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1. Introduction

One of the most important lines of social and economic
development of Ukraine is optimization of the motorway
network and substantial improvement of the operational
condition of motorways as the factor of economic effective-
ness of the entire transportation process in the country.
This can be achieved by successful implementation of the
national concept of the target economic program of devel-
opment of motorways in 2013-2018. The program is aimed
at a significant improvement of the economic effectiveness
of trucking and passenger transportation, road safety im-
provement, rise of mobility, saving fuels and lubricants and
bettering vehicle service.

To implement this program, it is necessary to adopt con-
cession construction of roads and invite private companies
for their participation in the national programs of improve-
ment of the country’s infrastructure in a short term.

Stocktaking, systematization of information on the qual-
itative state and fair evaluation of existing assets of the road
sector, adequate updating of databases are the prerequisites
for improving effectiveness of managerial decisions on the
road infrastructure facilities [1].

In order to further improve and develop scientific studies
in the field of national road-and-transport management, it
is necessary to develop a real tool for conducting technical
expert appraisal and evaluation of motorways. The results of
road evaluation are necessary for making managerial deci-
sions by executive authorities, local self-government bodies
and organizations of the road sector. Monitoring how the as-
set value changes in time can provide convincing arguments
in favor of investing in upgrading and building of the mo-
torway network. The experience gained by other countries
(e. g, Finland, New Zealand, Australia, the USA, Canada)
has shown that substantiation of the value of infrastructure
facilities substantially influences management of the road
network. It was proved that the road evaluation affects the
level of operation and maintenance and repair financing
which, in general, results in improvement of the state of the
road-and-transport infrastructure facilities.

Countries such as the United Kingdom, the United
States, Australia, Germany, Canada, Finland, and New
Zealand have developed guidelines for valuating roads as
assets taking into account international standards of eval-
uation (ISV) [2] and the specifics of their own legislation.
It should be noted that current evaluation standards were




developed and applied for liquid assets. They cannot be used
for a specialized illiquid property of the road-and-transport
infrastructure (roads and their elements).

National guidelines for evaluating the road property are
still at the testing stage in the countries of their elaboration.

In connection with attraction of private capital, in
particular into the transport sector, there is a real need for
an expert appraisal of transport facilities. The specifics of
the road sector property require a special approach to its
monetary expert evaluation. At the present stage, there are
no concrete legal normative documents that would take
into account this specificity when carrying out evaluation.
Therefore, development of a mathematical model of evalua-
tion of road-and-transport assets is a topical issue.

2. Literature review and problem statement

There are a number of problems associated with applica-
tion of existing methods for valuating road assets. The first
limitation is that the existing methods consider these assets
as a monolithic structure and thus assume that the level of its
qualitative state corresponds to the level of qualitative state
of the asset elements. However, far from being monolithic,
any road asset actually has a wide range of elements and
indicators that can differ significantly by diverse parameters
of physical and/or functional depreciation. It is proposed
in works [3, 4] to solve this problem in a conventional way,
i. e. by the method of aggregated indicators of the renewable
value. However, it should be noted that the traditional math-
ematical models implicitly consider physical and functional
depreciation of the road assets or only take into account
duration of their life cycle which can significantly distort
the assessed value.

It is proposed in works [1, 5-7] to consider road assets
in accordance with the multistructural approach and take
into account physical and functional depreciation as a level
factor of the qualitative state. However, the question remains
open regarding determination of the qualitative state level
for each element and its impact on the aggregate qualitative
state of the road asset. In papers [8, 9], it is proposed to de-
termine the quality level of the assets of road-and-transport
infrastructure by a qualimetric model. Such an approach was
proposed as a basic one in work [10] with comprehension of
the problem of measurement and assessment of quality in
conjunction with the problem of qualitative management of
products and works in public production. However, this ap-
proach concerns just civil and industrial construction.

Present-day studies are based on assessment of the qual-
ity level by a dimensionless scale [11] with the use of the in-
formation-process model [12]. Such an approach to assessing
the quality level fundamentally differs from the conventional
one. Since qualities of the studied object are not considered
separately, a single generalized indicator characterizing the
joint effect of each quality on the object is determined. The
advantages of applying the fundamental principles of quali-
metry to interpretation of qualitative parameters of the pro-
duction environment are proved by many studies in various
fields [8—10]. Importance of mathematical formalization of
information on the level of the qualitative state of facilities of
the road-and-transport complex is emphasized in [13]. How-
ever, most of the analyzed mathematical models in the above
studies do not allow one to determine effect of the qualita-
tive state level on the value of the object under consideration.

The issues of taking into account the actual level of quality
and reliability of information on physical and /or functional
depreciation of the asset remain unresolved. Conventional
mathematical models of valuating immovable facilities take
into account physical depreciation rather roughly and only
for the facilities of civil and industrial construction while the
level of qualitative state is not considered at all.

This shows that the line of constructing mathematical
models for evaluation of the road-and-transport infrastruc-
ture assets taking into account the level of quality state is
promising.

3. The aim and objectives of the study

This study objective was to develop a mathematical
model for valuating road-and-transport infrastructure assets
taking into account their level of qualitative state as a com-
ponent of the information-and-management system.

To achieve this objective, the following tasks had to be
solved:

— define the process of asset evaluation as an element of
management of the road-and-transport complex;

— construct a conceptual model of the evaluation proce-
dure taking into account problems of consideration of the
qualitative state level,

— develop a set of models for estimating the level of quali-
tative state of facilities and valuating the road-and-transport
complex assets.

