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Abstract

The article introduces the operational-tactical-strategic context of wood supply in Russian logging companies. In
this context, the transition to cut-to-length means that multiple assortments may be produced at multiple locations in
the supply chain for numerous destinations. Harvesting-forwarding and transportation are the key activities in this context.
This article gives an overview of the mathematical models implemented in a new decision support system (DSS) for
these companies. The DSS consists of a number of modules, including optimization of routes for the fleet of harvester-
forwarder teams and truck transport. The optimization of routes is based on a two-phase algorithm where a heuristic
optimization method is used for choice of best transportation paths, and dynamic programming is used for choice of
daily tasks and vehicle routing. The article presents the results of three cases where the DSS has been tested. The cases
selected concern daily (operational), monthly (tactical) and yearly (strategic) transport planning where planning horizons
were 4 days, 3 months and 1 year, respectively. The studies have all been made in logging companies located in Northwest
Russia with annual harvest levels of about 250,000 m? per company. The studies include from 4 to 9 harvester-forwarder
teams, 5 to 24 trucks, 8-10 assortments, 4-129 supply points and 4-5 demand points. The results show that the DSS can
be used to support a wide range of planning decisions at company level including truck routing, fleet utilization and
choice of transport method under new infrastructure assumptions. The potential cost savings calculated range from 14
to 25%.
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Introduction

Wood harvesting and transportation in Russia are
typically conducted by logging companies with leased
forests and in some cases, contractors. Technologi-
cal development and environmental demands motivate
the continued development of the supply chain for
fully mechanized cut-to-length (CTL) harvesting. An
illustration of the CTL supply chain for a Russian log-
ging company is shown in Figure 1.

The assortments obtained from harvesting are
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wood and energy logs are transported directly to mills
either by truck or via rail. These assortments can also
be transported to a terminal for intermediate storing
before transportation to the mills. The roundwood
harvesting leaves some by-products in the form of tops
and branches. This woody biomass is collected and
extracted to roadside storages for drying and later
chipping and/or transporting to heating plants.

The planning of CTL operations requires the com-
parison of many different potential combinations of
decisions. Optimization is therefore an established
approach to support decisions in CTL wood supply.
The applications range from long-term problems related
to company development to short-term problems such
as harvesting scheduling or real-time wood transpor-
tation routing (D’ Amours et al. 2007). There are typi-
cally three distinct levels in traditional forest planning
which are associated with the planning horizon (Rdn-
nqvist 2003, Weintraub and Romero 2006). The stra-
tegic level often includes decisions that concern sev-
eral years or decades. Tactical planning is often con-
nected to annual decisions, but can also concern
shorter or longer periods. Operative planning can span
a couple of months or involve daily planning (Gun-
narsson 2007). The difference in time for each level is
not uniquely defined and depends on the type of prob-
lem. In general terms, strategic decisions involve set-
ting goals and developing resources to fulfil these,
while tactical decisions focus more on the ordered
arrangement of elements. It is first at the operational
level that resources are identified and scheduled. Spe-
cifically, in the context of Russian logging companies
(Table 1), yearly (strategic) planning typically in-
volves decisions from a year up to a decade and in-
cludes investment and infrastructure planning. Monthly
(tactical) planning spans from a quarter of year to a
year and includes annual production planning related
to the budget process, wood flows and equipment
utilization. Daily (operational) planning includes
decisions up to three months such as detailed produc-
tion planning and truck routing and scheduling. These

varying planning horizons make varying demands to
decision support systems.

Focusing on transport decisions in wood supply,
the strategic level considers decisions of one year or
longer. Examples of DSSs for strategic decisions in-
cluding transport system development and wood flow
planning are documented by Lukka (1994) and Fors-
berg et al. (2005). The tactical level considers deci-
sions from a few months down to a few weeks and an
example is documented by Carlsson and Ronnqvist
(1998). The operative level often involves daily deci-
sions about vehicle routing and scheduling. Several
studies have been made within this area in different
countries. These include, for example, Ronnqvist and
Ryan (1995) in New Zealand, Weintraub et al. (1996)
in Chile, Karanta et al. (2000) in Finland, and Palmgren
et al. (2003) and Andersson et al. (2008) in Sweden.
Complete DSSs for transport decisions at various levels
in Finland are documented by Linnainmaa et al. (1994)
and Savola (2004).

In wood supply, the integration of yearly (strate-
gic), monthly (tactical) and daily (operational) deci-
sions is a challenge due to the sheer size of the tasks
involved. At the same time, studies have shown that
the integrated planning of supply chain operations
from the stump to customer has contributed to con-
siderable improvements in economic performance at
company level. The challenges to a complete integra-
tion, however, can be compounded when operating in
state-owned forests because of the configuration of
leasing conditions. According to recently approved
forest legislations, the daily (operational) — monthly
(tactical) — yearly (strategic) context of forestry in a
Russian logging company with leased forests is regu-
lated by the Forest Development Project (FDP) of wood
harvesting (Russian Federation 2006, Karvinen et al.
2011). The FDP is compiled on the basis of Regional
Forest Plan and District Forestry Regulations, which
are reviewed every 10 years. The FDP includes the list
and location of forest areas designated for harvest-
ing and their harvesting methods in accordance with

Planning level Horizon Harvesting Road Transport Table 1. Planning leVels, time horizons and
decisions decisions decisions typical decisions for operations management in
Yearly 1-10 yrs Leasing area Infrastructure ~ Choice of wood supply for a Russian logging company
(strategic) harvest potentials investments transport method
Choice of Equipment Equipment
harvesting method  investments investments
Equipment
investments
Monthly 3 months-  Annual harvesting Temporary Transport delivery
(tactical) 1yr volumes truck access plan
Harvest unit roads Choice of
scheduling Upgrading and  equipment
Choice of maintenance utilization level
equipment of permanent
utilization level road
Daily 1 day- Detailed harvesting Truck routing

(operational) 3 months plan
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the approved rules of cuttings. The FDP is developed
after the establishment of annual allowable cuttings
for a leasing period and also specifies the sequenc-
ing of stands projected to be harvested during the
coming revision period. The individual characteristics
of each harvest area and the allocated harvesting tech-
nology are important parameters for the achievement
of multiple objectives within ecology, forest protec-
tion, and work safety (Karvinen et al. 2011). The FDP
is therefore a key component of the wood supply plan-
ning process.

