85 -33.33  -35.61
rc201C10 0.7 812.26 247.26 1000.00 0.00 435.00 98.45 0.00 247.26 1000.00 812.26 0.00 0.00 0.00
rc205C10 0.7 845.87 248.87 1000.00 0.00 403.00 53.76 0.00 306.82 1000.00 871.82 -18.89 0.00 -2.98
r102C10 0.75 1785.97 220.97 2000.00 0.00 435.00 7200.00 56.08 220.97 2000.00 1785.97 | 0.00 0.00 0.00
r103C10 0.75 1725.41 160.41 2000.00 0.00 435.00 7200.00 57.91 160.41 2000.00 1725.41 0.00 0.00 0.00
r201C10 0.75 742.41 165.41 1000.00 0.00 423.00 65.76 0.00 192.21 1000.00 757.21 -13.95 0.00 -1.96
r203C10 0.75 766.65 160.65 1000.00 0.00 394.00 33.75 0.00 214.90 1000.00 779.90 -25.24 0.00 -1.70
c101C10 0.75 1820.88 223.72 2000.00 0.16 403.00 7200.00 55.70 284.95 2000.00 1849.95 -21.49 0.00 -1.57
c104C10 0.75 1838.93 273.93 2000.00 0.00 435.00 7200.00 54.65 273.93 2000.00 1838.93 0.00 0.00 0.00
c202C10 0.75 759.59 184.59 1000.00 0.00 425.00 68.09 0.00 214.96 1000.00 779.96 -14.13 0.00 -2.61
c205C10 0.75 789.78 224.78 1000.00 0.00 435.00 70.34 0.00 224.78 1000.00 789.78 0.00 0.00 0.00
rc102C10 0.75 1854.94 247.94 2000.00 0.00 393.00 7200.00 52.30 376.23 3000.00 2941.23 -34.10 -33.33 -36.93
rc108C10 0.75 1876.67 301.67 2000.00 0.00 425.00 7200.00 51.98 345.53 3000.00 2910.53 -12.69 -33.33  -35.52
rc201C10 0.75 812.26 247.26 1000.00 0.00 435.00 99.07 0.00 247.26 1000.00 812.26 0.00 0.00 0.00
rc205C10 0.75 845.87 248.87 1000.00 0.00 403.00 43.76 0.00 306.82 1000.00 871.82 -18.89 0.00 -2.98
r102C10 0.8 1785.97 220.97 2000.00 0.00 435.00 7200.00 55.31 220.97 2000.00 1785.97 | 0.00 0.00 0.00
r103C10 0.8 1725.41 160.41 2000.00 0.00 435.00 7200.00 57.59 160.41 2000.00 1725.41 0.00 0.00 0.00
r201C10 0.8 742.41 165.41 1000.00 0.00 423.00 64.66 0.00 192.21 1000.00 757.21 -13.95 0.00 -1.96
r203C10 0.8 766.65 160.65 1000.00 0.00 394.00 35.78 0.00 214.90 1000.00 779.90 -25.24 0.00 -1.70
c101C10 0.8 1820.88 223.72 2000.00 0.16 403.00 7200.00 55.61 284.95 2000.00 1849.95 -21.49 0.00 -1.57
c104C10 0.8 1838.93 273.93 2000.00 0.00 435.00 7200.00 54.92 273.93 2000.00 1838.93 0.00 0.00 0.00
c202C10 0.8 759.59 184.59 1000.00 0.00 425.00 55.79 0.00 214.96 1000.00 779.96 -14.13 0.00 -2.61
c205C10 0.8 789.78 224.78 1000.00 0.00 435.00 252.75 0.00 224.78 1000.00 789.78 0.00 0.00 0.00
rc102C10 0.8 1882.88 285.88 2000.00 0.00 403.00 7200.00 52.46 376.23 3000.00 2941.23 -24.01 -35.98
rc108C10 0.8 1876.67 301.67 2000.00 0.00 425.00 7200.00 32.71 345.53 3000.00 2910.53 -12.69 -35.52
rc201C10 0.8 812.26 247.26 1000.00 0.00 435.00 95.98 0.00 247.26 1000.00 812.26 0.00 0.00
rc205C10 0.8 845.87 248.87 1000.00 0.00 403.00 45.81 0.00 306.82 1000.00 871.82 -18.89 -2.98

Average 1233.89 210.06 1433.33 0.01 409.52 3290.07 23.40 255.25 1666.67 1486.91 -15.77 -8.89 -10.70
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Table 15: Results by Gurobi on REVRP-PCP’s medium-size instances with fifteen customers

Instance a REVRP-P(EP EVRP A% A% Ar%

Or o7, oy, O, O, T 0.G.% | O, oy, Or
r102C15 0.6 1628.63 191.63  2000.00 0.00 563.00  7200.00 63.33 307.00  3000.00  2690.00 | -37.58 -33.33 -39.46
r105C15 0.6 1661.35  246.35  2000.00 0.00 585.00 7200.00 64.01 282.28  3000.00  2665.28 | -12.73  -33.33  -37.67

r202C15 0.6 629.25 224.25 1000.00 0.00  595.00 784.42 0.00 275.04 1000.00  658.04 -18.47  0.00 -4.38
r209C15 0.6 610.74 213.74  1000.00 0.00 603.00 456.21 0.00 239.70  1000.00  622.70 -10.83  0.00 -1.92
c103C15 0.6 1647.11  241.87  2000.00 0.24 595.00 7200.00 62.06 280.19  2000.00 1663.19 | -13.68  0.00 -0.97
c106C15 0.6 671.72 168.27  1000.00  0.45 497.00 7200.00 14.19 240.98  2000.00 1623.98 | -30.17 -50.00 -58.64
c202C15 0.6 682.72 248.43  1000.00 0.29  566.00 5032.44  0.00 314.62 1000.00  697.62 -21.04 0.00 -2.14
c208C15 0.6 631.79 181.28  1000.00  0.51  550.00  44.32 0.00 262.50  1000.00  645.50 -30.94  0.00 -2.12
rc103C15 0.6 1736.37  268.37  2000.00 0.00 532.00 7200.00 61.44 354.82  3000.00 2737.82 | -24.36 -33.33  -36.58
rc108C15 0.6 2755.71  368.24  3000.00 0.47 613.00 7200.00 74.44 374.36  3000.00 2757.36 | -1.64 0.00 -0.06
rc202C15 0.6 675.51 288.51 1000.00  0.00  613.00 2543.76  0.00 295.60  1000.00  678.60 -2.40 0.00 -0.46
rc204C15 0.6 656.18 260.65  1000.00 0.53  605.00 7200.00 1.94 285.13  1000.00  668.13 -8.59 0.00 -1.79