4. Materials and methods of evaluation of assets as
a component of the information-and-management system

4.1. Studying the process of evaluation of assets as
an element of management of the road-and-transport
complex

Evaluation of assets is the key element of asset manage-
ment and is regarded as a component of the information and
management system of the road sector (Fig. 1) [6, 7].

Information-and-analysis systems have been successfully
introduced and used in the road sector. The main of these
are: Road Pavement Control System (RPCS), Analytical
Expert System of Bridge Management (AESBM), Electron-
ic Road Passport (ERP), Road Traffic Organization Project
(RTOP), The Sector Database of Traffic Accident Registra-
tion, The Unified Database of Operation Condition of State
Roads and Their Engineering Structures (BOC) system is
used since 2007.

Besides, a new software complex was created: The Road
Routine Repair and Maintenance Control System (RR-
RMCS). The RRRMCS software complex is a set of models
and methods, databases and software in the system of road
state management. The purpose of this software complex is
substantiation of making managerial decisions concerning
the level of road maintenance under existing restraints.

In 2012, on the basis of web technologies, informa-
tion-and-analytical system of Ukrainian Road Sector Man-
agement (IAS RSM) [14, 15] was developed. However, one
of the main problems of the existing road-and-transport man-
agement system is the fact that for each asset, the information
on its book value is used and not on a fairly determined value.
To solve this issue, a scheme of evaluation of the road-and-
transport infrastructure assets is proposed (Fig. 2).
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The assessed value of a road asset can be formalized ac-
cording to the multi-structural approach [23-25] as follows:

‘/r.a.i :fml(ji;m‘/rapj-f_I/l)’ {]EU}’ {ZEN}’ (1)

where V. is the assessed value of the i-th road as-

set, mon. un,; V,, . is the assessed value of the j-th element
of the road asset determined by the cost approach, mon. un.;
V, is the value of the land plot determined in accordance with
the current legislation on evaluation of land plots, mon. un,;
/.. is the function of calculation of the road asset value taking
into account the net effect of its elements on the value; U'is the
aggregate of homogeneous elements of the road asset.

Classical methods based on the cost approach include
5, 6, 27, 28]:

a) the method of asset reevaluation/additional evaluation;

b) the method of boundary state;

¢) the method of fixed cost with respect to the bound-
ary state;

d) the method of the transferred value (substitution).

For application of these methods taking into account the
determined level of qualitative state according to [8], it is
necessary to modify the conventional approach consisting in
arrangement of the base value by deduction of physical and/
or functional depreciation.

‘/r.a.e. = ‘/b - D’ (2)

where V, is the base value of the road asset element, mon. un;
D is depreciation (physical and/or functional) of the road
asset element, mon. un.

The main problem in evaluation of property by conven-
tional methods is the practical absence of clear methodolog-
ical approaches to posting for the transport infrastructure
objects. This determines necessity of developing a mathe-
matical model of monetary evaluation of roads taking into
account specifics of conducting technical expert appraisal.
Modification of the conventional approach consists in intro-
ducing into the formula (2) the so-called level of qualitative
state of the asset in a form of a coefficient (K,,) in accordance
with the basic provisions of qualimetry [8, 10].

properties characterizing the qualitative state of the valuat-
ed object; 7 is the number of indicators of the road element
under consideration, {neN }; [ is the number of indicator
groups, {/eN}.

At each level, any property of the valuated object is quan-
tified by a single (differentiated) indicator of the element
qualitative state according to the nomenclature (Fig. 3) by
formula (6):

p=te or p=t, ®)
ib ia

where P,, is the value of the i-th absolute indicator of the
qualitative state; P, is the value of the i-th base (reference)
indicator of the qualitative state.

The qualitative feature determines state of individual
structures and structural elements of the road (earthwork,
pavement, man-made structures, etc.). According to formu-
la (6), an increase in the single indicator corresponds to im-
provement of the overall qualitative state of the valuated ob-
ject, i. e. P;is a dimensionless quantity determining the level
of qualitative state where the best level is equal to one or 100
when represented in percentage. As a rule, three methods are
used to establish absolute indicators of qualitative state of
the road: experimental, calculation and expert.

The experimental method of determining indicators is
the basic method. It provides the most reliable evaluation
results. Reliability of the experimental method depends on
quality of the measuring means and the number of measure-
ments. For calibrated (state or departmental calibration)
measurement means, the indicator reliability depends on the
number of measurements. The calculation method is based
on experimental determining the indicator of qualitative
property and determination of the qualitative state of the
valuated object. The expert method is based on the analysis
of opinions of highly skilled experts.

