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Abstract: 

The main goal of this paper is to provide an original model of selecting multimodal technologies for the transport of 

perishable goods. The model in particular refers to the transportability of cargoes. The features of cargoes that have the 

most impact on transportability were specified. Formal representations of the key elements of the model were presented 
and characterized, including: perishable cargoes, form of transported goods (solid, liquid, etc.), means of handling 

(including loading devices and transport means), transport routes, categories of human labor, multimodal technologies 

and transportation tasks. A formal representation of decision variables, as well as constrains and a criterion function were 
provided. The model bases on two main solution assessment criteria: cost criterion and cargo safety criterion. A cargo 

safety criterion in the model is composed of 18 partial criterion functions. Each of these functions directly affects one safety 

aspect of the transported cargo. The exemplary partial criteria of cargo safety included in the model are: acceptable 
transport time, minimum or maximum temperature in the cargo’s direct surroundings, resistance to mechanical damage. 

In order to present a practical application of the presented mathematical model the paper shows also an example of 

selecting one of the multimodal technologies for the transport of perishable goods from the set of pre-defined types of 
multimodal transport technologies. The developed method uses different elements of the mathematical model provided in 

the paper, depending on the considered problem (including characteristics of cargo and their transport forms). For a 
significant group of perishable cargoes, it is not required to consider all defined criteria associated with cargo safety. The 

developed model allows for the accurate selection of transport technology for perishable cargoes for most transportation 

tasks. It should help to increase the efficiency of selection of multimodal transport technology for perishable products. The 
selected technology will then be characterized by the lowest transport cost and will ensure the safety of transported 

cargoes, as well as will meet other requirements determined by the transport task. As part of further work, it is possible to 

develop proposed method by considering additional characteristics of perishable cargoes. 
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1. Introduction 

The characteristics and properties of perishable 

cargo may cause it to significantly deteriorate in 

quality due to conditions such as inappropriate tem-

perature, humidity, lack of proper air flow, light ex-

posure, exceedingly long transportation times, etc. 

(Madeyski and Lissowska, 1981). In the article be-

low, perishable products are understood as products 

whose lifespan does not exceed 185 days. 

Perishable products are primarily food products as 

well as other agricultural, horticultural and garden 

products; however, it should be kept in mind that 

other perishable products, which are neither food nor 

feed, exist. Some of these products include pharma-

ceuticals and medical products, as well as other 

chemical substances. It is estimated that nearly 50% 

of food products are perishable, requiring special 

conditions during warehousing and transport (Pie-

karska and Kondratowicz, 2011). 

In the years 2012 to 2015, the number of perishable 

products transported increased significantly, but in 

2016 it maintained a similar level as in the year 

2015. In 2016, in Poland, 37,3% more food and 

drink products were transported than in the year 

2011. The full details regarding the transport of per-

ishable products in Poland for the years 2011-2016 

is shown in Table 1.  

 

Table 1. Transport of food and drink products for 

the years 2011-2016 in Poland (mln t)  
Type of 

Transport 

2011 2012 2013 2014 2015 2016 

Road 

transport 
102,2 102,1 128,9 120,7 140,2 140,4 

Railway 

transport 
1,2 1,5 1,7 2,2 1,9 2,1 

Inland 

shipping 
0,2 0,1 0,1 0,1 0,1 0,2 

Total 103,6 103,8 130,7 123,0 142,2 142,7 

Source: Own work based on (GUS, 2017; GUS, 2016; 
GUS, 2014; GUS, 2012) 

 

The use of road transport in the transport of food and 

drink products in recent years was at 98,1 – 98,9%, 

however, in the year 2016, it decreased by 0,28 per-

centage points with respect to the year 2011. Rail-

way transport, despite lower external costs, and in 

some cases, a preferential rate, is used for this type 

of transport to a small extent (Antonowicz, 2011).  

The increase in production, and as a consequence, 

the transport of perishable products, determines the 

need to find new transport technologies and methods 

of improving the effectiveness of transport (Jacyna 

et al., 2015). The selection of transport technologies 

should take place in a manner which guarantees the 

safety of transported goods and, at the same time, 

ensure a high effectiveness of transport (Jacyna et 

al., 2018).  

Some basic criteria considered for the selection of 

transport technologies for perishable products are: 

temperature, humidity, shocks and impacts, atmos-

pheric composition, transport time and size and mass 

of loads (Leleń, Wasiak 2017). 

Up until now, many studies have been developer and 

much research has been done on perishable prod-

ucts, with particular consideration of their character-

istics, production technologies and storage. How-

ever, in terms of transport, this group of products has 

many issues which have only been described very 

generally (Horubała, 1975), (Leleń, 2015).  

The issue which is described to a very small degree 

remains the selection of transport technologies for 

perishable products, especially in terms of multimo-

dality. There is a lack of comprehensive method of 

selecting multimodal transport technologies for per-

ishable cargo which takes into account the transport-

ability analysis. In research thus far, the numerical 

expression of cargo transportability has only sporad-

ically been presented (Bogdanowicz, 2008), (Bog-

danowicz, 2012), (Madeyski and Lissowska, 1981), 

(Piekarska and Kondratowicz, 2011), (Tylutki, 

1998).  