At present, the successful implementation of the
FDP procedure relies on the personal experience and
knowledge of supervisors or professionals engaged in
the logging company. This process is time consum-
ing and access to professional capacities is a bottle-
neck to selecting the best options within the planning
process. The challenge is further compounded by a
rapidly changing economic situation, leading to the
need for daily (operational) adjustments of the FDP.
A number of business rules present some unique re-
strictions for managing wood supply operations in
Russia. These include:

* Annual delivery plans are fulfilled according to
the annual contracted volume; however, the monthly
deliveries are flexible depending on many factors such
as seasonal conditions, market situation, infrastructure
etc.

» Seasonal intermediate storages in the forest or
at a central processing yard are common practice

* Logging companies own equipment for wood
harvesting and transport, and manage forest opera-
tions themselves. Outsourcing and entrepreneurship
is not common practice

* Limitations for the maximal truck axle loads on
public roads and bridges. The use of heavy trucks are
restricted in many places

* The condition of roads, bridges and even sec-
tions of the same road may vary between periods.

The conditions encourage the development of a
DSS designed specifically for the context of the Rus-
sian logging company.

Aim of the study

Due to the lack of formal analysis of harvesting
and transport within wood supply at the logging com-
pany level, the objective of the study was to present
the typical daily (operational) — monthly (tactical) —
yearly (strategic) problems of three individual Russian
logging companies and develop an integrated DSS for
their logistics planning. This paper presents the DSS
and illustrates its potential with three test cases in
daily (operational), monthly (tactical) and yearly (stra-
tegic) planning of wood transport.

Material and methods

A full range of optimization methods are used to
support the planning problems within wood supply
however, different contexts present different demands
to solution times. Daily (operational) problems, for
example, need to be solved rapidly, within minutes,
while a long-term yearly (strategic) planning problem
can take many hours. Daily (operational) problems are
therefore typically solved with heuristics and network
approaches while monthly (tactical) and yearly (stra-
tegic) planning problems are better served with mixed
integer programming and stochastic programming
methods (D’ Amours et al. 2007).

The core functionality of the DSS developed in
the study is routing and scheduling of all resources
within the individual logging company. Examples of
dynamic programming approaches for handling such
problems in other sectors are documented by Kok et
al. (2010) and Novoa and Storer (2009). Dynamic pro-
gramming was the method chosen for this study in
order to serve a complete range of company planning
problems by searching for strategic goals and tactical
concepts based on operationally efficient resource
allocations.

Dynamic programming is among the most power-
ful methods for designing algorithms for optimization
problems. Companies with large forestland areas have
utilized dynamic programming in their management plan-
ning (McDill 1999), however, because of its complexity
the method has not yet been widely adopted in forest-
ry in Russia. The DSS in this study aims to solve large
scale optimization problems and we focus on discrete
optimization problems for which a set or sequence of
decisions are made to optimize some function of the
decisions. Numerous methods exist to solve discrete
optimization problems where each method has advan-
tages and disadvantages, as discussed in other publi-
cations (Taha 2011, Lew and Mauch 2007). The most
prominent of alternative methods is linear programming.
Linear programming with its variants and extensions
(some that allow nonlinearities) have been used to solve
many real world problems. This is in part because of
the earlier availability of software development tools
(based on the simplex method). In contrast, fewer tools
have been available for the more general method of
dynamic programming (Lew and Mauch 2007) and an
important criterion for this project was to develop a tool
for solving dynamic programming problems which was
both general and easy to use.

The DSS is integrated with application-specific
databases for all the information needed for the mod-
els and GIS for visualizing the input data and results.
An overview of the DSS structure and its most impor-
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tant components is presented in Figure 2. The Data
Module handles information about roads and their
characteristics, locations of logistic management units
and their characteristics. The Logistic Management
Unit Module manages relevant facilities involved in
supply, such as harvesting areas, roadside storages,
wood processing mills, depots (garages) or railway
terminals. In the Graph Module, the user can gener-
ate a set of layers for roads and logistics management
units. Within the Wood Harvesting Optimization Mod-
ule, production output of harvesting machines is sim-
ulated per assortment by the Wood Harvesting Simu-
lation Sub-module as a function of average tree size,
tree species, forwarding distance etc. A scheduling
function in the Harvest Scheduling Sub-Module ar-
ranges the sequence of harvest areas for the planning
period with consideration to growing stock, the state
of the road network and seasonal restrictions.

The functionality focused on in this study is found
within the Wood Transport Optimization Module where
daily tasks, routing and scheduling are found for each
truck with the help of dynamic programming. The

Wood Transport Optimization Module solves the plan-
ning problem at two consecutive stages; first the op-
timization of paths (the Paths Sub-module); and sec-
ond, the optimization of routes and their correspond-
ing schedules (the Routes Sub-module). The Paths
Sub-module helps the user to search for the best paths
between any unit and facility. Two approaches have
been used when searching for optimal paths. The Di-
jkstra algorithm (Cormen et al. 2009) is used for the
optimal paths during the generalized search for all
possible paths (i.e., the best paths among all logistic
management units at the same time). However, when
finding a path between only a pair of points, a quick-
er heuristic algorithm was developed based on the
Dijkstra algorithm documented by Gerasimov et al.
(2011). Dijkstra’s algorithm is used as a base, and the
heuristic is an option for local changes in the graph
(for example, a new customer) when the user needs to
re-calculate a small number of paths.

Finally, the Reporting Module generates plans of
routes and schedules for all trucks per garage. The
plan indicates the points of pick-up and delivery, the
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distances between them, times of arrival and depar-
ture, as well as the characteristics of the transported
timber. Further documentation can be found in Gerasi-
mov et al. (2008, 2010), Sokolov et al. (2010, 2012), and
Sokolov and Gerasimov (2011).

Adapting the VRP to a logging company DSS

The core function of the DSS concerns finding
solutions for daily (operational) scheduling, monthly
(tactical) concepts and yearly (strategic) goals based
on the most efficient allocation of transport resourc-
es. At the centre of efficient allocation of transport
resources is the vehicle routing problem (VRP). The
VRP can be defined as a problem of finding the opti-
mal routes of collection or delivery from one or sev-
eral depots to a number of customers, while satisfy-
ing some constraints. Much research effort has been
devoted to studying the VRP since 1959 where Dan-
tzig and Ramser have described the problem as a gen-
eralized version of the Travelling Salesman Problem
(Liong et al. 2008). In a classical VRP, the customers
are known in advance. Moreover, the driving time
between the customers and the service times at each
customer are known (Madsen et al. 1995). The classi-
cal VRP can be defined as follows (Laporte 1992): Let
G = (V, A) be a graph where V'={v,, v, ..., v, } is a set
of vertices representing customers with the depot lo-
cated at vertex 0, and 4 = {(v,, v)), ..., (v, v)} is
the set of arcs. With every arc (i, j) i = j is associated
a non-negative distance matrix C = (c,), where 7 and j
are the vertex numbers. In some contexts, ¢, can be
interpreted as a travel cost or as a travel time. When
C is symmetrical, it is often convenient to replace 4
by a set E of undirected edges. In addition, assume
there are m available vehicles based at the depot. If
m, and m are lower and upper bounds on m, when
m, = m,, m is said to be fixed. When m is not fixed, it
often makes sense to associate a fixed cost f on the
use of a vehicle. The VRP consists of designing a set
of least-cost vehicle routes in such a way that:

» each customer in V\{1} is visited exactly once
by exactly one vehicle;

« all vehicle routes start and end at the depot;

» some side constraints are satisfied.