r102C15 0.65 | 1628.63 191.63  2000.00 0.00 563.00 7200.00 62.76 307.00  3000.00  2690.00 | -37.58 -33.33 -39.46
r105C15 0.65 | 1661.84  209.84  2000.00 0.00 548.00 7200.00  64.03 282.28  3000.00 2665.28 | -25.66 -33.33  -37.65

r202C15 0.65 | 629.25 224.25 1000.00 0.00  595.00 109.54 0.00 275.04  1000.00  658.04 -18.47  0.00 -4.38
r209C15 0.65 | 610.74 213.74  1000.00 0.00 603.00 465.44 0.00 239.70  1000.00  622.70 -10.83  0.00 -1.92
c103C15 0.65 | 1647.11  241.87  2000.00 0.24 595.00 7200.00 57.65 280.19  2000.00 1663.19 | -13.68  0.00 -0.97
c106C15 0.65 | 1600.38  190.69  2000.00 0.69 591.00 7200.00  64.45 240.98  2000.00  1623.98 | -20.87  0.00 -1.45
c202C15 0.65 | 682.72 248.43  1000.00 0.29 566.00 3512.76  0.00 314.62  1000.00  697.62 -21.04  0.00 -2.14
c208C15 0.65 | 631.79 181.28  1000.00 0.51  550.00  67.87 0.00 262.50 1000.00  645.50 -30.94 0.00 -2.12
rc103C15 0.65 | 1736.37  268.37  2000.00 0.00 532.00 7200.00 60.65 354.82  3000.00 2737.82 | -24.36  -33.33  -36.58
rc108C15 0.65 | 2755.71  368.24  3000.00 0.47 613.00 7200.00 70.65 374.36  3000.00  2757.36 | -1.64 0.00 -0.06
rc202C15 0.65 | 675.51 288.51 1000.00  0.00 613.00 3433.09 0.00 295.60 1000.00 678.60 -2.40 0.00 -0.46
rc204C15 0.65 | 656.18 260.65 1000.00 0.53  605.00 7200.00 1.65 285.13  1000.00  668.13 -8.59 0.00 -1.79

r102C15 0.7 1628.63 191.63 2000.00  0.00 563.00 7200.00  60.54 307.00  3000.00 2690.00 | -37.58 -33.33  -39.46
r105C15 0.7 1661.35 246.35 2000.00  0.00 585.00 7200.00  64.45 282.28  3000.00 2665.28 | -12.73  -33.33  -37.67

r202C15 0.7 629.25 224.25 1000.00  0.00  595.00 2745.98  0.00 275.04 1000.00  658.04 -18.47  0.00 -4.38
r209C15 0.7 610.74 213.74  1000.00 0.00 603.00 632.09 0.00 239.70  1000.00  622.70 -10.83  0.00 -1.92
c103C15 0.7 1647.11  241.87  2000.00 0.24  595.00 7200.00 5.76 280.19  2000.00 1663.19 | -13.68  0.00 -0.97
c106C15 0.7 1600.38  190.69  2000.00 0.69 591.00 7200.00 64.34 240.98  2000.00 1623.98 | -20.87  0.00 -1.45
c202C15 0.7 682.72 248.43  1000.00  0.29  566.00 4095.65  0.00 314.62  1000.00  697.62 -21.04 0.00 -2.14
c208C15 0.7 631.79 181.28  1000.00 0.51  550.00  100.65 0.00 262.50  1000.00  645.50 -30.94  0.00 -2.12
rc103C15 0.7 2731.36  305.36  3000.00 0.00 574.00 7200.00 75.44 354.82  3000.00 2737.82 | -13.94  0.00 -0.24
rc108C15 0.7 2755.71  368.24  3000.00 0.47 613.00 7200.00 65.76 374.36  3000.00 2757.36 | -1.64 0.00 -0.06
rc202C15 0.7 675.51 288.51 1000.00  0.00 613.00 4987.35  0.00 295.60  1000.00  678.60 -2.40 0.00 -0.46
rc204C15 0.7 656.18 260.65  1000.00 0.53  605.00 7200.00 1.09 285.13  1000.00  668.13 -8.59 0.00 -1.79
r102C15 0.75 | 1628.63 191.63  2000.00 0.00 563.00 7200.00 36.54 307.00  3000.00  2690.00 | -37.58 -33.33 -39.46
r105C15 0.75 | 2647.23  244.23  3000.00 0.00 597.00 7200.00 77.44 282.28  3000.00  2665.28 | -13.48  0.00 -0.68
r202C15 0.75 | 629.25 224.25 1000.00 0.00 595.00 7200.00 1.55 275.04  1000.00  658.04 -18.47  0.00 -4.38
r209C15 0.75 | 610.74 213.74 1000.00 0.00  603.00 534.98 0.00 239.70  1000.00  622.70 -10.83  0.00 -1.92
c103C15 0.75 | 1647.11  241.87 2000.00 0.24  595.00 7200.00 1.76 280.19  2000.00 1663.19 | -13.68  0.00 -0.97
c106C15 0.75 | 1597.59  184.14  2000.00 0.45 587.00 7200.00 64.01 240.98  2000.00  1623.98 | -23.59  0.00 -1.63
c202C15 0.75 | 682.72 248.43  1000.00 0.29  566.00  4435.87  0.00 314.62  1000.00  697.62 -21.04  0.00 -2.14
c208C15 0.75 | 631.79 181.28  1000.00 0.51  550.00  104.65 0.00 262.50 1000.00  645.50 -30.94 0.00 -2.12
rc103C15 0.75 | 2731.36  305.36  3000.00 0.00 574.00 7200.00 75.66 354.82  3000.00 2737.82 | -13.94  0.00 -0.24
rc108C15 0.75 | 2755.71  368.24  3000.00 0.47 613.00 7200.00 36.76 374.36  3000.00  2757.36 | -1.64 0.00 -0.06
rc202C15 0.75 | 675.51 288.51 1000.00  0.00 613.00 6453.08  0.00 295.60  1000.00  678.60 -2.40 0.00 -0.46
rc204C15 0.75 | 656.18 260.65  1000.00 0.53  605.00 7200.00 1.07 285.13  1000.00  668.13 -8.59 0.00 -1.79
r102C15 0.8 1634.76 ~ 207.76  2000.00 0.00 573.00 7200.00 64.89 307.00  3000.00  2690.00 | -32.33 -33.33 -39.23
r105C15 0.8 2647.23  244.23  3000.00 0.00 597.00  7200.00 77.62 282.28  3000.00  2665.28 | -13.48  0.00 -0.68
r202C15 0.8 629.25 224.25 1000.00  0.00  595.00 7200.00 1.75 275.04 1000.00  658.04 -18.47  0.00 -4.38
r209C15 0.8 610.74 213.74  1000.00  0.00 603.00 606.54 0.00 239.70  1000.00  622.70 -10.83  0.00 -1.92
c103C15 0.8 1647.11  241.87  2000.00 0.24  595.00 7200.00 1.99 280.19  2000.00 1663.19 | -13.68  0.00 -0.97
c106C15 0.8 1597.58  184.14  2000.00 0.44 587.00 7200.00 64.33 240.98  2000.00 1623.98 | -23.59  0.00 -1.63
c202C15 0.8 685.78 255.49  1000.00 0.29 570.00 3219.87 0.00 314.62  1000.00  697.62 -18.79  0.00 -1.70
c208C15 0.8 631.79 181.28  1000.00 0.51  550.00  100.65 0.00 262.50  1000.00  645.50 -30.94  0.00 -2.12
rc103C15 0.8 2731.36  305.36  3000.00 0.00 574.00 7200.00 75.61 354.82  3000.00 2737.82 | -13.94  0.00 -0.24
rc108C15 0.8 2755.71  368.24  3000.00 0.47 613.00 7200.00 38.31 374.36  3000.00 2757.36 | -1.64 0.00 -0.06
rc202C15 0.8 675.51 288.51 1000.00  0.00 613.00 7200.00 3.53 295.60  1000.00  678.60 -2.40 0.00 -0.46
rc204C15 0.8 656.18 260.65 1000.00 0.53 605.00 7200.00 2.07 285.13  1000.00  668.13 -8.59 0.00 -1.79
Average 1310.18  244.63 1650.00 0.22  584.67 5301.12  28.09 292.68 1833.33  1509.02 | -16.77 -6.39 -8.65
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Table 16: LNS-SA’s

