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Abstract

This paper describes theoretical background of the innovative (new
generation) of bundling networks emerged in the European freight
transport system for the past decade. Four types of the network
configurations have been analysed. These are: the ‘point-to-point’ network,
the network of ‘trunk line with collecting/distribution forks’, the ‘hub-and-
spokes’ network and the ‘line’ (or ‘ring’) network. For each configuration,
the analytical models for quantifying the total delay and generalised cost of
loading units in the network have been developed. In addition, the
qualitative outcomes from these models have been discussed.
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INTRODUCTION

The European inter-modal freight transport system shares about 1,5% of the total freight traffic
volume. In the year 2010, it is expected to share about 2,6% of the total volume. Besides the other
measures, the innovative bundling networks (CI, 1996; EC, 1995; EC, 1997 a, b; EC, 1998 a, b)
will support such growth. Innovative bundling networks are expected to make the inter-modal
transport more competitive to road haulage on distances between 150 and 300 km, and provide its
complete domination on the distances longer than or equal to 500 km. In addition, they should
enable higher utilisation of the railways’ and inland navigation capacities, increase reliability and
delivery speed of shipments like containers, swap-bodies and semi-trailers, take over the freight
from overcrowding roads, and reduce negative impacts of road haulage on the environment.
Innovative bundling networks are based on the innovative organisation of transport services and
new (innovative) technology applied to both transport and handling operations on the loading units
(containers, swap-bodies and semi-trailers). Innovations on the organisation of transport services
relate to new types of direct and/or shuttle services. New carriage and transport units like rail
wagons, trains, barges and vessels represent the new transport technologies. New transhipment and
stacking facilities and supporting equipment installed in the terminal(s) represent new terminal
technologies. The fast and automated transfer of loading units through the inter-modal terminal(s)
represents the innovation of terminal services.

This paper deals with theoretical background of the innovative bundling networks. The objective
has been to understand the networks' spatial configuration, traffic scenarios, and time and cost
performances. Apart from this introductory section, the paper consists of three sections. Section 2
describes relevant characteristics of innovative bundling networks. In particular, it analyses the
processing of loading units while being in the network. Section 3 consists of two parts. First part
presents the main assumptions to model these networks. Second part describes the analytical
models of different classes of bundling networks. Each model consists of two sub-models. The first
one quantifies the total delays of loading units while being in the network(s) under given
conditions. The second one quantifies the networks' total generalised costs. The last section (4)
presents discussion and conclusions.

STRUCTURE OF THE INNOVATIVE BUNDLING NETWORKS

The analysis carried out in the project TERMINET (EC, 19974, b, EC, 1998 a, b) has identified
four basic types of innovative bundling networks. These are the ‘point-to-point’ (fype P-P) networks,
the networks of ‘trunk line with collecting/distribution forks' (rype TCD), the 'hub-and-spokes'
networks (fype H), and the 'line (or ring)' networks (fype L).

Each bundling network consists of nodes and links. The freight inter-modal terminals represent the
nodes. The links are represented by physical links connecting the terminals like the highways, rail
lines, and inland navigation, and transport services. The transport units operated by different
transport modes perform these services by carrying the loading units like containers, swap-bodies
and semi-trailers between inter-modal terminals. Different types of services can be provided.
Usually, these are direct and shuttle train and barge (vessel) services. For example, at international
level, both direct and shuttle rail services usually connect distant terminals. Direct trains consist of
wagon sequences carrying the loading units with the same origin(s) and destination(s). They are
directly routed between two terminals without any intermediate marshalling. Shuttle trains have
fixed capacity (length) and operate according to regular timetable. These trains avoid marshalling
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nearby the inter-modal terminal(s). At local level (i.e., on the shorter national and regional
distances), direct and/or shuttle feeder' services have been organised to pick-up smaller flows and
move them to the terminal(s), where they are bundled into long-distance shuttle or direct services.
The capacity of transport units applied to feeder' services is always lower than the capacity of
transport units running on the international (long) routes.

The ioading units arrive and depart from inter-modal terminals by road haulage (Daganzo, 1991;
Hay, 1977; Manheim, 1979). At inter-modal terminals, the exchanging of loading units between
transport units operated by different transport modes (road, rail, inland navigation, and short- and
deep-sea vessels) takes place. It can be carried out in two ways. First, loading units can stay on the
same carriage units, which may be exchanged between different transport units. Classification and
assembling (shunting) the trains in shunting yard represent one of the typical examples. Second,
loading units can be exchanged by changing the carriage unit. In this case, the loading units can be
either directly or indirectly transhipped from one transport unit to the others. The transhipment
takes time depending on the performance of terminal transhipment facilities and equipment, which,
apart from determining basic type of handling the loading units, affect the efficiency of terminal
operations (EU, 1997 q, b).