The problems that need to be solved in timber
transport are usually more complicated than the clas-
sical VRP. Karanta et al. (2001) give an overview of
the key differences between the timber transport ve-
hicle routing problem (TTVRP) and the classical VRP
for Nordic conditions. Regardless of the context, a
typical assumption of the VRP is that an empty vehi-
cle has to start a route from a depot (or operator’s home
base) and come back at the end of a shift. This prob-
lem is a modification of the well-known VRP with back-

hauls (VRPB) as described by Bianchessi and Righini
(2007) and Ropke and Pisinger (2006). According to the
VRP with backhauls, the problem can be divided into
two independent VRPs; one for demand points and one
for the supply points. In this context, Ropke and Pis-
inger (2006) originally defined a demand point (rail
terminal or mill) as a /inehaul customer, while a sup-
ply point (harvesting site) was defined as a backhaul
customer. The use of the term backhaul in the this
context is therefore somewhat broader than the defi-
nition often used in roundwood trucking (see Carls-
son and Ronnqvist 1998) where backhauling is asso-
ciated with exploitation of opposing wood flows to form
complex routes reducing the proportion of empty travel
(and where a simple route is defined as when the load-
ed travel distance from forest to mill is identical to the
unloaded travel distance from mill to forest).

The problem description for the VRP with backhauls
as it is used in the DSS is explained below. The fleet of
V' vehicles departs from a depot to perform only sequen-
tial deliveries of 4 types of assortments from B supply
points (harvesting sites) to L demand points (mills). The
planning period is N shifts within D days and M months.
Mills’ demands follow monthly contracted volumes of
each assortment. The supply volumes at supply points
follow known initial stock and daily production of each
assortment at a harvesting site. They (initial stocks and
daily productions) are assumed to be statistically in-
dependent of each other. Variables u_,, and u__(defined
below) describe the supply and demand for each sup-
plier and customer. Exact supply volume for a supply
point is revealed only when the vehicle arrives at the
harvesting site for the first time. A vehicle route is as-
sumed to fail when the end of a shift occurs. Consider-
ing changes in supply or demand, a vehicle route is
assumed to fail when the remaining volume for a sup-
ply or demand point for the considered assortments is
under a full vehicle load. The last condition is particu-
lar for the Russian industrial context. Wood harvest-
ing in Russian companies concentrates in large-scale
clear-cutting areas and the situation when the availa-
ble supply is less than a full truckload rarely occurs.
In this context, the DSS offers two options, to enter a
“light” truck into the fleet or to merge several small piles
of assortments into one delivery. Upon route failure, the
vehicle returns to the depot to change drivers and wait
for the next shift. The routing solution also allows ve-
hicles to return to the depot before the vehicle sched-
uled time is depleted (i.e. proactive return).

The objective is to find routing solutions where
the demand at each mill is satisfied with minimal trav-
el costs. Assuming constant truck costs under full
utilization, cost minimization is achieved through max-
imizing transport volumes per shift.
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The problem can be formulated as follows:

a={1,2,.., 4} is a set of assortments

v=1{1,2,.., V} is a set of vehicles

/1=1{0,1,2, ..., L} is a set of demand points, node
0 represents the depot

b=1{0,1, 2, .., B} is a set of supply points, node
0 represents the depot

q,,1s the vehicle v load capacity associated with
assortment a, m* (vehicles can have different load
capacities)

t(1,b) is delivery time between demand point / and
supply point b, h

u,, the maximum loads of assortment a that can
be transported to demand point / during month m, m?

u,,, the maximum loads of assortment a that can
be transported from supply point b during day d, m?

u the shift duration, h

r ,,fémaining supply of assortment a associated
with supply point b within day d, m?

r,,, remaining delivery of assortment a associat-
ed with demand point / within month m, m?

t,, remaining time to the end of shift associated
with vehicle v within day d, h

X, the number of deliveries of assortment a
made by vehicle v from supply point b to demand point
| within day d

X .., the number of deliveries made by vehicle v
from supply point b to demand point / of assortment
a within month m.

The mathematical formulation of the problem is
then: _

XX

d=1 v=1 a=1

>

bZquadeabl — max (1)

=1 I=1

s

Subject to

v
labd = ZQ\ﬁxd\/ahl < Uapg

v=l
fora=1,..,4, b=1,..,B,[=1, .., Landd=1,...,D (2)

v

ralmzzqraxmfabl Sy
v=1

fora=1, ..., 4, b=1, ..
B L

tvd ZZZt(I,b)Xd\,auSU

b=0 I=0

fora=1, ..., 4, v=1, ..., V and d=1, ..., D. @)

. B, =1, ..., Land m=1, ..., M (3)

The objective function (1) is the volume of assort-
ments, which is delivered by the fleet of vehicles dur-
ing the planning period. The constraint (2) ensures that
the total daily collection volume from a supply site
does not exceed the maximum supply for each assort-
ment associated with each day. The constraint (3)
ensures that the total monthly delivery to a demand
point does not exceed the maximum demand capacity
for each assortment associated with each month. The
constraint (4) ensures that the total time that a vehi-

cle is in use during the shift, which includes driving,
loading and unloading, does not exceed the shift du-
ration.

The VRP algorithm developed for the DSS

The VRP was formulated as a dynamic program-
ming problem. The algorithm maximizes each vehicle’s
volume of wood transportation per shift, which corre-
sponds directly to a minimization of time, subject to
constraints (2-4). For each load the critical time of truck
arrival at the demand point is determined by the for-
mula:

t.(s)=T~1,-1(s) )
where

t(s) — the critical time of truck arrival at the de-
mand point, h

s — the number of the system state correspond-
ing to truck location at this demand point,

T — duration of the shift, h

t,— time of unloading, h

t (s) — moving time from this demand point to the
garage, h.

In the conditional optimization at each step of
dynamic programming, the next point to be visited is
determined for each current point based on minimiz-
ing the total time elapsed from the beginning of the
shift to arrival at the current point.