results on small-size instances when |C| =5

REVRP-LPCP (via Gurobi)

REVRP-LPCP (via LNS-SA)

Instance @ Or T (sec.) Or o7, oz, O, O Op T’ (sec.) Gap with Gurobi%
r104C5 0.6 907.85 0.90 907.85 36.85 1000.00 0.00 31.00 160.00 0.06 0.00
r105C5 0.6 904.78 0.32 904.78 33.78 1000.00 0.00 31.00 160.00 0.06 0.00
r202C5 0.6 918.89 1.42 918.89 52.89 1000.00 0.00 31.00 165.00 0.49 0.00
r203C5 0.6 905.69  0.88 905.69  34.69 1000.00 0.00 31.00 160.00 1.06 0.00
c101C5 0.6 972.15 0.38 972.15 67.15 1000.00 0.00 39.00 134.00 0.92 0.00
c103C5 0.6 950.07 0.50 950.07 76.07 1000.00 0.00 39.00 165.00 0.46 0.00
c206C5 0.6 942.36 0.59 942.36 63.36 1000.00 0.00 39.00 160.00 1.32 0.00
c208C5 0.6 959.85 1.32 959.85 53.85 1000.00 0.00 39.00 133.00 0.81 0.00
rc105C5 0.6 955.07  1.87 955.07  76.07 1000.00 0.00 39.00 160.00 2.51 0.00
rcl108C5 0.6 981.72 3.18 981.72 102.72 1000.00 0.00 39.00 160.00 2.54 0.00
rc204C5 0.6 962.12 0.36 962.12 82.96 1000.00 0.16 39.00 160.00 1.88 0.00
rc208C5 0.6 950.41  1.16 950.41  110.41  1000.00 0.00  0.00 160.00  1.77 0.00
r104C5 0.65 907.85 1.05 907.85 36.85 1000.00 0.00 31.00 160.00 2.06 0.00
r105C5 0.65 | 904.78  0.30 904.78  33.78 1000.00 0.00 31.00 160.00 1.47 0.00
r202C5 0.65 918.89 0.50 918.89 52.89 1000.00 0.00 31.00 165.00 1.46 0.00
r203C5 0.65 927.69 0.70 927.69 34.69 1000.00 0.00 31.00 138.00 2.12 0.00
c101C5 0.65 | 972.15 0.34 972.15  67.15 1000.00 0.00 39.00 134.00 2.15 0.00
c103C5 0.65 950.07 0.56 950.07 76.07 1000.00 0.00 39.00 165.00 1.51 0.00
c206C5 0.65 942.36 0.66 942.36 63.36 1000.00 0.00 39.00 160.00 2.47 0.00
c208C5 0.65 962.79 1.66 962.79 57.79 1000.00 0.00 39.00 134.00 2.20 0.00
rcl105C5 0.65 955.07 2.47 955.07 76.07 1000.00 0.00 39.00 160.00 2.32 0.00
rc108C5 0.65 | 981.72  3.90 981.72  102.72  1000.00 0.00 39.00 160.00 2.57 0.00
rc204C5 0.65 962.12 0.61 962.12 82.96 1000.00 0.16 39.00 160.00 1.79 0.00
rc208C5 0.65 950.41 0.55 950.41 110.41 1000.00 0.00 0.00 160.00 1.36 0.00
r104C5 0.7 907.85 1.11 907.85 36.85 1000.00 0.00 31.00 160.00 1.82 0.00
r105C5 0.7 908.57 0.64 908.57 42.57 1000.00 0.00 31.00 165.00 1.53 0.00
r202C5 0.7 918.89  0.46 918.89  52.89 1000.00 0.00 31.00 165.00 1.76 0.00
r203C5 0.7 927.69 0.72 927.69 34.69 1000.00 0.00 31.00 138.00 1.49 0.00
c101C5 0.7 985.62 0.48 985.62 111.62 1000.00 0.00 39.00 165.00 1.54 0.00
¢103C5 0.7 950.07  0.53 950.07  76.07 1000.00 0.00 39.00 165.00 1.42 0.00
c206C5 0.7 942.36 0.68 942.36 63.36 1000.00 0.00 39.00 160.00 2.31 0.00
c208C5 0.7 962.79  1.53 962.79  57.79 1000.00 0.00 39.00 134.00 1.28 0.00
rcl05C5 0.7 955.07 1.75 955.07 76.07 1000.00 0.00 39.00 160.00 2.16 0.00
rcl108C5 0.7 981.72 9.60 981.72 102.72 1000.00 0.00 39.00 160.00 2.81 0.00
rc204C5 0.7 962.12  0.55 962.12  82.96 1000.00 0.16 39.00 160.00 2.53 0.00
rc208C5 0.7 950.41 0.79 950.41 110.41 1000.00 0.00 0.00 160.00 1.96 0.00
r104C5 0.75 907.85 0.79 907.85 36.85 1000.00 0.00 31.00 160.00 1.62 0.00
r105C5 0.75 908.57 0.45 908.57 42.57 1000.00 0.00 31.00 165.00 2.21 0.00
r202C5 0.75 918.89 0.33 918.89 52.89 1000.00 0.00 31.00 165.00 1.59 0.00
r203C5 0.75 | 940.93  0.77 940.93  74.93 1000.00 0.00 31.00 165.00 2.38 0.00
c101C5 0.75 985.62 0.45 985.62 111.62 1000.00 0.00 39.00 165.00 2.33 0.00
c103C5 0.75 950.07 0.51 950.07 76.07 1000.00 0.00 39.00 165.00 1.71 0.00
c206C5 0.75 968.98 0.53 968.98 94.98 1000.00 0.00 39.00 165.00 2.17 0.00
c208C5 0.75 971.17 1.56 971.17 96.93 1000.00 0.24 39.00 165.00 1.64 0.00
rc105C5 0.75 | 972.86  3.43 972.86  98.86 1000.00 0.00 39.00 165.00 2.31 0.00
rc108C5 0.75 981.72 19.26 981.72 102.72 1000.00 0.00 39.00 160.00 2.56 0.00
rc204C5 0.75 962.12 0.54 962.12 82.96 1000.00 0.16 39.00 160.00 2.43 0.00
rc208C5 0.75 | 950.41 1.13 950.41  110.41  1000.00 0.00  0.00 160.00  1.69 0.00
r104C5 0.8 907.85 0.80 907.85 36.85 1000.00 0.00 31.00 160.00 1.84 0.00
r105C5 0.8 908.57  0.48 908.57  42.57 1000.00 0.00 31.00 165.00 1.83 0.00
r202C5 0.8 918.89 1.35 918.89 52.89 1000.00 0.00 31.00 165.00 1.32 0.00
r203C5 0.8 940.93 0.48 940.93 74.93 1000.00 0.00 31.00 165.00 1.94 0.00
c101C5 0.8 985.62  0.44 985.62  111.62  1000.00 0.00 39.00 165.00 2.21 0.00
c103C5 0.8 950.07 0.83 950.07 76.07 1000.00 0.00 39.00 165.00 1.72 0.00
c206C5 0.8 968.98 0.70 968.98 94.98 1000.00 0.00 39.00 165.00 2.50 0.00
c208C5 0.8 971.17 1.77 971.17 96.93 1000.00 0.24 39.00 165.00 1.59 0.00
rcl105C5 0.8 972.86 4.00 972.86 98.86 1000.00 0.00 39.00 165.00 2.64 0.00
rc108C5 0.8 981.72  2.24 981.72  102.72  1000.00 0.00 39.00 160.00 2.81 0.00
rc204C5 0.8 962.12 2.72 962.12 82.96 1000.00 0.16 39.00 160.00 2.46 0.00
rc208C5 0.8 950.41 1.52 950.41 110.41 1000.00 0.00 0.00 160.00 2.51 0.00
Average 947.31 1.54 947.31 73.28 1000.00 0.02 33.08 159.08 1.83 0.00
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Table 17: LNS-SA’s results on small-size instances when |C| = 10