In recent years, many complex studies on mathemat-

ical modeling in transport and logistics system de-

sign have been published (James et al., 2006), 

(Wasiak et al., 2017). Models dealing with the quan-

titative assessment of mechanical damage to fresh 

fruits and vegetables at each stage of the supply 

chain have also been developed (Colin and Zhiguo, 

2014). The problem of excessive food waste has 

been emphasized in literature as a result of improp-

erly selected transport technology as well as the er-

roneous flow of information at each stage of the 

transport-warehouse chain (Kaipia et al., 2013). 

Models pertaining to the optimization of energy us-

age during the distribution of refrigerated perishable 

products were also developed (Accorsi R. et al. 

2017). In the remaining models, the flow of infor-

mation in perishable product supply chains and the 

accompanying risk management using Petri nets, 

among others, is taken into account (Liu et al., 

2018), (Bak 2018). 
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Economic models are also increasingly used, which 

allows the optimization of perishable product supply 

chains based on the net present value, NPV.  

Select characteristics of loading space in terms of 

temperature, humidity and atmospheric composition 

of the load’s direct environment, among others, are 

considered (Bogataj et al., 2017). It has been noted 

that, in the transport of perishable products, the high-

est profit is made at the cost of quality and freshness 

of products, therefore a compromise between the 

highest quality and lowest transport costs should be 

made (Grillo et al., 2017).  

So far, the developed models dealing with designing 

perishable product supply chains to a greater or 

lesser degree, include a very detailed cost analysis, 

outlining vehicle routes and/or vehicle selection for 

given tasks (Nakandala et al., 2016), (Tijskens et al., 

1996), (van der Vorst et al., 2009), (Wasiak 2016), 

as well as assessments of supply chain efficiency 

(Jacyna-Gołda, 2015), (Mańka and Mańka 2016), 

(Jacyna-Gołda et al., 2018) however an extensive 

analysis of characteristics and properties of loads, 

determining the load’s transportability has not been 

considered. In the selection of the appropriate 

method of transport, it is also necessary to take into 

account the various features of the means of 

transport that affect the transport efficiency and 

ecology (Jankowski and Kowalski, 2018). 

Given that a mathematical model of selecting multi-

modal technologies for the transport of perishable 

products containing a complex analysis of their 

transportability has not been developed to date, re-

search has been undertaken to build such model.  

 

2. Assumptions of the model 

The model assumes the freedom to select a transport 

technology for certain transport tasks, including the 

possibility to select the labor resources and the en-

gaged categories of human labor for each technol-

ogy. It is given that transport technologies are de-

fined by considering forms of transport, operations 

performed, travel routes as well as labor resources 

and categories of human labor.  

However, the technological process in terms of tech-

nology is comprised of a series of organized opera-

tions. For each operations, the form of transported 

loads on which the operation is carried out, the 

transport path during this operation and the labor re-

sources and categories of human labor which can be 

engaged to carry out the task.  

The transportation tasks defined in the model deal 

with the movement of perishable products with the 

help of selected multimodal transport technologies. 

Moreover, perishable products have a series of char-

acteristics which determine their transportability. 

Additionally, only the characteristics which most 

greatly impact a load’s transportability are consid-

ered.  

For every action listed in each technological process, 

it is possible to select various cargo packaging forms 

used in transport – in other words types of cargo. The 

impact of cargo type on transportability was taken 

into account. In the model, cargo, in terms of shape, 

is treated as cuboids in the smallest dimensions so it 

is possible to enter actual cargo dimensions.  

It is assumed that the applied multimodal transport 

technologies must guarantee the safety of trans-

ported cargo, taking into account the conditions. 

Safety results from the type of transport technology 

and applied labor resources and cargo types. The as-

sessment of multimodal technology selection in this 

model is carried out by taking into account two main 

types of criteria: cost minimization and cargo safety 

maximization.  
 

3. General form and elements of the model 

3.1. Elements of the model 

The following elements were listed in the model: 

− perishable cargo BF , 

− types of cargo PF ,  

− labor resources UF , 

− categories of human labor LF ,  

− transport routes TF ,  

− multimodal transport technologies TM ,  

− transportation tasks ZM , 

− organization O , representing the way in which 

transportation tasks are completed, including deci-

sions regarding transport technology selection as 

well as human and labor resources.  

Having regard to the multimodal transport technol-

ogy selection model for perishable products MDT, 

formally written as follows: 
 

, , , , , , ,=MDT BF PF UF LF TF TM ZM O  (1) 

 

3.2. Perishable cargo 

Perishable cargo BF  was modeled taking into ac-

count the set of numbered load types 
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{1, ..., , ..., }b B=B  and the set of their characteris-

tics
BF . In the model, the following characteristics of 

these loads were considered: 

− dimensions of one item or packaging unit (length 

bxw , width 
byw , height 

bzw ) (m), 

− mass and volume of one cargo unit or one packag-

ing unit with load 
bm  (kg), 

bV  (m3), 

− cryoscopic temperature 
krt  (K) as well as the low-

est and highest allowable temperature during 

transport 
mint , 

maxt  (K) and its permissible fluctu-

ations 
dopt  (K), 

− allowable storage and transport time in the appro-

priate conditions 
ptt  (h), 

− lowest and highest allowable air humidity during 

transport 
min , 

max  (%) and its permissible fluc-

tuations 
dop  (%), 

− the amount of hourly ethylene production during 

transport   (µl/(kgh)) and the sensitivity to the 

presence of ethylene in the atmosphere   (–), 

− the degree to which the application of a modified 

atmospheric composition is required ma  (–), 

− resistance to mechanical damage due to the dy-

namic impacts max df  and static impacts maxf  

(N/m2), 

− sensitivity to the effects of UV radiation and light 

ws  (–), susceptibility of leaks occurring from 

cargo wc  (–) and water sensitivity ww  (–), 

− cargo unit price bk  (PLN/kg). 