The problem of conditional optimization is solved
for the current demand point:

7i(s) =minfri_; (W) +t(s,u)+ t } (6)
where

7(s) — the time from the beginning of the shift to
the arrival at the current demand point, h

i — step number of dynamic programming

s — the number of the system state correspond-
ing to the truck location at the current demand point,

z_(u) — conditionally minimum time from the begin-
ning of the shift to arriving at the supply point u, ob-
tained in the previous step of dynamic programming, h

u — the desired conditional optimal action (the
supply point from which, at the given step, conditional-
ly optimally delivers the timber assortment to the cur-
rent demand point)

t(s, u) — moving time from the supply point u to
the current demand point, h.

The problem of conditional optimization is solv-
ing for the current supply point:

7,(s) = min{TH(u) + t(sau)"' t,} @)
where

7(s) — the time from the beginning of the shift to
the arrival to the current supply point, h
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i — the step number of dynamic programming

s — the number of the system state correspond-
ing truck location at the current supply point,

7,_(u) — conditionally minimum time from the begin-
ning of a shift to arriving at demand point u, obtained
at the previous step of dynamic programming, h

u — the desired conditional optimal action (the
demand point from which a conditionally optimal de-
cision, at this step, would be to make a run to the
supply point)

t(s, u) — moving time from the customer u to the
current supply point, h.

In the unconditional optimization (maximum
number of delivered loads), the end of the initiated
route is scanned. If there are several alternative routes
with the same number of delivered loads, the alterna-
tive closest to the garage at the end of the shift is
selected.

In the case of alternative timber assortments in-
tended for delivery from the optimum harvesting area
to an optimal mill the timber assortment with the high-
est priority is selected. Priority is set in the interface
dialogues that define the characteristics of the mill and
the harvesting area.

All available vehicles are included in the overall
list. In the beginning, the route for the first truck in
the list is defined, then — for the second (for the re-
maining volume of undelivered wood), then the third,
etc. In this case the first truck listed is given the high-
est priority. This is set in the user interface dialogue
for garages. If there are several garages, the first truck
from the first garage is selected; then the first truck
from the second garage, etc. After this come the sec-
ond trucks, third trucks and so forth until all the trucks
are considered or all available wood is delivered.

The scheduling function to arrange the sequence
of harvest areas

The Wood Harvesting Optimization Module (see
Figure 2) manages the wood supply information for
harvest areas and harvesting teams. The Wood Har-
vesting Simulation Sub-module calculates harvesting
team production and their output of harvested assort-
ments as well as determining the optimal path and
relocation time between the harvest areas. Harvesting
teams can be set to include harvester-forwarder chains
or conventional feller-buncher-skidder-processor
chains. The Module requires initial information includ-
ing harvest area characteristics, assortments and plan-
ning period (Figures 3-4). Productivity models were
developed for CTL harvesting over a broad range of
Russian stand and site conditions and are document-
ed by Gerasimov et al. (2012).
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Figure 3. The user dialog for entering the characteristics of
the harvest areas
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9/ LGS/ Harvester / Forwarder / 247 [ Inactive

Make sites distribution

Figure 4. The user dialog for entering the characteristics of
the harvesting teams

The simulation of wood harvesting requires the
sequence of harvest areas designated for felling per
harvesting team. An earlier version of the DSS offered
the user the option to input the sequence of harvest
areas manually. This did not represent any inconven-
ience in daily (operational) or monthly (tactical) plan-
ning tasks, because the user deals with a reasonable
number of actual harvest areas. These are accurately
known since some of them are already harvested and
while the remaining areas are to be harvested in the
near future in accordance with the harvesting plan.
Yearly (strategic) planning tasks, however, require in-
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put of a large number of harvest areas (sometimes over
a hundred), which are not yet accurately known due
to a lack of specific felling designations. The only
available information this far ahead of time is the list
of potential harvest areas from the FDP.

The selection of the best harvest areas from the
potential ones, their sequencing, designation for fell-
ing and matching with the available harvesting teams
for a long period is a complex and time consuming task
because of the number of factors taken into consider-
ation. This problem is further complicated by the pro-
nounced seasonality of harvesting, which leads to
uneven supply during the year. Harvesting volumes
peak during the winter and reach their lowest levels
during the spring (typically April and May). The ca-
pacity requirements and number of involved harvest-
ing teams is therefore different for different periods.
The degree of seasonal influence is different for dif-
ferent companies and depends mainly on soil condi-
tions at the harvest areas, the availability of forest truck
roads. As a result, the harvest areas are broken down
into two categories. The first of them includes the
harvest areas available for harvesting regardless of the
season (year-round) and the second includes harvest
areas only available during the winter.

The problem of selection of harvesting areas des-
ignated for felling is designed as the maximization of
assortment value according to ExWorks (EXW) prices
(Incoterm for wood price at roadside). The mathemat-
ical formulation of the problem is then:

leiivuhjkcjk — max (8)

X% =0,forg #S;i =1

2y

xe{01}i=12..,N,
where

N — the total number of potential harvest areas

x,— controlled variable taking the value 1 if the i-
th harvest area is included in the harvesting plan, and
0 — otherwise

n — the number of tree species

m — the number of assortments produced at the
harvest areas

V,, — the wood volume of j-th tree species at the
i-th harvest arca

h, — the average proportion of the k-th type of
assortment obtained from the j-th tree species

C, — the average EXW price of the k-th type of
assortment obtained from the j-th tree species

T — the duration of the planning period, days

N;

M — the number of harvesting teams

P _— the average performance of the r-th harvest-
ing team, m*-day"!

s,— a seasonal factor in the i-th harvest area

S — a seasonal factor in the planning period.

The problem of sequencing of harvest areas, in-
cluding the matching with specific harvesting teams, is
designed as a minimization of the relocation costs for
harvesting teams. The assumption was made that the
relocation costs between the harvest areas was direct-
ly proportional to moving time. The moving time be-
tween the harvest areas is determined on the basis of
the distances between these points on the graph of the
road network and average speeds for each section of
road. The Optimal Routes Database Sub-module is the
source for the necessary data regarding optimal distanc-
es and average speeds (see Figure 2). The mathemati-
cal formulation of the optimization problem is then:

lii i Vijrtij = min )

293 A
Subject to
where
1 N
=Yz V,<Tir=12,.,M;
P i3
N
1,if Z(y”" + yji,)> 0;
z=| " =12 N, r=12,...M;
0,if ¥ (e + vy )=0

J

Vir € {0,131 =12,..,N, j=12,..,N,r =12,..,M;