MODELLING THE INNOVATIVE BUNDLING NETWORKS

Modelling the innovative bundling networks consists of developing the delay and cost models of

different network configurations. These models are based on the analysis of network operations,

theory of deterministic queuing networks and following assumptions (Newell, 1982; Tarski, 1987):

e Demand for service is expressed by the number of loading units (the customers) requesting
service in the network during given period (a day, week). The available transport and terminal
capacity always satisfy this demand.

¢  The inter-modal terminals connected by transport links represent network nodes where the
loading units are exchanged between different transport modes. In addition, loading units can
enter and/or leave the network through its nodes (e. g., terminals).

e  The loading units accumulated at particular locations of the network (i.e., buffers’) represents
the state of the network that changes whenever the ‘batch’ of loading units enters and/or leave
the network.

e ‘'Buffers’ can emerge in the terminals (i.e., the network nodes) and routes (the network links).
They may be repeated after regular time (say a day or week) in dependence on the pattern of
demand and supply; this ‘repetitive’ interval is called the network ‘cycle’.

e  ‘Buffering' of loading units while being in the network’ causes their delays.

e  Costs of particular bundling concepts consist of the inventory cost, transport cost and terminal
cost (Daganzo, 1991; Hall, 1987; 1993). The inventory cost relates to ‘buffering’ cost of
loading units while being in the network. Transport cost consists of the operators' cost to
transport the loading units between origin(s) and destination(s). Terminal cost consists of
handling cost depending on the terminal layout and terminal operating cost.

The delay models
The ‘point-to-point’ networks with big flows
The ‘point-to-point' (P-P) bundling network serves regular and big freight flows between two

intermodal terminals. In general, the network operates as follows: the loading units are delivered
from their ‘local’ origins to the origin intermodal terminal by road haulage. Then, they are loaded
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onto direct or shuttle train or barge (vessel) and transported to destination terminal. From there,
they are distributed (again by road haulage) to their ‘final' destinations. Figure 1 illustrates
simplified scheme of this bundling network.

Transport of loading units by shuttle or The unloading and departure of loading units
direct train or barge from destination terminal

at origin terminal
hi 4 ai /—> Flow qj i \
lLh # @ l @ {' Xw {

I —— i B=j v T

o G/

The arrivals of loading units

Figure 1 Simplified scheme of the 'point-to-point’ network

In Figure 1, the origin and destination terminal are denoted by A and B, respectively, the route
connecting two terminals by /4s, and the average speed of transport units by vap(lap). The flow of
loading units, gap is transported between terminal A and B. Let A; be the intensity of collection of
loading units at the terminal A(=i). The loading units are assumed to arrive there some time before
departure of train, barge, or vessel. This time may vary from the time of preceding departure to the
time of closing ‘new’ departure for loading. The period between the arrival of the first and last
loading unit of the batch gaz iS7oi.

The total loading time is dependent on the size of batch gap = gj;, and loading rate y;. When the
batch g;; has been loaded, the transport unit is inspected and dispatched after period 7;;. The
transport unit arrives at terminal B(=j) after time lxp/vap(lap). Then, the batch g;; is unloaded. The
intensity of unloading at terminal B(=j) is u;. The inspection and preparation of transport unit for
unloading is carried out in time 7;; and Ty, respectively. Like at the origin terminal, the loading
units that have arrived at the terminal (j) can be either placed in the terminal's ‘buffer’ area and
wait for picking-up or directly transhipped to road haulage, and vice versa. The intensity of leaving
terminal (j) is A;. Time for processing the batch g;; through the network defines the network’s
‘cycle’. This ‘cycle’ may be repeated in both directions after some time. It has been assumed that
the successive ‘cycles’ have not affected each other. The total delay of loading units while being the
network can be estimated as follows:

11 lij 1 qij
D;i=Dy. + Dy;i + Dp; =|To; +T1; +qii|l ———=— |lgii +| — Wi | T1; +T0; t=——————|qij
ii= b Tij bj |: 0i Tt q"’[y,- o7 ]Jqu vi ij Lj T40j 5 min(/‘{j;,uj) qij (1)
The symbols Dy, Drijand Dy denote the total buffer' delay at origin terminal (i), route (ij) and at
destination terminal (j), respectively. The other symbols have been explained above.

