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1.0Introduction

In this thesis studied a Multi-period Vehicle Routing Problem with multiple Time Windows
of a Russian Small Transportation Company (STC). STC uses own fleet of vehicles to

delivery frozen and chilled goods for short and long distance in central part of Russia.

Company provides goods delivery with their warehouses denoted as depot to each customers
directly. Delivery time and vehicle routes plans for two week in average. All customers is
required to be visited once per week at certain day of the week and within opening hours. In
the case of a visit to a customer at an inopportune time or date, the vehicle should wait until
the nearest time opened for service. Delivery planning is of paramount importance as
company’s market competitiveness depends on it. Violation of the planning delivery date

may lead to the penalty, loss of profit and even to the loss of a customer.

The problem is considered in the thesis is a variation of the Vehicle Routing Problem with
Time Windows (VRPTW). The solution for VRPTW it’s set of routes in which service at
every customer should start and end in given time window. VRPTW is NP-hard
combinatorial optimization problem, especially large real-life problem as in case described
in this thesis. Normally problem can’t be solved with exact methods in reason of the
customers number and complexity of data. Multi-period Vehicle Routing Problem
complicated with multiple Time Windows for every customer transfers the problem to a new

level of complexity.

Thesis objective is to develop the tool or algorithm that could used by the company’s to
plane delivery process. It should provide a good quality solution to the daily problems of the
company, with a reasonable computation time and use open-source or public available

software.

The main part of the thesis is organized into 8 parts. Detailed company introduction and the
vehicle routes planning with its disadvantages is presented in Chapter 2. Problem definition
is given in Chapter 3. Chapter 4 covers literature review and some vehicle routing problem
theoretical background. The two-phase solution methodology chosen to solve the problem
described in Chapter 5. Chapter 6 provides distance and cluster matrix generation algorithm.



Chapter 7 covers computational experiment results and results analysis. Conclusion are
made on work presented in Chapter 8.

References are listed in Chapter 9. Chapter 10 contents the Appendix with work detailed
results and some additional information.



2.0 Problem description

This section covers company introduction and present the vehicle routes planning with its

disadvantages.

2.1 Company general description

Small Transportation Company (STC) located in Moscow, Russia. The company main office
based in Moscow, Krashaya Sosna street, d. 2. STC provides perishable products delivery
on short and long distance in the central part of Russia since 1998. Assortment of goods
includes about 100 different items.

2.2 The vehicle fleet

Transportation of perishable products, certain medicines and chemicals requires a strict
temperature control. Normal isothermal vehicle cannot meet these requirements. To solve
this problem it is advisable to use isothermal vehicle equipped by refrigeration unit. This
type of vehicle is called the refrigerator vehicle. Due to the special equipment, refrigerator

vehicles maintain the set temperature at all times during the way.

On the ability to maintain a certain temperature, refrigerator vehicles are divided into

classes:

*Class A: from 12 Cto 0 C
*ClassB: 12Cto-10C
*ClassC:12Cto-20°C

The dimensions of the refrigerator truck:

* Carrying capacity - 20 tons.

Dimensions:

* The height of the camera - from 2.4 - 2.5m

* The length of the camera - from 13.2 - 13.6 m
* The width of the camera - from 2.43 - 2.45 m
* Body type - closed
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* Method of loading - back.

The STC works with perishable products and own the fleet of 10 class C refrigerator
vehicles. The own fleet is able to cover the demand, but if necessary the outsource vehicles

hiring is possible. Cost of hiring outscores refrigerator vehicle is 5 NOK per kilometer.

2.3 Customers

Locations of the STC clients are distributed intracity of the central part of Russia. The
Russian Traffic Network organized next way: all perishable product cargos first arrived to
St. Petersburg and Moscow, and second distributed to the other cities. This terms based on
warehouses location and Russia geographical position with respect to exporting countries.

STC served different supermarkets required goods transportations from Moscow to its door.
Lead time may reach 2 weeks approximately. In some cities goods delivery with big tonnage

vehicle allowed only during the night.

In the first week of July 2014, SLC was required to serve 39 points located in Ivanovo,
Kazan, Kostroma, Naberezhnye Chelny, Nizhny Novgorod, Perm, Pyshma Verhnaya, Tver,
Ufa,

Yekaterinburg, Yaroslavl. All customers have time windows during the working day and
time windows for available delivery day during the week. The number of requested pallets

and the time windows within which service was allowed are reported in Table 1.

Number Number of

City Sales Point  of box pallets Time windows Auvailable Delivery Day
lvanovo

Ashan 38 3 7:00 a.m. - 4:00 p.m. Mon,Wed,Fri

7 Continent 21 1 7:00 a.m. - 4:00 p.m. Mon-Fri

Magnit 65 2 7:00 a.m. - 4:00 p.m. Mon-Fri

Okey 7 2 7:00 a.m. - 4:00 p.m. Mon-Fri
Kazan

Ashan 105 4 1:00 a.m. - 8:00 p.m. Mon-Fri

Zelgros 14 3 1:00 a.m. - 8:00 p.m. Mon-Fri

Ashan 143 4 1:00 a.m. - 8:00 p.m. Mon-Fri
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Kostroma

Ashan 59 3 7:00 a.m. - 4:00 p.m. Mon-Fri
7 Continent 25 1 7:00 a.m. - 4:00 p.m. Mon-Fri
Naberezhnye
Chelny
Lenta 107 2 7:00 a.m. - 4:00 p.m. Mon-Fri
Nizhny
Novgorod
Metro 29 1 7:00 a.m. - 4:00 p.m. Mon,Wed,Fri
Metro 25 1 7:00 a.m. - 4:00 p.m. Mon,Wed,Fri
Ashan 24 2 7:00 a.m. - 4:00 p.m. Mon-Fri
Lenta 101 2 7:00 a.m. - 4:00 p.m. Mon-Fri
Ashan 14 3 7:00 a.m. - 4:00 p.m. Mon-Fri
Okey 115 3 7:00 a.m. - 1:00 p.m. Tue-Thu
Magnit 450 11 7:00 a.m. - 4:00 p.m. Tue-Thu
Pyshma
Verhnaya
Perekrestok 78 1 7:00 a.m. - 4:00 p.m. Mon-Fri
Perm
Lenta 150 2 10:00 a.m. - 7:00 p.m. Mon-Fri
Tver
Atak 5 1 7:00 a.m. - 4:00 p.m. Mon,Wed,Fr
Atak 11 2 7:00 a.m. - 4:00 p.m. Mon,Wed,Fr
Magnit 579 6 7:00 a.m. - 2:00 p.m. Mon-Fri
Lenta 229 6 7:00 a.m. - 4:00 p.m. Mon-Fri
Ufa
Lenta 171 3 5:00 p.m. - 8:00 p.m. Mon-Fri
Ashan 8 8 10:00 a.m. - 7:00 p.m. Tue-Thu
Okey 11 2 10:00 a.m. - 7:00 p.m. Tue-Thu
Okey 3 12 10:00 a.m. - 7:00 p.m. Tue-Thu
Okey 12 12 7:00 a.m. - 4:00 p.m. Mon-Fri
Magnit 1 1 1:00 a.m. - 8:00 p.m. Mon-Fri
Yekaterinburg
Ashan 10 1 7:00 a.m. - 4:00 p.m. Mon,Wed,Fri
Ashan 62 7:00 a.m. - 4:00 p.m. Mon,Wed,Fri
Yaroslavl
Lenta 109 3 7:00 a.m. - 4:00 p.m. Mon,Wed,Fri
7 Continent 13 1 8:00 a.m. - 5:00 p.m. Wed
Atak 3 1 7:00 a.m. - 4:00 p.m. Wed, Fri
Ashan 21 4 9:00 a.m. - 11:00 a.m. Wed
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Ashan 11 2 9:00 a.m. - 11:00 a.m. Wed

Lenta 24 1 7:00 a.m. - 4:00 p.m. Mon,Wed,Fri
Giperglobus 176 7 7:00 a.m. - 4:00 p.m. Wed, Thu
Magnit 174 5 7:00 a.m. - 4:00 p.m. Wed, Fri

Table 1. Number of box and pallets, time windows and delivery dates for customers

2.4 Cargos

STC provides perishables (refrigerated) cargo delivery. As special cargo it’s requiring the
special temperature, air and time mode, as well as moisture regime during transportation and

storage in order to preserve its fitness.

By the method of heat treatment perishable goods are divided into five groups:
- Fresh. Such goods are not treated that could change their natural state;

- Chilled. Loads with a temperature of about -6 to 4 C;

- Frozen. Loads with temperature of -7 to -17 C;

- Deep Frozen. Loads cooled to -18 ° C and below;

- Heated. Loads with a temperature above the ambient air.

The bulk of perishable goods, offered for transport, are food, which include: meat and meat
products, fish and seafood, canned goods, dairy products, bakery products (cakes), pastries,

fruits, vegetables, etc.

Specificity of refrigerated transport of perishable goods and "thermos" (isothermal vehicle)
is strict adherence to delivery dates and temperature. Observe the temperature in the
refrigerator compartment at a rate of delivery is particularly important in the transport of
such loads over long distances (1000 km or more) as for the bulk of perishable goods
(transport of food and medical supplies) sanitary norms and set rules of retention periods,

calculated from the time of their manufacture.
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2.5 Current Planning

Processing of supermarkets incoming orders and vehicle route planning performed in the
end of every week and show in Fig.1. Every customer has a minimal possible lead time

starting from depot based on Distance Matrix.

Collection of

incoming orders Planing day Min possible lead Delivery date
(Monday - (Sunday) time (One week)
Saturday)

Figure 1. Delivery schedule horizon

Location of the clients distributed through central part of Russia, lead time may reach of 10
days horizon. All clients have to type of the time windows: TW for available delivery time

during the working day and TW for available delivery day during the working week.

For solving such type of problems and vehicle routes building SLC use public available site
www.ATI.su. AutoTransInfo system is a convenient way of information exchange between
participants of vehicle cargo transportation market: carriers, freight forwarders, shippers.
AutoTransInfo database is completely free to place orders for the carriage of goods, report
the presence of trucks in any direction and routes building. Fig. 2 shows how route request

window looks. It simply consist of route start and end point.

PacyeT pacCTOAHMEA
Mockea, Mockea (pervou), Poccua
HusxHui Hoeropog, Heeseropogokan

MNoKassIBaTh KapTy

£J | PaccuwTars

Figure 2. AutoTransInfo database route request window
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Fig. 3 introduce the result of route request from Moscow, SLC location point, to Nizhny
Novgorod, one of the destination towns. It’s included Google maps routes parameters: start
point, end point and allows to add intermediate points, contains total route duration and total
travel time.

Empancrpu MapuwpyrTa Kapra | CnyTHuk
A

PbibrHck
o

7 < >
auano mapupyTta
Mocxea, Mocksa (pernoH), Poccus fipocnaenb oKocTtpoma
Kowneu mapwpyTa 2
HwxHuit Hosropog, Huwxeropoackas o6nact a
) @ WBaHoBoO
MpOoMEXYTOUHbIE TOHKYM Teeps o
oy )
Ceprues Hu
Knonn Nocapg Korsgpoa Hog! n
9 Bnapiy O\ /
) o
Keroso
Mo\Re
o NioGepLbi
Pa3spewuTs Napombt OAV'”U%GO Ap3samac
o
PaspewunTs "3uMHUKK" Moponsck
71 OBHMHCK O Kongmna
MapwpyT B npeaenax cTpaxbl Cepnyxos
o
Cambifi "KOpOTKUIA" MapLupyT
3 PyY Kanyra PAazaHb
© Cambiit "6bicTpBIR" MapwpyT o o o,
MoKa3biBaTh TONLKO KPYNHbLIE NYHKTbI - Tyna CapaHcKk
MokaswiBaTe KapTy 2 2

OHOBOMOCKOBCK

KapTorpapuyeckue ganHble © 2014 Google ! Coo6uwmTh 06 OWKGKE Ha KapTe
B PaccuuTath prorpag! A q Yenosus Mcnonb30saKus y p

B OuucTuts

Paccrosnue: 428 km Bpems B nytu: 10:02 Bepcwa ana neyatu

Figure 3. The result of route request

AutoTransInfo doesn’t include a lot of restriction: speed limit, allowed time on route per
day and other route constraints. Specific intracity supermarkets can’t be chosen as
intermediate route points. AutoTransinfo provides expensive simplified solution, which

often does not reflect reality.

2.6 Disadvantages

Current planning routes isn’t tied by days of the week. Its looks like a set of points on the
map, with approximate time frames. The system is not allowing to build a route of more than
10 points, which during the construction greatly simplified the route. The route is built only
between cities, as the main points and travel time between the customers inside the city is
not considered, as the roughly aggregated by the operator without regard to the both
customers TW. Time windows and available delivery day are added in the route manually

by the operator, which leads to errors and, a s consequence, to delay, damage of the goods
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and the dissatisfaction of the customers. Service time is not considered or included in the

route also.

When route are planning, the customers are divided into groups manually by an operator
and movement from group to group is time-consuming work, because the operator will need

to recalculate all routes and accommaodate the scheduling time windows.

In case of a new customer appearance, it just added to one of the groups manually on the
operator's decision, focusing on the most convenient geographical location of the group,
available space for the new customers demand in the vehicle. That may not be optimal

solution in terms of the overall plan routes.