REVRP-LPCP (via Gurobi)

REVRP-LPCP (via LNS-SA)

Instance @ Or T (sec.) Or o7, oz, O, O Op T’ (sec.) Gap with Gurobi%
r102C10 0.6 715.26 24.65 715.26 107.26 1000.00 0.00 31.00 423.00 10.70 0.00
r103C10 0.6 690.10 98.30 690.10 94.10 1000.00 0.00 31.00 435.00 10.34 0.00
r201C10 0.6 717.64 176.99 717.64 109.64 1000.00 0.00 31.00 423.00 11.09 0.00
r203C10 0.6 721.32  20.87 721.32  115.32  1000.00 0.00 31.00 425.00 11.70 0.00
c101C10 0.6 775.95 120.01 775.95 129.79 1000.00 0.16 39.00 393.00 10.82 0.00
c104C10 0.6 731.58 28.03 731.58 95.58 1000.00 0.00 39.00 403.00 11.03 0.00
c202C10 0.6 733.51 115.37 733.51 119.51 1000.00 0.00 39.00 425.00 12.62 0.00
c205C10 0.6 755.26 81.55 755.26 103.26 1000.00 0.00 39.00 387.00 10.92 0.00
rc102C10 0.6 751.23  21.39 751.23  93.23 1000.00 0.00 39.00 381.00 10.74 0.00
rc108C10 0.6 713.20 6.55 713.20 77.20 1000.00 0.00 39.00 403.00 9.53 0.00
rc201C10 0.6 758.06 28.25 758.06 108.06 1000.00 0.00 39.00 389.00 8.92 0.00
rc205C10 0.6 769.30  16.52 769.30 121.30  1000.00 0.00 39.00 391.00 9.67 0.00
r102C10 0.65 715.26 17.71 715.26 107.26 1000.00 0.00 31.00 423.00 8.52 0.00
r103C10 0.65 | 690.10  83.87 690.10  94.10 1000.00 0.00 31.00 435.00 8.04 0.00
r201C10 0.65 717.64 156.87 717.64 109.64 1000.00 0.00 31.00 423.00 9.46 0.00
r203C10 0.65 721.32 30.65 721.32 115.32 1000.00 0.00 31.00 425.00 10.19 0.00
¢101C10 0.65 | 775.95  149.56 775.95 129.79  1000.00 0.16  39.00 393.00 9.87 0.00
c104C10 0.65 731.58 30.55 731.58 95.58 1000.00 0.00 39.00 403.00 8.46 0.00
c202C10 0.65 733.51 114.98 733.51 119.51 1000.00 0.00 39.00 425.00 9.00 0.00
c205C10 0.65 733.51 90.45 733.51 119.51 1000.00 0.00 39.00 425.00 8.82 0.00
rc102C10 0.65 751.23 29.44 751.23 93.23 1000.00 0.00 39.00 381.00 8.03 0.00
rcl08C10  0.65 | 713.20 11.54 713.20  77.20 1000.00 0.00 39.00 403.00 9.77 0.00
rc201C10 0.65 758.06 33.60 758.06 108.06 1000.00 0.00 39.00 389.00 9.74 0.00
rc205C10 0.65 769.30 10.54 769.30 121.30 1000.00 0.00 39.00 391.00 8.57 0.00
r102C10 0.7 715.26 64.95 715.26 107.26 1000.00 0.00 31.00 423.00 9.18 0.00
r103C10 0.7 690.10 100.54 690.10 94.10 1000.00 0.00 31.00 435.00 7.14 0.00
r201C10 0.7 717.64  128.65 717.64  109.64  1000.00 0.00 31.00 423.00 9.70 0.00
r203C10 0.7 721.32 22.65 721.32 115.32 1000.00 0.00 31.00 425.00 8.17 0.00
c101C10 0.7 780.28 1538.55 780.28 166.12 1000.00 0.16 39.00 425.00 8.56 0.00
¢104C10 0.7 731.58  29.65 731.58  95.58 1000.00 0.00 39.00 403.00 9.15 0.00
c202C10 0.7 733.51 99.65 733.51 119.51 1000.00 0.00 39.00 425.00 8.60 0.00
¢205C10 0.7 733.51  93.55 733.51  119.51  1000.00 0.00 39.00 425.00 9.04 0.00
rc102C10 0.7 752.38 24.65 752.38 126.38 1000.00 0.00 39.00 413.00 9.02 0.00
rc108C10 0.7 713.20 7.13 713.20 77.20 1000.00 0.00 39.00 403.00 8.76 0.00
rc201C10 0.7 771.72  147.66 771.72  100.72  1000.00 0.00 39.00 368.00 8.93 0.00
rc205C10 0.7 769.30 14.76 769.30 121.30 1000.00 0.00 39.00 391.00 9.05 0.00
r102C10 0.75 715.26 64.67 715.26 107.26 1000.00 0.00 31.00 423.00 7.98 0.00
r103C10 0.75 690.10 90.65 690.10 94.10 1000.00 0.00 31.00 435.00 8.38 0.00
r201C10 0.75 717.64 145.74 717.64 109.64 1000.00 0.00 31.00 423.00 10.11 0.00
r203C10 0.75 | 721.32  20.64 721.32  115.32  1000.00 0.00 31.00 425.00 9.13 0.00
c101C10 0.75 780.28 1261.44 780.28 166.12 1000.00 0.16 39.00 425.00 9.57 0.00
c104C10 0.75 731.58 46.77 731.58 95.58 1000.00 0.00 39.00 403.00 10.34 0.00
c202C10 0.75 733.51 100.64 733.51 119.51 1000.00 0.00 39.00 425.00 9.75 0.00
c205C10 0.75 766.55 140.55 766.55 126.55 1000.00 0.00 39.00 399.00 9.04 0.00
rc102C10  0.75 | 752.38  29.52 752.38  126.38  1000.00 0.00 39.00 413.00 8.77 0.00
rc108C10 0.75 735.20 17.99 735.20 77.20 1000.00 0.00 39.00 381.00 10.36 0.00
rc201C10 0.75 772.30 137.88 772.30 132.30 1000.00 0.00 39.00 399.00 8.64 0.00
rc205C10  0.75 | 788.34  112.55 788.34  152.34  1000.00 0.00 39.00 403.00 10.41 0.00
r102C10 0.8 715.26 70.65 715.26 107.26 1000.00 0.00 31.00 423.00 9.89 0.00
r103C10 0.8 690.10  97.39 690.10  94.10 1000.00  0.00 31.00 435.00 9.50 0.00
r201C10 0.8 717.64 900.65 717.64 109.64 1000.00 0.00 31.00 423.00 10.06 0.00
r203C10 0.8 721.32 18.90 721.32 115.32 1000.00 0.00 31.00 425.00 9.93 0.00
¢101C10 0.8 780.28  1146.76 780.28  166.12  1000.00 0.16  39.00 425.00 9.04 0.00
c104C10 0.8 740.40 64.66 740.40 114.40 1000.00 0.00 39.00 413.00 10.49 0.00
c202C10 0.8 733.51 111.71 733.51 119.51 1000.00 0.00 39.00 425.00 10.68 0.00
c205C10 0.8 774.87 180.46 774.87 170.87 1000.00 0.00 39.00 435.00 9.80 0.00
rc102C10 0.8 752.38 29.40 752.38 126.38 1000.00 0.00 39.00 413.00 8.14 0.00
rcl08C10 0.8 768.14  23.88 768.14  154.14  1000.00 0.00 39.00 425.00 8.70 0.00
rc201C10 0.8 772.30 316.46 772.30 132.30 1000.00 0.00 39.00 399.00 8.54 0.00
rc205C10 0.8 788.34 34.25 788.34 152.34 1000.00 0.00 39.00 403.00 10.12 0.00
Average 738.86 148.91 738.86 115.03 1000.00 0.01 36.33 412.52 9.49 0.00
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Table 18: LNS-SA’s results on medium-size instances when |C| = 15

REVRP-LPCP (via Gurobi)

REVRP-LPCP (via LNS-SA)