Taking into account dependences (4), (5) as well as a
possible method for determining the P,indicators, the lev-
el of qualitative state according to the qualimetric model
[8,9, 20] is determined by:

L (n
Pxm; |xm’|P. — is not compared with the standart;

‘/r.a.e. = ‘/b XK/eL’ (3) E(Z{ ! ‘) I P s
where K, is the level of qualitative state of the asset in ~ f(K, )= i[i ia Xmi]Xm; P, —the direct indicator; )
a form of coefficient: K, €[0;1,0], {K, €Q}; Q is the == B,
set of rational numbers. (P

The level of qualitative state, according to the quali- Z[ZMX”EJX”};’ P, —the inverse indicator.
metric model [10, 16, 17, 20], is defined as coefficient: =\ E,

K = i K.xm’ %) The qualimetric model for assessing the quality level of the

L= A road-and-transport infrastructure assets represents a model

then, respectively

Kktzé(ipixmi)xm;, ©)

1\i=1

where K; is the differential relative indicator of property
with coefficient m7; P;is the single differential indicator
of qualitative condition of the road; m, is the weight coeffi-
cient of simple properties characterizing qualitative state of
the valuated object; m} is coefficient of weight of complex

ordered (decomposed) into a hierarchical structure (into the
so-called “tree” of indicators or properties) and constructed in
accordance with the basic provisions of the graphs theory [10].
Choice of the number of system levels will depend on the pur-
pose of evaluation and importance of the object. As the num-
ber of levels increases, information about the qualitative fea-
tures of the object and its constituent properties will increase.
The multilevel model of the system taking into account the
large number of measurements and calculations, should have
an optimal number of levels sufficient for evaluation with a
given accuracy in accordance with the objective (Fig. 3).
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The properties of each level influence
each other and the generalized properties
of one level affect the generalized proper-
ties of another level. The complex property

to the total sum of mean opinions. The weight coefficient of the
i-th property of the given group is determined by formula (10):

1 n
*21’:1N1-j
n
T, , 10)
22 ZLN,

where N is the i-th property in points estimated by the j-th
expert; & is the number of properties in the group; n is the
number of experts.

For each group, the condition described by formula (8)
is met.

Table 1

Example of the table of determination of weight coefficients according to

the expert opinions

at the lowest, zero level is characterized by .
a set of properties found at higher levels Expert opinion Mean | Sumof Group | Coefficient| Level co-
and is a separate indicator. Hence, there Object opin- Incan opin- Welght . Of the | efficient of
. . o property . ions (in a |coefficient of | indicator [the property
is a certain quantitative dependence be- 112]|3|4]|n |ionP, group) | property m’ | weight, m’| weight, m,
tween the complex index of the qualitative ! ! !
state of the valuated object and the i-th 1N N[N N N, P, 3P m! m! m,
property of the p-th level.

.At any level (Fig. 3), each property is 2 Ny N[Ny | V|, | Py P ) m m,
estimated not only by the differential in- '
dicator but also by the weight coefficient.
The latter reflects the value of significance ,

" IN.,|N.|N,|N. : P m; m;
of the differential indicator in the complex ko | N |No | No | Nig| Ny | P, Xh ! ' M
indicator. Weight of the properties at any
level or in a group of this level obeys the Following the similar determination of coefficients of in-
dependence (8): dicator weight for each group, the level coefficients of weight
p g group g
. of each property are calculated.
>.m; =k=const, ®) In absence of certain elements in the road section (for

i=1

where % is a constant value equal to one at fractional values of
m; and is equal to 100 when m, is represented in percentage.
In each group Yom;=1, at each level ¥m, =1, and in
addition, m;, <m;. According to the results of calculations,
each link of the model is characterized by four indicators:
the number, the name of the qualitative state indicator, the
group weight factor m/ and the level coefficient.
Determination of the weight factors is one of the key
tasks that needs to be solved when carrying out evaluation
of the road-and-transport infrastructure objects. The weight
coefficients are determined by the cost, expert and combined
methods. According to the cost method, quality is propor-
tional to the value and the weight is identical to expenses:

Ci
yic’ @

mi:f(ci)%mi:

where C, is the estimated cost of the i-th structure element
of the motorway section; Y!C, is the full estimated cost of
the motorway section; z is the number of properties of the
qualitative indicators of the valuated object.

The expert method for determining the weight coeffi-
cients is based on the analysis of opinions of the specialists
who evaluate property of the elements of the valuated object.
As a result of polling questioning of the experts, initial data
(expert estimates) are received from each expert which are
then summarized (Table 1).

The group weight coefficients for each property of the ob-
ject are determined by the relation of the mean expert opinion

example, buildings, man-made structures), the weight coef-
ficients of the existing ones are increased:

XiLm]

: (1
n-q

m;, =m;+

where m,, is the new value of the weight coefficient; ¢ is the
number of missing elements with weight coefficients m/. at
the given kilometer of the road.

The coefficient of depreciation will be the indicator
inverse to coefficient (K,,) which is an indicator of the qual-
itative state level:

K, =1-K,, (12)
where K, is the coefficient of the asset element depreciation
(physical and/or functional), K, €[0;1,0], {K, €Q}; Qs the
set of rational numbers.

Then formula (3) will look like:

v

r.a.

=V, x(1-K,) (13)

or

Viae =V =V, xKp =V, =V, 14
where V), is the value of depreciation calculated on the basis
of the qualitative state.

Reliability of the obtained coefficient of the level of the
qualitative state is determined by formula (15) [22]:



AK, = [(AK ;AK,;

mi?

AK,:AK),  (15)
where AK|, is the error of calculation of the
number of properties that determine the
p-th level in the qualimetric model; AK,; is
the error of determining the weight coeffi-
cients (m,); AK,, is the error of the degree
of accuracy of evaluation of single quali-
ties (P); AK; is the error of determining the
differential relative indicator of property,

JW)=

AK, = [(AK,;AK ;). (16)

Determination of deviations (errors) is based on the
theory of random measurements. Emergence of this or that
error is described by the law of normal distribution or by the
Student law of distribution [8].