Available solution doesn’t satisfying STC since as provides long travel distance and high
cost. Methods using by AutoTransInfo are unknown. Customers delivery date often deviate
from planning term, what leads to profits and orders loses. Deviation from travel time leads
to non-compliance with goods retention periods. Restriction of route duration and rotation

of work/rest per day doesn’t take into account.
Since, as available solution is weak and doesn’t produce requirement service level,

optimization based decision support tool development is necessary. Problem can be

classified as Multi-period Vehicle Routing Problem with multiple Time Windows.
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3.0 Problem definition

The goal of the thesis is to develop decision support tool, which will provide good solutions
to a real-life size problems. The resulted toll should provide the answers to the following
questions: On what route which customers to appoint? Which customers an which days per
week should be served? What should be the sequence of customers on the route? How many

vehicles company need per week?

As mentioned above, the STC was required to serve 39 customers in 11 cities. The problem
size is impressive, because this involves routes building between and inside cities. In similar
studies customer nodes aggregation is sometimes employed (Sivaram Kumar, et al. 2014).
The idea is to reduce the size of the problem by replacing some nodes — the ones that are
situated arbitrary close to each other — by single node for each such aggregation. It is
reasonably assumed that customers within such aggregations should be visited by the same
vehicle in the same tour anyway. The reduced problem size may lead to reduced

computational work necessary for obtaining optimal solution.

However, in this study such an aggregation is not considered. Variability of time windows
requires that every customer node has to be treated as a separate vertex during schedule
generation. It would be unreasonable to aggregate, for instance, two nodes with different
service time windows, even if they are within arbitrary proximity of each other, since it’s

unclear how to manage the time window difference then.

Either way, the methodology described in this paper could be applied to a dataset with
aggregated customer nodes as long as aggregation is done in a separate step during data

preparation.

Below problem characteristics are provided:
- Travel distances and tariffs;
- The planning horizon of 14 days (in case of long distance, vehicle are able to start
route at weekend);
- The customers number in each city;

- Time windows and available delivery day for each customer;
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- Average customers service time;
- Demand for each customer;

- Fleet of vehicles;

- Vehicle cost.

Average vehicle speed is approximated to 70 km per hour. Thus, cost of vehicle on the move
equals to 75 NOK per hour, cost of waiting vehicle is 31 NOK per hour, cost of fuel is 44
NOK per hour. Company interested in cost reducing strategy.

Obijective of the problem:
- Build the routes containing delivery days and time intervals for each customer in
each cluster with respect to TW and available delivery day for all nodes;
- Find departure time for each vehicle on each route;
- Minimize the cost of the total travel time, the cost of the total waiting time and the

sum of the fixed cost of vehicles used, during the whole planning horizon.

Constraints on solution:

- Customers time windows.
TW represents the time interval for customers servicing during the day. The upper time limit
equals to 7 am. The lower — 7 pm. All limits may vary from customer to customer and 3
hours are the smallest gap. All routes must be constructed with respect to given time

available intervals.

- Customers available delivery day.
All customers have strictly specified days for delivery. It’s vary from one to five days during
the week. The rules are the same as for the TW. The customers can be served only in the

stated days and the routes construction should take them into account.

- Route duration.
In present terms with respect to customers geographical position, maximum route length is
14 days. As soon as drivers working day are limited, company decides to place two drivers
on each route that replace each other. It is assumed that driver has a workday of 8 hours, but
does not necessary have a lunch break in the middle of a working day. Necessary lunch

breaks during long trips can be included in travel times during data assembly for input.
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- Vehicle capacity.
All vehicles have the same volume of 20 tons and customers demand represented in tons as
well. Physical volume of customer orders is not available and isn’t have of vital importance
as the ordered goods size is rather small in compare with vehicle volume and the average
vehicle load not more than two third of its capacity. But as the overload isn’t allowed, this

parameter should be taken into account.
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4.0 Literature and theory review

This section covers prior publications and theory relevant to problem at hand.

4.1 Problem classification and related work

Solving VRPTW exactly is very difficult, even for pretty small problems. The time required

for the solution grows exponentially in relation to the size of the problem.

Modern technology allows exact solving VRP with soft Time Windows and stochastic travel
time with column generation and branch-and-price solution for 100 customers, see (Tas, et
al. 2014). For another example of exact solution for VRP with semi-hard resource

constraints for 50 customers, see (Abdallah and Jang 2014).

For capacitated clustering problem algorithms for vehicles shipments see (Koskosidis and
Powell 1992), article include mathematical model of the capacitated vehicle routing
problem, iterative heuristic algorithm for the CCP, relaxation and bounds for the CCP, the

seed initialization procedure and computational study.

Some articles describe VRPTW with flexible customers time windows, solving with linear
programming model (see Tas, Jabali, and Van Woensel 2014). As example of useful exact,
heuristic and metaheuristic methods (EI-Sherbeny 2010) and (Chiang, et al. 2009), or
(Mingozzi, Baldacci and Giorgi 1999). For another good illustrations of some ILP see
(Calvete, et al. 2007) — in this article authors considers applying goal-programming for

solving VRP with soft time windows.

At present days exist a big range of VRP types. Approaches for solving were described by
(Toth and Vigo 2002), see Figure 4.

- Capacitated VRP (CVRP). Normally the VRP defined under route and length
constraints. Problem can be denoted as CVRP when only capacity constraints are
present, another words, when customers are served by vehicles with some capacity

restriction (Laporte 1992).
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- Duration-Constrained VRP (DVTP). When only length constraints are present,
problem can be denoted as DVTP.

- VRP with Time Windows (VRPTW). When time interval with in customer should
be served are present. Problem can be denoted as VRPTW (EI-Sherbeny 2010).

- VRP with Pickup and Delivery (VRPPD). When delivery and pickup service are
requested, problem can be denoted as VRPPD.

- Heterogeneous Fleet VRP (HFVRP). When capacity constraints and vehicles with
different bulk are present, problem can be denoted as HFVRP.

- Inventory Routing Problem (IRP). Important extension of the VRP. Problem can be

denoted as IRP, when inventory control restriction are present (Cordeau, et al. 2004).

- Stochastic VRP (SVRPs). When some components are random and deterministic

space are lived, problem can be denoted as SVRPs.

- Others.

VRP

(o] [] o] (=] [ooe] (] o]

Figure 4.VRP classification
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4.2 Vehicle Routing Problem with Time Windows

Time windows can be split in two groups: hard and soft time windows. If delivery time can
be violated, customer agree to move time frame, sometimes with some penalty, it is soft time

windows. In case, when moving time windows are prohibited — it is hard time windows.

There are some main expansions of the VRPTW:

- Multi-depot VRPTW (MDVRPTW). If several depot are present and customers can

be served from any of them (Cordeau, et al. 2004).

- Site-dependent VRPTW (SDVRPTW). If present variety of different vehicles type

and customers can be served from any of them.

- Periodic VRPTW (PVRPTW). If time windows are determinate and time horizon in
several days or weeks, for example, when customers are far away from each other
and from depot. Problem of such type was first introduced by (Beltrami and Bodin
1974).

- VRP with multiple time windows (VRPMTW). If customers can have several and
different type time windows. For example, when customer have opening working

hours during the week and same specific days for delivery (Toth and Vigo 2002).
The STC problem is classified as Multi Period Vehicle Routing Problem with multiple Time

Windows. Since methodology used in this paper employs two phases — clustering and

routing — theory mentioned in this chapter covers both these subjects.
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4.2.1 Notation of VRPTW

The notation based on the VRPWTW by (Cordeau, et al. 2004).

Let N = {1,...,n} be the set of nodes and K, indexed by k, be set of available vehicles,
|K| = m. C indexed by c, be set of supermarkets. Direct graphs G* = (V*, A¥), forall k €
K. Vk- set of nodes, A* - set of arcs. The set of V¥ consist of N U {s, 5}, where s and §
represent respectively the origin-depot node and destination-depot node of vehicle k. Start

of time horizon denotes by E, end of time horizon denotes by L.

Foreach i € N, there is a demand d; and time window [a;, b;] within which the supermarket
permits the start of service. For each vehicle k € K, assume a capacity of vehicle b.

For each arc (i, ) € 4, there is a travel time t;;, travel distance c;; and service time s;.

j
The mathematical programming formulation to be introduced next two types of binary
variables: flow variables Xl’j (i,j) € Ak € K,i # j,equal to 1ifarc (i,j) is used by vehicle

k, 0 otherwise; time variable W, i € V, k € K specifying the arrival at node i.

4.2.2 Mathematical model of VRPTW

The formulation based on the VRPWTW by (Cordeau, et al. 2004). For different VRP
formulation (Yeun, et al. 2008).

The problem of finding the minimal travel distance (cost) set of routes satisfying the

VRPTW constraints can be formulated as follows:

Minimize Z z e XK (2.3.1)

keEK (i,j)EA
subject to

keK (i,))eA
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X5 =1,
(s.))€A

Xk =1,
(i,5)€A
z Xl = z X,
(L.i)eA UDeA

z d; X5 < b,
ieC (i,j)€A

Wi =0,

W+ i+t =W < (1-X5)My,
a; Z X{j-swi"sbiz,, Xijs
(inea D
E<Wwk<lI,

X l’j binary,

Vk €K

Vk €K

VieC keK

Vk €K

Vk €K
V(i,j) EA,Vk €K
VkeK,ieC

Vi € {s,s},k €K
V(i,j) € A,Vk €K

(2.3.3)

(2.3.4)

(2.3.5)

(2.3.6)

(2.3.7)
(2.3.8)

(2.3.9)

(2.3.10)
(2.3.11)

This is nonlinear formulation where the objective function (2.3.1) represent the total distance

(cost). Constraint (2.3.2) describe that each customer be assigned exactly once to a vehicle

route. Constraint (2.3.3 — 2.3.5) describe the flow on the path that vehicle k will use.

Constraint (2.3.6) guarantee feasibility of routes. Constraint (2.3.7) assign for each vehicle

start time from depot equal 1. Constraints (2.3.8-2.3.10) ensure feasibility of the time

schedule, where M;; are large constants, that can be replace by the value max{bi +5; +

tij — a; 0}, v (i,j) € C. Binary conditions on the flow variables are given in (2.3.11).

4.3 Solution methods for Vehicle Routing Problem with Time

Windows

VRPTW is NP-hard combinatorial optimization problem according to (Lenstra and Rinnooy

1981). Existing solution methods:

Exact methods and algorithms;

Heuristics algorithms.
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Figure 5. VRPWTW solutions methods

Exact algorithms:

- Lagrangean relaxation.
In case of VRPTW Lagrangean relaxation can be applied in several ways. For a Lagrangean
relaxation based on k-trees, where k denotes the number of available vehicle see (M. Fisher
1994).

- Colum generation.
According to (Cordeau, et al. 2004), Colum generation can be present as a way to update the

multipliers associated with the relaxed constraints.

- Branch-and-cut.
Was developed by (Bard, Kontoravdis and Yu 2002).

Heuristics algorithms:
- Construction heuristics.

Algorithm work by inserting into partial routes one customer at a time until a feasible

solution is found.
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- Improvement heuristics.
Trough exchange performing, Improvement heuristics step by step improving initial feasible
solution while maintaining feasibility. See (Russell 1977) for the first improvement

heuristics for the vehicle routing problem with time windows.

- Metaheuristics.
Metaheuristics continue the search into the search space after a local minimum explored.
Including a lot of different methods, such as Tabu search, Genetic algorithm, GRASP and

others.

After literature and theory review starting with heuristics implements was decide and Fisher
and Jaikumar heuristic first phase was chosen to reduce complexity of the problem. After
initial clustering is complete, presented problem will consist of a set of MPVRPMTW.
Solving these is final part of proposed method. After the complexity of problem will be
reduce, it will be possible to solve mathematical model of the MPVRPmMTW with exact
method.

4.3.1 Fisher and Jaikumar heuristic

Sometimes the customers grouping can be convenient. It’s good tactical decision make the
detailed planning work with complicated MPVRPMTW easy. In this case assigning

customer to region must be done with care and caution.

Start with clustering in STC problem will be good approach. It means, that group or cluster
of the customer geographically close to each other and with the same time windows will
serve by the same vehicle. Narrow time windows should be taken into account, because such
time windows always will lead to cost increasing. As based of clustering process first of two
the Fisher & Jaikumar heuristic decompose planning problems can be used. After this
clustering will done, such customer cluster aggregation will reduce the complexity of the
problem.
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Step 1. Clustering.

MPVRPmMTW can be present as two decompose planning problems that can be solved in
simultaneously. First problem is sequential, that is in which sequence vehicle should visit a
customers, and the relative position and time windows of the customers are taken into
account. Second problem can be classified as an allocation or assignment problem: which
customers should be assigning to which vehicles. Customers demand should not exceed the
capacity of the vehicle.

Assignment problem is performed first and can be solved with the help of clustering
algorithm as it formulate in (Fisher and Jaikumar 1981), whose objective is to minimize
customer clustering adding cost. Then to solve second planning problem, in which sequence

customers should be visited in.

For each of the vehicle k, for all k € K assigned a specific customer node that must be visited
by vehicle k. This customer will called the seed-node. Number of seed-nodes will be equal
to the number of vehicles. Seed-node will be chosen geographically far from each other. It

will add the following decision variables:

1if vehicle k is used for serving customer i

Yy =
ik {O otherwise

Let i, denote the seed-node.