Instance ¢ Or T (sec.) Or o7, oy, O, O Op T’ (sec.) Gap with Gurobi%
r102C15 0.6 548.49 7200.00 548.49 108.49 1000.00  0.00  31.00  591.00  21.93 0.00
r105C15 0.6 539.36 7200.00 539.36 93.36 1000.00  0.00  31.00  585.00  23.48 0.00
r202C15 0.6 560.25 1326.87 560.25 104.25  1000.00  0.00  31.00 575.00  22.39 0.00
r209C15 0.6 573.04 7200.00 573.04 143.04 1000.00  0.00 31.00 601.00 19.44 0.00
c103C15 0.6 627.64 7200.00 627.64 175.40 1000.00 0.24  39.00 587.00  23.12 0.00
c106C15 0.6 574.58 2032.08 574.58 137.89 1000.00 0.69 39.00 603.00 21.32 0.00
c202C15 0.6 631.68 6602.77 631.68 166.39 1000.00 0.29  39.00 574.00  20.71 0.00
c208C15 0.6 611.31 7200.00 611.31 188.80 1000.00  0.51 39.00 617.00 24.10 0.00
rc103C15 0.6 627.42 7200.00 627.42 144.42 1000.00  0.00  39.00 556.00  23.89 0.00
rc108C15 0.6 620.87 1756.87 620.87 134.63  1000.00  0.24  39.00 553.00 21.37 0.00
rc202C15 0.6 637.20 3789.06 637.20 189.20 1000.00  0.00  39.00 591.00  23.86 0.00
rc204C15 0.6 598.89 7200.00 598.89 154.49 1000.00 0.40  39.00 595.00  20.86 0.00
r102C15 0.65 | 548.49 5687.76 548.49 108.49 1000.00  0.00  31.00 591.00 21.28 0.00
r105C15 0.65 | 539.36 7200.00 539.36 93.36 1000.00  0.00 31.00 585.00 21.36 0.00
r202C15 0.65 | 560.25 5247.03 560.25 104.25 1000.00  0.00  31.00 575.00  20.09 0.00
r209C15 0.65 | 573.04 3133.88 573.04 143.04  1000.00  0.00  31.00 601.00  21.32 0.00
c103C15 0.65 | 627.64 7200.00 627.64 175.40 1000.00  0.24  39.00 587.00 19.07 0.00
c106C15 0.65 | 574.58 2355.98 574.58 137.89 1000.00 0.69  39.00 603.00 19.05 0.00
c202C15 0.65 | 631.68 2005.76 631.68 166.39 1000.00 0.29  39.00 574.00 19.10 0.00
c208C15 0.65 | 611.31 2944.87 611.31 188.80 1000.00  0.51 39.00 617.00 20.96 0.00
rc103C15 0.65 1640.53 7200.00 1640.53 149.53  2000.00 0.00 39.00 548.00 22.38 0.00
rcl08C15 0.65 | 620.87 590.66 620.87 134.63 1000.00  0.24 39.00 553.00  22.08 0.00
rc202C15  0.65 | 637.20 4007.98 637.20 189.20  1000.00  0.00  39.00  591.00  24.10 0.00
rc204C15 0.65 | 598.89 7200.00 598.89 154.49 1000.00 0.40  39.00 595.00  22.86 0.00
r102C15 0.7 548.49 4297.65 548.49 108.49 1000.00  0.00  31.00 591.00  24.20 0.00
r105C15 0.7 539.36 7200.00 539.36 93.36 1000.00 0.00 31.00  585.00 19.16 0.00
r202C15 0.7 563.69 6254.09 563.69 111.69 1000.00  0.00 31.00 579.00  20.27 0.00
r209C15 0.7 573.04 2099.76 573.04 143.04 1000.00  0.00  31.00 601.00  21.39 0.00
c103C15 0.7 627.64 7200.00 627.64 175.40  1000.00  0.24  39.00 587.00  20.61 0.00
c106C15 0.7 574.58 1890.65 574.58 137.89 1000.00  0.69  39.00 603.00 22.24 0.00
c202C15 0.7 631.68 4899.86 631.68 166.39 1000.00  0.29  39.00 574.00  20.35 0.00
c208C15 0.7 611.31 2476.09 611.31 188.80 1000.00  0.51 39.00 617.00 22.33 0.00
rc103C15 0.7 1647.81 7200.00 1647.81 211.81 2000.00 0.00 39.00 603.00 24.82 0.00
rcl08C15 0.7 620.87 327.76 620.87 134.63 1000.00  0.24  39.00 553.00 22.26 0.00
rc202C15 0.7 637.20 4573.87 637.20 189.20 1000.00  0.00  39.00  591.00 19.86 0.00
rc204C15 0.7 598.89 7200.00 598.89 154.49  1000.00  0.40  39.00 595.00 24.24 0.00