When applying the experimental method for determin-
ing absolute indicators of the qualitative state of road assets,
statistical characteristics of the errors are estimated by:

1) the arithmetic mean value of the error:

g:

Me

g, A7)

I |~

i=1

where 7 is the total number of measurements;
2) root mean square deviation:

— 2
€—¢,
oo 3(e-¢) : (18)
n—1
3) the scope of the measurement error:
R = emax - 8min’ (19)
where € isthe greatest error value; €, is the least error
value;

4) coefficient of homogeneity:

(¢
K =1—j><t,
" €

(20)

where ¢ is the coefficient that corresponds to the probability
by the Student’s criterion;
5) trust interval:

_, 0, Xt
pu=gx—=°

N

where o, is the mean value of c.

Adequacy of the model is characterized by getting of its
true (measured) value of the indicator into the confidence
interval with a specified probability.

In the case of applying the expert method for determining
absolute values of the qualitative state of the assets, statistical
characteristics of the errors are estimated by the method of
estimation by deviation from the mean, by the method of rank
correlation or by the method of concordation [8, 9]. For exam-
ple, according to the method of concordation, the coefficient
that shows consistency between expert opinions and is deter-
mined depending on whether the indicators in the estimates of
an individual expert are related with the indicators obtained
by other experts (i.e., there are identical opinions in at least
one row of opinions of at least one of the experts):

ey

m2><(n3 —-n

12x§ ) P;—not related to each other;

(22)
S

1
—m?x

12

_mxiz

P; —related to each other,
n’—n £ -t

where W is the coefficient of concordance, W e(0;1,0);
m is the number of experts; n is the quantity of indicators
of the qualitative state estimated by experts; ¢; is number of
elements, the estimate of which is repeated in the row for
the i-th expert; S is the value of the sum of deviation squares
calculated by the formula:

)2
where P, is the arithmetic mean of the indicator of qualita-
tive state.

Adequacy of the model is characterized by consistency be-
tween the expert opinions and, accordingly, by the lowest error

in the estimate of the qualitative state indicator achieved by
approximating the coefficient of concordance (W) to 1.

§=3

i=1

(i%—& (23)

4. 3. Development of a mathematical model of eval-
uation with the possibility of its implementation in the
information-and-management system

Let us consider classic methods of evaluation from the
standpoint of taking into account the proposed conceptual
model of the estimation procedure based on the concept of
determining the level of qualitative state.

The method of reevaluation/additional asset evaluation
consists in that the asset value is calculated as the product
of its initial (start) value of construction and the ratio of
the qualitative state of the asset or its element corrected by
the inflation index. The condition is the ratio of the current
qualitative state of the asset or its element to the better state.
The value of assets in the year ¢ is determined by formula:

V., =HCx Ky X 2k , K, 20, K, #0, (24)
N Kkbesl CPIO '
where V _ is the value of the road asset estimated by

the method of reevaluation/additional evaluation in the
year ¢, mon. un.; HC is initial (actual) value of construction
according to the consolidated estimate, mon. un.; K, is the
level of the qualitative asset state at time ¢ in a form of coef-
ficient: 0< K, <1,0, or percentage: 0< K, <100; K,,,.is the
best level of qualitative asset state recorded during its life
cycle in a form of a coefficient: 0< K,,,, <1,0 or percentage:
0< Ky, <100; CPI, is the construction value indicator in the
year t; CPI, is the indicator of the construction value in the
year when the facility was constructed (according to the
Minregion information).

The marginal expense method uses current and past data
to determine the value of assets. To calculate the value of
assets, the following formula is used:

I/r.m.t =HCx ( Kk[ — kaorxt ] X ( CPI{ ]3 Kkbest # O’ (25)
K kbest — K kworst CPI, 0
where V. is the value of the road asset assessed by the meth-

od of marginal expense in the year ¢, mon. un.; K, is the

worst



worst level of qualitative asset state recorded during its
life cycle in a form coefficient: K, €[0;1,0], or per-
centage: K., €[0;100]. I

The method of fixed value in relation to the marginal :
state consists in bringing the state of the asset or its |
element to the level which consistently exceeds the min-
imum threshold of productivity set for the given asset. |

The asset value is expressed by a constant quantity
during its service life until the level of the qualitative
state of the asset exceeds certain marginal level. Besides, |
the value of assets will be zero when the level of the .
qualitative state drops lower than the set marginal level. |
In such a case, the issue of renewal or liquidation of the -
asset is considered. |

The asset state is calculated annually at time ¢ (K},)).
Experts of the road organization set the limit value of |
K, K, €K, }; 0<K, <1,0 or 0<K, <100). :

For K,,>K,,,, the estimated value of a road asset is de- |
termined based on adjustment of the replacement (or re-
production) value according to the estimate on the date of
assessment by the coefficient of the level of the qualitative |
asset state. When K, <K, , a managerial decision is made -
about the necessity of the asset renewal or liquidation. I