,i=1.. 3.1.1
Zyiikzl Viii=1..n ( )

Constraint (3.1.1) represent, that vehicle k is assigned to its seed-node iy,.

Now we travel with vehicle k from the depot s to the seed-node iz, and back without visiting
any other node. In symmetric case travel distance (cost) t;; will be multiple by two. This
case then compare with the case where we visit one other customer on the way from or to
the visit to the seed-node, it leads to an added cost. The added cost (travel distance) can be
calculated as next:

Mk = Csir T Ciz i + Cis — Cs iz — Ciz s = Ciz i T Cia — Cit s
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Added cost are calculated for each vehicle and all the customers. Then the model will be as

follows:
n X (3.1.2)
Minimize Z M Yik
i=1k=1
subject to
k Vi,i=1..n (3.1.3)
D V=1,
k=1
& vk €K (3.1.4)
Z d;Yy < Cy,
i=1

Constraint (3.1.2) represent the added cost sum minimization. (3.1.3) represent that all

customer nodes are visited once and (3.1.4) observes the capacities of vehicles.

The solution of the model will be that each vehicle k is assigned to its seed-node and the set
of the other customers such that the capacity of vehicles is observed. Then for each vehicle
TSP should be solving. The suggested model will be solved by solver software. Exact

programming formulation will be presented in Section 6.3.
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5.0 Two-phase solution approach

In this chapter developed solution approach presented. Problem is formulated in precise
algebraic notation. The solution methodology is described. Both phases of methodology are

modelled and formulated in algebraic notation.

5.1 Problem description

The mathematical model based on mathematical formulation for VRPMTW by (Belhaiza,
Hansen and Laporte 2014) and extended by adding multiple time windows with all related

constraints.

The MPVRPmMTW is defined on a directed graph G = (V, A), where V is the vertex set and
A is the arc set. The vertex set is partitioned into V = {N, D}, where N = {1, ..., n} is a set
of customers and D is the depot. Set R describes vehicles and the number of vehicles denote
by m. Qy is the capacity of vehicle k, where k € R. Every customer i € N has a non-negative
demand g;, a non-negative service time s;, a set W; = {[lf,uf],p =1,..,H} of p; time
windows, where H is the time horizon in days. The travel time associated with arc (i, j) € A
is denoted by t;;. By D), denote the maximum duration of the route of vehicle k.

The aim of MPVRPMTW is to generate a schedule for vehicles, minimizing travel costs

while complaining with the following requirements:

1. Every customer node is served once by single vehicle;

2. Service of every customer takes place during one of the multiple time windows given
for him;

3. Capacity of a vehicle should be enough to satisfy customers’ demand along the route;

4. Maximal duration of a given route is not exceeded:;

5. Routes start and end at the Depot;
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5.2 First phase mathematical formulation

Since a given data set includes as much as 40 nodes across multiple time-window horizon,
and VRP problems with Time Windows are NP-hard problems, employing exact methods
will introduce unacceptably long computational times (Lenstra and Rinnooy Kan 1981).

To reduce computation times to reasonable amounts, applying of a heuristical algorithms in
various ways is deemed necessary. In this paper, Fisher & Jaikumar heuristic (Fisher and
Jaikumar 1981) is used to generate clusters of 5-15 nodes, which, in turn, are instances of
small enough size to be solved by exact methods. Then for every instance exact solution
approach is applied. For that a mathematical model for the MPVRPMTW problem is
formulated, and an available solver software is utilized to calculate solutions that satisfy

necessary constraints.

It is meaningful to note that during cluster generation step of solving the problem the
algorithm ignores time window constraints. Clustering is done solely based on distance

matrix and capacity constraints.

Parameter Type Description
tij Real Travel time associated with the arc (i,j)
Qu Real Vehicle k capacity
qi Real Demand at node i
d¥ Real Travel distance associated with the arc (k,j)
m¥ Real Costs of adding customer i to cluster k

Table 2. Definition of the parameters for first phase

Variable Type Description

Y Binary Equal 1 if customer i in assigned to cluster k, O otherwise

Table 3. Definition of the variables for first phase
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Added cost are calculated for each vehicle and all the customers:

di"': t0j+tkj_tknﬁ VkEV, V]EN

The model will be as follows:

n Vv
Minimize Z vkd¥
i=1k=1
subject to
1)
14
z Y =1, jEN
k=1
Yavk<o, kev @
JjEN
©)

The objective is to minimize total added cost.

Constraints (1) insure, that all customer i are visited by vehicle k and no one is missing.
Constraints (2) ensure, that capacity of vehicle will not be exceed.

5.3 Second phase mathematical formulation

The MPVRPmMTW can be formulated as a mixes integer linear program. The variables and

the parameters used in formulation are defined in Table 4 and Table 5.

Parameter Type Description

L Real Equal 1 for time window p lower bound, equal 2 for time
window p upper bound

twl.’l’ Real Time window p lower and upper TW for every customer
i in every day per route

q; Real Demand at node i

Qu Real Vehicle k capacity
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fk Real Fixed cost of vehicle k using

TCk Real Cost of moving vehicle per hour

wck Real Cost of waiting vehicle per hour

mh Real Maximum number of hours driver can drive/work per
day

tij Real Travel time associated with the arc (i,j)

sa? Real Start of serving period at node i

S; Real Service time at node i

M Real Avrbitrary large constant

dy Real Max route duration

Table 4. Definition of the parameters for MPVRPMTW

Variable Type Description

Xi’j- Binary Equal tol if arc (i,J) is used by vehicle k, 0 otherwise

Ry, Binary Equal tol if vehicle k is used, 0 otherwise

zZk Binary Equal 1 if customer i in assigned to vehicle k, 0 otherwise
VP Binary 1 if customer i is served within time window p

A Real Arrival time for vehicle k at node i

BF Real Departure time for vehicle k at node i

Dy, Real Route duration for vehicle k

wk Real Waiting time of vehicle k at customer i

Table 5. Definition of the variables MPVRPmMTW

Obijective function:

Minimize z ti; X5TCH + Z wlwck + Z fi*R¥
k€EeR KER k€ER
i,lEA iinN
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subject to

ZZ{‘=1, i €N,

KER

k _ .
Xl-j =1, JEV,
(i,))in A
keR
i i€eVand k € R,
(i,))in A (.)in A
i#j i#j

2X5 < ZfZF,  i,jEA,

Z xf<1, ieN,

ker
@L,)in A
i#j

> axl<o.  ker,
iEN
@i,)in A

Ak — BF <d, + M1 -2F), keR,

Xk = Z Xk

Bf=AF+W}f+s;,—M(1-2f), ieNandkeR,
Bf <A +Wk+s;+M(1-2F), ieNandkeR,

Af =2 Bf +t;; -M(1—-Xf{), ijeAandk€R,

AF < Bf +t;;+ M(1 - X i,j e Aand k € R,

AQ‘+W{‘2twil—M(1—Z{<)—M*(1—Vip),i EVandp€eYandk €R,
A+ Wi +s;<twh+M(1-2ZF) = M«(1-VP),i eVandp€eYand k €ER,

H

Z VPZF =1, i€N,
p=1

H

ZVSpZé‘ <2, €N,
p=1

p p
Vi < sa;,

i€EVandp €Y,

Ry =ZF, i€VandkE€R,
Wk=0 ke€R,
Bf¥=0, kER,

1)

)

©)

(4)
()

(6)

()
(8)
(9)
(10)
(11)
(12)
(13)
(14)

(15)

(16)
(17)
(18)
(19)
(20)
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Z tXE=D,, KkEeR (21)
(i,)ea
Wk, D, A%, BF > 0, (22)

R, X VP, Z binary. (23)

The objective is to minimize the cost of the total travel time, plus the cost of the total waiting

time, plus the sum of the fixed cost of vehicles used.

Constraints (1) state that each customer is assigned exactly to one vehicle k. Constraints (2)
state that any arc (i,j) is traversed exactly one vehicle k. Constraints (3) insure that no
vehicles get stuck in nodes. Constraints (4) mean, that any arc (i,j) can be pass through by
vehicle k only if ZF and ij are both equal to 1. Constraints (5) complementary conditions
that every customer i to be visited by one vehicle k. Constraints (6) insure, that capacity of
vehicle k will not be exceeded. Constraints (7) insure, that the maximal route duration d,

for vehicle k will not be exceeded.

Constraints (8) show that the departure time from customer i at least equal to the arrival time
at customer i, plus waiting time W;* and service time s; at customer i, only if this customer
i is assigned to vehicle k. Constraint (9) enforce leaving of vehicle k from customer i right
after service is done. Constraints (10) and (11) show that the arrival time at customer j is
equal to the departure time from customer i, plus the travel_time;; of arc (i,j) only if this
arc is assigned to vehicle k. Constraints (12) and (13) mean that the arrival time A¥ plus the
waiting time W} of vehicle k at customer i is within the time window tw]) lower and upper
bound only if customer i is assigned to vehicle k and time window p is chosen. Constraints
(14) show that exactly one time windows tw! chosen for every customer i, (15)
complements situation with depot, as so as departure and arrival time for vehicles k may be
in different day p. Constraints (16) ensure, that every customer | will be visited only if it’s
allowed. Constraints (18) mean that customer i will be serve by vehicle k only if this vehicle
is chosen. Constraints (19) ensure that waiting time for vehicle k at the depot is equal to 0.
Similarly, constraints (20) ensure that the departure time from the depot for vehicle k is 0.
Constraints (21) help to compute total route duration time. Finally, constraints (22) and (23)

provision the feasibility intervals for the decision variables.
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6.0 Matrix generation

This chapter describes the work that was done in order to digitalize raw data acquired from

company.

Solvers need very specific data representation to perform calculations. The job of converting

real world data in such a format is a daunting task, this study is no exception.

With a given number of 40 customer nodes, the amount of work needed to manually input
the relevant data is unreasonable, so employing various automatization techniques was

deemed necessary.

Following steps were performed in process:
- Input customer addresses
- Using Google API to obtain distance matrix for all customers (described in detail in
Section 6.1)
- Employing custom-developed scripts to obtain distance matrices for specific
customers (described in detail in Section 6.2)

- Input time windows data, capacity data and all other relevant constraint data

The savings resulting from automatization in terms of researcher time are estimated to
weeks, as suggests the comparison with similar studies, where these steps were performed
manually. Thus, it is concluded that these techniques are quite a meaningful contribution

and deserve a highlight.

6.1 Complete distance matrix generation

In order to build the routes for cargos delivery for SLC using the mathematical model is
necessary provide data in matrices of two types: travel time matrix and travel distance
matrix. In this two matrix represented minimal necessary time and distance value between

any two customers. In such situation to calculate this date manually are very time
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consuming. The matrix size depends on the number n of customers and hosted n x n for

both travel distance and travel time case. Both matrixes are asymmetric.

For solving this matrix generation task a custom application was developed. That application
uses Google Maps API (application programming interface) and tools Geocoder and

Distance Matrix.

Geocoder is Google utility that converts addresses to coordinates. Distance Matrix is Google
utility that provides travel distance and time for a matrix of origins and destinations. Then,
any available office software can be is used to convert Distance Matrix output into form that

is comprehensible for solver.

Google does not disclose what sort of algorithms Distance Matrix utility uses behind the

scenes to calculate route distances. The initial versions were run on Dijkstra’s algorithm

(Chang 2009).

Customers addresses in English or Russian languages can be used as input data. An example

of input date is represented in Table 6.

City, Street, Building

SApocnasne, Tyraesckoe mocce, a.1

NBanoBo, KykoHKOBBIX yi1., 1.141

Hwxuniit Hoeropon, Peunoe mocce, 1.50

TBepw, Opxonekuaze yi, 1.51

gl B W N -

Kazanb, Mamanpimickuit TpakT,32

Table 6. Input data sample for the matrix generation

Application starts from options parsing: location of input and output data, measurement units
(kilometers, hours). Data from the input file is used to get coordinates from the Geocoder.
Geocoder convers address to maps coordinates. Each pair of coordinates, latitude and
longitude for start and end point are sent to API Distance Metrix and saves in list as distance

or time.
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Matrix generation procedure can be realizes in requests. The request numbers are n for
Geocoder and n?for Distance Metrix, where n — the number of customers (addresses). All

request generate automatically based on addresses list.

Application output data is in .csv file. The application code with comments can be found in
the Appendix 10.2

6.2 Cluster matrix generation

Before it is possible to use a solver for calculating exact solution of MPVRPmMTW for
individual clusters, cluster distance matrices need to be generated. This section describes

how these matrices were obtained from a large complete distance matrix in this study.

Due to size of the problem — 40 nodes in complete graph, between 3 to 5 customer clusters
— certain degree of automatization was utilized. Custom script on Ruby programming

language was designed. Full listing of the script may be found in Appendix 10.3.

First, the list of customers in the cluster is injected in script body, e.qg.:

cs = %w][

MoscowDepot Yaroslavl LENTA1 Yaroslavl_7Continent Yaroslavl_ATAK
Yaroslavl_ ASHANN Yaroslavl_ ASHANp Yaroslavl LENTA

Yaroslavl_Giperglobus Yaroslavl_Magnit Kostroma_ASHAN Kostroma_7Continent
MoscowDepotEND

]

It is important for customer names to be the same as they are in Complete Distance Matrix

(see Section 6.1).