The networks of 'trunk line with collecting/distribution forks' (TCD)

As the observation of bundling processes is expanded to a wider area around the main origin and
destination terminal(s) of the ‘point-to-point' network, the network of 'trunk line with
collecting/distribution forks' (TCD) can be identified. It consists of the origin and destination 'local'
terminals, which are assigned to the corresponding trunk terminals. At this bundling concept, the
flows of loading units move between ‘local’ terminals. These terminals can be either uni-modal or
inter-modal. In Figure 2, the origin local' terminals are denoted by Ty; (i=1,2,.., N). The destination
local' terminals are denoted by Ty (j=1,2,.., M). The flow of loading units between origin and
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destination 'local' terminal (i) and (j), respectively, is denoted by g;;. Handling of loading units at
these terminals is carried out in a similar way as in case of the 'point-to-point' network(s). The
loading units are transported by direct or shuttle ‘feeder’ trains (or barges) from the 'local' to trunk
terminals, and vice versa. At the trunk terminal 7}, the loading units are regrouped into the longer
direct or shuttle transport units (trains or barges), that are dispatched along trunk route /4 to the
trunk terminal Tp.

Ge8 | mJ N M
dy \
[ Qs quij

i=1 j=1

1
o ! diavie
‘ &

The arrivals of loading units at
localregional terminal(s)

|
m Traa Tiaa Thaa TaT1da Tiaa Thaa Tia8 Tja Thas 8 T1ds Tigs Thds
~ - -
T L Qs Xi
B O— = QL AT
7

Transport of loading units
by ‘trunk line' train(s) or T1j Tof

’ barge(s) - international I—l\ qey/Hj
network(s) Qs/Aj
@ .
o - Transport of loading units by
Transport of loading unils by local train(s) or barge(s) - local, /

local train(s) or barge(s) - . : Distribution of loadil i

i 7 regional or national network(s) istribution of loading units

local, regional or national g (£) from regionaViocal terminal(s)
network(s)

Figure 2 - Simplified scheme of the network of "trunk line with collecting/distribution forks'

In the rail-based networks, both 'local' and 'trunk' terminals may operate like 'local' and 'regional'
shunting yards, respectively. In particular, the delays of loading units during their passing through
the 'trunk' terminals are dependent on the number, capacity, and timetable of the inbound ‘local’
trains and outbound 'trunk’ trains. In addition, the strategy and ‘speed’ of shunting depending on the
size and type of shunting yard may significantly affect these delays (Petersen, 1977 a, b). In Figure
2, Tiua denotes the arrival time of i-th 'local' train at terminal T4 (I = 1,2, ., N). Tius denotes the
departure time of i-th 'trunk' train from the terminal T4. The arrival time of i-th 'trunk' train at
terminal T is Tiup. The departure time of i-th 'local' train from terminal T is Tjp. In case when all
outbound trunk trains have to wait for the wagons of all inbound trains, and vice versa, the delays
of wagons (and loading units) may be long. As it can be seen in Figure 2, the maximum number of
loading units that can be accumulated in terminal 7 and Tp is equal
N N M M
tqum =22q,~j = ZqBj . giais the batch of loading units moving between the fork terminal

i=l i=1 j=1 j=1

N
(i) and trunk terminal A (‘i is assigned to ‘A’) (i = 1,2,...., N), qia =Zq,-j (t'= 1,2, ..N); ggis
j=1
the batch of loading units moving from trunk terminal B to fork terminal (j), (‘j’ is assigned to ‘B’),
M
(i = 1,2,...:M); ggj= Zq,-j (j=1,2,. .,M); N and M represent the number of origin and sink (‘local’)
i=1
terminals assigned to trunk terminals Ty and T, respectively. At the origin ‘local’ terminal (i), the
loading units arrive at rate A; (i= 1,2, .,N). They may be either directly transhipped to ‘feeder’
train(s) or placed in the terminal stacking area. The 'local' trains are loaded by intensity u;. The
intensity of unloading 'local' trains at destination 'local' terminal (j) is i;. The loading units leave
‘local’ terminal (j) by rate A; (j = 1, 2, . . ,M). The time Ty and Typ denote the moments, at which
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the trunk terminal T4 and Tp changes the operating regime. Le., at Tys, the terminal Ty closes for

