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Abstract: In our study, we will overview some of the logistics activities of larger (typically at least
50 operators) construction companies with several sites working on simultaneous projects. We out-
line some decision support and optimization possibilities. To find a relocation of non-self-propelled
machines, we present a specific optimization procedure. The task is modelled as a variant of the so
called pickup and delivery problem, which is a well-known mathematical optimization problem.
We describe our functional needs in relation to an application software. Such model of construction
companies' activities is also justified by the following facts:

- the activities and locations of the resources of the investigated companies are constantly changing,
- the individual construction companies often cooperate with each other and work side-by-side on
the same project,

- a comprehensive examination of supply chains is required, eg. to minimize the total cost and en-

vironmental pollution.

Keywords: Logistics; Optimization; Pickup and Delivery Problem

1. Introduction

The transfer problem discussed in this paper can be modelled as a variant of the so
called pickup and delivery problem (PDP). PDP is a well-known mathematical optimiza-
tion problem, which has many variants. A detailed survey on several types of the problem
is given by Parragh, Doerner, and Hartl [11]. This paper classifies the general problem
into subclasses and gives mathematical formulations for each of them. A similar classifi-
cation scheme is given by Berbeglia et al. [4]

The theoretical models of PDP usually assumes, that the sum of the total requests
and the sum of the total supplies is equal. However in real-world problems this ideal as-
sumption is rarely holds. In this paper we introduce a model which handles such practical
situations, so we omit these kinds of equilibrium conditions. This gives the specialty of
our method. The investigated problem arose at a construction company, that at the same
time was working on several projects, at various locations, with different machines that
have different functions. Most of the machines were not self-propelled. At the different
project locations, machine demand often changed. Maximally satisfying the emerging
new machine demand by reallocating idle machines was a common task. Furthermore, it
was also a common task to transfer unneeded machinery to the main site and, at times, to
transport the dysfunctional machines to the repair workshop. Our aim was to create a
method that provides fast and cost-effective transports.
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2. Transportation logistics & transportation of machine resources

Logistics is a philosophy and a method that aims to comprehensively organize, con-
trol and evaluate supply processes in order to achieve economic and social results. Given
that it is an interdisciplinary science, individual subfields can be named and categorized
according to several criteria. One of the frequently mentioned subfield is transportation
logistics. Most often, this term refers to the different types of transport (railway —water-
way — vehicular) of diverse types of goods (e.g. industrial, commercial, agricultural), but
there are also some other areas that are least often included in the upper mentioned one.
Construction transport logistics is also widely known, generally refers to the transporta-
tion of raw and auxiliary materials for construction purposes. In the field of construction
logistics, several publications have appeared in recent years (see Lundesjo [15] for an over-
view). However, there are some areas of construction logistics companies’ every day ac-
tivities that have not been studied in detail in the literature so far, even though, these
practical improvements would be important for the effectiveness of companies.

Machinery, trucks and cars operated by construction companies cover a wide range
of the technological needs of the performed tasks. Machines can be classified into different
machine groups. These groups are formed based on criteria important for companies.
Within each determined criterium group individual machines can replace each other.
Each machine group differs from all other machine groups by at least one of the compa-
ny's important criteria.

Project based work is typical, each project’s nature, content, duration, machine re-
quirement and location differs. During a project's lifetime - as work progresses - the daily
demand for machines changes, and also particularly with line construction (e.g. road con-
struction), the project location is constantly changing as well. The pre-drafted project plan
changes often and with necessity during its implementation and daily work due to for
example unexpected weather and road conditions, or unexpected failure of machinery. In
such cases, the machines and the operators must be able to be re-grouped immediately. In
the course of continuous resource allocation activities, especially in cases of unsatisfactory
machine operation, the priority of each project should be considered.

3. "Heavy machine transfer problem" (The transportation of heavy machinery)

The daily operational work of construction projects is managed by construction man-
agers. During their daily shifts they continually communicate their machine requirements
and information to the controller (see below), which for example can be the following:

- a particular machine should remain on the location for the next working day, and
can be further used

- an additional machine in a particular machine group is required for the next work-
ing day

- after its daily shift a machine becomes unnecessary for the next working day

- amachine has become unneeded and can be removed immediately or after the daily
shift

- a machine has become unneeded and cannot be stored at that location any further