− Therefore the set of characteristics of perishable 

cargo types has the following form:  

min max min max

max max

{( ( ), ( ), ( ), ( ), ( ), ( ),

( ), ( ), ( ), ( ), ( ), ( ),

( ), ( ), ( ), ( ), ( ), ( ), ( ),

( ), ( ), ( )) : }

bx by bz b b kr

dop dop

pt d

b

w b w b w b m b V b t b

t b t b t b b b b

b b t b ma b f d f b ws b

wc b ww b k b b

  

 

=

 



BF

B

 

 

3.3. Types of cargo in transport 

Types of cargo significantly influences its transport-

ability. Among the most common cargo packaging 

forms, the following are identified:  

− loose cargo (unpacked), 

− packaging units, multiple packages or transport 

packages, 

− pallet units, most commonly formed using pallets 

of preferential size 800 x 1200 mm, including box 

pallets, 

− packets, in which loads are formed with the help 

of additional binding products, 

− small, medium and large containers, or other inter-

modal transport loading units (semi-trailers, roller 

containers, etc.)  

In the model, transport forms PF  were represented 

taking into account the set of numbers of transport 

forms {1, ..., , ..., }p P=P  and the set of their char-

acteristics 
PF . In terms of selecting multimodal 

transport technology, characteristics of forms of 

cargo transport include:  

− maximum external dimensions (length 
pxw , width 

pyw , height 
pzw ) (m), 

− resistance to mechanical damage due to static im-

pacts
maxpf  and dynamic impacts 

maxp df  (N/m2), 

− ability to absorb ethylene 
p  (μl/h) and gas per-

meability pg  (–), 

− ability to protect cargo from the effects of water 

ow  (–), 

− minimum temperature of air 
min pt  (K), maximum 

temperature of air 
max pt (K) and maximum fluctu-

ation of air temperature in the direct environment 

of cargo 
rzpt  (K),  

− possibility of atmospheric composition modifica-

tion in the direct environment of cargo 
pw  (–), the 

possibility to change temperature in the direct en-

vironment of cargo tw  (–) and the ability to change 

humidity in the direct environment of cargo  

w  (–), 

− minimum air humidity 
min p  (%), maximum air 

humidity 
max p  (%) and maximum fluctuations of 

air humidity in the direct environment of cargo 

rzp  (%),  

− cargo leak integrity sz  (–), 

− tare mass 
pm  (kg), 
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− acceptable mass of the en tire unit load Q  (kg) and 

its volume V  (m3), 

− ability to protect cargo from UV radiation and 

light 
pos  (–), 

− external dimensions (length
lxw , width

lyw , height

lzw ) (m), preferential dimensions (length
lxpw , 

width
lypw , height

lzpw ) (m) and volume 
pV  (m3). 

Considering the set of transport form characteristics, 

they are formally defined as follows: 

 

max max

min

max min max

{( ( ), ( ), ( ), ( ), ( ),

( ), ( ), ( ), ( ), ( ), ( ), ( ),

( ), ( ), ( ), ( ), ( ), ( ),

( ), ( ), ( ), ( ), ( ), ( ), ( ),

( ), ( )

px py pz p p d

p p t p

p rzp p p rzp

p p lx ly lz

lxp lyp

w p w p w p f p f p

p pg p ow p w p w p w p t p

t p t p b b b sz p

m p Q p V p os p w p w p w p

w p w p



  

=

 

PF

, ( ), ( )) : }lzp pw p V p pP

 

 

3.4. Labor resources 

Labor resources UF  were represented by account-

ing for the number of their types {1,..., ,..., }u U=U  

and the set of their characteristics
UF .  

Transport resources and loading devices are charac-

terized by separate meanings in the technological 

process. Keeping this fact in mind, the set of num-

bers of the types of labor resources U  was decom-

posed into: 

− the set of numbers of types of transport resources 

1U , 

− the set of numbers of types of loading devices  

2U . 

Consequently, the model considers two sets of labor 

resource characteristics, the set of transport resource 

characteristics 1UF and the set of loading device char-

acteristics 2UF .  

Among the characteristics of transport resources, the 

following are listed:  

− internal dimensions of loading space (length uxw , 

width uyw , height uzw ) (m) and volume dopV  (m3) 

as well as allowable load capacity dopQ  (kg), 

− preferential dimensions of a loading unit (length 

uxpw , width uypw , height uzpw ) (m), 

− minimum temperature 
min rt  (K), maximum tem-

perature 
max rt (K) and maximum temperature fluc-

tuation in the loading space during transport 
rzt  

(K), 

− minimum humidity 
min p  (%), maximum humid-

ity 
max p  (%) and maximum humidity fluctuation 

in the loading space during transport 
rzp  (%), 

− volume of ethylene which may be removed from 

the loading space in the unit during transport   

(µl/h), 

− average transport speed 
srv  (km/h), 

− ability to modify the atmospheric composition in 

the loading space w  (–), ability to ensure protec-

tion against the direct effect of water on the cargo 

uow  (–) and the ability to protect the cargo against 

UV radiation and light 
uos  (–), 

− unit transport cost depending on mileage 
tsk  

(PLN/(km) and unit transport cost depending on 

transport time ttk  (PLN/h), 

− the highest value of static impacts 1maxuf  and dy-

namic impacts 1maxu df , to which the cargo is sub-

jected to (N/m2), 

− ability to work with specified loading devices 

UU  (–), servicing cargo transport forms 
1UP  (–) 

and labor positions LSP  (–). 