The value of a road asset assessed by the fixed value :
method with respect to the marginal state can be deter- |
mined by formulas (3) and (13)—(14):

f(Vr./,t)z
Vr.f.z =RC xK,,=RC,x(1-K})=
=4=RC,-RRC, K, >K,

EVr.f.t’1<ktSI<k

26) |

mt )

mt ) I

where f(V,,,) is the function of determining the esti- |
mated value of the road asset by the fixed value method in
relation to the marginal condition in the year ¢, mon. un,;
RC, is the value of replacement (or reproduction) of the
asset in the year ¢, mon. un., RC, =¥ ,C;; C, is estimated
value of the i-th element of the road asset which is repro-
duced in current prices as on the actual date of evaluation
using the same architectural decisions, building structures
and materials and at the same quality of construction and
installation works as for the valuated facility (the cost of repro-
duction) or using modern materials and in accordance with new
standards and planning decisions (replacement cost), {ie N};
RRC,, is the depreciation value equivalent to the value of repair
and restoration of the asset in the year ¢, mon. un.; 7 is the num-
ber of elements of the road asset, {n eN }

The method of value transfer consists in determining the
value of an asset or its element based on adjustment of the re-
placement (or reproduction) value according to the estimate as
on the date of evaluation by the coefficient of level of the quali-
tative asset state with no taking into account its marginal level:

V.., =RC,xK, =RC,x(1-K,)=RC,-RRC,;
RC, =% C, @27
where V, is the value of the road asset estimated by the

method of value transfer with respect to the marginal state
in the year ¢, mon. un.

The estimated value of the road asset is determined in ac-
cordance with the structural scheme of determining the level
of qualitative state of the valuated object (Fig. 4, block 5).

Choice of the nomenclature of the qualitative state indicators (5.1)

[Choice of the method of determination of the qualitative state level (5.2)

e )
)

v

(52.3)

v 2
[ Expert method (5.2.1) ] [Calculatiou method] [
(5.2.2)
A K72

Choice of base qualitative state indicators (5.3)

¥

Expert method ]_
Determination of the qualitative state indicators (5.4) ]

N7

|<

Evaluation of the qualitative state level (5.5)

lective

v

set,ob;

Making managerial decisions on determination of the qualitative state
level (5.6)

Comparison of the evaluation results with the

Fig. 4. Conceptual model of the procedure for valuating assets of

the road infrastructure

The qualitative state of road assets, like other engineer-
ing systems, behaves stochastically as it is influenced by
factors that are not deterministic but vary in time and space.
One way to include probabilistic elements in the asset eval-
uation is to provide ranges rather than fixed sums for input
evaluation parameters such as replacement value, qualitative
state and service life. Thus, forecast of the value of assets
at any time ¢ (FV,) taking into account specifics of road
assets can be realized on the basis of logistic distribution,
Gompertzian distribution, Weibull distribution, gamma
distribution or exponential distribution.

For example, the forecast value of assets by the Weibull
function can be formalized as follows:

t

—1x} e
i b

FV,,, =(RC,)xe

r.ar.t

]ﬁ, {imeN}, (28)

where b; is the coefficient of the parameter of the j-th prop-
erty of the road asset element which can be defined as the
weight coefficient (m,); x; is a variable, the factor of the j-th
property of the element that affects the qualitative state level



of an asset and corresponds to P; in the qualimetric model;
B is the distribution parameter.

According to the developed mathematical model, eval-
uation of assets of the road-and-transport complex should
be carried out with the help of the constructed conceptual
model in the following sequence (Fig. 4):

1. Determine the object and purpose of evaluation
(Fig. 4, block 2). The following can be the criteria for choos-
ing the evaluation purpose:

a) estimate for accounting purposes; in this case, it is
necessary to use the method of reevaluation/additional
evaluation of the asset or the method of the marginal state;

b) other purposes; if the data on the initial asset value
are unavailable, then the fixed value method with respect to
the boundary state or the method of the transferred value
(replacement or reproduction) is used.

2. Substantiate the evaluation process (Fig. 4, block 3),
select the methods depending on the evaluation objective.

3. Establish principles, bases and rules for asset evalua-
tion (Fig. 5, block 4). They must meet requirements of the
current legislation on assessment and normative-and-tech-
nical documents of the infrastructure sector.

4. Compile a list of assets and basic data for calculating
the asset value (Fig. 4, block 5), establish a nomenclature of
indicators of the qualitative state by types and groups. An-
alyze them and select the most significant ones. Assets must
be appropriately classified and grouped. Assign the number
of levels and construct a model of the qualitative state of the
valuated object according to Fig. 3. Select the method and

determine absolute indicators of the qualitative state of the
valuated object and the weight coefficients (formulas (6),
(9), (10), (11)).

5. Perform initial assessment of the asset value which in-
cludes: establishing relevant ratings for various asset groups
(Fig. 4, block 6); calculation of a gross renewed value for
each asset within a group or a subgroup (Fig. 4, block 7).

6. Calculate losses in the value of assets which involves:
determining the level of the qualitative state of the valuated
object (formula (7)); calculating the depreciation (Fig. 4,
block 8); correcting for de-evaluation during the year and
calculating the value loss if necessary (Fig. 4, block 9).

7. Perform evaluation (formulas (24)—(27) depending on
the set objectives) (Fig. 4, block 10).

8. Form input data (value indicators) for the informa-
tion-and-management system of the road-and-transport in-
frastructure (Fig. 4, block 11).