M
Ny =Li=12...,N, j=12,.,N;
r=1

M
Yz =Li=12...N,

r=1

Y, — controlled variable taking the value 1 if the
harvesting plan for the r-th harvesting team includes
the movement from the i-th harvest area to the j-th one,
and 0 — otherwise

t, — the moving time from the i-th harvest area to
the j-th area, h

z, — controlled variable taking the value 1 if the
harvesting plan for the r-th harvesting team includes
the harvesting of the i-th harvest area, and 0 — other-
wise

V. — the total harvested volume from the i-th har-
vest area, m>.

The problem is solved as a multiple travelling
salesman problem with two stages. The first stage
determines the sequence of harvest areas included in
the harvesting plan after the solution of Eq. (8) with-
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out any reference to the specific harvesting teams. This
sub-problem is solved as the classical traveling sales-
man problem with Prim’s minimum spanning trees al-
gorithm by introducing a restriction on the number of
edges belonging to the same vertex (Cormen et al.
2009). The second stage determines the matching of
harvest areas with the harvesting teams based on their
specific performance. Since the number of harvesting
teams simultaneously working at an average logging
company in Russia rarely exceeds 10, the optimal
matching of harvest areas with harvesting teams is

Determine the value of all

arranged by a complete enumeration of all possible
combinations using the algorithm for generating per-
mutations as described by Lipsky (1988).

The generalized algorithm of the Harvesting
Scheduling Module for solving the optimization prob-
lems above is shown in Figure 5.

The DSS test cases

The potential improvement enabled by the DSS for
daily (operational), monthly (tactical) and yearly (stra-
tegic) planning was tested in three transport-related
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case studies in the Republic of Karelia and the Lenin-
grad region (Table 2). Each case study was done at a
different logging company. The first case (operation-
al decision support) examined the potential for im-
proved routing of logging trucks. The second case
(tactical concept) examined the effects of different fleet
sizes on overall fleet utilization. The third case (stra-
tegic goals) examined the effect of different transport
infrastructure assumptions on transport operations.
Each is described in more detail below. All calculations
have been performed on a standard personal compu-
ter. A number of key variables are used to compare
routing solutions. These include total work time
(hours), total distance (km), total number of truck
loads, total volume of wood transportation (m?), total
loaded distance (km), required number of trucks and
fleet utilization rate per shift. Two other key perform-
ance indicators were also used to judge transport ef-
ficiency: the loaded distance index (percentage of to-
tal distance travelled with load), and delivery index
(number of m’ delivered per km of truck travel). These
are calculated from grand totals for all trucks and shifts
for the entire period studied.

Table 2. An overview of the three case studies tested in the
DSS

Case 1 Case 2 Case 3
Planning level Daily Monthly Yealy (strategic)
(operational) (tactical)
Problem Truck Alternative  Transport with
routing fleet or without
utilization  storage at
levels intermediate
terminals
Time horizon 4 days 3 months 1 year
Total supply volume, 1000 m® 3 80 272
Number of harvesters/forwarders  4/4 77 9/9
Number of trucks 5 13 24
Number of assortments 10 9 8
Number of supply points 4 63 129
Number of demand points 4 5 5
Number of intermediate wood - - 6

terminals

Case study 1: Daily (operational) planning

The daily (operational) planning case study used
the DSS to generate daily routing and scheduling for
the company’s logging trucks. The optimal solution
was then compared to the existing manual solution. The
company selected for this case study operates in the
Republic of Karelia with an output of about 250,000
m? of round wood per year. All wood comes from the
company’s leased forests located in the southern part
of Karelia (Figure 6). The company undertakes forest
operations with CTL harvesters and forwarders and
transport using self-loading trucks. Most of the co-
niferous sawlogs are delivered to two local sawmills
while pine pulpwood goes to a local pulp mill and birch
and spruce pulpwood to the company’s terminal at a
railway station for further export to Finland. The case

study covers five trucks based in one garage, four
supply points (harvesting areas) and four customers
(three mills and one wood terminal) as shown in Ta-
ble 2. The load capacities for the CTL trucks vary
between 50 and 52 m’. The daily outputs of harvest-
ing and forwarding are 140-420 m?, depending on the
site, and the volume cut per harvesting area is 5,000-
15,000 m’. Half of the actual cut is coniferous sawlogs,
including 9% small-size spruce sawlogs. The rest con-
sists of 18% coniferous pulpwood, 22% birch pulp-
wood and 10% energy wood.

Three routing solutions were made for four work-
ing days assuming two shifts per day. These includ-
ed the typical manual routes and two different vari-
ants of optimal routes. The manual routes were planned
using traditional methods without DSS support. The
two types of optimal routes were then constructed with
the DSS support; the first assumes that the trucks
return to the garage to change operators and the sec-
ond assumes that the operators are changed without
returning to the garage every shift.

Case study 2: Monthly (tactical) planning

The monthly (tactical) planning case used the DSS
to estimate the required fleet size for roundwood
transport trucks given a more optimal utilization of re-
sources. The optimal solution for the reduced fleet was
compared to the optimized solution for the existing
fleet. The company selected for this case operates in
the Leningrad region with an output about 250,000 m?
per year. All wood comes from the company’s leased
forests located in the eastern part of the Leningrad re-
gion. Most of the coniferous sawlogs are delivered to
two local sawmills, birch sawlogs to a plywood mill,
and pulpwood to the company’s terminal at a railway
station for export to Finland. The company outsourc-
es both the harvest and transport services. The com-
pany’s contractors use harvester-forwarder chains in
wood harvesting and a variety of self-loading trucks
in transport.

Two routing solutions were generated with the
DSS using different CTL vehicle fleets under the same
conditions. The Basic plan is done for an existing
vehicle fleet (seven harvesters, seven forwarders, 13
trucks) with DSS support. The Advanced plan of the
routes is obtained with the DSS for a reduced fleet of
six trucks. The optimal routing was done for a three-
month period during the winter using two shifts per
day. There were 63 supply points (harvesting areas)
and five demand points (four sawmills and one wood
terminal). The load capacities for short-wood trucks
were 30-50 m® depending on the individual truck type.
Daily outputs of harvester-forwarder teams were 60-
90 m? depending on the site.
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Legend
m - cutting site

Ih - customer
e -garage

i, - raiway station

Type of road

- public road, pavement
- public road, gravel

- forest road, earth

- railroad

Figure 6. The layout of the logistical management units in the test of the DSS on operational transport planning in

Case 1 (Karelia)