Considering the above, the set of types of transport 

resource characteristics has the form below:  
 

1

min max min

max

1max 1max

1

{( ( ), ( ), ( ), ( ), ( ), ( ),

( ), ( ), ( ), ( ), ( ), ( ),

( ), ( ), ( ), ( ), ( ), ( ), ( ),

( ), ( ), ( ), ( ),

( ), ( ),

ux uy uz dop dop uxp

uyp uzp r r rz p

p rzp sr u u

ts tt u u d

w u w u w u V u Q u w u

w u w u t u t u t u u

u u u v u w u ow u os u

k u k u f u f u

u u



  

=





U

U

F

UU P L ( )) : 1}u uSP U

 

 

Loading devices are characterized considering their:  

− lifting/carrying capacity QF  (N) and theoretical 

efficiency W  (t/h) and the theoretical efficiency 

correction factor tg  (–), 

− unit (hourly) labor cost 2jk  (PLN/h),  

− serviced cargo transport forms U2P  (–), 
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− the highest value of static impacts 
2maxuf and dy-

namic impacts 
2maxu df , to which the cargo is sub-

jected to (N/m2), 

− labor positions LSP , 

− the maximum dimensions of serviced cargo load 

(length
2u xw , width

2u yw , height
2u zw ) (m) and 

preferential cargo dimensions (length
2u xpw , width

2u ypw , height
2u zpw ) (m). 

Keeping in mind the listed characteristics, the set of 

characteristics of the loading device types is noted 

as follows:  

 

2 2

2max 2 max 2max 2

2 2 2 2 2

{( ( ), ( ), ( ), ( ), ,

( ), ( ), ( ), ( ), ( ),

( ), ( ), ( ), ( ), ( )) : 2}

Q t j

u u d u d u x

u y u z u xp u yp u zp

F u W u g u k u (u)

f u f d f d u w u

w u w u w u w u w u u

=



U U2F P

LSP

U

 

 

3.5. Categories of human labor 

Each action completed in the technological process 

requires labor resources and/or workers. At the same 

time, most labor resources require hiring workers of 

given human labor categories.  

Categories of human labor LF  were modeled con-

sidering the set of their numbers {1, ..., , ..., }l L=L  

and the set of their characteristics
LF . Among the 

characteristics of human labor categories, the model 

includes the unit labor cost lk  (PLN/h) and the pos-

sibility to hire for each labor position SLU  (–). 

Therefore, the set of characteristics of categories of 

human labor has the form: 

 

{ ( ), ( )) : }lk l l l= LF SLU L   

 

3.6. Shipment route 

Shipment routes TF  in the developer model were 

designed taking into account the set of their numbers 

{1, ..., , ..., }t T=T  and the set of their characteris-

tics𝑭𝑻. At the same time, the characteristics of ship-

ment routes were identified as length s  (km), types 

of allowable labor resources TU  (–), costs of infra-

structure usage dodk  (PLN) and additional labor 

costs 2dodk  (PLN). Thus, the set of shipment route 

characteristics is defined as:  

2{( ( ), ( ), ( , ), ( , , ( ), )) :

, , ( ) ( ), }

dod dods t t k t u k t u lsp u l

t u lsp u u l

=

   

TF TU

T U LSP L
  

 

3.6. Multimodal transport technologies 

Various types of multimodal technologies are deter-

mined by: 

− types of actions completed in a given sequence, 

− characteristics of types of cargo used in subse-

quent stages of transport, 

− characteristics of selected labor resources, 

− characteristics of selected categories of human la-

bor, 

− characteristics of selected transport routes. 

Each multimodal transport technology requires the 

engagement of the appropriate human labor and la-

bor resources (transport means, loading devices, de-

vices necessary for forming loading units, etc.).  

In the model, multimodal transport technologies 

TM  are reflected by accounting for the set of num-

bers of technology types {1,..., ,..., }d D=D  and the 

set of technological processes in each technology

PT . It is also assumed that in each transport tech-

nology process identified in terms of technology d-

th type, a certain number of actions can be listed and 

treated as elements of this process ( )E d . Keeping 

this in mind, for a set transport technology process, 

an ordered set of action is defined as

( ) {1,..., ,..., ( )}d e E d=I .  

Technological process ( )PT d  for a given (d-th) 

multimodal transport technology is written as a se-

ries of ordered fives, whose elements for the e-th ac-

tion define the following:  

type of cargo ( )ept d , type of completed actions on 

it ( )ent d , transport route ( )ett d , potential labor re-

source applications ( )deUT  and categories of hu-

man labor ( )deLT . It is formally written as follows: 

 

( ) ( ( ), ( ), ( ), ( ), ( )) :

( ), ( ) , ( ) ,

( ) , ( ) , ( ) ,

e e e

e e

e

PT d pt d nt d tt d d d

e d pt d nt d

tt d d d d

=

  

   

e e

e e

UT LT

I P N

T UT U LT L D

 

 

3.7. Transportation tasks 

In the developed model, each transportation task is 

represented accounting for the information regard-
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ing the types and amounts of products to be trans-

ported, dispatch and delivery location, pickup and 

delivery date1, as well as the potential types of cargo 

and types of labor resources. Location acts as a suf-

ficient characteristic of dispatch and delivery loca-

tions in the model.  