the arrivals of 'local' trains and opens for departure of 'trunk' trains. At Top, the terminal Ty closes

for the arrivals of 'trunk’ trains and opens for departures of local trains. The total delay of batch of
N M

loading units Z Zq,-j— can be computed as follows:

i=1 j=1

N
1 1
D=Dp+Dr =2H70i + 1y +m[r—7]]+(ToA ~Tiga ) +(Tiaa —Toy +TA)jl(1iA
1 1

i=l

2 2
N M N M ; ; , .

M
i=l j=1 i=l j=1 1 1 9y, *
+0, +top + E T +Tgj+qp| — —————— o
HA HB . 4 J e 2min(Aju )

j=1

N N M M /
+ Zq. “'_A+ZZ(,.AM_B+ZqB.ﬂ
. A ViA - Y va - ! vV Bj @

Toi, Toj is the time between arrival and loading of batch ¢;s at 'local' terminal (i), and
the time between arrival and departure of batch gg from 'local' terminal (j),
respectively (minutes, hours),

Tri, T2 is the time for preparation transport unit to depart from local' terminal (i), and
the time for preparation transport unit for unloading after arrival at Tocal'
terminal (j), respectively, (minutes, hours),

Q. O is binary variable taking the value ‘I’ if the service of loading units at 'trunk’
terminals A and B is realised just after arrival of the whole batch g4, and gis,
respectively, and the value ‘0’, otherwise,

lia, Lab, I8 is the length of route connecting the 'local’ terminal (i) and 'trunk' terminal A, the
trunk terminals A and B, and the 'trunk' terminal B and local' terminal (j),
respectively, (km),

Vid, VAB VB is the average speed of transport unit (train/barge/vessel) on the routes /4, lsp
and Ig;, respectively (km/h).

The 'hub-and-spokes’ networks

The 'hub-and-spokes' networks (H or HS) usually consist of one hub (‘central’) node and several
spokes (‘peripheral’ nodes). Simplified scheme of this network is shown in Figure 3. The spokes
denoted by T; (i = 1,2,. . ,N) can be connected with hub H and among themselves by direct or
shuttle trains carrying the loading units.

The loading units enter and/or leave spoke terminals (i.e., the network) by road haulage. After
entering the network, loading units are transhipped from trucks to train(s). Then, the trains being
either direct or shuttle are dispatched to hub H. The loading units can pass through hub H either by
staying on the same carriage units (wagons) all the time (direct train) or by changing them (shuttle
trains). In the former case, the wagons are exchanged between trains by carrying out ‘classical’
shunting. In the later case, the loading units are exchanged between different carriage units
(wagons) during their staying in the hub.
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Direct/shuttle trains
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Tian Toan Tian tH. Th’ T1an TadH T TheH

Figure 3 - Simplified scheme of the 'hub-and-spokes' network

Handling of carriage, transit and loading units may cause their ‘buffering’ and delays. Figure 3
shows that the ‘buffers’ of loading units have similar ‘form’ as those of TCD-bundling network.
Transhipment of loading units at spoke terminals 7; and shunting of trains at hub H are analogous
to the corresponding operations carried out at the local' terminals 7,; and Ty, and 'trunk' terminal T4
and T, respectively.

If the flow of loading units between spokes (i) and (j) is gij, the resulting flow of loading units on
the routes (iH) and (Hj) is equal to giz and g, respectively (see Figure 3). The total number of
loading units passing through the hub H is equal to the sum of all individual flows gi; (i,j€N; i#j).
The total delay of loading units served in the network during one ‘cycle’ can be estimated as
follows:

N 1 1 N N 3
D=Dp+Dr = z [701 Tt qin [T_ET]HTO = Tian )}(liﬂ toy z Z’lij ThH +
i=1 ! ! i=l j=1 3)
¥ 1 1 RN ! I
iH lj
3l [P TP S S S L
: { s P s 2minAgip p] |7 A v v
j=1 i=l j=1
where
A A is the intensity of arrival and departure of loading units at/from spoke terminals
(i) and (j), respectively,
i, Uj is the intensity of loading/unloading of loading units in spoke terminals (i) and (j),
respectively,
Tiati is the arrival time of a train running from spoke (i) and hub (H),
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Ty is the time when all trains arrived from N spokes are ready to be shunted at the

hub H,

oy is binary variable taking the value ‘I’ if shunting starts after the arrival of the last
among N trains at the hub (H), and the value ‘0’, otherwise,

Uy is the average rate of shunting, which is assumed to be approximately constant
and not dependent on the train and wagon characteristics,

Tian is the departure time of train running from hub H to spoke (j).