Then the script should be launched. It takes the names injected, looks for these names in

Complete Distance Matrix table (which was transformed in readable format in previous step,
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see Section 6.1), and assembles a Cluster Distance Matrix for customers with these names
in a separate .cv file. This file should be then imported into CSV format as “Delimeted” with

Text Qualifier “,”. The result will be a .csv table containing Cluster Distance Matrix.

The next step is to use available office software — in this study Excel and TextPAD — to

convert this table in format readable by solver.
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7.0 Experiment setup

In this chapter two-phase methodology presented in Section 5 will be used to generate routes.
The model formulation can be found in Sections 5.2 and 5.3. The results will be described

and analyzed in Section 7.3 of this chapter.

Computational experiments was implemented on IMac with Intel® Core™ i7-3770 CPU @
3.40 GHz, 32 GB Memory with IBM ILOG CPLEX large-scale solver, version: 12.6.1.

The following scenarios were developed:

- Scenario 1 — three clusters, seeds set Variant 1,
The scenario 1 consists of three seeds, seeds Variant 1: Yaroslavl _Magnit,
NNovgorod_ASHANmM, Ufa_ OKEYk. Each seed forms a cluster of customers linked to it.
For each cluster separately held computing calculation. Aggregating the results of all three

clusters calculation are the results of the scenario 1.

- Scenario 2 — three clusters, seeds set Variant 2;
Same with scenario 1, seeds Variant 2: Tver ATAKo, Yekaterinburg ASHANh,

Kazan_Zelgros.

- Scenario 3 — four clusters, seeds set Variant 1;
The scenario 3 consists of four seeds, seeds Variant 1: Yaroslavl LENTAL,
NaberezhnyeChelny LENTA, NNovgorod Okey, Perm LENTA. Each seed forms a
cluster of customers linked to it. For each cluster separately held computing calculation.
Aggregating the results of all three clusters are the results calculation of the scenario 3.

- Scenario 4 — four clusters, seeds set Variant 2;
Same with scenario 3, seeds Variant 2: Tver ATAKo, Kostroma ASHAN,
Yekaterinburg_ ASHANh, Kazan_Zelgros.

- Scenario 5 — five clusters, seeds set Variant 1;

The scenario 5 consists of five seeds, seeds Variant 1. Yaroslavl ATAK,
NNovgorod LENTA, Kazan ASHANp, Ufa OKEYe, Yekaterinburg_ ASHANh. Each
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seed forms a cluster of customers linked to it. For each cluster separately held computing
calculation. Aggregating the results of all three clusters are the results calculation of the

scenario 5.

- Scenario 6 — five clusters, seeds set Variant 2;
Same with scenario 5, seeds Variant 2; Tver ATAKo, Kostroma_ 7Continent,
Kazan_ASHANYy, Perm_LENTA, Yekaterinburg ASHANm.

- Scenario 7 — six clusters, seeds set Variant 1
The scenario 7 consists of six seeds, seeds Variant 1: Tver LENTA, Yaroslavl_Giperglobus,
NNovgorod_METROn, NaberezhnyeChelny LENTA, Kazan_Zelgros,
Yekaterinburg_ ASHANh. Each seed forms a cluster of customers linked to it. For each
cluster separately held computing calculation. Aggregating the results of all three clusters

calculation are the results of the scenario 7.

- Scenario 8 — six clusters, seeds set Variant 2
Same with scenario 7, seeds Variant 2: Tver_ ATAKao, Ivanovo_Okey, NNovgorod_Magnit,
NaberezhnyeChelny LENTA, Ufa_ OKEYk, Perm_LENTA.

Each cluster is associated with a separate vehicle. In case, if we choose a smaller number of
clusters, for example two, the complexity of the problem grows strongly, the computation
time becomes unacceptable. Furthermore, there is a problem with both time windows and
available delivery day appeared. With a large number of customers in the cluster to take into
account all of them hard TW is impossible since they are mutually exclusive. Computational

experiments presented in two steps, separately for the first and the second phases.

7.1 Computational results of cluster construction heuristics

The first phase algorithm applying doesn’t require of any specific preparation. It starts with
complete distance matrix as input file. Complete distance matrix creation described in

detailed in Section 6.1. Then first phase algorithm is running.
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Scenario seeds chosen by operator manually based on geographical position and customers
demand. At the result of first phase algorithm run there is a set of clusters with selected seed
and a list of customers with required demand. First phase computational time is small for

each cluster and wasn’t take into account.

Result for scenario 1 are presented in this chapter in Table 7. Detailed description of the

other first phase scenario solution is presented in Appendix 10.4 — 10.10.

Seed: Customers in cluster Demand

Yaroslavl_Magnit
Yaroslavl LENTA1 1857.0
Yaroslavl_7Continent 59.0
Yaroslavl ATAK 32.0
Yaroslavl ASHANN 197.0
Yaroslavl ASHANp 112.0
Yaroslavl_ LENTA 133.0
Yaroslavl_Giperglobus 1600.0
Yaroslavl_Magnit 2240.0
Kostroma_ ASHAN 510.0
Kostroma_7Continent 78.0
Tver_ATAKo 35.0
Tver ATAKmk 125.0
Tver_Magnit 3500.0
Tver _LENTA 1847.0
Total Demand: 12325.0

NNovgorod_ ASHANmMm;
Ivanovo_ASHAN 279.0
Ivanovo_7Continent 68.0
Ivanovo_Magnit 650.0
Ivanovo_Okey 28.0
NNovgorod_METROn 65.0
NNovgorod_METROm 54.0
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NNovgorod_ ASHANb 238.0
NNovgorod_LENTA 898.0
NNovgorod_ ASHANmM 152.0
NNovgorod_Magnit 4657.0
Total Demand: 7089.0
Ufa_OKEYK;
NNovgorod_Okey 672.0
Kazan_ASHANy 439.0
Kazan_Zelgros 123.0
Kazan_ASHANp 754.0
NaberezhnyeChelny LENTA 878.0
Ufa LENTA 1014.0
Ufa_ASHAN 80.0
Ufa_OKEYe 37.0
Ufa OKEYk 15.0
Ufa_OKEYm] 43.0
Ufa_Magnit 9.0
Pyshma_Perekrestok 221.0
Yekaterinburg_ ASHANh 52.0
Yekaterinburg_ ASHANmM 525.0
Perm_LENTA 757.0
Total Demand: 5619.0

Table 7. First phase result for scenario 1

Figure 6. Clusters received with scenario 1 first phase
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7.2 Computational results of MPVRPmTW

The second phase algorithm starts with creating cluster matrix as input files, based on the

first phase results. Cluster matrix generation is described in details in Section 6.2. Each new

cluster required complete changes in the second phase algorithm data file. Then algorithm

is run.

Result for the third cluster of scenario 1 is presented in this chapter. Other second phase

scenario solutions detailed description is presented in Appendix 10.11 — 10.18. Customers

in the tables are listed in order of location on the route.

Arrival Departure Visit Waiting

Time Time Day time
MoscowDepot 13.86 13.23 Sat-Wed | 0
Yekaterinburg_ ASHANhO 125 12.7 Mon 0
Yekaterinburg. ASHANmM 12.93 13.13 Mon 0
Pyshma_Perekrestok 15.8 16 Mon 0
Perm_LENTA 23.34 11.53 Tue 11.99
Ufa_OKEYmj 18.09 18.29 Tue 0
Ufa_OKEYe 18.41 18.61 Tue 0
Ufa_ASHAN 18.8 19 Tue 0
Ufa_ LENTA 19.21 19.41 Tue 0
Ufa_OKEYk 19.62 10.2 Wed 14.38
Ufa_Magnit 10.53 10.73 Wed 0
NaberezhnyeChelny LENTA | 14.57 14.77 Wed 0
Kazan_ASHANy 17.95 18.15 Wed 0
Kazan_ASHANp 18.44 18.64 Wed 0
Kazan_Zelgros 18.81 19.01 Wed 0
NNovgorod_Okey 0.52 8.2 Thu 7.48
Computational time (sec): 3256.08
Total Trevel Cost (NOK): 1102
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Rout Duration (Hours): 93.64
Table 8. MPVRPmMTW results for scenario 1 third cluster

Routes maps are presented for the results visualization.
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Figure 7.MPVRPmMTW route for scenario 1 third cluster

7.3 Results analysis

In this chapter we analyze results of the conducted experiments. Detailed description of the
each scenario result can be found in Appendix 10.4. Data is presented in Table 9 and
collected into four groups according to the seeds number. Row Duration is sum of all clusters
route duration in hours for each scenario. Row Cost is sum of all clusters route total cost in
NOK for each scenario. Waiting Time row contains the total vehicle waiting time for each

scenario. And the row Computational Time represent total computational time in seconds

for each scenario.

Scenarios
3 seeds 4 seeds 5 seeds 6 seeds
V1 V2 V1 V2 V1 V2 Vi1 V2
Duration | 145.9 171.8 140.6 142.1 167.6 136 150.5 | 152.6
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Cost 3949.8 | 5219.9 | 4604.3 | 7574.8 | 11207. | 10050. | 1101 | 1190
4 7 3.3 4.8
Waiting 48.11 66.96 51.79 41.48 31.54 30.44 6.52 | 12.48
time
Computati | 8399.7 | 8219.9 | 7492.8 | 7280.1 | 4933.1 | 4320.4 | 1594 | 2696.
onal Time 2

Table 9. Scenarios result

Data for visual comparisons were divided into four parts: Scenarios cost results, scenarios
route durational results, scenarios waiting time and scenarios computational time. All

scenarios were grouped by number of seeds and variant type.

Fig. 8 shows that the total cost scenario increasing trend to the number of seeds. This is not
surprising, since each cluster in the scenario visited by separate vehicle. The total cost
includes the total travel time cost, cost of the total waiting time and fixed cost of each vehicle

used. The spread between the cheapest and the most expensive result are 7 000 NOK.

Scenarios Cost Results Comparison
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==@==Seed Variant 1 Seed Variant 2

Figure 8. Scenarios Cost Result Comparison

45



The waiting time is reduced as seeds number increase as Fig.9 shows. Increasing the number
of seeds helps to build routes more accurately according to the waiting time because it
lessens the number of clients in the cluster. The spread between the longest and the shortest

waiting time is one hour.

Scenarios Waiting Time Comparison
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«=@==\NT Variant 1  ==@==\NT Variant 2

Figure 9. Scenarios Waiting Time Comparison.

Considering the total route duration shown in Fig.9. The spread between the longest and the
fasters route duration time is 30 hours. The best result presented by scenarios with four seeds

and the second variant of five seeds scenario.

Scenarios Duration Results Comparison
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Figure 10. Scenarios Duration Result Comparison.
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In terms of computational time presented on Fig.10, the preferable result shows scenarios
with six seed. It should be noted that the calculation time can be significantly reduced by

increasing computing power.

Scenarios Computational Time Comparison
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Figure 11. Scenarios Computational Time Comparison

Based on achieved results the 4 seeds scenarios are the best. It’s the fastest by the means of
route duration time and also the third between the cheapest result and the cheapest one, as
there are only four vehicles in use and the waiting time short. On the other hand computation
time result is one of the highest, but it’s acceptable in case of computing power increasing.
MPVRPmMTW has a limitations in it’s application such as large computational time and
software required. Using powerful computer to reduce computation time will be god tactical

decision.

It’s obvious that the route with largest vehicle number is the most expensive one, but with
the shortest waiting time results. For three clusters preparation time will be reduced on the
MPVRPmMTW data file preparation stage as its required only three tables generation (in
comparison to 4,5 and 6 on the other variants accordingly). In average the cluster data file

preparation time takes 20 minutes to half an hour.

47



So, the total cost will increase with the vehicles number. Total route duration slightly
depends on the number of vehicles used and customers” TW - more time on route and on
waiting, more expensive it becomes. Recommend to use the scenario solution that meets
more than one priority requirement: total travel time; route duration time; total waiting tome;

computational time.

Comparing our results to the Company’s current plan, we can note the following. To meet
the demand in this problem, the Company used five vehicles, duration of the route was 157
hours and the total cost was 8750 NOK. We recommend the solution obtained for the third
scenario: 4 vehicles, 140.6 hours the duration of the route and the total cost of 4604.3 NOK.
This will reduce the number of used vehicles by 25%, the routed duration to 10.5% and the
total cost by 47.4%. To summarize, we developed a decision support tool that provide a

good solution to the Company’s problem
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8.0Conclusion

The goal of this master thesis was to design a decision support tools and use it to efficiently
solve a Multi-Period Vehicle Routing Problem with Multiple Time windows of relatively
large size. A particular case is presented: Small Transportation Company is providing
delivery services to a set of 40 customers located in 11 cities from a single depot. Delivery
quantities are given by customers, as well as the time horizon for a delivery, while exact
schedule is left for Company to figure out. The task is further complicated because customers
have limited time windows for service during the day as soon as limited available delivery
day, and are not able to service vehicles on certain days at all. The task is challenging and is

fairly common in business, so an efficient and flexible solution is a relevant contribution.

In this study a solution method for a large-sized MPVRPmMTW is suggested, and a set of
tools supporting the data handling is developed. The design was being developed and

validated while solving a Small Transportation Company case.