The set of numbers of transportation tasks, for which 

multimodal transport Technologies are selected, is 

defined as {1, ..., , ..., }z Z=Z , where the transpor-

tation task number z is denoted as ( )ZT z  and de-

fined as follows: 

 

( ) ( ), ( ), ( ), ( ), ( ),

( ), ( ), ( ) ,

p d p

d

ZT z z z m z m z t z

t z z z z

=

 

B M

P U Z
 

where:  

( )zB   –  set of numbers of types of cargo for the z-

th transportation task, 

( )zM   –  set of individual types of cargo masses for 

the z-th transport task, 

( )pm z  –  pickup location of cargo for the z-th 

transport task, 

( )dm z  –  delivery location of cargo for the z-th 

transport task, 

( )pt z   –  required cargo pickup date for the z-th 

transport task, 

( )dt z   –  required cargo delivery date for the z-th 

transport task, 

( )zP   –  set of numbers of potentially applicable 

types of cargo for the z-th transport task, 

( )zU   –  set of numbers of types of labor resources 

which may be used to complete the  

z-th transport task. 

 

3.8. Decision variables 

Considering the assumptions of the model and re-

search goals, it has been established that decision 

variables should primarily describe:  

− transport technologies which should be applied in 

order to complete the given transportation tasks, 

− types of labor resources necessary to complete in-

dividual actions in the given transport technolo-

gies,  

 
1 The required cargo pickup date is understood as the earliest possibile moment of pickup and the required cargo delivery date is the latest 

possibile moment of their delivery.  

− categories of human labor necessary to operate in-

dividual labor resources applied to complete indi-

vidual actions for the given transport technology.  

In order to meet the needs of the designed model, 

three binary decision variables regarding: selection 

of a transport technology for tasks, selection of labor 

resources for completion of individual actions for a 

given technology and selection of human labor cat-

egory to operate devices used to complete subse-

quent actions for transport technologies were de-

fined: 
 

( , ) {0,1}x z d    

when ( , ) 1x z d = , the z-th transportation task should 

be completed according to the d-th type of transport 

technology. In the opposite case, ( , ) 0x z d =  
 

( , , , ) {0,1}y z d e u    

when ( , , , ) 1y z d e u = , then in order to complete the 

z-th transport task using the d-th type of transport 

technology to complete the e-th action, the u-th type 

of labor resource should be used. Otherwise, 

( , , , ) 0y z d e u =  
 

( , , , , ( ), ) {0,1}z z d e u lsp u l   

when ( , , , , ( ), ) 1z z d e u lsp u l = , then in order to com-

plete the z-th transport task using the d-th type of 

transport technology to complete the e-th action us-

ing the u-th type of labor resource by hiring a worker 

of the l-th human labor category for the lsp(u)-th la-

bor position. Otherwise, ( , , , , ( ), ) 1z z d e u lsp u l = . 

 

3.9. Constraints 

The constraints in this model result from the estab-

lished assumptions, including the considered perish-

able cargo characteristics, loading form and 

transport means characteristics and multimodal 

transport technology characteristics.  

The first constraint considered regards task comple-

tion:  

 

( )

   ( , ) 1
d z

z x x d


 = 
D

Z  (2) 
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The following constraints deal with device (3) and 

worker (4) selection to complete the given actions:  

 

 

( )

  ( )  ( ) : ( )

( , , , ) ( , )
u d

z d z e d d

y z d e u x z d


   

=

  


e

e

UT

Z D I UT
 (3) 

( , ( ))

  ( )  ( ) : ( )   

( )  ( ) ( )   

( , , , , ( ), ) ( , )
l u lsp u

z d z e d d

u d lsp u u

z z d e u lsp u l x z d


   

 

=

  

 



e

e

SUL

Z D I UT

UT LSP  (4) 

 

Constraints connected with transport temperature 

(5-7), air humidity during transport (8-10), atmos-

pheric composition in the direct environment of the 

cargo (11-12), protection against detrimental effects 

of water (13), UV radiation and sunlight (14) and 

cargo leaks (15) were also considered. The next con-

straints result from physical properties of cargo, 

such as: mass (16), volume (17), external package 

dimensions and cargo units (18-23) and the external 

measurements of type of cargo (24-29). 

The acceptable transport time is written as constraint 

(30). Cargo safety in terms of mechanical impacts is 

ensured in constraints (31)–(34). Constraint (32) and 

(34) ensures that the acceptable mechanical impact 

is not exceeded during transport and constraints (31) 

and (33) ensure that the acceptable mechanical im-

pact is not exceeded during handling.  

In the following constraints, the following are con-

sidered: compatibility of transport means and load-

ing devices (35), transport means serviced by labor 

sources (36, 37) permitting labor means to travel 

along travel routes (38), and the allowable lifting ca-

pacity of loading devices (39).  

 

min min min
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3.10. Criterion function 

There are two main solution assessment criteria in 

the model: cost criterion and cargo safety criterion. 