Ty is the total time needed for shunting NV trains; shunting is assumed to start just
after the arrival of the last train from the batch of N trains,

linr, L is the length of route connecting the spoke (i) and j), via the hub (H),

Vit, Vi is the travel speed of train along the routes /iy and Iy, respectively.

The 'line’ ('ring)' bundling networks

The line' (ring)" network is a line or ring configuration where the uni- and/or inter-modal terminals
are located in line or ring in relation to direction of flows of loading units. The rail and inland
navigation (barges' and vessels’) direct and/or shuttle services usually connect the terminals. The
exchange of loading units between different combination of transport modes like rail/rail, truck/rail,
truck/barge, rail, and truck/short and deep-sea vessels takes place at these terminals. The loading
units can enter and leave the network at the terminals that represent their origin(s) and
destination(s).

Figure 4 illustrates the scheme of 'ring’ bundling network. Like in the preceding cases, the ‘buffers’
of loading units emerge in the terminals where they are collected and distributed. At these
terminals, the ‘collecting/distribution’ transport units meet the transport units running in the ring
(line). For example, at the terminal T;, the loading units, which should be sent to some other
location, are collected with intensity A, (loading units per unit of time). After some time, the batch
of loading units, g, has been accumulated.

Two possibilities for proceeding the batch g, to final destination can be applied. First, if the
transport unit is immediately available, the batch of loading units can be directly loaded
(transhipped) to it. Otherwise, the batch will be stacked in the terminal’s ‘buffer’ area and wait for
free transport unit to come and pick-up it. In that case, waiting time of the batch qu; is 7.; (minutes,
hours, and days).

The intensity of loading that is dependent on the available facilities and equipment installed in the
terminal and/or transport unit itself is denoted by tu (loading units per unit of time). After being
transported to terminal 7;, the batch gu of loading units is unloaded. The intensity of unloading is
Hai (loading units per unit of time). Loading and unloading can be carried out in two ways,
sequentially and simultaneously. Sequential loading/unloading means that the whole batch gy is
unloaded and then, the whole batch g, is loaded. Simultaneous transhipment is carried out ‘in
parts, e.g., firstly, one loading unit from the batch gy is unloaded and then one loading unit from
the batch ¢, is loaded, etc. After the batch g, is wholly loaded, it is transported to final
destination. The unloaded batch g, is either directly transhipped to the other transport units already
being in terminal (trucks, trains, barges or vessels) or stacked in the terminal’s 'stack’ area. The
waiting time of the batch to be picked-up is 7. The ‘emptying' rate of terminal 7;is A4 (loading
units per unit of time). The batch g.; consists of loading units having the origin at terminal 7; and

N
destination at other terminals 7} (i <j <N), e.g., q, = zq;j . The batch gy consists of the loading
j=i
units having
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‘Buffer’ of the loaded loading units
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‘Buffer' of the unloaded loading units
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Hdi
‘»j g T gy —

Figure 4 - The simplified scheme of the 'line’ or 'ring’' network

the origin at terminal 7; and destination at terminal 7; (I <j <), e.g., a,

number of loading units transported between any two terminals,

i
- Zqij.Thus,
j=1

the

T; and Tiy; is equal to

N
Gi i+l :Z quj . The delay of loading units while being in the network can be estimated as

k=1 j=i+]
follows.
- I2 -
N O g 2/{” + (Trul + T + Biqgai ! Hai )’1(11
ai
1 qgi i )
- _|i=t |+ S ba |, Litl
D=Dp + Dp [ di T min( Ay s flg) ]/(h + 2 Vel Ti,i+1
=1
2
—y 9ai Hgi
i
2u ai \ Hai T Hai
where
i
, N -1

N
0. 0 . ;
Gai = z 9ij >9di = 2 qgjiiand g4y = Z Z qy for i=12,.
j=1

Tad
i

j=1 k=1 j=i+]

is the inter-arrival time of batches g, and qui,

C))