r102C15 0.75 | 548.49 3609.65 548.49 108.49 1000.00  0.00  31.00 591.00  24.85 0.00
r105C15 0.75 | 539.36 7200.00 539.36 93.36 1000.00  0.00  31.00 585.00 24.75 0.00
r202C15 0.75 | 565.57 3276.09 565.57 121.57 1000.00  0.00  31.00 587.00 21.21 0.00
r209C15 0.75 | 573.04 2055.87 573.04 143.04 1000.00  0.00 31.00 601.00  24.03 0.00
c103C15 0.75 1627.85 7200.00 1627.85 185.61 2000.00 0.24 39.00 597.00 19.79 0.00
c106C15 0.75 | 574.58 1503.08 574.58 137.89  1000.00  0.69  39.00 603.00 23.43 0.00
c202C15 0.75 | 631.68 4634.98 631.68 166.39 1000.00  0.29  39.00 574.00  20.73 0.00
c208C15 0.75 | 611.31 2336.97 611.31 188.80 1000.00  0.51 39.00 617.00 19.17 0.00
rc103C15 0.75 1647.81 7200.00 1647.81 211.81 2000.00 0.00 39.00 603.00 23.34 0.00
rc108C15 0.75 1622.79  7200.00 1622.79 162.55 2000.00 0.24 39.00 579.00 21.89 0.00
rc202C15 0.75 | 637.20 4753.99 637.20 189.20 1000.00  0.00  39.00  591.00  20.87 0.00
rc204C15 0.75 | 598.89 7200.00 598.89 154.49 1000.00  0.40  39.00 595.00  20.73 0.00
r102C15 0.8 548.49 4223.67 548.49 108.49  1000.00  0.00  31.00 591.00 22.81 0.00
r105C15 0.8 542.92 4628.54 542.92 112.92 1000.00 0.00 31.00 601.00  20.93 0.00
r202C15 0.8 566.66 422.65 566.66 126.66 1000.00  0.00  31.00 591.00 21.40 0.00
r209C15 0.8 573.04 1638.07 573.04 143.04 1000.00 0.00 31.00 601.00 22.66 0.00
c103C15 0.8 1638.94 7200.00 1638.94  200.70  2000.00 0.24 39.00 601.00 22.48 0.00
c106C15 0.8 574.58 1586.91 574.58 137.89 1000.00  0.69 39.00 603.00 23.89 0.00
c202C15 0.8 634.19 2424.76 634.19 199.90  1000.00  0.29  39.00 605.00 21.74 0.00
c208C15 0.8 611.31 1809.76 611.31 188.80 1000.00  0.51 39.00 617.00 24.97 0.00
rc103C15 0.8 1657.66  7200.00 1657.66 192.66 ~ 2000.00 0.00  39.00 574.00 21.73 0.00
rc108C15 0.8 1643.56  4009.65 1643.56  221.09  2000.00 0.47 39.00 617.00 21.78 0.00
rc202C15 0.8 637.20 4902.76 637.20 189.20 1000.00  0.00  39.00 591.00 21.53 0.00
rc204C15 0.8 621.11 2675.09 621.11 188.71 1000.00 0.40 39.00 607.00 22.96 0.00
Average 731.96 4619.90 731.96 152.90 1133.33  0.20  36.33 590.82  21.93 0.00
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Figure 14: Averaged convergence history of the LNS-SA on instances with size of 100 nodes
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Figure 15: Averaged convergence history of the LNS-SA on instances with a size of 200 nodes
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Figure 16: Averaged convergence history of the LNS-SA on instances with a size of 300 nodes
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Figure 17: Averaged convergence history of the LNS-SA on instances with a size of 400 nodes
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Figure 18: Averaged convergence history of the LNS-SA on instances with a size of 500 nodes
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Table 19: Detailed results of LNS-SA and existing methods on the first group of PCVRP instances

Instance LNS-SA FAC DEbin DEexp BA cPSO BKS*
O.F. O.F. (% O.F. (% O.F. (% O.F. (% O.F. (% O.F. (%