In the criterion function which guarantees the mini-

mization of costs, the following elements are in-

cluded:  

− labor cost of transport means – 1( , , , )KU z d e u , 

− labor cost of loading devices – 2( , , , )KU z d e u , 

− labor cost of workers operating transport means – 

1( , , , , ( ), )KL z d e u lsp u l , 

− labor cost of loading device operators – 

2( , , , , ( ), )KL z d e u lsp u l . 

Considering the above and aforementioned decision 

variables of the cost minimization criterion was for-

mally defined as follows:  
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The partial cost values in Equation 40 are deter-

mined according to the following dependencies:  
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As a cargo safety criterion in the model, 18 partial 

criterion functions were considered. Each of these 

functions directly affects one safety aspect of the 

transported cargo. Some examples of partial criteria 

of cargo safety included in the model are: acceptable 

transport time, minimum or maximum temperature 

in the cargo’s direct surroundings, resistance to me-

chanical damage.  

 
2 Sample application of the developed model for transport technology selection optimization for perishable nonclimacteric cargo was de-

scribed in (Leleń, Wasiak, 2018). 
3 Methods of multicriteria solution assessment were described, among others, Trzaskalik, 2014, Barford et al., 2011, Jacyna and Wasiak, 

2015. 

The general form of a partial cargo safety criterion 

is noted as:  

 

( )

F2 ( ) ( , ) ( , , ) maxk

z d z

x z d w k z d
 

=  ⎯⎯→ 
Z D

X  (57) 

where: 

( , , )w k z d  – partial transportability coefficient based 

on the k-th criterion for the z-th transport task com-

pleted using the d-th type of transport technology,  

( , )x z d  – binary decision variable assuming the 

value of 1, when the z-th transport task should be 

completed using the d-th type of transport technol-

ogy or 0 otherwise.  

 

Considering the described elements of the developed 

mathematical model, it is possible to formulate and 

solve optimization tasks for many types of perisha-

ble products2, where it is possible to find optimal so-

lutions only in terms of costs or cargo safety, as well 

as in the sense of Pareto3. 

In an effort to present a practical application of the 

presented mathematical model, the next chapter de-

scribes a sample calculation regarding the selection 

of transport technology for a given transport task.  

 

4. Case study 

4.1. Multimodal transport technology selection 

algorithm  

For the purposes of practical applications of the de-

veloped model, a multimodal transport technology 

selection algorithm was built (Fig. 1).  

In the first stage of this algorithm, a systemization 

and input data entry is conducted, after which the 

identification of transport tasks and generation of 

transport technology variants is completed. For each 
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technological variant, values of transportability par-

tial coefficients are determined, and variants for 

which at least one partial coefficient of transporta-

bility is equal to 0 are eliminated.  

In the next stage, the type of optimization task is 

chosen based on the type of problem and data for this 

task is prepared. The optimization task is solved next 

considering the safety criterions and transport cost. 

Values of the following partial coefficients of trans-

portability are determined and a multicriteria assess-

ment of transport technology variants takes place.  
 

4.2. Formulation of the problem 

The problem of multimodal transport technology se-

lection for a transport task is examined in this article, 

including the transport of two types of cargo: apples 

1b =  and pears 2b = , in the amounts 

 (1) 3200; 4000=M  kg. The cargo is to be trans-

ported from Tarczyn (mazovian voivodeship) 

(1) 1pm = to Rotterdam (Holland) (1) 2dm = . The 

cargo can be undertaken at the earliest time 

(1) 0pt =  h, and the latest delivery time is set at 

(1) 148dt =  h. It is established that two types of 

cargo (packaging forms) are accepted – crates 1p =  

and pallet-crates 2p = . In order to complete the 

task, 8 types of labor sources are accepted,

 (1) 1, 2,  3,  4,  5,  6,  7,  8=U Five types of 

transport means  1(1) 1,  2,  3,  4,  8=U  as well as 

four types of loading devices  2(1) 3,  5,  6,  7=U  

can be used to carry out separate actions as part of 

the technological process. Four possibly applicable 

transport technologies  (1) 1, 2, 3, 4=D  have 

been defined. Technological processes for each 

technology have been graphically presented in Fig. 

2.  

 

 
Fig. 1. Multimodal transport technology selection algorithm  
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Fig. 2. Technological processes for different types of technologies  
 

 

Two types of categories of hirable human labor 

 (1) 1, 2=L  are foreseen to carry out actions in ac-

cordance with the technological process. The set of 

movement route numbers have also been defined

 (1) 1, 2,  3,  4,  5,  6,  7,  8,  9,  10, 11, 12=T . 

Known characteristics of various types of human la-

bor categories, for example, hourly cost of work, 18 

and 22 PLN respectively, and possibility to hire for 

various positions  (1) 1, 2=SLU , 

 (2) 1,  2,  3=SLU , as well as characteristics of 

cargo of various types are presented in Table 2.  

Characteristics of movement routes include their 

length, additional movement cost as well as sets of 

numbers of device types which can move along 

them. Characteristics of various movement routes 

are shown in Table 3.  

Characteristics of transport means are presented in 

Table 4 and characteristics of loading devices are 

found in Table 5. 