Case study 3: Yearly (strategic) planning

The yearly (strategic)-planning case used the DSS
to study the choice of transport systems given differ-
ent infrastructure assumptions over a planning hori-
zon of one year. An optimal solution was generated
by the DSS for immediate direct transport to the mill
(assuming a complete network of year-round roads)
and this was compared with the existing solution (with
intermediate storage at terminals). The company se-
lected for this case study operates in the Leningrad
region with an output of approximately 270,000 m? of
wood per year. All wood comes from the company’s
leased forests located in the northern part of the Len-
ingrad region. Most of the spruce sawlogs are deliv-
ered to local sawmills, and pine sawlogs and pulpwood
to the company’s terminals at railway stations and a
river port for further export to Finland. Wood is typi-
cally transported to 6-8 intermediate wood terminals
on all-weather roads during the winter time (Table 2).
Fully mechanized cut-to-length systems are used for
harvesting while Russian self-loading trucks are used

for transport. The company purchases additional har-
vesting and transport services during the winter.
Complete routing solutions were generated for the
two different transport systems. The first system in-
cludes the use of intermediate terminals during the
winter, while the second system excludes the use of
these. While this change enables more efficient trans-
port solutions (reduced extra handling and transport
for intermediate storage) it assumes an upgrading of
100 km of forest roads with a total investment cost of
approximately €1 million (10 € per m). The basic deliv-
ery plan with intermediate terminals is generated by
the DSS for the existing vehicle fleet (nine harvest-
ers, nine forwarders, 24 trucks). The advanced deliv-
ery plan is generated with the DSS for an optimal fleet
in wood transport (eight trucks) avoiding intermedi-
ate wood terminals in winter time (direct transport from
harvesting areas to customers). The delivery plans are
created for a one year horizon using two shifts per day.
There are about 130 supply points and five demand
points (one sawmill, three wood terminals at railway
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stations, and one wood terminal at a river port). The
load capacities of short-wood trucks were 26-33 m?
depending on the individual truck type. The daily
outputs of harvester-forwarder teams were 125-250 m?
depending on the site.

An overview of conditions for Cases 1, 2 and 3
are presented in Table 2.

Results

optimized routing is estimated as 9 % and 29 % with
Advanced 1 and Advanced 2, respectively.

Case study 2: Monthly (tactical) planning

Case study 2 involved a comparison of the exist-
ing vehicle fleet with a reduced but more optimal fleet.
The comparison of the performance indexes for the
existing and optimal vehicle fleets is presented in Ta-
ble 3. The optimization of routes using the DSS accord-
ing to the Advanced plan shows that for the same to-

An overview of the main results for each of the tal delivered wood volume (80 thousand m3) the total
three cases is shown in Table 3. travel distance decreased from 622,453 km to 449,648
Table 3. Overview of the ° _
results from the three case ® £ § "’é c 9 -~
studies on operational, tac- c S 2 8 E 0 s E £ 8 é 8

. . = u— O ¥ n
tical and strategic trans- 2 5 5 2 5 3 T N 5 g_,_ £
port planning decisions £ 3 © 2., > L9 3 B . §E g
g2 3¢ 3¢ 5% % 3§ %e 3 33 ¢
x3 RP<£& EX Z09 [ = S C® 95 o0& Fw
Case study 1: Daily (operation) level
Basic 5 307 7,382 53 2,740 2,212 0.754 0.300 0.371 5.6
Advanced 1 5 255 7,382 58 2,996 2,697 0.728 0.365 0.406 5.1
Advanced 2 4 239 5,743 58 3,000 2,872 0.895 0.499 0.526 4.0
Case study 2: Monthly (tactical) planning
Basic 13 13,474 622,453 2170 80,025 308,211 0.858 0.495 0129 7.3
Advanced 6 10,349 449,648 1728 80,325 223389 0.864 0497 0.179 6.3
Case study 3: Yearly (strategic) planning
Basic 24 37,231 709,898 10869 314,031 296,217 0.477 0.417 0.380 6.0
Advanced 8 30,222 584,310 8184 270,072 252,143 0.636 0.432 0.462 4.5

Case study 1: Daily (operational) planning

Case study 1 involved a comparison of the man-
ual and optimized vehicle routing solutions for five
trucks over four days. The optimization of the routes
according to the Advanced plan 1 shows that the to-
tal delivered wood volume increased from 2,740 m? to
2,997 m? (+9%) compared to the manual Basic plan. The
total travel distance was the same, but the total work-
ing time decreased by 17%. The required fleet was the
same; five CTL trucks. The fleet utilization rate de-
creased slightly (—4%) while the loaded distance in-
dex increased by 22%, and the delivery index (m3-km!
of truck travel) increased by 9%.

The optimization of the routes according to the
Advanced plan 2 shows that the total delivered wood
volume increased from 2,740 m’ to 3,000 m3 (+10%)
compared to the manual Basic plan. The total travel
distance decreased from 7,382 km to 5,743 km (-22%),
and the total working time decreased from 307 hrs to
234 h (=22%). This reduced the required fleet from five
to four trucks. The fleet utilization rate increased by
19%, the loaded distance index increased by 30%, and
the delivery index (m® per kilometre of truck travel)
increased by 42%. The potential cost reduction through

km (—28% compared to the Basic plan with the existing
fleet) and the total working time decreased from 13,474
h to 10,349 h (-23%). According to these results, the
optimization gives the possibility to reduce the required
fleet from 13 to six trucks. The fleet utilization rate in-
creased, the loaded distance index increased slightly,
and the delivery index (m? per kilometre of truck travel)
increased by 39%. The Advanced plan decreased the
transport cost by 1.0 € m=or 250,000 € per year. The
reduced fleet, however, left a higher volume at roadside
during the end of the 3-month period (Figure 7) than
the existing fleet. The initial stocks at the beginning of
the optimization were equivalent to approximately 3
days production. The stock size at the end of the opti-
mization was equivalent to approximately 3.7 days pro-
duction for the reduced fleet and 1.4 days production
with the existing fleet.

Case study 3: Yearly (strategic) planning

Case 3 involved the comparison of two different
transport systems, one with and one without the use of
intermediate terminals in wintertime. The second system
avoided the use of intermediate terminals by assuming
a higher seasonal availability of the road network.
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The monthly schedule for harvester-forwarder
teams (LG1-LGY9) over the year is shown in Figure 8.

11 | 12

Figure 8. Monthly activity schedule (1-12) for harvester-
forwarder teams (LG1-LGY9) over the year in Case study 3
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The comparison of the harvested and transported
volumes as well as stock volume development for the
two transport systems is presented in Figure 9. The
Basic plan with the existing fleet and terminals shows
a high stock before the spring thaw and high transport
volumes after the spring thaw. The Advanced plan with
optimization of routes using direct transport shows that
the total transport distance decreased from 709,898 km
to 584,310 km (—18%) compared to the Basic plan, and
the total working time decreased by 7,000 h. The more
even rate of transport enabled a reduction of the re-
quired truck fleet from 24 to eight trucks. The fleet uti-
lization rate and the loaded distance index increased
only slightly. The delivery index (m? delivered per km
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of truck transport) increased by 22%. The Advanced
plan decreased the transport cost by 1.5 €:m= or about
€ 0.4 million per year.