- deficient machine has to be fixed after its daily shift

- deficient machine must be fixed right away

For all projects comprehensively, tasks related to resource allocation are usually car-
ried out by a central logistic manager (hereinafter referred to as the "controller") who is
performing operational work, satisfying the construction managers’ demand to the largest
extent, preferably at a minimum cost, while also minimizing the loss of unsatisfied claims.
He runs the company's entire machine park. The organization tasks performed by the
controller and construction managers and the frequency and timing of the company’s
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internal delivery tasks vary. The spatial layout of the construction managers and the con- 9
troller, as well as the information transmitted is shown in Figure 1. 97

1. project: construction
manager, machines,
machine operators,
underworkers

1. machine
demand

3. machine
demand

center:
controller

4. machine
demand

2. machine
demand

4. project

Controlling lI

98
Figure 1. The construction managers are sending their prevailing machine requirements to the 99
controller constantly, and then the controller sends the certain details of the completed command 100
plan to the construction managers. 101

The relocation and resettlement of non-self-propelled machinery requires shipping 102
with the help of a trailer, and in the case of a trailer a route planning task immediately 103
emerges. Highlighting from the full scope of the task circle, we examine this dual task in =~ 104
our study. 105

106

One of the basic tasks of the controller is to set up the schedule of the machines and 107
operators for the beginning of the next working day and, if required, to make changes to 108
this schedule during the day. According to practical experience, 1 main controller can 109
handle the workload of continuous schedule preparing for the maximum amount of 80- 110
100 machines and their needed machine operators - with a relatively tolerable stress load. 111

112

The aspects to be considered are very diverse, they are company and partly project- 113
specific, their detailed description would require a separate study. The IT tools and system 114
that support the work of the controller, can be expected to perform decision support and 115
optimization at certain times. The relocation and resettlement of non-self-propelled ma- 116
chinery (hereinafter referred to as "machines”), as well as the route planning of the trailer 117
transporting them is considered to be highly worthy of inspection because it gives a pos- 118

sibility to optimize the costs of the trailer. 119
120

Figures 2 and 3 illustrate such a problem with same initial states but with different 121
solutions. 122
The basic data is the following: 123

5 working, idle machines (machine supply), 124

7 machine requirements (machine demand), 125
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8 project locations (P1, P2, ... P6, depot, workshop. Depot and machine repairing
workshop(s) is/are also considered project locations.)

In both cases of machine supply and machine demand, the machine groups are
marked with different pictograms: hexagon, rhombus, circular sector, rectangle, circle and
Ccross.

Machine
groups:

workshop s
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Color indicates: green: working, idle (machine supply), yellow: machine demand, red: in need
of repairing as soon as possible, purple: working, idle (machine supply) in the way

Figure 2. A possible machine resettlement and trailer route.

Machine groups:

workshop

Color indicates: green: working, idle (machine supply), yellow: machine demand, red: in need
of repairing as soon as possible, purple: working, idle (machine supply) in the way
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Figure 3. A possible machine resettlement and trailer route. 134
We indicated three different machine statuses: 135
- the light green color indicates idle, working machines, 136
- the pale purple color indicates machines that are idle, working, but are in the way 137
on the certain project location, therefore are needed to be removed as soon as possible, 138
- the red color indicates machine(s) needed to be delivered to a workshop as soon as 139
possible. 140
The trailer starts from the depot in both figures, and after satisfying the demand also 141
returns to the depot. 142

Allocation of resources, i.e. pairing machine supply and demand, that is, satisfyinga 143
machine requirement is met by an idle machine - that belongs to a machine group indi- 144
cated in the machine requirement - being transported to the point of demand with the 145
trailer. 146

The demand satisfactions (i.e. the trailer’s stacked runs) are marked with thick, con- 147
tinuous, black arrows, and the trailer’s empty runs are marked with dashed, thick, black 148
arrows. The arrows representing the stacked and empty runs were numbered according 149

to the selected route of the trailer. 150
151

The two figures contain pairings that are the same (otherwise not possible), these are 152

the following: 153
- The machine that is to be repaired as soon as possible was delivered to the work- 154
shop. 155

- The machine that is idle, working, but is in the way on the certain project location 156
was transported to the depot because we did not have any machine requirements for the 157

machines in this machine group. 158
159

The other pairings in the two figures are partly different and partly identical. 160
Concerning the free capacities and machine requirements that are not included in the 161
pairings both figures have in common the following: 162
- The idle machine (1 piece), which currently is not in demand was left in its previous 163
position in the figure. 164
- Machine requirements for which no idle machine can be found (2 pieces) remained 165
unsatisfied. 166
167

