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ABSTRACT

The formulation of classical minimax transport-type problems
involves the search for an optimal transportation plan considering
only time of delivery of resources. The inevitable additional costs
of processing resources at the origin and destination are usually
not considered. This approach is fully justified given
incommensurability of delivery times of resources along available
routes and times of preliminary/subsequent processing of
resources. At the same time, in a number of practical problems, the
time spent on loading/unloading (for example, when organising
loading of packaged mineral fertilizers from port warehouses onto
ships) can be of significant importance. In such cases, when
searching for an optimal transportation plan, it is necessary to take
into account not only travel times of vehicles used along the set
routes, but also the costs of loading and unloading operations,
considering the number of available vehicles and their characteristics,
for example, payload.

In this regard, the objective of the study is not only to develop
a method for calculating the optimal transportation plan, but also a
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method for distributing vehicles, considering their number and
features.

At the same time, another no less important objective of
the study is to substantiate the application of the method of
successive reduction of residuals, considering the form of the
objective function, which considers not only the main parameters
of classical minimax transport-type problems, but also the
quantitative characteristics of vehicles involved in the transport
operation. It is fundamentally important that the use of the
method of successive reduction of residuals determines the
polynomial computational complexity of the algorithm, which
makes it possible to use it in the operational solution of problems
of practical dimension.

To solve the problem of distributing available vehicles
according to the origin points, considering payload of vehicles, it is
proposed to use the method of dynamic programming. An illustrative
example of distribution of delivery vehicles, adapted for the use in
MS Excel, is considered.

Keywords: transportation problem, minimum time criterion, processing costs, carrying capacity.
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INTRODUCTION
Minimax transportation-type problems [1-3]
do not consider time for loading and unloading
operations. The article proposes to consider time
losses not only for delivery of resources, but
also for losses during loading/unloading of re-
sources at the origin point and at destination
point. In this case, we will assume that time spent
on processing resources has a linear dependence
on the amount of resources forwarded along each
of available routes. It is necessary to consider
both the presence of vehicles involved and their
characteristics, for example, payload capacity.
This formulation of the problem is similar to the
classical linear transport problem [4], to the
problems with a minimax objective function [5;
6], and to problems with fixed surcharges [7-9],
the solution of which during linearisation of the
objective function leads to significant errors, and
the search for an exact solution by combinato-
rial methods determines unacceptable (exponen-
tial) computational efficiency. The minimax
nature of the control quality indicator of the
problem under consideration makes it possible
to solve the general problem as a set of subprob-
lems on the maximum traffic flow [8; 10; 11].
Moreover, since the central place in the proposed
algorithm is offered to the method of successive
reduction of residuals with polynomial compu-
tational complexity [3], computational complex-
ity of the proposed algorithm will have the same
computational complexity [8; 12; 13]. Hence
follows the conclusion about applicability of the
proposed algorithm in problems with a suffi-
ciently large number of variables. It should be
noted that the approach based on a sequential
dimension reduction of the problem [14] leads,
as a rule, to solutions that are far from optimal
ones. And the previously solved problems re-
lated to processing of resources at destinations
[15; 16] did not consider either the number of
available vehicles or the need for their optimal
distribution along the operated routes. As an-
other argument in favour of the relevance of the
problem considered in the article, it should be
pointed out that the study of transportation-type
models, including time spent on loading and
unloading operations, and, as a special case, time
spent at intermediate processing points, still at-
tracts close attention of researchers [17; 18].
The objective of the study is to develop a
method for calculating the optimal transportation
plan and a method for distributing vehicles con-
sidering their number and features.

RESULTS

Let there be m starting points with resources
a, (i = 1 ... m) and n destinations with needs bj
(7 =1 ... n). The condition for admissibility of
the transportation plan ||xy|| @=I1..mj=1..n)
is compliance with the usual constraints for a
linear transportation problem:

"
Sx;<a, i=1..m

Jj=1

lex,.j <b, j=1..n

x;20,i=1..mj=1..n

(1

where 3, is resource volume in 4;

bj —needs of Bj;

x; = number of resource units on the route
A, — Bj.

The solution will be optimal when the
function F (xi,,) reaches the minimum:

F(xl.j.) = maxf(x”) i=1.mj=1.n (2)
where:
~ t,.j+(t',.+t"j)xg., if x,; >0,
f(x,.,)_{ o e o 3

t — time of travel from 4, to Bj;

t’,— losses during loading (processing) of a
resource unit in 4;;

t”j— losses during unloading (processing) of
a resource unit in B,

As a preliminary step, it is necessary to cal-
culate the lower boundary of the objective func-
tion. Then, using the found value of the lower
boundary F , it is necessary to calculate dij (i=1
...m, j =1 .. n)and try to place nonzero x, only
along «allowed» routes. For solving the problem,
it is proposed to use the Egervary (Hungarian)
method [7; 8], since in this case there will be no
requirement to balance resources and needs. In
addition, the Hungarian method is not critical to
the appearance of degeneracy, which can subse-
quently be eliminated at the stage of analysing
the obtained optimal solution.