Discussion and conclusion

The core of the CTL system is a deeper penetra-
tion of mill requirements upstream into the supply chain
and the transition to CTL influences therefore the plan-
ning and control processes in wood supply. Since both
harvesting and transport operations must separate the
flows of different assortments, this places new de-
mands to management and the need for integrated
decision support. Approaches for managing CTL op-
erations are not yet developed in Russia, and software
from other countries is not directly applicable. This
work may, therefore, be regarded as an initial support
to the introduction of CTL harvesting systems in
Russian logging companies. The DSS controls both
the supply (harvested volumes on daily base) and
demand (contracted volumes on monthly base). The
integration routing and scheduling for both harvest-
ing and of transport planning demands a combination
of both theoretical and heuristic solutions. The solu-
tions are customized to the industrial context are there-
fore novel. The use of the dynamic programming ap-
proach offers a solution to this complex challenge.

The cases presented in this study focus on the
VRP function. The goal function used to solve the VRP
(maximization of transported volume, which generally
corresponds to time and cost minimization) avoids
much of the potential complexity inherent to other tim-
ber transport vehicle routing studies. For complete cost
minimization of the TTVRP, Karanta et al. (2000) spec-
ifies many parameters which are assumed to be known
for complete calculation of both direct costs (differ-
ent speeds and fuel consumption for respective load-
ed and unloaded driving) and indirect costs (arising
from contracting conditions). In this respect, the so-
lution used in this study is less detailed and by-passes
specific cost parameters by focusing on transport pro-
duction. The large amount of input data and high
degree of detail has been one difficulty operational
optimization of timber transport in routing and sched-
uling, which this study partially overcomes. Howev-
er, this study also excludes some aspects handled in
other studies, such as the modelling of costs for the
roundwood customer’s mills. This is because the con-
text of the study concerns single logging companies
with goals of scheduling own resources and not nec-
essarily minimizing the total costs or maximizing the
total profit for an integrated forest products compa-
ny. Lukka (1994) shows more complete models for stud-
ying the effects of different delivery programs on mill

stock development for different degrees of freshness
and mill production planning, however, without han-
dling operational transport planning. Linnainmaa et al.
(1994) shows an integrated wood supply DSSs with a
structure clearly separating the hierarchies of decisions
involving wood flow from the more operational deci-
sions on vehicle routing. The same structure is also
reflected in the later efforts (Savola et al. 2004). Most
Nordic transport DSSs have included load clustering,
which precedes the actual vehicle routing. This is
generally necessary under Nordic conditions because
of the large proportion of wood procurement sourced
through small private forests with their typical “less-
than-truckload” supply volumes per assortment. The
current prototype TTVRP tool being tested in Sweden
(Palmgren et al. 2003, Andersson et al. 2008) built on
a hierarchical structure where the wood flow problem
is solved first by pairing clustered pick-up and deliv-
ery points into whole load deliveries and the routing
problem is solved secondly as a sequencing of the
paired pick-up and delivery points.

Interestingly, Karanta et al. (2000) refer to the
Finnish context right across the border from the Rus-
sian case studies involved in the current study. The
experiences so far on the organization of forest oper-
ations management in the Russian forest tenure sys-
tem suggest that a revision of the earlier Nordic expe-
riences is clearly required for the Russian context.
Given these contrasts, a direct comparison of improve-
ment potential made possible by the DSS in the three
cases of this study and other Nordic studies is diffi-
cult. Case 1, however, with its comparison of a manu-
al solution to optimized solutions, is organized in a
similar way to Andersson et al. (2008). This gives us
a framework for further discussion. Table 4 shows Case
1 has fewer trucks (five compared to 10-12) and a long-
er period (five compared to three days). Andersson et
al. (2008), however, distinguishes between two situa-
tions: 1) wood flows were identical between the man-
ual and optimized solution and 2) the optimization is
allowed to change the historical wood flow patterns
during the study period. Noting this, the potential
improvement estimated for better routing (alone) by
Andersson et al. (2008) varied between 2% and 16%.
These figures, however, assume that operator switch-
es between shifts are made at points agreed on by the
operators themselves that is similar to Advanced 2 in
Case 1. The limited restrictions to wood flow offered
in Case 1, however, present a context more like the
adjustable flow variants in Andersson et al. (2008).
Given these assumptions, we can say that the poten-
tial improvement calculated by the DSS in Case 1 is
greater than indicated by Andersson et al. (2008) in
two of three Cases.
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Table 4. A comparison of improvement potential (%) ena-
bled by optimized truck routing in Russian and Swedish
studies

Case study 1 (5 trucks, 4 days) Andersson et al. 2008 (3 days)
Advanced 1 Advanced 2 Case With identical ~ With adjustable
flow Flow
9 % 29 % SE (12 trucks) 1.84-7.72 % 22.18-37.77 %
NE (10 trucks) 0.8-34 % 51%
Mid (10 trucks) 10.5-16.4 % 18.7 %

In general, comparisons between actual and opti-
mized transport present a risk for overestimation of
improvement potential. This is because it is very dif-
ficult to capture all the relevant restrictions, which
influence landings, trucks, roads and mills during each
day. The limited complexity of Case 1 (four landings
and four mills) reduces the risk for such an overesti-
mation. On the other hand, the lower number of mills
(four as compared to 8-22 in Andersson et al. 2008)
and lower demands to delivery precision in Case 1
gives a greater degree of freedom to maximize truck
capacity utilization. The management of delivery rates
with monthly and weekly contractor quotas, which is
typical of Nordic conditions (Lindstrom 2010), also
restricts the freedom to maximize capacity utilization.

One deviation between Case 1 and Andersson et
al. (2008) concerns the levels of the loaded index. Hav-
ing to start and end the working day at a central ga-
rage in Case 1 demands considerable empty driving as
indicated by the loaded index, which in only one treat-
ment comes up to 50 %. Where Andersson et al. (2008)
present this variable (case SE in Table 4); it drops be-
low 50 % in only one of 16 alternatives. Another case
presented by Andersson et al. (2008) involving 110 trucks
over 5 days estimates that no fixed location for change
of drivers resulted in a potential cost reduction of 9 %.
Clearly, the more flexible work organization as simulat-
ed by alternatives Advanced 2 vs. Advanced 1 in Case
1 is important to achieve in practice.