Heuristical two phase solution approach involving decompose system and mathematical
model formulated to solve the Company real-life problem. Different number of seeds to
generate different scenarios to find the best one with decompose system was made. The
results show that several scenarios always should use with different clusters/seeds set in
practice. Mixed integer programming model for MPVRPmMTW was implemented in AMPL.
Feasible solutions has been received. Possibility of infeasibility due to Time Windows and

available delivery day was taken into account for future work.

Result solutions derived are compared to each other, the best one is highlighted and

recommendations on the use of the decision support tools have been formulated.

For future research we recommend to review soft Time Windows potential with violated

delivery time taken into consideration.
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10.1 Map of the operation area with customer nodes marked
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10.2 Complete distance matrix generation application code

#!/usr/bin/env ruby

require "httparty’

require ‘open-uri'

#require 'google_distance_matrix’
require ‘csv'

require ‘optparse’

options = {}
optparse = OptionParser.new do|opts|
opts.banner = "Usage: #{$0} [-i ./addresses ] [-t textall|texttime|textdist|km|minutes|hours]
[-0 .Joutput.csv] "
options[:input] = "addresses"
opts.on(*-i FILE','--input FILE', "Addresses FILE") do |[file|
options[:input] = file
end
options[:output] = 'output.csv’
opts.on(*-o FILE',"--output FILE', "Write data to FILE") do |[file|
options[:output] = file
end
options[:outdata] = 'textall’
puts options[:outdata]
opts.on(*-t FILE','--type FILE', "Output data type") do |type|
options[:outdata] = type
puts options[:outdata]

if ['textall','texttime’,'textdist’,'km’,'minutes','hours’].include? options[:outdata]

then
puts “format ok"
else
puts "available formats are - textall, texttime, textdist, km, minutes, hours"
exit 1
end
end
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opts.on( '-h', --help’, 'Display this screen') do
puts opts
exit
end
if ARGV.length < 2 then
puts opts
exit
end
end
optparse.parse!
GEOCODER_ENDPOINT_URL="https://maps.googleapis.com/maps/api/geocode/json?a

ddress="

DISTANCE_MATRIX_URL="https://maps.googleapis.com/maps/api/distancematrix/json"
filename = ARGV[0]

points = open(File.expand_path(options[:input])).read.split("\n") # vumaem aopeca
geocoder_url = GEOCODER_ENDPOINT_URL

coordinates = {}

points.each do |point|
# Ons kadcoo2o adpeca uoem 8 2yai
response = HTTParty.get(geocoder_url+URI::encode(point))
sleep(1.0/4.0)
adr = JSON.parse(response.body)
coordinates[adr['results’][0]['formatted_address']] =
adr['results’][0]['geometry']['location’]['lat’] .to_s+","+adr['results][0]['geometry']['loca

tion]['Ing’] .to_s

end
dm_url = DISTANCE_MATRIX_URL
matrix = []

destinations = ["origins/destinations"]
coordinates.each_pair {|k,v| destinations << k}
matrix << destinations

coordinates.each_pair do |o_address, o_coord|
row = [o_address]

coordinates.each_pair do |d_address, d_coord

55


https://maps.googleapis.com/maps/api/geocode/json?address=
https://maps.googleapis.com/maps/api/geocode/json?address=
https://maps.googleapis.com/maps/api/distancematrix/json

response = HTTParty.get(DISTANCE_MATRIX_URL,:query => {:origins =>
0_coord, :destinations => d_coord})
sleep(1.0/5.0)
json = JSON.parse(response.body)
puts json
case options[:outdata]
when "textall"
row << json['rows][0]['elements'] [O]['distance'] ['text]+", "+
json['rows][0]['elements'][O]['duration']['text'] # texts
when 'minutes’
row << (json[‘'rows'][0]['elements'][0]['duration']['value'].to_f/60.0).round().to_s #
value travel time in min
when ‘hours'
row <<
(json['rows'][0]['elements][0]['duration']['value'].to_f/60.0/60.0).round(2).to_s # value
travel time in hours
when 'km'
row <<
(json['rows'][0]['elements][0] ['distance]['value].to_f/1000.0).round(1).to_ s # value
distance in km
when ‘texttime'
row << json['rows'][0]['elements'][O]['duration"]['text] # text travel time
when "textdist’
row << json['rows'][0]['elements'][O]['distance']['text'] # text distance
end
end
matrix << row
end
CSV.open(File.expand_path(options[:output]), 'w', :col_sep => "\t") do |csvfile|
matrix.each do |row|
csvfile << row # nuwem mampuyy 6 ¢haiin
end
end
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10.3 Cluster matrix generation custom script

cs = %w[

MoscowDepot Kostroma_ASHAN Kostroma_7Continent Ivanovo_ASHAN
Ivanovo_7Continent Ivanovo_Magnit Ivanovo_Okey NNovgorod_METROnN
NNovgorod_ METROm NNovgorod_ASHANb

NNovgorod LENTA NNovgorod ASHANmM NNovgorod_Okey NNovgorod_Magnit
Kazan_ASHANy Kazan_Zelgros Kazan_ASHANp NaberezhnyeChelny LENTA
Ufa LENTA Ufa_ASHAN Ufa_OKEYe

Ufa_OKEYk Ufa_OKEYmj Ufa_Magnit Pyshma_Perekrestok Yekaterinburg_ ASHANh
Yekaterinburg_ ASHANm Perm_LENTA MoscowDepotEND
1
f = File.read(‘traveldistance-hours.csv').chomp
parsed = CSV.parse(f).map {[i| i.reject(&:nil?)}
headers = parsed[1][1..-1]
data = parsed[2..-1].map {]i| i[1..-1]}
def build_body(street_name, all_streets, headers, data)

row = [street_name]
first_idx = headers.index(street_name)
all_streets.map do |street]|
idx = headers.index(street)
row << data[first_idx][idx]
end
row
end
new_csv = CSV.generate() do [csv|
csv << ["W\"] +cs
cs.map do |str|
csv << build_body(str, cs, headers, data)
end
end

File.open(‘new.csv', 'w").write(new_csv)
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10.4 Detailed Scenarios Results

3 Seeds
Variant 1 Variant2
Cluster 1 Cluster 2 Cluster 3 Cluster 1 Cluster 2 Cluster 3
# customers in cluster 14 10 15 15 10 14
Total Route Waiting Time 14.26 0 33.85 15.73 37.56 13.67
Total Route Duration 56.5 25.83 93.64 28.57 75.5 67.78
Total Route Cost 1745.81 1102 1102 1506.38 4005.61 4483.02
Computational time 3122.81 40.8438 5256.08 4737.56 3243.14 2239.281
Table 10. Computational results for scenario 1 and 2
4 Seeds
Variant 1 Variant 2
C1 C2 C3 C4 C1 C2 C3 C4
# customers in cluster 12 7 4 16 4 10 15 10
Total Route Waiting Time 15.73 5.83 0 30.23 0 12.2 11.14 8.14
Total Route Duration 11.97 28.84 11.63 88.18 5.58 9.94 57.3 69.32
Total Route Cost 1386.38 2344.73 873.25 |5284.38 | 419.5 746.5 4654.38 1754.5
Computational time 5804.34 14.9062 1664.7 | 8.85938 | 5604.34 | 2.26562 1664.7 8.85938

Table 11. Computational results for scenario 3 and 4
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5 Seeds

Variant 1 Variant2
Cc1 C2 C3 C4 C5 Cl Cc2 C3 C4 C5
# customers in cluster 12 6 3 8 10 4 9 10 6 10
Total Route Waiting Time 15.73 0 0 2.14 13.67 0 7.2 20.1 0 3.04
Total Route Duration 27.7 12.09 22.16 38.14 67.78 5.58 9.79 23.38 39.47 57.85
Total Route Cost 1386.38 907.75 1663 2767.34 | 4483.02 | 4195 735.25 17545 | 2961.25 | 4180.24
Computational time 3086.94 | 0.234375 | 0.046875 | 73.4375 | 1772.45 | 0.0625 | 0.984375 | 8.78125 | 100.3125 | 4210.281
Table 12. Computational results for scenario 5 and 6
6 Seeds
Variant 1 Variant2

Cl1l C2 C3 C4 C5 C6 Cl C2 C3 C4 C5
# customers in cluster 4 4 5 8 14 4 3 6 17 9
Total Route Waiting Time 0 0 0 6.17 0.35 0 0 0 7.71 0 4.77
Total Route Duration 5.58 8.99 11.84 34.65 36.01 | 53.52 5.58 8.17 12.09 35.36 21.98
Total Route Cost 419.5 675.25 889 2328.27 | 2686.35 | 4015 419.5 613.75 | 1907.75 | 2313.76 | 1649.5
Computational time 5.58 8.99 11.84 | 28.48 | 1035.66 | 503.52 | 0.046875 | 1.29688 | 0.28125 | 0.140625 | 0.015625

Table 13. Computational results for scenario 7 and 8
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10.5First phase result for Scenario 2

Seed: Customers in cluster Demand

Tver_ATAKo Tver_ATAKo 35.0
Tver_ ATAKmMKkK 125.0
Tver_Magnit 3500.0
Tver_LENTA 1847.0
Total Demand: 5507.0

Yekaterinburg_ ASHANh Yaroslavl_ LENTA1 1857.0
Yaroslavl_7Continent 59.0
Yaroslavl ATAK 32.0
Yaroslavl_ ASHANN 197.0
Yaroslavl ASHANp 112.0
Yaroslavl LENTA 133.0
Yaroslavl_Giperglobus 1600.0
Yaroslavl_Magnit 2240.0
Kostroma_ ASHAN 510.0
Kostroma_7Continent 78.0
Ivanovo_ASHAN 279.0
Ivanovo_7Continent 68.0
Ivanovo_Magnit 650.0
Ivanovo_Okey 28.0
NaberezhnyeChelny LENTA 878.0
Ufa LENTA 1014.0
Ufa_ASHAN 80.0
Ufa_OKEYe 37.0
Ufa_ OKEYk 15.0
Ufa_OKEYm] 43.0
Ufa_Magnit 9.0
Pyshma_Perekrestok 221.0
Yekaterinburg_ ASHANh 52.0
Yekaterinburg. ASHANmM 525.0
Perm_LENTA 757.0




Total Demand: 11474.0
Kazan_Zelgros NNovgorod_METRON 65.0
NNovgorod_METROm 54.0
NNovgorod ASHAND 238.0
NNovgorod_LENTA 898.0
NNovgorod_ ASHANmM 152.0
NNovgorod_Okey 672.0
NNovgorod_Magnit 4657.0
Kazan_ASHANy 439.0
Kazan_Zelgros 123.0
Kazan_ASHANp 754.0
Total Demand: 8052.0
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10.6 First phase result for Scenario 3

Seed: Customers in cluster Demand
Yaroslavl_ LENTAL
Yaroslavl LENTAL 1857.0
Yaroslavl_7Continent 59.0
Yaroslavl ATAK 32.0
Yaroslavl ASHANnN 197.0
Yaroslavl ASHANp 112.0
Yaroslavl_ LENTA 133.0
Yaroslavl_Giperglobus 1600.0
Yaroslavl_Magnit 2240.0
Tver_ ATAKo 35.0
Tver_ ATAKmk 125.0
Tver_Magnit 3500.0
Tver_LENTA 1847.0
Total Demand: 11737.0
NaberezhnyeChelny LENTA
NNovgorod_METROn 65.0
NNovgorod METROmM 54.0
NNovgorod_ASHANb 238.0
Kazan_ASHANYy 439.0
Kazan_Zelgros 123.0
Kazan_ASHANp 754.0
NaberezhnyeChelny LENTA 878.0
Total Demand: 2551.0
NNovgorod_Okey
NNovgorod_LENTA 898.0
NNovgorod_ASHANmM 152.0
NNovgorod_Okey 672.0
NNovgorod_Magnit 4657.0
Total Demand: 6379.0
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Perm LENTA

Kostroma_ASHAN 510.0
Kostroma_7Continent 78.0
Ivanovo_ASHAN 279.0
Ivanovo_7Continent 68.0
Ivanovo_Magnit 650.0
Ivanovo_Okey 28.0
Ufa_ LENTA 1014.0
Ufa_ASHAN 80.0
Ufa_OKEYe 37.0
Ufa OKEYk 15.0
Ufa_OKEYmj 43.0
Ufa_Magnit 9.0
Pyshma_Perekrestok 221.0
Yekaterinburg_ ASHANh 52.0
Yekaterinburg_ ASHANmM 525.0
Perm_LENTA 757.0
Total Demand: 4366.0
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10.7 First phase result for Scenario 4