In case of successful placement of non-zero
traffic along routes in which /< F_(either the
remainder of the resources at the starting points
is equal to zero, or all the needs are satisfied),
the optimal solution is found. If this is not the
case, then it is necessary to slightly (minimally)
increase the throughput of routes by increasing
(however small) the value of the lower bound-
ary. After completing this procedure, recalcula-
tion of the throughput and repetition of the
procedure for increasing the flow in the network
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B:=17/0,2

B»=12/0,2

A3=10/0.1

B3=28/0,2

Pic. 1. Network of an illustrative example [3].

Table 1
Routes’ transit (throughput) capacity
atF =10,1[3]

bl bZ b3
a, 5 6 7
17 12 9
a, 7 2 3
10 12 10
a, 8 4 5
7 10 10
Table 2
Original outline of the example [3]
bl b2 b3
a, 5 6 7
17 10
a, 7 2 3
2 18
a, 8 4 5
10

follow. In case of unsuccessful placement of
non-zero traffic on available routes, it is neces-
sary to re-increase the transit capacity of routes
and recalculate the capacities, and so on. To
illustrate the algorithm for calculating F, we
will use an illustrative example (Pic. 1 and
Table 2). Above the edges of the graph, the
values of times of delivery of resources between
points are put. The data in the upper right cor-
ners of the cells of the Table 1 have the same
meaning. The number of available resources in
points 4, and the value of the needs of points B,
are indicated by numbers in the centres of the
circles. Resource unit processing times are
specified as denominators.

Based on the above constraints (2, 3), we
proceed with the calculation of F
F, =max,{min; [t,-,- +min; (a,.,b/.)(t',. 1" )J} . 4)

In accordance with (4) F =, +b (¢’ +t" )=
10,1.

Based on the obtained value, we will calculate
the throughput capacity and put them in the lower
part of the cells in the Table 1.

To reduce the obviously unpromising steps
of the algorithm, it makes sense to refine /. The
reduction in the number of steps can be achieved
by calculating the transit capacity according to
the rule:

. min, [ by, (F,~t,)div (¢ +1",) ], if t, <F; )
0, ift,<F,
where div — division with discarding remainder.

The possibility of obtaining a feasible
solution (satisfying all constraints) is ensured by
validity of the conditions:

"
Yd;>a, i=1...m
=

ddy>b, j=1..n

" (6)
=1
If any of the inequalities (6) does not hold,
then the conclusion follows either about the
impossibility of exporting resources from some
origin points, or about the impossibility of
delivering the required amount of resources to
one or several destinations. In such a situation,
the procedure for increasing the lower boundary
of the function follows. Based on the updated
value of F' . the route throughput capacity is
calculated again in accordance with (5) and the
validity of conditions (6) is again checked.

If the identified dij make it possible to export
resources from all origin points and to deliver
them to all destination points, then the transition
to the next stage of the solution is carried out,
that is to drawing up an initial plan, in which the
values of transportation x, are determined by the
formula:
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Pic. 2. The optimal plan without considering the number and characteristics of available vehicles (compiled by the author).

x; =ming(a b ;,d;)

Q)
where a’, b’, — resources and needs of the
respective origin points and destinations,
considering the already assigned
transportation.

The transportation plan obtained in
accordance with (7) is presented in Table 2,
where the upper part of the cells contains times
of movement along the corresponding routes,
and below the actual values of x, are shown.

The resulting plan is a solution to the
problem. If this statement is false, it is necessary
to proceed to the procedure for increasing the
traffic flow, increasing F, if necessary, etc. [3;
7; 8].

Transportation plan in Table 2 (F(xl.,.) =10,1)is
optimal under the assumption that the resources
assigned for transportation along any of the considered
routes are transported in one trip, that is, that both the
number of vehicles at each starting point and the
payload of these vehicles are not lower than existing
needs. In this regard, the problem of implementing
the previously developed optimal plan, considering
the number of vehicles available at the origin points
and their payloads, are of certain interest.

In this case, the number of trips on each route
can be calculated using the formula:
l,= (&, +¢,— Ddivg, ®)
where g, — payload (carrying capacity) of the i-th
vehicle.
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Pic. 3. Completed dialog box (compiled by the author).