5. The results obtained in testing the developed
mathematical model of evaluation of the road assets

Based on the transferred value method (replacement or
reproduction), evaluation of the 1,127-km long state road,
category 11, was performed. A nomenclature of indicators of
qualitative state of the road section at the stage of operation
was established by types and groups. The optimal number of
levels of the qualimetric model of evaluation of the qualita-
tive state of the road was established (Fig. 5).

LEVEL
0 | 1 | 2
Evenness 0.192 |P1 | 0.047
Pavement K 1 Traction coefficient 0.257 |P2 | 0.063
0.243 Strengyh 0.261 [P3 | 0.063
Continuity 0.29 |P4 [ 0.07
Earth roadbed K2 Roadway width 0.653 |P5 | 0.165
0.253 Roadside width 0.347 |P6 | 0.088
Parameters of elements in plane and inthe  [Curve radius in the plane 0.188 |P7 | 0.012
longitudinal and lateral profiles of the road  [Curve radius in the longitudinal profile 0.209 |P8 | 0.012
K3 Longitudinal inclination of the road section  0.209 [P9 | 0.012
0.06 Lateral inclination of the road section 0.185 |P10] 0.012
Visibility 0.209 |P11] 0.012
Estimate of the environmental impact Exhaust pollution 0.342 [P12{ 0.025
(hygienic indicators) K4 Noise pollution 0.312 |P13] 0.024
0.076 Lighting o [p14] o
Aesthetics 0.171 |P15] 0.013
Kkt ‘ Planting of trees and shrubs 0.175 |P16] 0.014
Transport structures K5 0.097 P17 0.097
0.097
Railing 0.5 |P18] 0.044
Means of traffic organization K6 Road signs 0.391 [P19] 0.035
0.088 Road markings 0.109 {P20] 0.009
Objects of road service K7 Footpaths 0.474 |P21| 0.004
0.009 Joinings 0.526 |P22] 0.005
Objects of road service K8 |Bus stops and boarding platforms 0.007 [P23] 0.007
0.007
Other expenses K9 0.167 P24 0.167
0.167

Fig. 5. Qualimetric model of evaluation of the qualitative state of the road asset at the stage of operation



According to the dependences (5), (7), the mathematical
model of the level of the qualitative state of the asset (the
road section) will look like:

Ky :(2f=1Pi xmi)xmf-F(Z?:sP,- Xmi)xm; "
(S0P m, ) xmg + (S0 B xm, ) xm +
(P xmyy ) xm} + (325 Pxm, ) xmg +

+( Zn P Xmi)xm; +(Pyy Xty ) X+ (Pyy Xy, ) xmg.— (29)

Differential and expert methods were used to transform
qualitative features of the valuated object. Development of
the conceptual model of the procedure for technical expert
appraisal was based on the results of field studies, depart-
mental normative base and the data obtained on the basis
of the expert method. The results of field studies included:
measuring geometrical parameters of the road section, deter-
mining the extent of damage to the pavement and the road
structure elements, determining the state of engineering and
transport equipment of the road and man-made structures.

When applying the differential method, assessment of
the level of qualitative characteristics was carried out by
single indicators: the ratio of the indicator of qualitative
property to the normative indicator, according to (6).

Mean weight indicators of condition of the road design
element were determined by the expert method (Table 3). In

applying this method, each property at each level was eval-
uated not only by the differential indicator but also by the
weight coefficient according to Table 1 and formula (10). To
determine the weight coefficient, the value method was also
used according by formula (9). Requirement of (8) was met
at all levels (Fig. 3 and Table 2). Application of such relative
quantitative evaluation of qualitative characteristics makes
it possible to bring all properties to a single indicator of the
model, that is, to transform all simple (quasi-simple) proper-
ties by a single scale:

K, =0,047-P,+0,063-(P, + P,)+
+0,07-P,+0,165- P, +0,088- P, +
+0,12- 3L P, +0,25- P, +0,24- P, +
0,013-P,+0,014-P,,+0,097- P, +
+0,044- P, +0,035- P,y +0,009- P, +

+0,004- P, +0,005- P,, +0,007- Py, +0,167-P,,. (30)

According to calculations of indicators of the qualitative
road state (column 7) shown in Table 2 and the obtained
dependence (30), the single indicator of the qualitative state
of the road section at the stage of operation was K,,=66.15 %.
Table 3 contains the value of replacement (or reproduction)
of the asset in 2017, calculation of the physical wear of the
structural road elements and the functional wear according
to dependence (26).

Table 2
Determination of indicators of the qualitative state of the road elements and weight coefficients
Object Expert judgment .Mean Sum of Group Weight ngght coeffi- Leve} Weight
judge- mean coefficient of | cient of the | coefficient of Note
property [ 2 3 4 5 | ment, P, |judgements|the property, m;| indicator m/ | the property, m;

1 n/a|n/a|n/aln/a|n/a 41 0.192 0.047 Evenness

2 n/a|n/a|n/a|n/a|n/a 55 4 0.257 0.943 0.063 Traction coefficient

3 n/a|n/a|n/a|n/a|n/a 56 0.261 0.063 Strength

4 61 | 61 | 64 | 63 | 62 62 0.290 0.070 Continuity

5 n/afn/afn/a|n/a|n/a 94 s 0.653 0.953 0.165 Roadway width

6 n/a|n/a|n/a|n/a|n/a 50 0.347 0.088 Roadside width

7 n/a|n/a|n/a|n/a|n/a 90 0.188 0.012 Curve radius in the plane
8 |n/a|n/a|n/a|n/a|nal 100 0.209 0012 e l?)l;fg\i]fur(?idnl;lspllr'lo e
9 n/a|n/a|n/aln/a|n/a 100 479 0.209 0-060 0.012 Longitudinal inclination
10 n/afn/a|n/a|n/a|n/a 89 0.185 0.012 Lateral inclination