The following can be stated from the figures as well: 168

- Resource allocation is a pairing task, that in case of the certain machine groups can 169
be either symmetrical or asymmetrical. In case of any machine groups, there may be more 170
machine demand than machine supply, in which case it is impossible to satisfy all machine 171
requirements. In that case, it has to be chosen by the optimum provided by the controller, 172
or in the absence of thereof, provided by the software, which needs are met; 173

- A reverse case might occur as well: any machine group may have more machine 174
supply than machine demand. In this case, it has to be chosen by the optimum provided 175
by the controller, or in the absence of thereof, provided by the software which machines 176
will be included in the satisfaction of the requirements. The idle machines that are not 177
used based on the controller's decision will either be returned to the main site of the com- 178
pany or will be temporarily left on the project location until a new decision is made; there- 179

fore, the said project location becomes a temporary (dynamic) main site. 180
- The pairings can be executed in different orders (different from the order shownin 181
the figures), which is an NP difficult problem in itself. 182
- When planning the total cost and running time of the trailer, both the stacked runs 183
and the empty runs have to be considered. 184

- The maximum number of possible pairings is the minimum number of machine 185
supply and machine demand for each machine group. In our case, in figures 1 and 2, in 186
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the case of any pairing, the trainer will have 5 stacked runs (including the transport of the 187
non-working machines to the workshop and the transport of machines in the way to the 188
depot). 189
190

In conclusion: the selectable machine supply — demand pairings and the trailer's pos- 191
sible routes are interdependent. We would like to determine the supply-demand pairing 192
and the trailer route that has maximal demand satisfaction, minimal trailer costs, and in- 193
cludes the following initial simplification criteria: 194
195

a) If there are more demand than supply in any machine group, we rely on our algo- 196
rithm to select the requirements that actually will be met. So, the priority between projects 197

is not being considered for now. 198
b) If there are more supply than demand in any machine group, we would rely on 199
our algorithm to select the machines actually used. 200
c) If there are more supply than demand in any machine group, the unused, idle ma- 201
chines would be temporarily left at the project location for now. 202
d) We are not dealing with machines that are unusable and are to be repaired ur- 203
gently in the workshop. 204
e) We are not dealing with machines that are usable but are in the way on the current 205
project location. 206
f) The positions of project locations and distances between them are given and 207
known. 208
g) The daily time window for each project location is the same, therefore we do not 209
address the time window. 210
h) The number of trailers is given as basic data, companies aim to solve the task with 211
as few trailers as possible. 212
i) The capacity of the trailers (load capacity and cargo space) is similar and can only 213
be used to transport one machine at a time. 214
j) To simplify the costs of the trailer we characterize it with a single number (in our 215
case, with the kilometers traveled). 216
k) Neither the permissible daily driving and working time of the driver(s), nor the 217
average speed of the vehicle and the time required for loading/unloading is considered. 218

1) The place of departure and final arrival of the trailers are the main site. The number 219
of trailers and their departure and arrival locations are clarified before the task is com- 220
pleted and will be fixed in the controller’s software later on. 221

4. The mathematical model of the heavy machine transfer problem 222

The general pickup and delivery problem can be modeled by a directed complete 223
graph G = (V,E), where V = {vy, ..., v,} is the set of vertices and E = {(vi, vj): v,V € 224
V,i #j} is the set of edges. Here the vertices model the geographical locations of the cus- 225
tomers and suppliers and they can be called as request or supply vertices. Eachedge e € 226
E has a non-negative weight or cost c,, which represents the travelling cost between two 227
vertices. It can be the distance or the travelling time. We are given a set of commodities 228
P = {py, ..., pm}. The commodities represent the entities to be transported. In our model 229
they represent the machines. In the general model a commodity vector is assigned to each 230
node. For a givennode v € V and commodity p € P the commodity value R(v,p) rep- 231
resents the amount of commodity supplied or requested by the given node. For supply 232
nodes R(v,p) > 0 and for requestnodes R(v,p) < 0. Itis common that an equilibriumis 233
assumed, i.e. that the total amount of requests equal to the total amount of supplies. For- 234
mally Y,ey R(v,p) = 0 for each p € P. This is a natural assumption, however in practical =~ 235
situations it does not always hold. Sometimes it can happen that the total amount of sup- 236
plies for a commodity is more than the sum of its requests. Even that can happen thatitis 237
less. The transportation can be done by a set of available vehicles L = {l;, ..., [} with 238
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capacities ¢y, ..., q. Starting and finishing points are specified for each vehicle and the 239

aim is to find a set of routes, such that 240
e each route can be assigned to an available vehicle, 241
e the load of the vehicle never exceeds its capacity during the route, 242
e all requests are satisfied, 243
e the sum of the cost of the designed routes is minimal. 244