In this case, time of travel through each route

is calculated by the formula:
F(w)= lij’ij+Wf—1)/W,-+x,.j(t'i+t"j), if1,#0;
i 0, if,=0,

)

with a constraint > w,<W

i=1
where w, —number of vehicles in the i-th starting
point;

W — total number of vehicles.

The task is to determine the values of the
variables w,, with which
F(w,) = maxF’(w) — min(i =1...m).  (10)

In view of the nature of the objective function
(10), it is quite obvious that the solution can be
found by combinatorial methods, for example,
by the method of dynamic programming. At the
same time, it should be noted that in problems
of practical dimension, the procedures embedded
in MS Excel are quite applicable.

At present, when solving optimisation prob-
lems, either programs in high-level programming
languages, or common mathematical packages
(for example, MathCad), or general-purpose
programs (for example, spreadsheets) can be
used.

The main disadvantage of programs of the
first type is that the developers of such programs
are persons focused primarily on development
of effective algorithms for the formulated prob-
lems [3]. Such programs are highly computation-

ally efficient. When using them, the mathemati-
cal formulation of the problem is not required,
since it has already been completed during de-
velopment of the algorithm. The user only needs
to enter the initial data. At the same time, the
user’s interface of such programs is not well-
developed and is clear only to a narrow circle of
specialists.

Common mathematical packages will require
the task to be formalised, which requires a certain
level of mathematical knowledge from the part
of the user. In addition, the solution of optimisa-
tion problems in such packages can lead to the
solution of a number of constituent subproblems
[2;7; 8].

General-purpose programs (such as spread-
sheets) have a well-thought-out interface. A wide
range of actions of the algorithms embedded in
them leads to a serious deterioration in compu-
tational efficiency [3].

In this regard, the use of MS Excel is consid-
ered below to solve the formulated problem. A
wider range of optimisation problems solved in
the MS Excel environment (the main linear pro-
gramming problem, the knapsack problem, the
resource allocation problem, etc.) is considered
in [2].

Pic. 2 shows the found optimal plan for a an
illustrative example without considering the
number and characteristics of available vehicles.
To implement this plan, considering available
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Pic. 4. Result of execution of the command «Search for a Solution» (compiled by the author).
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vehicles and their characteristics, for example,
payload, it is proposed to use the «solution
search» command in MS Excel for small-scale
problems.

Pic. 3 shows the completed dialog box of the
«solution search» command, and Pic. 4 — the
result of its execution.

CONCLUSIONS

Computational complexity of the proposed
algorithm for finding the optimal transportation
plan is not higher than polynomial, which makes
it possible to use it in solving problems of
practical dimension.

The procedure for optimal distribution of
vehicles available to the decision-maker is for-
malised for solving small-scale problems using
MS Excel.

Developed procedure for optimal allocation
of vehicles can be programmatically imple-
mented with one of combinatorial methods, for
example, with the dynamic programming
method.

REFERENCES

1. Vasiliev, F. P. Numerical methods for solving extremal
problems [Chislennie metody resheniya ekstremalnykh
zadach). Moscow, Nauka publ.; GREML publ., 1988, 552 p.

2. Zolotukhin, V. F., Martemyanov, S. V., Nechitaylo, N. M.,
Prokopets, V. N. Modeling of systems: Study guide
[Modelirovanie sistem: Ucheb. posobie]. Moscow, Ministry of
Defense of the Russian Federation, RVIRV publ., 2000, 164 p.

3. Nechitaylo, N. M. Mathematical models of transport
type by the criterion of time: Monograph [Matematicheskie
modeli transportnogo tipa po kriteriyu vremeni: Monografiya).
Rostov-on-Don, RGUPS publ., 2007, 146 p.

4. Ventzel, E. S. Foundations of the theory of combat
effectiveness and operations research [Osnovy teorii boevoi
effektivnosti i issledovaniya operatsii]. Moscow, Military
Academy of N. E. Zhukovsky, 1961, 563 p.

5. Drozdov, A. A., Mironyuk, V. P., Tsyplakov, V. Yu.
Increasing the efficiency of the two-stage transportation
system: the example of solid municipal waste management
[Povyshenie effektivnosti sistemy dvukhetapnoi
transportirovki: na primere upravleniya tverdymi bytovymi
otkhodami). Engineering Bulletin of the Don [Inzhenerny
Vestnik Dona], 2012, Iss. 4. [Electronic resource]: http://
www.ivdon.ru/magazine/archive/n4ply2012/1078. Last
accessed 17.12.2020.

6. Zukhovitsky, S. 1., Avdeeva, L. I. Linear and convex
programming [Lineinoe i vypukloe programmirovanie].
Moscow, Nauka publ.; GRFML publ., 1969, 382 p.