1 n/a|n/a|n/a|n/a|n/a 100 0.209 0.012 Visibility

12 n/a|n/a|n/a|n/a|n/a 100 0.342 0.025 Toxicity

13 n/a|n/a|n/a|n/a|n/a 91 0.312 0.024 Noise

14 0 0 0 0 0 0 292 0 0.076 0 Lighting

15 50 | 60 | 40 | 45 | 55 50 0.171 0.013 Esthetics

16 51 | 51 | 48 | 51 | 55 51 0.175 0.014 Planting trees and shrubs
17 20 | 25 | 25 | 20 | 25 23 23 1 0.097 0.097 Transport structures
18 23 | 22 | 22 | 24| 23 23 0.5 0.044 Road railings

19 16 | 18 | 19 | 19 | 18 18 46 0.391 0.088 0.035 Traffic signs
20 5 5 5 5 5 5 0.109 0.009 Road markings
21 26 | 28 | 26 | 28 | 26 27 0.474 0.004 Footpaths
22 32 30|32 28| 30 30 57 0.526 0.009 0.005 Joinings
23 45 | 48 | 40 | 43 | 45 44 44 1 0.007 0.007 Autopavilions
24 n/a|n/a|n/aln/a|n/a 100 1 0.167 0.167 Other expenses




Table 3

Calculation of physical and functional wear of the road

. B 0 RCn o RRCkﬂ
Item Design elements Weight, % UAH 1000 Wear, % UAH 1000
1 Construction site preparation 2.5 1523.111 n/a n/a
2 Earth roadbed 25.3 15413.882 21.27 3278.533
3 Transport structures 9.7 5909.670 77 4550.446
4 Pavement 24.3 14804.637 45.4 6721.305
5 Crossings and joinings 0.9 548.320 71.42 391.610
6 Road conveniences 9.5 5787.821 80.92 4683.505
7 Temporary buildings and structures. Funding of 6.9 4203.786 n/a n/a
other works and expenses
8 Customer’s personnel payment 2 1218.489 n/a n/a
9 Design apd research works and designer’s 929 1340.338 n/a n/a
supervision
10 Value-added tax (20 %) 16.7 10174.380 n/a n/a
Inall 100 60924.434 n/a 19625.399
11 Plan and longitudinal profile parameters 6 n/a 3915 143.111
12 Environmental impact 7.6 n/a 19.933 922.949
In all n/a n/a n/a 1066.06
Note: n/a — indicator not defined
Let us calculate the coefficient of concordance of the ex- Table 5
pert method by formula (_22). Forl this purpose, it is first nec- Reformatted matrix of the expert opinion ranks M{P))
essary to make a composite matrix of ranks M (P,) (Table 4) .
on the basis of the initial data (Table 2). Object Expert 1 | Expert 2 | Expert 3 | Expert 4 | Expert 5
properties
Table 4 Continuity 1 2 3 4 5
Summary matrix of the expert opinion ranks M (P)) Aesthetic 10 10 10 10 10
appearance
Object Expert 1 | Expert 2 | Expert 3 | Expert 4 | Expert 5 Planting
property trees and 8 9 7.5 8 8.5
Continuity 61 61 64 63 62 shrubs
Aesthetic Transport
appearance 50 60 40 45 55 structures 3 4 4 3 4
Planting trees 51 51 8 51 . Road railings 4 3 3 4 3
and shrubs Traffic signs 2 2 2 2 2
Transport RO?d 1 1 1 1 1
structures 20 25 25 20 % markings
Road railings | 23 22 22 24 23 Footpaths 5 5 5 5.5
Traffic signs 16 18 19 19 18 Joinings 7 7 75 7
Road markings 5 5 5 5 5 Aut.opavil— 9 8 9 9 8.5
ions
Footpaths 26 28 26 28 26
Joinings 32 30 32 28 30 Table 6
Autopavilions | 45 48 40 43 45 An example of reformatting the expert’s ranks at bound

Since the matrix contains bound ranks (the same rank
number) in the opinions of the expert 3, we will reformat
them (without changing the expert’s opinion, i. e. the cor-
responding relationships are maintained between the rank
numbers “<”, “>” “=")_ 1t is also not recommended to put
the rank higher than 1 and lower than the value equal to the
number of parameters (in this case, n=10). Rank reformat-
ting is shown in Table 6.

In addition, the matrix of ranks M (P,) (Table 4) con-
tains bound ranks in the estimates of experts 4 and 5. Refor-
matting of the row is the same, according to the example
given. On the basis of the reformatted rank rows, a new
matrix M’(P;) is constructed (Table 5).

ranks in the indicator opinions

facior n (e ranked row, | EXpertopinion | New rank
1 5 1
2 19 2
3 22 3
4 25 4
5 26 5
6 32 6
7 40 75
8 40 75
9 48 9
10 64 10




Then, with the help of MS Excel or Mathcad, the mag-
nitude of the sum of squares of deviations of the qualitative
state indicators can be calculated. It is §$=2029.5 in this case.