Seed: Customers in cluster Demand
Tver_ATAKOo
Tver_ATAKo 35.0
Tver_ ATAKmkK 125.0
Tver_Magnit 3500.0
Tver_LENTA 1847.0
Total Demand: 5507.0
Kostroma_ASHAN
Yaroslavl LENTA1 1857.0
Yaroslavl_7Continent 59.0
Yaroslavl ATAK 32.0
Yaroslavl ASHANN 197.0
Yaroslavl_ASHANp 112.0
Yaroslavl_ LENTA 133.0
Yaroslavl_Giperglobus 1600.0
Yaroslavl_Magnit 2240.0
Kostroma_ASHAN 510.0
Kostroma_7Continent 78.0
Total Demand: 6818.0
Yekaterinburg_ ASHANh
Ivanovo_ASHAN 279.0
Ivanovo_7Continent 68.0
Ivanovo_Magnit 650.0
Ivanovo_Okey 28.0
NaberezhnyeChelny LENTA 878.0
Ufa LENTA 1014.0
Ufa_ASHAN 80.0
Ufa_OKEYe 37.0
Ufa_ OKEYk 15.0
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Ufa_OKEYmj 43.0
Ufa_Magnit 9.0
Pyshma_Perekrestok 221.0
Yekaterinburg_ ASHANh 52.0
Yekaterinburg_ ASHANmM 525.0
Perm_LENTA 757.0
Total Demand: 4656.0
Kazan_Zelgros
NNovgorod_METROn 65.0
NNovgorod METROmM 54.0
NNovgorod_ASHANb 238.0
NNovgorod_LENTA 898.0
NNovgorod ASHANmM 152.0
NNovgorod_Okey 672.0
NNovgorod_Magnit 4657.0
Kazan_ASHANy 439.0
Kazan_Zelgros 123.0
Kazan_ASHANp 754.0
Total Demand: 8052.0
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10.7.1 Clusters received with Scenario 4 first phase
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10.8First phase result for Scenario 5

Seed: Customers in cluster Demand
Yaroslavl ATAK
Yaroslavl LENTA1 1857.0
Yaroslavl_7Continent 59.0
Yaroslavl ATAK 32.0
Yaroslavl ASHANnN 197.0
Yaroslavl_ASHANp 112.0
Yaroslavl_ LENTA 133.0
Yaroslavl_Giperglobus 1600.0
Yaroslavl_Magnit 2240.0
Tver_ATAKo 35.0
Tver ATAKmk 125.0
Tver_Magnit 3500.0
Tver_ LENTA 1847.0
Total Demand: 11737.0
NNovgorod LENTA
NNovgorod_METROn 65.0
NNovgorod METROmM 54.0
NNovgorod ASHAND 238.0
NNovgorod_LENTA 898.0
NNovgorod ASHANmM 152.0
NNovgorod_Magnit 4657.0
Total Demand: 6064.0
Kazan_ASHANp
Kazan_ASHANy 439.0
Kazan_Zelgros 123.0
Kazan_ASHANp 754.0
Total Demand: 1316.0
Ufa_ OKEYe
NNovgorod_Okey 672.0
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NaberezhnyeChelny LENTA 878.0
Ufa_ LENTA 1014.0
Ufa_ASHAN 80.0
Ufa_OKEYe 37.0
Ufa OKEYk 15.0
Ufa_OKEYmj 43.0
Ufa_Magnit 9.0
Total Demand: 2748.0
Yekaterinburg_ ASHANhO
Kostroma_ ASHAN 510.0
Kostroma_7Continent 78.0
Ivanovo_ASHAN 279.0
Ivanovo_7Continent 68.0
Ivanovo_Magnit 650.0
Ivanovo_Okey 28.0
Pyshma_Perekrestok 221.0
Yekaterinburg_ ASHANh 52.0
Yekaterinburg_ ASHANmM 525.0
Perm_LENTA 757.0
Total Demand: 3168.0
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Clusters received with Scenario 5 first phase
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10.9First phase result for Scenario 6

Seed: Customers in cluster Demand
Tver_ATAKo
Tver_ATAKo 35.0
Tver_ ATAKmKkK 125.0
Tver_Magnit 3500.0
Tver_LENTA 1847.0
Total Demand: 5507.0
Kostroma_7Continent
Yaroslavl LENTAL 1857.0
Yaroslavl_7Continent 59.0
Yaroslavl ATAK 32.0
Yaroslavl ASHANnN 197.0
Yaroslavl_ASHANp 112.0
Yaroslavl LENTA 133.0
Yaroslavl_Giperglobus 1600.0
Yaroslavl_Magnit 2240.0
Kostroma_7Continent 78.0
Total Demand: 6308.0
Kazan_ASHANy
NNovgorod_ METROnN 65.0
NNovgorod METROmM 54.0
NNovgorod_ASHANb 238.0
NNovgorod LENTA 898.0
NNovgorod ASHANmM 152.0
NNovgorod_Okey 672.0
NNovgorod_Magnit 4657.0
Kazan_ASHANy 439.0
Kazan_Zelgros 123.0
Kazan_ASHANp 754.0
Total Demand: 8052.0

Perm_LENTA
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Kostroma_ASHAN

510.0

Ivanovo_ASHAN 279.0
Ivanovo_7Continent 68.0
Ivanovo_Magnit 650.0
Ivanovo_Okey 28.0
Perm_LENTA 757.0
Total Demand: 2292.0
Yekaterinburg_ ASHANmM
NaberezhnyeChelny LENTA 878.0
Ufa_LENTA 1014.0
Ufa_ASHAN 80.0
Ufa_OKEYe 37.0
Ufa_OKEYk 15.0
Ufa_ OKEYmj 43.0
Ufa_Magnit 9.0
Pyshma_Perekrestok 221.0
Yekaterinburg_ ASHANh 52.0
Yekaterinburg_ ASHANmM 525.0
Total Demand: 2874.0
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10.9.1 Clusters received with Scenario 6 first phase
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10.10First phase result for Scenario 7

Seed: Customers in cluster Demand
Tver LENTA
Tver_ATAKo 35
Tver ATAKmkK 125
Tver_Magnit 3500
Tver_LENTA 1847
Total Demand: 5507
Yaroslavl_Giperglobu
Yaroslavl LENTAL 1857
Yaroslavl_7Continent 59
Yaroslavl ATAK 32
Yaroslavl_ ASHANN 197
Yaroslavl ASHANp 112
Yaroslavl_ LENTA 133
Yaroslavl_Giperglobus 1600
Yaroslavl_Magnit 2240
Total Demand: 6230
NNovgorod METROnN
NNovgorod_METROn 65
NNovgorod_METROm 54
NNovgorod ASHAND 238
NNovgorod_LENTA 898
NNovgorod ASHANmM 152
Total Demand: 1407
NaberezhnyeChelny LENTA
NNovgorod_Okey 672
NaberezhnyeChelny LENTA 878
Total Demand: 1550

Kazan_Zelgros
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Kazan_ASHANy

439

Kazan_Zelgros 123
Kazan_ASHANp 754
Total Demand: 1316
Yekaterinburg_ ASHANhO
Kostroma_ ASHAN 510
Kostroma_7Continent 78
Ivanovo_ASHAN 279
Ivanovo_7Continent 68
Ivanovo_Magnit 650
Ivanovo_Okey 28
Ufa LENTA 1014
Ufa_ASHAN 80
Ufa OKEYe 37
Ufa_OKEYk 15
Ufa_OKEYm] 43
Ufa_Magnit 9
Pyshma_Perekrestok 221
Yekaterinburg_ ASHANh 52
Yekaterinburg_ ASHANmM 525
Perm_LENTA 757
Total Demand: 4366
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10.10.2 Clusters received with Scenario 7 first phase
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10.11First phase result for Scenario 8

Seed: Customers in cluster Demand
Tver_ATAKOo
Tver_ATAKo 35
Tver ATAKmkK 125
Tver_Magnit 3500
Tver_LENTA 1847
Total Demand: 5507
Ivanovo_Okey
Ivanovo_ASHAN 279
Ivanovo_7Continen 68
Ivanovo_Magnit 650
Ivanovo_Okey 28
Total Demand: 1025
NNovgorod_Magnit
NNovgorod_METROm 54
NNovgorod ASHAND 238
NNovgorod_LENTA 898
NNovgorod ASHANmM 152
NNovgorod_Magnit 4657
Total Demand: 5999
NaberezhnyeChelny LENTA
NNovgorod_METROn 65
NNovgorod_Okey 672
Kazan_ASHANy 439
Kazan_Zelgros 123
Kazan_ASHANp 754
NaberezhnyeChelny LENTA | 878
Total Demand: 2931

Ufa_OKEYKk

78



Ufa_LENTA 1014
Ufa_ASHAN 80
Ufa_OKEYe 37
Ufa_OKEYk 15
Ufa_OKEYmj 43
Ufa_Magnit 9
Total Demand: 1198
Perm_LENTA
Yaroslavl LENTA1 1857
Yaroslavl_7Continent 59
Yaroslavl ATAK 32
Yaroslavl_ ASHANN 197
Yaroslavl_ ASHANp 112
Yaroslavl_ LENTA 133
Yaroslavl_Giperglobus 1600
Yaroslavl_Magnit 2240
Kostroma_ASHAN 510
Kostroma_7Continent 78
Pyshma_Perekrestok 221
Yekaterinburg_ ASHANh 52
Yekaterinburg. ASHANmM 525
Perm_LENTA 757
Total Demand: 8373
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10.11.1

Clusters received with Scenario 8 first phase
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10.12MPVRPmMTW results for Scenario 1

10.12.1 MPVRPmMTW results for Scenario 1 first cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 17.96 7.53 Tue-Fr 0
Tver_Magnit 10.15 10.35 Tue 0
Kostroma_7Continent 15.48 15.68 Tue 0
Kostroma_ASHAN 15.8 16 Tue 0
Yaroslavl_Magnit 17.03 7.49 Fr 14.26

Yaroslavl LENTA 7.85 8.05 Fr 0
Yaroslavl_Giperglobus 8.21 8.41 Fr 0
Yaroslavl LENTAL 8.73 8.93 Fr 0
Yaroslavl_ASHANp 9 9.2 Fr 0
Yaroslavl_7Continent 9.42 9.62 Fr 0
Yaroslavl ASHANnN 9.66 9.86 Fr 0
Yaroslavl ATAK 10.07 10.27 Fr 0
Tver_ ATAKmk 14.64 14.84 Fr 0
Tver_ATAKOo 15.06 15.26 Fr 0
Tver _LENTA 15.36 15.56 Fr 0

Computational time (sec): 3122.81

Total Travel Cost (NOK): 1745.81

Route Duration (Hours): 31.63
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10.12.1.1
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NNovgorod_Magnit

Computational time (sec):

13.61

13.81 Tue

2000.8438

Total Travel Cost (NOK):

1102

Route Duration (Hours):

14.68

10.12.2.1

MPVRPmMTW route for Scenario 1 second cluster
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10.13MPVRPmTW results for Scenario 2

10.13.1 MPVRPmMTW results for Scenario 2 first cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 11.43 3.53 Thu-Wed 0
Kostroma_7Continent 7.75 7.95 Wed 0
Yaroslavl_Magnit 8.85 9.05 Wed 0
Yaroslavl ATAK 9.13 9.33 Wed 0
Yaroslavl ASHANN 9.54 9.74 Wed 0
Yaroslavl_7Continent 9.78 9.98 Wed 0
Yaroslavl ASHANp 10.22 10.42 Wed 0
Yaroslavl_ LENTA 10.58 10.78 Wed 0
Yaroslavl_Giperglobus 10.94 11.14 Wed 0
Yaroslavl_ LENTAL 11.66 11.86 Wed 0
Tver ATAKmk 15.8 16 Wed 0
Tver_Magnit 16.27 8.2 Wed 15.73
Tver_ATAKoO 8.53 8.73 Thu 0
Tver _LENTA 8.83 9.03 Thu 0
Computational time (sec): 40.8438
Total Travel Cost (NOK): 1506.38
Route Duration (Hours): 29.3
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10.13.1.1
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10.13.2

MPVRPmMTW results for Scenario 2 second cluster
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Ufa_OKEYmj 18.19 18.39 Tue 0
Ufa_OKEYk 18.54 18.74 Tue 0
Ufa_OKEYe 18.8 19 Tue 0
Ufa_LENTA 19.17 20 Tue 0.63

NNovgorod_LENTA 8.2 8.4 Wed 0
NNovgorod_ASHAND 8.6 8.8 Wed 0
NNovgorod METROmM 9.05 16 Wed 6.75
NNovgorod_ ASHANmM 16.07 8.2 Thu 15.93

NNovgorod_Magnit 8.36 8.56 Thu 0

NNovgorod_Okey 8.71 8.91 Thu 0
Computational time (sec): 3243.14
Total Travel Cost (NOK): 4005.61
Route Duration (Hours): 75.43

10.13.2.1 MPVRPmMTW route for Scenario 2 second cluster

Penza

10.13.3 MPVRPmMTW results for Scenario 2 third cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 14.3 16.72 Tue-Fr 0
Yekaterinburg_ ASHANmM 15.8 16 Wed 0
Pyshma_Perekrestok 18.67 8.54 Thu 13.67
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Yekaterinburg_ ASHANh 11.29 11.49 Thu 0
Perm_LENTA 16.33 16.53 Thu 0
Kostroma_ ASHAN 7 7.2 Fr 0
Ivanovo_Okey 8.77 8.97 Fr 0
Ivanovo_7Continent 9.15 9.35 Fr 0
Ivanovo_ASHAN 9.43 9.63 Fr 0
Ivanovo_Magnit 9.8 10 Fr 0
Computational time (sec): 2239.281
Total Travel Cost (NOK): 4483.02
Route Duration (Hours): 67.78

10.13.3.1 MPVRPmMTW route for Scenario 2 third cluster
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10.14MPVRPmMTW results for Scenario 3