7. Korbut, A. A., Finkelstein, Yu. Yu. Discrete
programming [Diskretnoe programmirvanie]. Moscow,
Nauka publ.; GRFML publ., 1969, 368 c.

8. Trius, E. B. Problems of mathematical programming
of transport type [Zadachi matematicheskogo

programmirovaniya transportnogo tipa). Moscow, Sov. radio
publ., 1967, 208 p.

9. Bozhenyuk, A. V., Gerasimenko, E. M. Development
of an algorithm for finding the maximum flow of the
minimum cost in a fuzzy dynamic transport network
[Razrabotka algoritma nakhozhdeniya maksimalnogo potoka
minimalnoi stoimosti v nechetkoi dinamicheskoi transportnoi
seti). Engineering Bulletin of the Don [Inzhenerny Vestnik
Donaj, 2013, Iss. 1. [Electronic resource]: http://www.ivdon.
ru/magazine/archive/nly2013/1583. Last accessed
17.12.2020.

10. Golshtein, E. G., Yudin, D. B. Transport-type linear
programming problems [Zadachi lineinogo
programmirovaniya transportnogo tipa]. Moscow, Nauka
publ.; GRFML publ., 1969, 384 p.

11. Dantzig, G. B. Application of the simplex method
to a transportation problem. Activity analysis of production
and allocation. Ed T. C. Koopmans, Cowles Commission
Monograph, 13, Wiley, New York, 1951, 373 p.

12. Hitchecock, F. L. Distribution of a product from
several sources to numerous localities. J. Math. Phys., 1941,
230 p.

13. Nechitaylo, N. M. Multi-index minimax
transportation-type models and streaming methods for their
solution [Mnogoindeksnie minimaksnie modeli transportnogo
tipa i potokovie metody ikh resheniyal. Mathematical
modelling, 2014, Vol. 26, Iss. 2, pp. 95-107. [Electronic
resource]: http://www.mathnet.ru/php/getF T.phtml?jrnid=m
mé&paperid=3451&what=fullt&option_lang=rus. Last
accessed 17.12.2020.

14. Ivnitsky, V. A., Makarenko, A. A. Solution of the
transport problem by the method of successively decreasing
its dimension. World of Transport and Transportation, 2017,
Vol. 15, Iss. 4, pp. 34—41. [Electronic resource]: https://
mirtr.elpub.ru/jour/article/view/1246/0. Last accessed
17.12.2020.

15. Nechitaylo, N. M. Time-based transportation patterns
and their adjustment for resources processing timetable at
points of destination. World of Transport and Transportation,
2013, Vol. 11, Iss. 1, pp. 14—19. [Electronic resource]: https:/
mirtr.elpub.ru/jour/article/view/299. Last accessed
17.12.2020.

16. Nechitaylo, N. M. Application of minimax models
of transport type in DSS in railway transport [Primenenie
minimaksnykh modelei transportnogo tipa v SPPR na
zheleznodorozhnom transporte]. Review of applied and
industrial mathematics, 2011, Vol. 18, Iss. 2, pp. 311-312.
[Electronic resource]: http://tvp.ru/conferen/vsppm12/
kazad016.pdf. Last accessed 17.12.2020.

17. Prokhorenkov, A. M., Istratov, R. A. Mathematical
simulation of transshipment process management within
a sea port. World of Transport and Transportation, 2013,
Vol. 11, Iss. 1, pp. 20—28. [Electronic resource]: https://
mirtr.elpub.ru/jour/article/view/300. Last accessed
17.12.2020.

18. Esenkov, A. S., Leonov, V. Yu., Tizik, A. P.,
Tsurkov, V. I. Nonlinear integer transport problem with
additional points of production and consumption [ Nelineinaya
tselochislennaya transportnaya zadacha s dopolnitelnymi
punktami proizvodstva i potrebleniya]. Bulletin of the Russian
Academy of Sciences. Theory and control systems, 2015,
Iss. 1, pp. 88-94. [Electronic resource]: http://naukarus.com/
nelineynaya-tselochislennaya-transportnaya-zadacha-s-
dopolnitelnymi-punktami-proizvodstva-i-potrebleniya. Last
accessed 17.12.2020. L]

Information about the author:

Nechitaylo, Nikolay M., Ph.D. (Eng), Associate Professor at the Department of Digital Technologies for Transportation Process
Management of Russian University of Transport, Moscow, Russia, nechitaylo2007@yandex.ru.

Article received 17.09.2020, approved 23.12.2020, accepted 14.03.2021.

¢ WORLD OF TRANSPORT AND TRANSPORTATION, 2021, Vol. 19, Iss. 3 (94), pp. 216-222

Nechitaylo, Nikolay M.'A Type of Transportation Problem to be Solved Following the Time

Criterion and Considering Vehicle Features