 

 

 

 

Table 2. Cargo characteristics 
Parameter Unit b = 1 b = 2 

wbx(b) m 0,6 0,6 

wby(b) m 0,4 0,4 

wbz(b) m 0,3 0,3 

mb(b) kg 20 18 

Vb(b) m3 0,072 0,072 

tkr(b) K 271,15 270 

∆tdop(b) K 1 0,7 

tmax(b) K 278,15 277 

tmin(b) K 276,15 272,15 

φmin(b) % 90 90 

φmax(b) % 95 95 

∆φdop(b) % 3 3 

ρ(b) µl/(kg*h) 10 2 

tpt(b) h 2400 1000 

ma(b) - 0,5 0 

θ(b) - 1 1 

fmax(b) N/m2 100 55 

fmaxd(b) N/m2 55 34 

ws(b) - 1 1 

wc(b) - 1 1 

ww(b) - 1 1 

kb(b) PLN/kg 0,4 1 
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Table 3. Characteristics of movement routes 

Route 
number 

t 

Length of 
route (km) 

s(t) 

Numbers of 

types of labor 
sources allowed 

to move along 

the route TU(t) 

Additional costs 

associated with 
moving along 

route (PLN/km) 

kdod(t) 

1 1320 1, 2 0 

2 95 3, 4 0 

3 1240 1, 2 0 

4 108 3, 4 0 

5 1100 3, 4 0 

6 245 1, 2, 3, 4 0 

7 0,15 3, 5, 6, 7 0 

8 0,02 3, 5, 6, 7 0 

9 0,25 3, 5, 6, 7 0 

10 0,2 3, 5, 6, 7 0 

11 0,2 3, 5, 6, 7 0 

12 1150 8 0 

 
Table 4. Characteristics of transport means 
Parameter Unit u = 1 u = 2 u = 3 u = 4 u = 8 

tmaxr(u) K 330 278 278 320 280 

tminr(u) K 255 273 274 255 268 

φmaxr(u) % 90 95 95 96 100 

φminr(u) % 40 90 94 50 90 

∆trz(u) K 40 1 1,2 40 12 

∆φrz(u) % 50 3 4 5 5 

w(u) - 1 0 0 0 0 

ϕ(u) µl/kg 0 4800 3450 0 1230 

wux(u) m 13,2 12 2 8 12 

wuy(u) m 2,5 2,4 2 2 2 

wuz(u) m 2,67 2,4 2 2 2 

wuxp(u) m 0,4 0,8 0,4 0,15 2 

wuyp(u) m 0,2 0,4 0,6 0,15 2 

wuzp(u) m 0,3 0,3 0,3 0,15 2 

Qdop(u) kg 17500 16000 3500 800 14000 

Vdop(u) m3 88,11 69,12 8 32 48 

kts(u) 
PLN/k

m 
12 14 15 24 12 

ktt(u) PLN/h 3 44 17 22 8 

fu1max(u) N/m2 10 8 17 22 14 

fu1maxd(u) N/m2 14 12 22 18 17 

owu(u) - 1 1 1 1 0 

osu(u) - 1 1 1 1 1 

UU(u) - 3, 5, 6, 7 3, 5, 6, 7 3, 5, 6, 7 3, 5, 6, 7 3, 5, 6, 7 

PU1(u) - 1, 2 1, 2 1, 2 1, 2 1, 2 

LSP(u) - 1 1 1 1 1 

 

Moreover, characteristics of various types of cargo, 

such as external dimensions, resistance to mechani-

cal damage, value of temperature and humidity and 

the possibility to regulate to a certain extent, were 

identified.  

 

Table 5. Characteristics of loading devices 
Parameter Unit u = 3 u = 5 u = 6 u = 7 

FQ(u) kg 4500 4200 4000 3300 

W(u) kg/h 1200 555 400 500 

gt(u) - 0,55 0,55 0,58 0,66 

kj2(u) PLN/h 13 12 11 13 

fu2max(u) N/m2 10 10 14 32 

fu2maxd(u) N/m2 43 44 73 22 

wu2x(u) m 2 1 4 5 

wu2y(u) m 3 1 4 5 

wu2z(u) m 2 1 4 5 

wu2xp(u) m 1 0,8 1,2 1 

wu2yp(u) m 1 1,2 1,2 1 

wu2zp(u) m 1 0,5 1,2 1 

PU2(u) - 1, 2 1, 2 1, 2 1, 2 

LSP(u) - 1 1 1 1 

 

4.3. Solution to the problem along with mul-

ticriteria assessment  

In the first stage of calculations, the selection of la-

bor sources and workers was carried out for the fol-

lowing steps foreseen in terms of various variants of 

the technological process. This selection was com-

pleted in such a way that the safety criteria calcu-

lated for the entire technological process assumed 

the greatest value and the criterion of cost minimi-

zation assumed the lowest value. The value of the 

target function determined for each technological 

solution is presented in Table 6.  

Due to the fact that for the fourth type of transport 

technology, one of the cargo safety criterion as-

sumes a value equal to zero, this technology is not 

considered in further solutions, such as multicritera 

assessment of technological variants, since it has an 

unacceptable solution.  