10.14.1 MPVRPmMTW results for Scenario 3 first cluster

Arrival Time | Departure Time | Visit Day [ Waiting time
MoscowDepot 11.11 5.01 Thu-Wed 0
Yaroslavl_7Continent 8.33 8.53 Wed 0
Yaroslavl_ ATAK 8.72 8.92 Wed 0
Yaroslavl_Magnit 8.99 9.19 Wed 0
Yaroslavl_ ASHANN 9.42 9.62 Wed 0
Yaroslavl LENTA 9.96 10.16 Wed 0
Yaroslavl_Giperglobus 10.32 10.52 Wed 0
Yaroslavl_ASHANp 10.78 10.98 Wed 0
Yaroslavl LENTAL 11.06 11.26 Wed 0
Tver_ATAKOo 15.37 15.57 Wed 0
Tver ATAKmk 15.8 16 Wed 0
Tver_Magnit 16.27 8.2 Thu 15.73
Tver _LENTA 8.51 8.71 Thu 0
Computational time (sec): 5804.34
Total Travel Cost (NOK): 1386.38
Rout Duration (Hours): 21.7
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10.14.1.1 MPVRPMTW route for Scenario 3 first cluster
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10.14.2 MPVRPmMTW results for Scenario 3 second cluster

Arrival Departure Visit Waiting
Time Time Day time
MoscowDepot 2.01 14.08 Tue-Wed 0
NaberezhnyeChelny LENTA 15.71 15.91 Tue 0
Kazan_ASHANp 18.96 19.16 Tue
Kazan_Zelgros 19.33 19.53 Tue
Kazan_ASHANy 19.8 20 Tue
NNovgorod  METROnN 1.31 7.34 Wed 5
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NNovgorod METROmM 7.59 7.79 Wed 0

NNovgorod ASHAND 8 8.2 Wed 0
Computational time (sec): 14.9062
Total Travel Cost (NOK): 2344.73
Rout Duration (Hours): 34.67

10.14.2.1 MPVRPmMTW route for Scenario 3 second cluster
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55555555
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10.14.3 MPVRPmMTW results for Scenario 3 third cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 14.86 2.43 Tue 0
NNovgorod_Okey 8 8.2 Tue 0
NNovgorod_Magnit 8.39 8.59 Tue 0
NNovgorod LENTA 8.78 8.98 Tue 0
NNovgorod_ ASHANmM 9.06 9.26 Tue 0
Computational time (sec): 0.015625
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Total Travel Cost (NOK): 873.25
Rout Duration (Hours): 11.63

10.14.3.1 MPVRPmMTW route for Scenario 3 third cluster
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10.14.4 MPVRPmMTW results for Scenario 3 forth cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 3.94 8.56 Mon-Fr
Perm_LENTA 7.2 10.2 Mon 2.8
Kostroma_7Continent 12.78 12.98 Mon
Kostroma_ASHAN 13.1 13.3 Mon
Ivanovo_Okey 14.87 15.07 Mon
Ivanovo_Magnit 15.16 15.36 Mon
Ivanovo_7Continent 15.52 15.72 Mon
Ivanovo_ASHAN 15.8 16 Mon
Yekaterinburg_ ASHANh 15.03 15.23 Tue
Pyshma_Perekrestok 17.92 7.38 Wed 13.26

Yekaterinburg_ ASHANmM 10.11 10.31 Wed 0

Ufa_OKEYk 10.27 10.47 Wed 0

ol O] o o]l o] ol ©
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Ufa_OKEYmj 17.96 18.16 Wed 0
Ufa_ASHAN 18.8 19 Wed 0
Ufa_Magnit 19.29 9.66 Thu 14.17
Ufa_OKEYe 10 10.2 Thu 0

Computational time (sec): 2690.69
Total Travel Cost (NOK): 5284.38
Rout Duration (Hours): 88.18

10.14.4.1 MPVRPmMTW route for Scenario 3 forth cluster
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10.15MPVRPmMTW results for Scenario 4

10.15.1

MPVRPmMTW results for Scenario 4 first cluster

Arrival Time

Departure Time

Visit Day

Waiting time

MoscowDepot

12.01

5.63

0

Tver LENTA

8

8.2

Fr

Tver_ATAKo

8.29

8.49

Fr

Tver_Magnit

8.78

8.98

Fr

Tver ATAKmk

9.29

9.49

Fr

0
0
0
0

Computational time (sec):

0.0625

Total Travel Cost (NOK):

419.5

Route Duration (Hours):

5.58

10.15.1.1
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MPVRPmMTW rout for Scenario 4 first cluster
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10.15.2 MPVRPmMTW results for Scenario 4 second cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 17.61 5.67 0
Yaroslavl ASHANnN 9 9.2 Wed 0
Yaroslavl_7Continent 9.24 9.44 Wed 0
Yaroslavl LENTA 9.76 9.96 Wed 0
Yaroslavl_ASHANp 10.03 10.23 Wed 0
Yaroslavl LENTAL 10.31 10.51 Wed 0
Yaroslavl_Giperglobus 10.71 10.91 Wed 0
Yaroslavl ATAK 11.38 11.58 Wed 0
Yaroslavl_Magnit 11.65 11.85 Wed 0
Kostroma_7Continent 12.75 12.95 Wed 0
Kostroma_ ASHAN 13.07 13.27 Wed 0
Computational time (sec): 2.26562
Total Travel Cost (NOK): 746.5
Rout Duration (Hours): 9.94

94



10.15.2.1
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10.15.3

MPVRPmMTW route for Scenario 4 second cluster

oackui - KNUMoBCK

Chekhov

MPVRPmMTW results for Scenario 4 third cluster

Arrival

Time

Departure

Time

Visit Day

Waiting

time

Mosc

owDepot 10.39

10.61

Mon-
Wed

14.87

Ivanovo_Magnit

15.07

Mon

Ivanovo_Okey

15.16

15.36

Mon

Ivanovo_ ASHAN

15.52

15.72

Mon
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Ivanovo_7Continent 15.8 16 Mon 0
NaberezhnyeChelny LENTA 3.8 7.2 Tue 3.2
Ufa_Magnit 10.98 11.18 Tue 0
Ufa_ASHAN 11.42 11.62 Tue 0
Ufa_OKEYm] 11.97 12.17 Tue 0
Ufa_OKEYk 12.32 12.52 Tue 0
Ufa_OKEYe 12.58 19 Tue 6.22
Ufa_LENTA 19.17 19.37 Tue 0
Pyshma_Perekrestok 4.94 7.2 Tue 2.06
Yekaterinburg_ ASHANh 9.95 10.15 Wed 0
Yekaterinburg_ ASHANmM 10.38 10.58 Wed 0
Perm_LENTA 15.3 15.5 Wed 0
Computational time (sec): 1664.7
Total Travel Cost (NOK): 1102
Rout Duration (Hours): 68.78

10.15.3.1 MPVRPmMTW route for Scenario 4 third cluster
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10.15.4 MPVRPmMTW results for Scenario 4 forth cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 3.55 2.17 Wed-Thu
NNovgorod METROmM 7.74 7.94 Wed 0
NNovgorod_LENTA 8 8.2 Wed 0
NNovgorod_ASHANb 8.4 8.6 Wed 0
NNovgorod  ASHANmM 8.88 9.08 Wed 0
NNovgorod_METROn 9.27 9.47 Wed 0
NNovgorod_Magnit 9.67 9.87 Wed 0
NNovgorod_Okey 10.02 10.22 Wed 0
Kazan_ASHANp 15.68 15.88 Wed 0
Kazan_Zelgros 16.05 16.25 Wed 0
Kazan_ASHANy 16.52 16.72 Wed 0
Computational time (sec): 8.85938
Total Travel Cost (NOK): 1754.5
Rout Duration (Hours): 23.38

10.15.4.1 MPVRPmMTW route for Scenario 4 forth cluster
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10.16 MPVRPmMTW results for Scenario 5

10.16.1 MPVRPmMTW results for Scenario 5 first cluster

Arrival Time Departure Time | Visit Day | Waiting time
MoscowDepot 11.11 5.01 Wed-Thu 0
Yaroslavl_7Continent 8.33 8.53 Wed 0
Yaroslavl_ ATAK 8.72 8.92 Wed 0
Yaroslavl_Magnit 8.99 9.19 Wed 0
Yaroslavl_ ASHANN 9.42 9.62 Wed 0
Yaroslavl LENTA 9.96 10.16 Wed 0
Yaroslavl_Giperglobus 10.32 10.52 Wed 0
Yaroslavl_ASHANp 10.78 10.98 Wed 0
Yaroslavl LENTAL 11.06 11.26 Wed 0
Tver_ATAKOo 15.37 15.57 Wed 0
Tver ATAKmk 15.8 16 Wed 0
Tver_Magnit 16.27 8.2 Thu 15.73
Tver _LENTA 8.51 8.2 Thu 0
Computational time (sec): 3086.94
Total Travel Cost (NOK): 1386.38
Rout Duration (Hours): 21.7
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10.16.1.1

Krasny Kholm
Kpachsia Xonm

Maksatikha
Marcarixa

Bezhetsk
Bexeux

Likhoslavi
fNuxocnasnt

Kashin
Kawwms

Kalyazin
ansay

Rybinsk

PuibuHek

Myshkin
Mbiiwkien

MPVRPmMTW route for Scenario 5 first cluster
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10.16.2

MPVRPmMTW results for Scenario 5 second cluster

Arrival Time

Departure Time

Visit Day

Waiting time

MoscowDepot
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1.63
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0
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0
0
0
0
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Computational time (sec):

0.234375

Total Travel Cost (NOK):

907.75

Rout Duration (Hours):

12.09
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MPVRPmMTW route for Scenario 5 second cluster
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MPVRPmMTW results for Scenario 5 third cluster

Arrival Time

Departure Time

Visit Day | Waiting time

MoscowDepot

0.87

211

Mon-Tue 0

Kazan_ASHANp

13

13.2

Mon

Kazan_Zelgros

13.37

13.57

Mon

Kazan_ASHANy

13.84

14.04

0
0
Mon 0

Computational time (sec):

0.046875

Total Travel Cost (NOK):

1663

Rout Duration (Hours):

22.16
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10.16.3.1 MPVRPmMTW route for Scenario 5 third cluster

10.16.4 MPVRPmMTW results for Scenario 5 forth cluster

Arrival Departure Visit Waiting
Time Time Day time
MoscowDepot 13.86 22.12 Tue-Thu 0
NaberezhnyeChelny LENT
A 11.82 12.02 Wed 0
Ufa_Magnit 15.8 16 Wed 0
Ufa_ASHAN 16.24 16.44 Wed 0.35
Ufa_LENTA 17 17.2 Wed 0
Ufa_ OKEYm] 17.48 17.68 Wed 0
Ufa_OKEYe 17.8 18 Wed 0
Ufa_OKEYk 18.07 18.27 Wed 0
NNovgorod_Okey 6.21 8.2 Thu 1.79
Computational time (sec): 73.4375
Total Travel Cost (NOK): 2767.34
Rout Duration (Hours): 38.14

101



10.16.4.1 MPVRPmMTW route for Scenario 5 forth cluster

T

10.16.5 MPVRPmMTW results for Scenario 5 fifth cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 145 16.72 Mon-Fr 0
Yekaterinburg. ASHANmM 15.8 16 Wed 0
Pyshma_Perekrestok 18.67 8.54 Thu 13.67
Yekaterinburg_ ASHANh 11.29 11.49 Thu 0
Perm_LENTA 16.33 16.53 Thu 0
Kostroma_ASHAN 7 7.2 Fr 0
Kostroma_7Continent 7.33 7.53 Fr 0
Ivanovo_Okey 8.97 9.17 Fr 0
Ivanovo_Magnit 9.26 9.46 Fr 0
Ivanovo_7Continent 9.62 9.82 Fr 0
Ivanovo_ASHAN 9.9 10.1 Fr 0
Computational time (sec): 1772.45
Total Travel Cost (NOK): 4483.02
Rout Duration (Hours): 67.78
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10.16.5.1 MPVRPMTW route for Scenario 5 fifth cluster

103



10.17MPVRPmTW results for Scenario 6

10.17.1 MPVRPmMTW results for Scenario 6 first cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 12.01 5.63 Fr 0
Tver_LENTA 8 8.2 Fr 0
Tver_ATAKo 8.29 8.49 Fr 0
Tver_Magnit 8.78 8.98 Fr 0
Tver ATAKmk 9.29 9.49 Fr 0
Computational time (sec): 0.0625
Total Travel Cost (NOK): 419.5
Rout Duration (Hours): 5.58

10.17.1.1 MPVRPmMTW route for Scenario 6 first cluster

——
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10.17.2 MPVRPmMTW results for Scenario 6 second cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 14.37 2.78 Wed
Kostroma_7Continent 7 7.2 Wed 0
Yaroslavl_Magnit 8.1 8.3 Wed 0
Yaroslavl ATAK 8.38 8.58 Wed 0
Yaroslavl LENTA 8.92 9.12 Wed 0
Yaroslavl_Giperglobus 9.28 9.48 Wed 0
Yaroslavl ASHANp 9.74 9.94 Wed 0
Yaroslavl_ LENTAL 10.02 10.22 Wed 0
Yaroslavl_7Continent 10.49 10.69 Wed 0
Yaroslavl_ASHANnN 10.73 10.93 Wed 0
Computational time (sec): 0.984375
Total Travel Cost (NOK): 735.25
Rout Duration (Hours): 9.79
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10.17.2.1
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10.17.3