Because of the equilibrium condition on commodities all the requests can only be 245
satisfied if all the supply vertices are visited as well. As we mentioned before the equality 246
of the sum of the total requests and the sum of the total supplies is a reasonable assump- 247
tion from mathematical point of view, but sometimes it is not practical. In the real-world 248
situation we want to handle the inequality of the two amounts is possible. Recently Ting 249
and Liao introduced such model, which relaxes the constraint that each supply node must 250
be visited. [12] Later the model was extended to the multiple vehicle case by Ting et al 251
in [13]. However these models assume that there is always enough amount of supply to 252
satisfy all the requests. In our case this is not always true. 253

Berbeglia et al. classified the PDP into three main subclasses, based on the number of 254
origins of the commodities. These are the one to one, one to many to one and the many to 255
many problems. The one to one problems can be called as paired problems, because in 256
this case the origin and the destination of a commodity is exactly given. In case of many 257
to many or unpaired problems more origins and destinations are possible for a commod- 258
ity. Many variants of these subclasses are investigated in the literature. Here we mention 259
only the swapping problem, which is a specific many to many problem. It was introduced 260
by Anily and Hassin [2]. The swapping problem is a single vehicle PDP, where the capac- 261
ity of the vehicle is one. This condition corresponds to our requirement, however in our 262
case more vehicles can be used and no equilibrium is assumed on the supply and request 263
values of the commodities. Based on this we can call our problem as Multi Vehicle Selec- 264
tive Swapping Problem (MVSSP). Several papers discussed the swapping problem 265
[1,3,5,6,7,9]. 266

In their survey Parragh, Doerner and Hartl gave mathematical formulations for sev- 267
eral variants of the PDP. In the following we give a similar formulation for our real-world 268
problem. 269

To simplify the formulation, we define a specific bipartite graph G to model the 270
problem. A node will represent a location and a machine group. If a physical location 271
offers or requests more machine groups, then more nodes will be assigned to them. The 272
nodes will be divided into two sets, S and 0. S will be the set of suppliesand 0 willbe 273
the set of orders. An s € S will be connected to an o € 0 by a directed edge, if their ma- 274
chine groups are equal, which means that the request represented by o can be satisfied 275
from s. As in the general model, we assume that we are given a set of vehicles L = 276
{l3, ..., I} with capacities 1. The set of the departure and arrival locations are given in ad- 277
vance, they will be denoted by D and A. We assign nodes to the elementsof D and A as 278
well. The node assigned to vehicle [ € L will be denoted by n;. We add the nodes of D 279
to S and the nodes of A to O and we denote the new sets by S and 0. To represent the 280
possible deadhead trips, we connect each node of O to each node of S, except that wedo 281
not connect any arrival and departure node to each other in neither direction. But we con- 282
nect every departure node to every order node. Using this graph model, the following 283

mathematical programming model can be given. 284
285

For the formulation we use the following notations: 286
V(G): the vertices of G, 287
E(G): the edges of G, 288
E~(n): the set of incoming edges into node n, 289
E*(n): the set of outgoing edges from node n, 290

cj: the weight of (i,)) € E(G), 291

t;j: the travelling time of the vehicle on the way represented by (i, /), 292
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Q': the maximal possible working time for vehicle [ € L, 293
M: a large constant, that is larger than the sum of the possible running time of all the 294
vehicles. 295

We use the following decision variables. For each edge (i,j) € E(G) and | € L define 2%
x{; = 1 if the trip between nodes i and j will be executed by vehicle | and xj; = 0 oth- 297
erwise. Let y; = 1 if the request j € 0\A is satisfied, otherwise let y; = 0. Finally let T]-l 298

be the relative arrival time of vehicle [ at node j. 299
The MVSSP can be formulated as the following integer program: 300
max — M Z Vi + Z ciijilj 301
KEO\A (L)EEG) el
subject to 302
Yier D jyer-(h X — Y = O,VIEL,jEO\A (1) 303
20, )EE-() xl-lj <1,vi€eL, where j € A is the node assigned to [ (2) 304
X )EE* () xilj <1,vI0€L, where i €D isthe node assigned to [ (3) 305
Y jert@ X — Loee-» X = 0,V L € L,i € 0\AU S\D (4) 306
T! = (T} + t;)x;;,V (i,j)) € E(G), L€ L (5) 307
308
x;; €{0,1}, V(i,j)) €E(G),l€L (6) 309
vy €{01}L,VIEL,j€EO\A (7) 310
T'>0, VIELjeV(G) (8) 311
le =0, Vv | € L,where j € D is the node assigned to [ (9) 312
le < Q'Y V1€ L,wherej € Aisthe node assigned to [ (10) 313