Determine the coefficient of concordance by formula (22):

2029,5

W=7
~-5"%(10°~10)-5%1,5
12

=0,99.

3D

The coefficient of concordance W #0, therefore there is
consistency between the experts. The value of the coefficient
W=0.99 indicates presence of a high degree of consistency of
the expert opinions which confirms reliability of the input
data to the developed qualimetric model.

Assessment of the significance of the concordance fac-
tor can be checked by the Pearson criterion calculated in
MS Excel using the built-in PEARSON function. Thus,
Pearson’s criterion was x2 =44,44. Let us compare the cal-
culated value with the table value for the number of degrees
of freedom k=n-1=10-1=9 and at the level of significance
0.=0,05. We have y,” =16,91898, that is 44.44>16.91898,
therefore W=0.99 is not random quantity and the obtained
results are reliable and can be used in further studies.

6. Discussing the results of creating a mathematical
model of asset evaluation as a component of
the information-and-management system

Test of the mathematical model of the road asset evalua-
tion has shown that:

1) the proposed approaches to determining the level of
the qualitative state of the object make it possible to fully
take into account the influence of qualitative indicators of
the asset on its evaluation, in contrast to the conventional
approaches;

2) reliability of the calculations made according to the
mathematical model depends to a great extent on the es-
tablished system of indicators and assessment of adequacy
of the input parameters which is not done with the conven-
tional model;

3) input parameters of the mathematical model were
suggested to be determined by three main approaches: ex-
perimental, calculation and expert which must be necessar-
ily analyzed for reliability in order to minimize errors and
increase significance of the qualitative state indicators;

4) the constructed qualimetric model allows one to
effectively simulate parameters of the mathematical model
of valuating the qualitative state of assets of the road-and-
transport infrastructure;

5) in turn, the mathematical model enables determina-
tion of a fair asset value at the time of estimation taking
into account the sector specifics; it increases quality of
information provided to the management of the road-and-
transport complex.

Unlike the proposed model, the conventional mathe-
matical model of asset evaluation consists in adjustment
of the base value by deducting physical and/or functional
wear. In the country, there are no individual methodological
approaches to valuating objects of the road-and-transport
infrastructure. Such objects are valuated by the general
approach and calculations are based on global norms estab-
lished in the Soviet period. Expert appraisal data are not

duly processed in road evaluation. The developed mathe-
matical model, unlike conventional one, suggests to take
into account physical wear not as a calculated normative
value but as a result of estimation of the level of qualita-
tive state of the asset obtained in technical examination.
Moreover, basic provisions of qualimetry are used in this
case which was not previously used in evaluation. The dis-
advantages of application of the developed mathematical
model can include the errors of calculation of the number
of properties that determine levels in the qualimetric
model, the errors of determining weight coefficients, the
degree of accuracy of evaluation of individual qualities,
determination of a differential relative indicator of prop-
erty. In particular, when applying the expert method,
there may be difficulties in obtaining a reliable and con-
sistent estimate, the expert subjectivism may take place.
Therefore, this study proposes to evaluate the model for
its adequacy and the input parameters for their reliabil-
ity. When applying the expert method in determining
parameters of the model, it is proposed to assess the level
of competence of the experts. Despite these shortcomings,
it has been experimentally found that when applying the
developed mathematical model, reliability of the model
parameters is rather high and, consequently, the model
adequacy is proved.

The results of these scientific studies will be used for
further improvement and development of scientific investi-
gations in the field of management of the national road-and-
transport complex. These materials will be a real tool for
conducting expert examination and road asset evaluation.
The results of road asset evaluation may serve as pre-project
materials and an informational base for development of proj-
ects of reconstruction, overhaul, repair and maintenance of
the operated roads.

7. Conclusions

1. Components of the asset evaluation process as an
element of management of the road-and-transport complex
were determined. A conceptual model of the procedure for
valuating assets of the road infrastructure has been con-
structed. The proposed model makes it possible to perform
evaluation of the road infrastructure assets not according
to the conventional approach but from the position of
uniqueness of linearly extended objects and the specifics
of the road-and-transport complex. The model takes into
account impact of the level of qualitative state and the esti-
mated value on the process of making managerial decisions
pertaining to road assets.

2. The conceptual model of the procedure for asset
evaluation was constructed taking into account level of
the qualitative state. The conceptual model is based on the
use of a qualimetric model and a multilevel hierarchical
system of indicators. Criteria and indicators of property
evaluation, inventorying the road sections were substan-
tiated. Weight coefficients for each differential indicator
of the qualitative state of the road structure elements and
other facilities located within the right of the way zone
were determined based on the value and expert meth-
ods. A multilevel hierarchical system of indicators that
comprehensively and rationally characterizes qualitative
attributes of the valuated object or the road section was



elaborated. The complex indicator grouping all differential
indicators and simple product properties at the highest
model level was substantiated.

3. The mathematical model of asset evaluation was con-
structed as a component of the information-and-manage-
ment system of the road-and-transport infrastructure. The
presented results form the base for working out method-

ological approaches and information analysis systems for
evaluation of specialized assets of the Ukrainian road-and-
transport complex. In particular, the results of this scientific
study were taken as the basis of elaboration of Methodolog-
ical Recommendations for Evaluation of Motorways and
Their Structures (MR D 1.2-37641918-884:2017). The first
edition of this document can be found in [29].
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