The multicritera assessment was conducted using 

the multicriteria method MAJA (Jacyna, 2001). In 

the examined case, the safety criteria, i.e. 0,027(7) 

was assumed to have identical weight, however, the 

economic criterion was weighted 0,5**. Safety cri-

teria are maximized, whereas the economic criteria 

are minimized. According to the method of mul-

ticriteria assessment, a normalization of assessments 

was carried out, and next the values for conformity 

matrixes were determined Z (tab. 7) as well as non-

conformity matrices N (tab. 8). 
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Table 6. Values of partial criteria for each technological variant  
Criterion Notation d = 1 d = 2 d = 3 d = 4 

Maximum air temperature directly surrounding cargo  F11(X) 0,00248 0,00674 0,00674 0,00248 

Minimum air temperature directly surrounding cargo  F12(X) 1,00000 1,00000 0,36788 1,00000 

Air temperature fluctuations directly surrounding the cargo  F13(X) 0,75000 0,75000 0,75000 0,75000 

Maximum humidity directly surrounding the cargo  F14(X) 1,00000 1,00000 1,00000 1,00000 

Minimum humidity directly surrounding the cargo  F15(X) 1,00000 1,00000 1,00000 1,00000 

Humidity fluctuations directly surrounding the cargo  F16(X) 0,41667 1,00000 1,00000 0,55556 

Volume of emitted ethylene  F17(X) 1,00000 1,00000 0,22727 1,00000 

Sensitivity to the effects of ethylene  F18(X) 1,00000 1,00000 0,22727 1,00000 

Requirement of applying a modified atmosphere directly surrounding 
the cargo  

F19(X) 1,00000 1,00000 0,50000 1,00000 

Resistance of cargo to mechanical damage caused by static forces  F110(X) 0,63212 1,00000 1,00000 0,99967 

Resistance of cargo to mechanical damage caused by dynamic forces  F111(X) 0,99967 1,00000 1,00000 0,99999 

Acceptable transport time  F112(X) 0,10636 0,31515 0,30606 0,00000 

Maximum cargo dimensions F113(X) 0,60000 0,60000 0,60000 0,60000 

Preferential dimensions of cargo F114(X) 0,20000 0,17647 0,17647 0,20000 

Use of carrying capacity (mass) F115(X) 0,86250 0,69000 0,69000 0,86250 

Mass of unit load or packaging unit along with cargo F116(X) 0,51000 0,51000 0,51000 0,51000 

Volume of unit load or packaging unit along with cargo F117(X) 0,99960 0,99875 0,99875 0,99960 

Cargo value F118(X) 0,78114 0,71035 0,43344 0,00157 

Transport cost F2(Y, Z) 22052 21702 24045 22900 

Table 7. Elements of conformity matrix Z 

 d = 1 d = 2 d = 3 

d = 1 0 0,11111 0,72222 

d = 2 0,63889 0 0,66667 

d = 3 0 0 0 

 

Table 8. Elements of non-conformity matrix N 

 d = 1 d = 2 d = 3 

d = 1 0 0,85735 0,82002 

d = 2 0,25882 0 0 

d = 3 1 1 0 

 

In the next step, for the given values of the compli-

ance threshold 0,6pz =  and non-compliance thresh-

old 0,4pn= , a dominance matrix was set and a 

dominance graph was constructed on its basis  

(Fig. 3).  

Based on the dominance graph, it has been observed 

that the best technological variant for the completion 

of the analyzed transportation task is transport tech-

nology d = 2. This means that in order to carry out 

the transportation task, the multimodal transport 

technology which includes road and railway 

transport with transshipment in the transshipment 

terminal B should be used.  

 

 
Fig. 3. Dominance graph G 

 

5. Conclusions 

The developed model for selection of multimodal 

transport technologies of perishable products forms 

the basis of the selection method of these technolo-

gies. This method is a practical tool for the selection 

of transport technologies for given transportation 

tasks. In the developed method, depending on the 

considered problem (including characteristics of 

cargo and their packaging forms – types of cargo), 

the appropriate elements are considered in the math-

ematical model described in the article. For a signif-

icant group of perishable cargo, it is not required to 

consider all defined criteria associated with cargo 

safety.  

Selection of technologies is carried out based on 

cargo transportability coefficients identified based 



32 

 

Leleń, P., Wasiak, M., 

Archives of Transport, 50(2), 17-33, 2019 

 

 

on a series of criteria regarding the safety of trans-

ported cargo, including, among others, acceptable 

transport time, maximum and minimum air temper-

ature, cargo dimensions and resistance to mechani-

cal damage. As a consequence, aside from minimiz-

ing transport costs, it is possible to maximize the 

safety of transported cargo. It is important to empha-

size that, technological solutions which application 

may negatively impact the transported cargo are 

eliminated from the set of acceptable solutions 

thanks to the developed constraints.  

If, for a given variant, any of the criteria associated 

with cargo safety assumes a value equal to zero, the 

variant is an unacceptable solution and is not consid-

ered in the multicriteria assessment, which allows 

for the limitation of calculations and simplifies the 

problem.  

Application of the developed model and method al-

lowed for the selection of a transport technology var-

iant while considering a multicriteria approach. For 

the example discussed in the article, the best solution 

was determined by considering 19 partial criteria- 18 

associated with transportability and cargo safety, as 

well as one criterion regarding transport cost.  

In terms of further research, it is possible to develop 

this method further through considering additional 

characteristics of perishable cargo. Nevertheless, the 

developed model in its current form allows for the 

correct selection of cargo transport technology of 

perishable products for most transportation tasks. 

Along with this, it is also possible to select single-

branch and multimodal technologies, as well as 

compare the two.  
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