MPVRPmMTW route for Scenario 6 second cluster

MPVRPmMTW results for Scenario 6 third cluster

Arrival Time

Departure Time | Visit Day | Waiting time

MoscowDepot 27.55

2.17 Wed

NNovgorod METROmM 7.74

7.94 Wed

NNovgorod_LENTA 8

8.2 Wed

NNovgorod  ASHAND 8.4

8.6 Wed

NNovgorod ASHANmM 8.88

o| O] ol o

9.08 Wed
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NNovgorod_METROnN 9.27 9.47 Wed 0
NNovgorod_Magnit 9.67 9.87 Wed 0
NNovgorod_Okey 10.02 10.22 Wed 0
Kazan_ASHANp 15.68 15.88 Wed 0
Kazan_Zelgros 16.05 16.25 Wed 0
Kazan_ASHANy 16.52 16.72 Wed 0
Computational time (sec): 8.78125
Total Travel Cost (NOK): 1754.5
Rout Duration (Hours): 23.38

10.17.3.1

MPVRPmMTW route for Scenario 6 third cluster

Ryazan

10.17.4 MPVRPmMTW results for Scenario 6 forth cluster
Arrival Time | Departure Time | Visit Day | Waiting time

MoscowDepot 14.3 21.63 Wed-Fr 0
Perm_LENTA 16.33 16.53 Thu 0
Kostroma_ ASHAN 7 7.2 Fr 0
Ivanovo_Okey 8.77 8.97 Fr 0
Ivanovo_7Continent 9.15 9.35 Fr 0
Ivanovo_ASHAN 9.43 9.63 Fr 0
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Ivanovo_Magnit 9.8 10 Fr 0
Computational time (sec): 1.3125
Total Travel Cost (NOK): 2961.25
Rout Duration (Hours): 39.47

10.17.4.1 MPVRPmMTW route for Scenario 6 forth cluster
10.17.5 MPVRPmMTW results for Scenario 6 fifth cluster
Arrival Departure Visit Waiting
Time Time Day time
MoscowDepot 9.92 22.12 Wed-Sat 0
NaberezhnyeChelny LENTA 11.82 12.02 Thu 0
Ufa_Magnit 15.8 16 Thu 0
Ufa_ ASHAN 16.24 16.44 Thu 0
Ufa_LENTA 17 17.2 Thu 0
Ufa OKEYk 17.41 17.61 Thu 0
Ufa_OKEYmj 18 18.2 Thu 0
Pyshma_Perekrestok 3.81 7.2 Fr 3.19
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Yekaterinburg_ ASHANh 9.95 10.15 Fr 0.35

Yekaterinburg_ ASHANmM 10.38 10.58 Fr 0
Computational time (sec): 521.281
Total Travel Cost (NOK): 4180.24
Rout Duration (Hours): 58.16

10.17.5.1

MPVRPmMTW route for Scenario 6 fifth cluster
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10.18MPVRPmTW results for Scenario 7

10.18.1 MPVRPmMTW results for Scenario 7 first cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 12.01 5.63 Fr 0
Tver_LENTA 8 8.2 Fr 0
Tver_ATAKo 8.29 8.49 Fr 0
Tver_Magnit 8.78 8.98 Fr 0
Tver ATAKmk 9.29 9.49 Fr 0
Computational time (sec): 0.0625
Total Travel Cost (NOK): 419.5
Rout Duration (Hours): 5.58
10.18.1.1 MPVRPmMTW route for Scenario 7 first cluster
p : Kimry
roletarskiy rayon Kitwpbl
S 7 GG ey
Zaprudnya
sa 3anpyaHs
ESmavel Aleksandrc
Dmitrov Loz AheKcanago
Orturpos Sergiyev Posad Karabanovo
\lysokovsk Yakhroma Cepruee MNocan KapaGaHoso
Bricoxoacx Hxpoma
Kirzh
Nekrasovskiy Krasnoarmeysk Kupy
Hexpacoacknit KpacHoapraeiscy
Yoloxpamsk Lobnya Pushkino
Shakhovskaya No6us MyLwKmuHo
Waxosckan Zelenograd & Khimki Korolyov .
3eneworpag S Koponéa Noginsk Elektrogor
HOMMHCK  3nexrporop
SIS Balashikha . Flektrostal
C) Moscow 'aw¥xa 3nexTpocTans
lef Zvenigorod o eI (A) Dvortsovaya ulitsa 'f"[‘)(f"g" s;:ﬂg
3sexnropoa Oniions o —r ;
garin Krasnoznamensk m yldnoe igfjn‘:l?wvlfﬁkly
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10.18.2 MPVRPmMTW results for Scenario 7 second cluster

Arrival Time | Departure Time | Visit Day | Waiting time

MoscowDepot 12.53 2.74 Mon 0

Ivanovo_Magnit 7 7.2 Mon 0
Ivanovo_Okey 7.29 7.49 Mon 0
0

0

Ivanovo_ASHAN 7.25 7.45 Mon

Ivanovo_7Continent 7.93 8.13 Mon
Computational time (sec): 0.10938
Total Travel Cost (NOK): 675.25
Rout Duration (Hours): 8.99

10.18.2.1 MPVRPMTW route for Scenario 7 second cluster
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10.18.3

MPVRPmMTW results for Scenario 7 third cluster

Arrival Time

Departure Time | Visit Day

Waiting time

MoscowDepot

14.3

2.08 Thu

0

NNovgorod_Magnit

7.61

7.81 Thu

NNovgorod_LENTA 8

8.2 Thu

NNovgorod ASHAND 8.4

8.6 Thu

NNovgorod_METROm

8.85

9.05 Thu

NNovgorod_ ASHANmM

9.12

9.32 Thu

0
0
0
0
0

Computational time (sec):

0.20313

Total Travel Cost (NOK):

889

Rout Duration (Hours):

11.84

10.18.3.1

MPVRPmMTW route for Scenario 7 third cluster
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g
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10.18.4 MPVRPmMTW results for Scenario 7 forth cluster
Arrival Departure Visit Waiting
Time Time Day time
MoscowDepot 13.86 2.01 The- 0
Wed
Kazan_Zelgros 18.94 19.14 Thu 0
Kazan_ASHANp 19.47 19.67 Thu 0
Kazan_ASHANy 19.8 20 Thu 0
NNovgorod_METRON 1.31 7.68 Wed 6.17
NNovgorod_Okey 8 8.2 Wed 0
NaberezhnyeChelny LENTA 15.71 15.92 Wed 0
Computational time (sec): 5.25
Total Travel Cost (NOK): 2328.27
Rout Duration (Hours): 34.65
10.18.4.1 MPVRPmMTW route for Scenario 7 forth cluster
Spasskiy les (A U e ST
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10.18.5 MPVRPmMTW results for Scenario 7 fifth cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 11.74 22.53 Tue-Thu 0
Ufa_Magnit 15.8 16 Wed 0
Ufa_ASHAN 16.24 16.79 Wed 0.35
Ufa_LENTA 17 17.2 Wed 0
Ufa_OKEYmj 17.48 17.68 Wed 0
Ufa_OKEYe 17.8 18 Wed 0
Ufa_OKEYk 18.07 18.27 Wed 0
Computational time (sec): 1.29688
Total Travel Cost (NOK): 2686.35
Rout Duration (Hours): 36.01

10.18.5.1 MPVRPmMTW route for Scenario 7 fifth cluster

H Izhavsk
b4 Waeacy
Yoshkar-Ola
Wewsap-Ona
Nizhniy Movgarod

Viadimir Huxtiuit Hoerapon Cheboksary

Enagrmnp

Tambov
TamGos
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10.18.6 MPVRPmMTW results for Scenario 7 sixth cluster

Arrival Time | Departure Time | Visit Day | Waiting time

MoscowDepot 15.71 7.39 Mon-Thu | 0
Yaroslavl ASHANN 10.72 10.92 Mon 0
Kostroma_ASHAN 12 12.2 Mon 0
Yekaterinburg_ ASHANmM | 7 7.2 Tue 0
Pyshma_Perekrestok 9.87 10.07 Tue 0
Yekaterinburg_ ASHANhO 12.82 13.02 Tue 0
Perm_LENTA 17.86 18.06 Tue 0
Kostroma_7Continent 8.59 8.79 Wed 0
Yaroslavl_Magnit 9.69 9.89 Wed 0
Yaroslavl ATAK 9.97 10.17 Wed 0
Yaroslavl_ASHANp 10.43 10.63 Wed 0
Yaroslavl LENTAL 10.71 10.91 Wed 0
Yaroslavl_ LENTA 11.11 11.31 Wed 0
Yaroslavl_Giperglobus 11.47 11.67 Wed 0
Yaroslavl_7Continent 12.08 12.28 Wed 0
Computational time (sec): 1493.78
Total Trevel Cost (NOK): | 4015

Rout Duration (Hours): 53.52
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10.18.6.1

Vologda
Bonoma
®

MPVRPmMTW route for Scenario 7 sixth cluster
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10.19MPVRPmMTW results for Scenario 8

10.19.1 MPVRPmMTW results for Scenario 7 first cluster
Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 12.1 5.63 Thu 0
Tver_ LENTA 8 8.2 Thu 0
Tver_ATAKoO 8.29 8.49 Thu 0
Tver_Magnit 8.78 8.98 Thu 0
Tver ATAKmk 9.29 9.49 Thu 0
Computational time (sec): 0.04688
Total Travel Cost (NOK): 419.5
Rout Duration (Hours): 5.58
10.19.1.1 MPVRPmMTW route for Scenario 7 first cluster
p : Kimry
_—_roletarskly rayon Kiwpol
Ko Dubna Taldom ‘:‘."z’: Pereslavl-z
K\\)‘r'l'i,:?l:/’() ﬂyﬁua Tannosm I ’ Mepacnaens-
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10.19.2

MPVRPmMTW results for Scenario 7 second cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 13.63 3.86 Tue

Yaroslavl_Magnit 7.36 7.56 Tue 0
Yaroslavl ATAK 7.64 7.84 Tue 0
Yaroslavl LENTA 8.18 8.38 Tue 0
Yaroslavl_Giperglobus 8.54 8.74 Tue 0
Yaroslavl_ASHANp 9 9.2 Tue 0
Yaroslavl LENTAL 9.28 9.48 Tue 0
Yaroslavl_7Continent 9.75 9.95 Tue 0
Yaroslavl ASHANnN 9.99 10.19 Tue 0

Computational time (sec):

1.29688

Total Travel Cost (NOK):

613.75

Rout Duration (Hours):

8.17

10.19.2.1

1y Valochyak
i Borcrese

MPVRPmMTW route for Scenario 7 second cluster
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10.19.3 MPVRPmMTW results for Scenario 7 third cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 13.63 1.63 Tue
NNovgorod_Magnit 7.16 7.36 Tue 0
NNovgorod_METROn 7.55 7.75 Tue 0
NNovgorod LENTA 8 8.2 Tue 0
NNovgorod ASHAND 8.4 8.6 Tue 0
NNovgorod_METROm 8.85 9.05 Tue 0
NNovgorod ASHANmM 9.12 9.32 Tue 0
Computational time (sec): 0.28125
Total Travel Cost (NOK): 907.75
Rout Duration (Hours): 12.09

10.19.3.1 MPVRPmMTW route for Scenario 7 third cluster
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10.19.4

MPVRPmMTW results for Scenario 7 forth cluster

Arrival Departure Visit Waiting
Time Time Day time
MoscowDepot 13.86 2.1 Mon-Tue
NaberezhnyeChelny LENTA 15.8 16 Mon 0

NNovgorod_Okey 0.29 8.2 Tue 7.71
Computational time (sec): 0.140625
Total Trevel Cost (NOK): 2313.76
Rout Duration (Hours): 35.36

10.19.4.1

B2
i35

MPVRPmMTW route for Scenario 7 forth cluster
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10.19.5 MPVRPmMTW results for Scenario 7 fifth cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 0.5 2.12 Mon-Tue
Kazan_Zelgros 13 13.2 Mon 0
Kazan_ASHANy 13.47 13.67 Mon 0
Computational time (sec): 0.015625
Total Trevel Cost (NOK): 1649.5
Rout Duration (Hours): 21.98

10.19.5.1 MPVRPmMTW route for Scenario 7 fifth cluster
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10.19.6 MPVRPmMTW results for Scenario 7 sixth cluster

Arrival Time | Departure Time | Visit Day | Waiting time
MoscowDepot 18.09 17.43 Tue-Fr
Yekaterinburg_ ASHANh 9.95 10.15 Wed 0
Yekaterinburg_ ASHANmM 10.38 10.58 Wed
Ufa_ASHAN 11.14 11.34 Wed 0
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Ufa_OKEYk 11.62 11.82 Wed 0
Ufa_OKEYmj 12.01 12.21 Wed 0
Perm_LENTA 18.8 19 Wed 0

Pyshma_Perekrestok 2.23 7.2 Thu 4.77
Ivanovo_7Continent 10.5 10.7 Fr 0
Ivanovo_ASHAN 10.78 10.98 Fr 0
Ivanovo_Magnit 11.15 11.35 Fr 0
Ivanovo_Okey 11.44 11.64 Fr 0
Kostroma_ ASHAN 13.21 13.41 Fr 0
Kostroma_7Continent 13.54 13.74 Fr 0
Computational time (sec): 2694.45
Total Trevel Cost (NOK): 5000.62
Rout Duration (Hours): 69.46

10.19.6.1

MPVRPmMTW route for Scenario 7 sixth cluster
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