An32kb-1 1303 1311 -0.19 | 4313 -0.23 | 4308 -0.12 | 4314 -0.24 | 4332 -0.66 | 4308 -0.12
A-n32-k5-2 | 4408 4421  -0.28 | 4426  -0.42 | 4429  -0.47 | 4420 -0.27 | 4440 -0.71 | 4408  0.00
A-n32-k5-3 | 4297 4306  -0.20 | 4316 -0.43 | 4302 -0.12 | 4321 -0.56 | 4323  -0.59 | 4297  0.00
A-n82-k5-4 4329 4341  -0.28 | 4342  -0.31 | 4343 -0.32 | 4348  -0.45 | 4342  -0.29 | 4329  0.00
A-n32-k5-5 | 4606 4611  -0.11 | 4662 -1.19 | 4629 -0.49 | 4618 -0.26 | 4625 -0.41 | 4606  0.00
A-n37-k6-1 5376 5392  -0.29 | 5401  -0.46 | 5403 -0.50 | 5426 -0.93 | 5410 -0.62 | 5385  -0.17
A-n37-k6-2 | 5407 5431 -0.44 | 5414 -0.12 | 5424 -0.31 | 5433  -0.49 | 5419 -0.22 | 5414 -0.13
A-n37-k6-3 | 5335 5344  -0.16 | 5343 -0.14 | 5336 -0.02 | 5339  -0.07 | 5346  -0.20 | 5336  -0.02
A-n37-k6-4 5389 5398  -0.16 | 5385  0.07 | 5386  0.06 5391  -0.03 | 5398  -0.17 | 5385  0.07
A-n37-k6-5 | 5110 5126 -0.32 | 5146 -0.70 | 5149 -0.76 | 5141 -0.60 | 5141 -0.60 | 5109  0.02
A-nd4-k6-1 4998 5019  -0.42 | 5020 -0.43 | 5025 -0.54 | 5029 -0.62 | 5029 -0.62 | 5011 -0.26
A-n4f-k6-2 | 4851 4823 0.59 | 4818  0.68 4821  0.63 4826 0.51 4835  0.34 | 4818  0.68
A-nff-k6-8 | 5213 5236  -0.43 | 5222  -0.17 | 5229 -0.30 | 5227 -0.26 | 5216 -0.06 | 5216 -0.06
A-ndf-k6-4 4780 4799  -0.40 | 4787 -0.14 | 4803  -0.48 | 4809 -0.59 | 4796  -0.34 | 4777  0.06
A-n4f-k6-5 | 4988 5011  -0.46 | 4998  -0.20 | 4992  -0.07 | 5007 -0.37 | 5006 -0.36 | 4992 -0.08
A-nf8-k7-1 5871 5905  -0.57 | 5901 -0.50 | 5908 -0.63 | 5910 -0.67 | 5916 -0.76 | 5869  0.03
A-n48-k7-2 | 6152 6135  0.28 6153 -0.01 | 6154 -0.02 | 6147  0.08 6154 -0.03 | 6135  0.28
A-ni8-k7-3 | 6045 6053 -0.14 | 6086 -0.68 | 6084 -0.64 | 6072 -0.45 | 6071 -0.42 | 6027  0.30
A-n48-k7-4 6000 6038 -0.63 | 6034 -0.56 | 6032 -0.53 | 6085 -1.39 | 6031 -0.52 | 6015 -0.25
A-n48-k7-5 | 5904 5977  -1.22 | 5989  -1.42 | 5964 -1.01 | 6032 -2.11 | 5982 -1.31 | 5964 -1.01
A-n58-k7-1 5899 5934  -0.59 | 5929  -0.50 | 5943  -0.74 | 5953 -0.90 | 5929 -0.50 | 5910 -0.19
A-n58-k7-2 | 5621 5635 -0.25 | 5641 -0.35 | 5641 -0.36 | 5683 -1.08 | 5635 -0.24 | 5635 -0.25
A-n58-k7-8 | 5678 5697 -0.34 | 5695 -0.30 | 5690 -0.22 | 5641  0.66 5699  -0.37 | 5641  0.66
A-n58-k7-4 5499 5514  -0.26 | 5530 -0.56 | 5503 -0.08 | 5526 -0.49 | 5531 -0.58 | 5483  0.29
A-n58-k7-5 | 5921 5934  -0.23 | 5940 -0.32 | 5938  -0.28 | 5927 -0.10 | 5944  -0.38 | 5927  -0.10
A-n60-k9-1 7774 7831 -0.73 | 7805 -0.40 | 7809 -0.45 | 7816 -0.54 | 7830  -0.71 | 7793  -0.24
A-n60-k9-2 7651 7704  -0.69 | 7740 -1.14 | 7723 -0.93 | 7758 -1.38 | 7717  -0.85 | 7704  -0.69
A-n60-k9-8 | 7925 7979  -0.67 | 8000 -0.93 | 798 -0.77 | 8006 -1.01 | 7975 -0.63 | 7975 -0.63
A-n60-k9-4 7703 7703 0.00 7723 -0.26 | 7735 -0.41 | 7721  -0.24 | 7714  -0.15 | 7703  0.00
A-n60-k9-5 7898 7947  -0.62 | 7960 -0.78 | 7977 -0.98 | 7948  -0.63 | 7959  -0.77 | 7947  -0.62
A-n65-k9-1 7486 7491  -0.07 | 7496  -0.13 | 7501  -0.20 | 7479  0.09 7484 0.02 7479 0.09
A-n65-k9-2 7331 7377  -0.63 | 7348  -0.23 | 7349 -0.25 | 7377 -0.62 | 7384  -0.72 | 7348  -0.23
A-n65-k9-3 7472 7518  -0.61 | 7526  -0.72 | 7490 -0.25 | 7521  -0.65 | 7517  -0.60 | 7490  -0.25
A-n65-k9-4 7396 7432  -0.48 | 7411 -0.21 | 7447 -0.68 | 7414 -0.25 | 7430 -0.46 | 7411  -0.21
A-n65-k9-5 7285 7276 0.12 7298  -0.18 | 7299  -0.19 | 7271  0.20 7301  -0.22 | 7253  0.44
A-n69-k9-1 7418 7446  -0.38 | 7475 -0.76 | 7475 -0.76 | 7469 -0.68 | 7461 -0.58 | 7446  -0.38
A-n69-k9-2 7378 7406  -0.38 | 7401  -0.31 | 7400 -0.30 | 7418 -0.54 | 7406 -0.37 | 7374  0.05
A-n69-k9-3 | 7201 7234  -0.45 | 7229 -0.39 | 7222  -0.29 | 7240 -0.53 | 7227 -0.37 | 7222  -0.29
A-n69-k9-4 7154 7194  -0.55 | 7203 -0.68 | 7205 -0.71 | 7191 -0.51 | 7194 -0.56 | 7177  -0.32
A-n69-k9-5 7302 7276 0.36 7284  0.25 7295  0.09 7287  0.21 7286 0.22 7276 0.36
A-n80-k10-1 | 8618 8571  0.55 8539  0.93 8585  0.38 8596  0.26 8561  0.67 | 8539  0.93
A-n80-k10-2 | 8407 8349  0.69 8374 0.40 8350  0.68 8357  0.60 8355  0.62 8349  0.69
A-n80-k10-3 | 8445 8463  -0.22 | 8445  0.00 8450 -0.05 | 8452 -0.08 | 8464 -0.22 | 8445  0.00
A-n80-k10-4 | 8562 8659 -1.12 | 8664 -1.18 | 8672 -1.26 | 8630 -0.78 | 8659 -1.11 | 8630 -0.78
A-n80-k10-5 | 8138 8280 -1.82 | 8200 -0.76 | 8133  0.07 | 8206 -0.83 | 8150 -0.14 | 8133  0.07
Average 6367 6300  -0.34 | 6391  -0.38 | 6390 -0.35 | 6395 -0.44 | 6392 -0.39 | 6371 _ -0.05