The integration of harvesting and transport of-
fered by the developed DSS enables high-resolution
analysis over longer periods. The opportunity to an-
alyse actual harvesting and transport operations cap-
tures the variations in respective daily, weekly and
seasonal operating conditions and production balance
for the respective operations which are required to
reflect reality. The extensive data required for longer
studies makes a direct comparison to a manual solu-
tion difficult, but the simple heuristics developed for
the specific context makes the comparison of alterna-
tives computationally feasible.

The use of the DSS in case studies 2 and 3 also
gave the opportunity to examine aspects other than
transport costs. Both case studies involve changes in
wood flow patterns for which consequences are im-

portant to evaluate for receiving mills. Case 2 shows
improved transport efficiency (see delivery index and
transport cost in Table 3) but the reduced transport
volumes could also result in increased stock costs for
wood not delivered and service penalties from the mills
not receiving these volumes. The opposite effect is
demonstrated in Case 3 where the potential for higher
truck capacity utilization is enabled by a more even
wood flow over time. In this case, the reduced stor-
age times for roundwood and corresponding reduction
of stock costs enabled by direct transport to the mill
is particularly important for industrial processes requir-
ing fresh roundwood. As mentioned earlier, the mod-
elling of aging with different transport systems is dis-
cussed by Lukka (1994) and these effects are impor-
tant for the competitive ability of mills in the forest
products market.

In this study, the daily (operational)-monthly (tac-
tical)-yearly (strategic) approach, supported by the
GIS-based DSS, gives the logging company compre-
hensive information about the benefits and limitations
of different CTL options. Improvement of the economic
feasibility of CTL operations is important for further
development of forestry in Russia and the developed
DSS assists logging companies in making comprehen-
sive decisions on options for CTL harvesting and lo-
gistics giving immediate benefits.
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COBEPHIEHCTBOBAHMUE YIPABJIEHUA COPTUMEHTHOM 3ATOTOBKOM
APEBECHUHBI HA JIECO3ATOTOBUTEJIBHBIX HNPEANPUATUAX B POCCHU C
UCIOJB30OBAHUEM HOBOM CUCTEMBI MOJJAEPKKHW MPUHATHSA PEMEHUA

FO. I'epacumoB, A. CokoJioB u [[. ®nenan
Peziome

IIpencTaBiena 1€c0o3aroTOBUTENbHAS JEATCIBHOCTh POCCHICKHUX NMPEANPUATHH B ONEPATUBHO-TAKTUICCKOM-
CTPATETHYECKOM KOHTEKCTE, MPEAYCMaTPHUBAIOLINM MEPEX0A HA COPTIMEHTHYIO TEXHOIOTHIO 3aTOTOBKH C HCIIOJIb30BAaHUEM
XapBecTepoB, (OpBapAepOB U aBTOMOOMIICH-COPTUMEHTOBO30B. BHeapeHne copTMMEHTHOro Meroia TpebyeT Oobliero
BHHMaHHUS JIOTHCTHKE, BBU/Y CYIIECTBEHHOTO YBEJIMUECHUS] HOMEHKIIATYPHI, IPOM3BOIMMON Ha JiecoceKe MPOAYKINH B BUJIE
COPTHMEHTOB, KOTOPBIE HANpSIMYIO MOCTABISIOTCS HECKOJIBKHM HOTpeOuTensiM. B crarbe maercst 0630p MaTeMaTHUeCKUX
MOJIETIeH, peaIM30BaHHBIX B HOBOI cucTteMe nmoanepskku npuusatus pemenunit (CIIIP) ms stux npeanpustuid. CIIIIP coctout
U3 HECKOIBKMX MOZIYIEH, B TOM YHCIE ONTUMM3AIMK MApIIPYTOB JUIA MapKa JIECOCEYHBIX M JIECOTPAHCIIOPTHBIX MAIIHH.
OHTPIMI/II}&LLPIS{ MapuipyTOB BBIIIOJIHEHA Ha Oase JABYXO3TAIHOTO aJIrOpUTMa, A€ SBpI/ICTI/I‘leCKHI\/’I METOA ONITUMH3AIIUU
UCTIONB3yeTCs Ul BBIOOpA JIYYIIero MyTH TPAHCIOPTHPOBKH, a JUHAMHUYECKOE NMPOrPaMMHPOBAHUE HCIIONB3YeTCs IS
BBIOOpa ©KEIMHEBHBIX 3aJjad U MapLIPYTH3AI[MN TPAHCIIOPTHBIX CPEACTB. B cTarbe mpencraBieHs! pe3ybTaTsl TECTUPOBAHHUS
CIIIIP Ha Tpex MpennpHATHAX Ha MPUMEpPE OINEPaTHBHOTO, TAKTHYECKOTO M CTPATErHYeCKOro IJIAHMPOBAHMS BBHIBO3KH, IIE
TOPU30HTHl IUNIaHUPOBaHUS OblIM 4 mHsA, 3 Mecsna u 1 TOox COOTBETCTBEHHO. Bce mccnenoBanus ObuiM cienaHbl B
J1€C03aroToBUTENbHBIX KommaHusax Cesepo-3amana Poccun ¢ exeroqHoi 3arotoBkoit okono 250 000 m® B Kaxa0ii.
HccnenoBanus BKIFOYAIOT OT 4 10 9 KOMITJIEKCOB XapBecTep-popeapaep, oT 5 10 24 aBTOMOOHIICH-COPTUMEHTOBO30B, 8-10
copTUMeHTOB, 4-129 necocek n 4-5 norpeduteneii. Pesymbrars! mokasssaror, yto CIIIIP MoxeT OBITH MCIIONB30BaHA IS
MOJAEPKKH IIMPOKOTO CIIEKTPA IUIAHUPOBOYHBIX PEIICHUI Ha ypOBHE MPEANPHATHS, B TOM UHCIIE MapUIpyTH3aIUsI
COPTHMEHTOBO30B, YPOBHH HCIIOIb30BaHUS MapKa MallMH M BBIOOP METOIa TPAHCHOPTHPOBKH B COOTBETCTBHU C HOBBIMHU
BO3MOYKHOCTSIMH IO Pa3BUTHIO JOPOXKHOI HHPPacTpyKTypsl. PacueTsl mokasanu, 4T0 BO3MOXHO MOJNyYUTh CHIKEHHE 3aTpaT
ot 14 no 25%.

KaioueBpie ciaoBa: Poccust, JIOTHCTHKA, COPTUMEHTHAs 3aroTOBKA, CUCTEMa MOJIICPKKH NPUHATHS PEIICHHMH,
JMHAMHUYE CKOe IPOTrPaMMHPOBaHNE

I 2013, Vol. 19, No. 1 (3¢) I 1SN 2029-9230 [
105