(4a)

is binary variable, which takes the value ‘7’ if batch g, instantly emerges at the

terminal (i), and value ‘0’, otherwise,

is binary variable, which takes the value ‘I’ if batch gq; is loaded after completion of
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the unloading of batch gu;, and value ‘0, otherwise,

Y is binary variable, which takes the value ‘I’ if loading and unloading of batches gai
and gy at terminal (i) are simultaneously performed, and value ‘0’, otherwise,

4 is the ‘local’ flow of loading units originating from terminal (i) and sinking in
terminal (j) (i#); i,jeN),

L, iv1 is length of the route connecting terminals (i) and (i+1),

Visixl is the average speed of transit unit (barge, train) running between terminals (i) and
(i+1).

The cost models
The ‘point-to-point’ networks with big flows

In order to estimate the total cost of the 'point-to-point' bundling network, the following expression
has been developed:

Cj =Cr+Crpr +Crg = (D + Dyjj + Dy )Pij"ij +c(dig.Vio) fio
bo; +by;  bojtobij 5
+C((1,-j,Vij)f,'j+C(dj0,Vj0)fj0+ 0i iy . / qi )
ll,'Q,' ”ij

where

Dyi, Drij, Dy is the delay of loading units while passing through the terminal (i), route (ij)
and terminal (j}, respectively,(loading unit-hours),

Pij is the average value of shipment belonging to the batch g; (ECU per loading

unit),

is the average ‘inventory charge’ of shipment belonging to the batch g;; (fraction

Fij
of ECU value per unit of time),

c(d V) is the transport cost on the route d when the transportation is carried out by the
transport unit of capacity V (ECU per dispatch),

f is the frequency of transport units to serve the batch g;; (departures per period),

boi, bii; boy by; s the total handling and operation cost of terminal (i) and (j), respectively,
(ECU per year),

O, O is the volume of traffic planned to be handled in terminal (i) and (j),
respectively, (loading units per year),
i, 1 is the average utilisation of the terminals (i) and (j), respectively.

In dependence on the basic network configuration, the delay of batch gi; can be estimated by using
eqn. (1), (2), (3) and (4). ‘Generic’ form of the transport cost function, ¢(d, V) can be expressed
either in linear or log-linear form as follows

cdV)=ay+aid+ay or c(dV=aldv® (52)
where
ay is fixed transport cost not dependent on the route length and capacity of transport unit
(ECU/dispatch),
aj is the average cost per unit distance (ECU/km),
az is the average cost per unit of capacity of transport unit (ECU per tonne or ECU per
VOLUME 1
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loading unit),

d is length of a route (km),

4 is the carrying capacity of transport unit (it can be expressed either by tonnes or number
of loading units per transport unit),

For any transport mode, the frequencies on routes connecting the particular spokes can be
determined based on the assumption that the demand is always satisfied, i.e.,

F=qlav (5b)
where
q is the flow of loading units on a route (loading units per period),
A is the average utilisation of transport units running on the route,
1% is the average capacity of transport unit (it is expressed by the number of loading units

per transport unit),
The nerworks of 'trunk line with collecting/distribution forks' (TCD)

Total cost of the network of 'trunk line' (TCD) can be determined in a similar way as in eqn. (5), of
course by introducing the necessary modifications related to the specific configuration of the
network. Considering a ‘generic’ scheme of this network shown in Figure 2 and corresponding eqn.
(2) for determination the delay of loading units while being in the network during one ‘cycle’, the
total network cost per ‘cycle’ can be estimated as follows:

[{Dpia + Dria + Dpa + Drap +Dyp + Drgj + Dpp; )I’ij"ij +]
+c(dig.Vio) fio +¢(dia, Vig) fia + c(d aB.Vap) fap +

N M
b()' +b1~
C=C; +Crg +Crg =22 +cpi(dp;,Vpi)fpp +cWdjo.Vjo)fjo ++iQi—'in + ©)

Jj=1
boa +bia  bop +biB boj +byj
+[ 0 1 + 0 1 ](q” +qBj))+¥qBj

i=

uaQA upQp u;jQ;

where the symbols are analogous to those in preceding equations.
The 'hub-and-spokes' nenvorks

The 'hub-and-spokes' network (HS) is shown in Figure 3. By using the expression (3) and (5), the
total cost of this configuration can be determined as follows:

r

N N (Dbi + Drig + Dpyy + Drj + Dy )l’ij"ij +c(dip,Vip)fio +
C=C; +Cpr +Crg = E E +eldiy . Vi) fim +cnj@p; Ve fap +¢djo.Vio)fjo + %)
=UE b+ by byo +b boj +byj
0i + b1 HO +bH1 j o1
+——qip + (gig +qEj)+————