The objective function expresses our aim that first we want to maximize the number of 314
satisfied requests and secondly we want to minimize the total cost of the transport. Con- 315
straint (1) ensures that either a request cannot be served or it is served by at most one 316
vehicle. Constraints (1) and (2) mean that each vehicle is used at most once and it departs 317
from its starting location and arrives back to the required place. Constraint (4) is the flow 318
conservation equality, which express that if a vehicle arrives at a location, then it should 319
continue its journey until its end depot. Constraint (5) ensures the consistency of the time 320
variables. Finally Constraint (10) guarantees that a vehicle will not run more than its max- 321
imal allowed time. Note that inequality (5) is not linear, but it can be linearized in the same 322

way as in Cordeau’s paper [8]. We can use the form 323

T' > Th+t; — N(1—x;),V (i,)) €E(G), L€ L 324
instead of (5), where N is a constant, that is larger than the largest possible time value. 325
5. Test results 326

We generated several test instances. 10 instances were created by a logistic expert. 327
These problems were similar to practical problems. Next we generated three times 10 328
problems in a random way. The problems of the groups contained 10,15 and 20 orders. 329
The location and the machine group of the orders were generated in a random way using 330
uniform distribution. The supplies of the machines were generated in a similar way. Fi- 331
nally we created three times 10 larger problems with sizes 100,150 and 200. We solved the = 332
generated models for each instance using CPLEX. The smaller problems were tested with 333
1,2 and 3 vehicles, while the larger ones only with 1 vehicle. The next tables lists the run- 334
ning times of the solver for each problem. The solver was started using a time limit of 1200 335
seconds for each instance. 336

Table 1. Running times of the practical problems in milliseconds 337

Problem # Vehicles Time
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1 1 40

2 100

1 20

2 2 45

1 50

3 2 822

1 50

4 2 783

5 1 75

2 10249

1 35

6 2 130

1 45

7 2 125

1 25

8 2 745

1 41

9

2 90

1 1055

10 2 210827

1 143,6

AVE 2 22391,6

Table 2. Running times of the smaller random problems in milliseconds
Size

Problem # Vehicles 10 15 20
1 20 50 60
1 2 135 79649 120
3 210 1200191 70175
1 10 27 47
2 2 275 94 125
3 25977 62427 531

1 10 47 31
3 2 50 110 123
3 135 5051 48276
1 20 203 47
4 2 140 19153 2444
3 7172 1200043 1200028
1 10 149 105
5 2 190 2936 2206
3 10075 785101 1200064
1 20 32 78
6 2 125 156 110
3 3865 297 132931
7 1 10 396 47

338
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2 45 5003 203

3 155 219285 3900

1 41 16 63

8 2 440 578 647

3 41119 168635 1475

1 15 47 72

9 2 115 312 322

3 720 7406 1200033

1 10 47 133

10 2 75 110 118652

3 520 734 1200248
1 16,6 101,4 68,3
Avg 2 159 10810,1 12495,2

3 8994,8 364917 505766,1

Table 3. Running times of the larger random problems in milliseconds 339
Size

Problem # Vehicles 100 150 200
1 1 6251 26559 65815

2 1 8068 12124 44377

3 1 10918 16931 50195

4 1 6088 29568 58634

5 1 7365 17121 41553

6 1 7757 16040 40741

7 1 10540 25239 81613

8 1 5954 21602 81176

9 1 15271 17256 54561

10 1 6979 20947 54159
Avg 8519,1 20338,7 57282,4

340

With respect to the tables, we can state that with the elaborated algorithm 341
and the CPLEX solver software, tasks with practical needs can be solved with re- 342
alistic run-time, even in the case of the largest construction companies. 343

6. Conclusions 344

In this paper we studied a pickup and delivery model for a specific construction lo- 345
gistic problem. Our aim was to give an exact mathematical model of this daily transpor- 346
tation task. We were able to find the optimal solutions of such instances that can happen 347
in practice. The running times show that the optimal solutions can be found in a relatively =~ 348
short time for such problems. 349
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