* BKS: The best-known solution for each PCVRP instance, which is the minimum objective function values of FAC, DEbin, DEexp, BA,
cPSO, and Gurobi, as reported by |Trachanatzi et al.|(2020)
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Table 20: Detailed results of LNS-SA and existing methods on the second group of PCVRP instances

Instance LNS-SA FAC DEbin DEexp BA cPSO BKS
O.F O.F (% O.F. (% O.F. (% O.F. (% O.F. % O.F. %
B-n89-k5-1 3961 3967 -0.15 | 3965 -0.11 | 3964 -0.09 | 3963 -0.05 | 3963 -0.04 | 3963 -0.04
B-n39-k5-2 4059 4090 -0.76 | 4091 -0.78 | 4093 -0.82 | 4093 -0.83 | 4089 -0.74 | 4085 -0.64
B-n39-k5-3 3912 3929 -0.44 | 3937 -0.63 | 3941 -0.74 | 3930 -0.46 | 3931 -0.47 | 3911 0.03
B-n39-k5-4 4006 4026 -0.50 | 4024 -0.46 | 4016 -0.26 | 4027 -0.52 | 4021 -0.37 | 4016 -0.26
B-n39-k5-5 3905 3923 -0.47 | 3923 -0.45 | 3921 -0.40 | 3917 -0.29 | 3914 -0.23 | 3914 -0.23
B-n41-k6-1 5069 5075 -0.12 | 5068 0.02 5094 -0.49 | 5094 -0.48 | 5075 -0.11 | 5068 0.02
B-n41-k6-2 5024 5055 -0.60 | 5075 -1.01 5060 -0.71 5082 -1.13 | 5065 -0.80 | 5037 -0.26
B-n41-k6-3 4888 4912 -0.48 | 4919 -0.63 | 4915 -0.55 | 4925 -0.74 | 4927 -0.79 | 4896 -0.16
B-n41-k6-4 4752 4782 -0.64 | 4758 -0.12 | 4768 -0.34 | 4756 -0.08 | 4779 -0.56 | 4756 -0.08
B-n41-k6-5 4954 4969 -0.31 | 4980 -0.52 | 4998 -0.88 | 5012 -1.15 | 5004 -0.99 | 4957 -0.06
B-nb50-k7-1 5993 6001 -0.13 | 6009 -0.26 | 6010 -0.28 | 6009 -0.26 | 6011 -0.31 | 5996 -0.05
B-n50-k7-2 5466 5486 -0.36 | 5472 -0.11 5480 -0.26 | 5473 -0.14 | 5489 -0.42 | 5472 -0.11
B-n50-k7-3 5665 5675 -0.18 | 5671 -0.10 | 5678 -0.22 | 5677 -0.21 5683 -0.31 | 5669 -0.07
B-n50-k7-4 5695 5711 -0.27 | 5708 -0.23 | 5717 -0.39 | 5710 -0.27 | 5708 -0.23 | 5707 -0.21
B-n50-k7-5 5760 5777 -0.29 | 5771 -0.18 | 5771 -0.19 | 5784 -0.41 | 5789 -0.50 | 5765 -0.09
B-n56-k7-1 5230 5252 -0.42 | 5260 -0.58 | 5248 -0.34 | 5243 -0.25 | 5248 -0.35 | 5243 -0.25
B-n56-k7-2 5297 5287 0.19 5307 -0.19 | 5279 0.34 5286 0.20 5291 0.11 5267 0.57
B-n56-k7-3 5244 5271 -0.50 | 5274 -0.57 | 5274 -0.57 | 5278 -0.65 | 5284 -0.76 | 5237 0.13
B-nb6-k7-4 5440 5483 -0.79 | 5512 -1.30 | 5504 -1.16 | 5493 -0.96 | 5495 -1.01 | 5435 0.09
B-n56-k7-5 5412 5411 0.01 5425 -0.25 | 5411 0.01 5417 -0.09 | 5412 0.00 5411 0.01
B-n63-k10-1 8782 8836 -0.61 | 8857 -0.84 | 8832 -0.57 | 8822 -0.45 | 8869 -0.98 | 8773 0.10
B-n63-k10-2 8583 8614 -0.36 | 8659 -0.88 | 8624 -0.47 | 8647 -0.74 | 8626 -0.50 | 8552 0.36
B-n63-k10-3 8942 9010 -0.76 | 9059 -1.29 | 9033 -1.01 | 9044 -1.13 | 9044 -1.12 | 8959 -0.19
B-n63-k10-4 8717 8790 -0.83 | 8827 -1.25 | 8787 -0.80 | 8798 -0.92 | 8795 -0.89 | 8787 -0.80
B-n63-k10-5 9050 9030 0.22 9067 -0.19 | 9056 -0.07 | 9088 -0.42 | 9049 0.02 9030 0.22
B-n78-k10-1 7571 7598 -0.36 | 7758 -2.41 7627 -0.74 | 7644 -0.95 | 7643 -0.95 | 7598 -0.36
B-n78-k10-2 7674 7788 -1.46 | 7789 -1.48 | 7737 -0.81 7775 -1.30 | 7760 -1.11 7737 -0.81
B-n78-k10-3 8057 8152 -1.17 | 8249 -2.33 | 8122 -0.80 | 8114 -0.70 | 8146 -1.09 | 8114 -0.70
B-n78-k10-4 7719 7838 -1.52 | 7846 -1.61 7786 -0.86 | 7844 -1.59 | 7839 -1.53 | 7786 -0.86
B-n78-k10-5 8055 8095 -0.49 | 8129 -0.91 | 8103 -0.59 | 8042 0.16 8130 -0.92 | 8042 0.16
Average 6096 6128 -0.48 | 6146 -0.72 | 6128 -0.50 | 6133 -0.56 | 6136 -0.60 | 6106 -0.15
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