II,'Q,' llHQH Ilej

9Hj

where the notation is analogous to one in previous equations.
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The 'line’ ('ring’) bundling networks

Simplitied scheme of the 'line' or ring' bundling network is shown in Figure 4. By using eqn. (4)
and (5), the total network cost can be determined like in the preceding cases as follows:

N
C=C,+Cp +Cp =3 [Dbil’i"i+ c(diO’ViO)fi0+C(dOi’VOi)fOi]+ )
=

> d v & oyt by
+ 3 cd o Vi) fiaa t > .0 o +4qa)
iz=2 im1 9

where all symbols are analogous to those in the preceding equations. .

DISCUSSION AND CONCLUSIONS

"Buffering’ of loading units causes their delays while being in the bundling networks. It represents
an inherent characteristic of the networks' operations. This characteristic is dictated by the nature of
the process itself and can not be avoided anyway. At the same time, it reflects the presence of
‘contradiction’ in the ‘generic’ structure of innovative bundling networks. On the one side, the
batches of loading units are desired to be as great as possible (e.g., they should promptly fill-in
direct and shuttle trains or barges scheduled by convenient frequency from the standpoint of users).
On the other side, large batches create large ‘buffers’ requesting a relatively large ‘buffer’ area
(extra space) in the terminals as well as convenient facilities and equipment, which would be
capable to efficiently manage them. In addition, the movement of loading units through terminals
reduces the average delivery speed and thus increases total delivery time. Since the 'batches of
loading units’ are depreciated at the rate proportional to the network’s time and value of shipment,
the larger batches are less desired again, particularly in cases when more ‘expensive’ and
‘perishable’ goods are transported.

Nevertheless, some gains from implementation of different innovative bundling networks can be
achieved. In particular, the larger batches of loading units moved at higher speed will request
engagement of smaller number of larger transport units and their ‘higher’ utilisation, as well as
consumption of less labour at the transport side of the logistics chain(s). This will increase the
efficiency of transport operations in the network and thus make the reduction of total and average
cost per unit of network output possible (say ECU/t-km). These direct savings may compensate the
extra costs imposed on the loading units due to passing through the terminals.

Moreover, the replacement of road haulage with trains and barges on the main freight corridors may
produce few positive effects. First, the utilisation rate of rail and inland navigation capacities may
be increased. Second, these modes may specialise for specific services that can improve their
competitiveness on the freight transport market(s). Third, the substitution of road haulage for
equivalent volume of operation of bundling networks may reduce the negative impacts on the
environment (the air pollution and congestion). However, except in specific cases, these networks
are not able to completely eliminate the negative environmental affects, particularly at local level,
due to inevitable need for using trucks to deliver and distribute the flows of loading units to/from
begin and end intermodal terminal(s), respectively.

The models of total network cost can be applied to estimate the cost performance of bundling
networks. This attribute may be used for comparison and evaluation of particular bundling
concepts. Nevertheless, in some sense, it may be dubious due to following reasons: First, each
network is established to serve specific market(s). The volume, time and spatial characteristics of
demand usually dictate the network layout, i.e., the number, length and intensity of services on the
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routes, as well as the capacity of facilities and equipment installed in terminals. Second, the
number and type of combinations of different transport modes used in the network can also hinder
the usefulness of this criterion to the networks' evaluation and fair comparison. Therefore, the
average cost per loading unit processed in the network during a ‘cycle’ has seemed to be more
appropriate criterion for such purpose. Division of total network cost by total number of loading
units that have been transported in the network under given circumstances can compute the average
cost.

The concept of the total and average delay and cost could be applied to the sensitivity analysis of
network cost with respect to the changes of influent parameters. As it has been shown in this
analysis, the delay of loading units and total network cost will be greater as the network is larger
(e.g., if it consists of a greater number of terminals and routes). As well, if the flows of loading
units are greater and if the time of their passing through the network is longer, both delays and cost
will be higher. The other influent parameters on delays and cost can be represented by terminal
technology (the NG terminals may provide lower terminal cost), combination of different transport
modes and their inherent characteristics like the capacity of transport units, their utilisation,
operating speed, etc.
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