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The Prospects of Using Fuzzy Approaches to 

Ecological Risk Assessment 

Oleg Uzhga-Rebrov, Rezekne Higher Education Institution, 

Galina Kuleshova, Riga Technical University 

Abstract. The issue of environmental quality improvement has been receiving much attention in the 

developed countries in recent years. Due to that, the role of assessment of ecological risks associated both 

with natural events and technogene activity of humans is increasing. Previous approaches to the 

assessment of ecological risks were fully based on statistical data and expert evaluation of potential losses 

and probabilities of unfavourable consequences. When this kind of assessment is carried out, it is assumed 

explicitly that experts are able to evaluate point probabilities. However, such assumptions are far from 

being true. As a result, fuzzy approaches to ecological risk assessment became popular lately. This paper 

focuses on two practical approaches of that kind. The paper is aimed at attracting practical attention to 

new up-to-date techniques that could be successfully applied to assess ecological risks in Latvia. 
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I  INTRODUCTION 

A great deal of attention has been paid lately to the 

problem of environment protection in the developed 

countries. The quality of environment may be 

negatively affected by several nature factors: 

earthquakes, volcano eruption, hurricanes, floods, 

draught, etc. These factors have existed during the 

whole history of the Earth evolution, so ecosystems 

have sufficient and strong enough protection 

mechanisms to resist to the action of different 

unfavourable nature factors. Even greater negative 

impact on the environment is made by technogene 

human activity. All the negative effects associated 

with different kinds of such activity can be divided 

into two large groups: (1) irrational use of the existing 

nature resources, which might cause large problems 

for further generations (externalities between the 

generations) and (2) different kinds of environment 

pollution occurring as a result of economic activity. 

The necessity of avoiding or lessening negative effects 

of the second group has been recognised long ago and 

important measures are undertaken to reach the goals 

stated. The actions aimed at lessening these effects are 

planned and accomplished on the basis of the 

respective measurements and monitoring of relevant 

factors. This kind of approach can be quite validated 

when dealing with already existing deviations in the 

functioning of ecosystems that can be evaluated 

directly but real causes of these deviations can be 

discovered and proper corrective actions can be 

developed. It is more difficult to assess ecological 

risks. The problem is that the risks are related to the 

potential negative effects on the environment which 

might occur due to different natural and technogene 

reasons. For example, what consequences might 

follow potential long-term period of the draught in the 

region or potential accident at a chemical enterprise? 

In such situations it is necessary to evaluate possible 

losses at different levels of the negative impact and 

chances of occurrence of such losses. During a long 

period, the chances of occurrence of different kind of 

losses were commonly evaluated by probabilities 

assuming that all possible levels of losses constitute a 

complete group of random events. Thus, the 

assessment of ecological risks within standard 

approach includes two dimensions: possible losses and 

probabilities of occurrence of losses at different levels 

of possible influence.  

A question then arises: how to obtain the necessary 

initial data for evaluating ecological risks? If 

sufficient statistical material is available, the task is 

not difficult. A visual example can be the assessment 

of fire risk in a building of a certain type. Rich 

statistical material allows one to justly evaluate the 

relative frequency of fire occurrence in this kind of 

buildings. This frequency can be correctly assumed as 

the probability of fire occurrence in a certain building. 

Estimated losses caused by the fire can be easily 

calculated as average losses related to previous fires. 

Based on the obtained evaluations, the risk can be 

easily evaluated and the cost of insurance police can 

be determined. 

Unfortunately, the presence of sufficient statistical 

material in the assessment of ecological risks is the 

exception rather than the rule. The uniqueness of such 

situations and their rear occurrence do not allow one 

to use efficient apparatus of statistics to obtain 

necessary evaluations. To cope with the lack of 

objective information, expert evaluation is frequently 

used. Experts-specialists based on their professional 

knowledge, experience and, sometimes, intuition can 

provide the necessary data. However, the problem of 

confidence degree evaluation for the data obtained 

appears. Practically, there are no suitable methods for 

solving that task if objective initial information is 

completely unavailable; though methods exist that 
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allow one to a priori evaluate potential non-

objectivities of the expert in the planned evaluation 

but these techniques might provide only little help as 

regards the confidence of evaluations of the particular 

expert, whereas the use of group expert evaluation 

may only make the task even more complicated in the 

case when the evaluations of separate experts turn to 

be sufficiently contradictive.  

A lot of techniques are developed for obtaining and 

using uncertain probabilistic evaluations; these 

include interval probabilities, second order 

probabilities etc. The shortcomings of these 

techniques are their complexity and poor 

interpretability of the uncertain results obtained. 

In 1965, L.Zadeh [6] proposed a principally new 

conceptual basis for dealing with vague, imprecise 

information ï fuzzy set theory. The theory was widely 

developed during the past years. Nowadays, fuzziness 

is used practically in all fields of scientific and 

practical activity. This paper considers two practical 

examples of using fuzzy sets and fuzzy rules in 

ecological risk assessment. Based on the analysis of 

the considered examples some generalized 

conclusions are drawn and recommendations on 

applying fuzzy techniques for ecological risk 

assessment are given. 

II   BASIC CONCEPTS OF FUZZY SET THEORY 

Nowadays there are a large number of textbooks 

and reference guides available on fuzzy set theory. As 

an example of a textbook, we can mention [1]; while a 

more detailed and thorough description of the theory 

can be found in [3]. 

Fuzzy set theory has been developed to cope with 

vague and imprecise categories having no sharp 

boarders. As an example let us consider the variable 

Age of individuals. Let us assume that the value of that 

variable may be within the interval [0,100] years. Let 

us distinguish separate categories in that interval, say, 

children, young people, middle age people and older 

people. These categories can be distinguished by 

fixing boundaries between separate categories. Let us 

assume that the value of boarder between young 

people and middle aged people is set as 35 years. 

Then a person at the age of 34 years 11.5 months will 

be ascribed to the category of young people but a 

person at the age of 35 years 0.5 months will be 

ascribed to the category of middle aged people. A 

slight difference in the age makes one to ascribe these 

persons to different age categories, which is not 

justified. Now, let us assume that the age of an 

individual is determined approximately. According to 

the above-mentioned age classification, this individual 

can be ascribed to a single category only. But what 

can be done if, based on his look, it is possible to 

ascribe him both to the category of young people and 

the category of middle-aged people? A great deal of 

similar examples can be offered: classification of 

individuals according to weight, classification of 

temperature etc. 

To ensure a more flexible and convenient operation 

of different kind of classification categories, the 

boundaries between the categories can be somehow 

made vague. This idea is implemented in the concept 

of linguistic category (alternatively, linguistic term). 

Different values of relevant variable may belong to a 

certain linguistic category with different extent 

(strength). Moreover, some values of the variable may 

belong to different linguistic categories with equal or 

different extents.  

Let us consider a case study. Assume that as a result 

of accident, a harmful substance has entered the 

environment, which might cause unfavourable effects 

of different extent. It is clear that the degree of 

unfavourable influence will depend on the 

concentration of that substance in the external 

environment. Let us distinguish these fuzzy linguistic 

categories of the degree of the unfavourable effect at 

the scale of harmful substance concentration: low, 

medium and high. These categories are conditionally 

represented as membership function graphs in Fig. 1. 

As can be seen from Fig. 1, at the concentration 

values less than c1, the extent of pollution will 

definitely be low. At the values of concentration ʩ1 ¢ 

C ¢ c4 the extent of membership of pollution to the 

fuzzy category low decreases in succession from 1 to 

0. At the values of concentration ʩ2 ¢ C ¢ c5, the extent 

of pollution membership in a fuzzy category medium 

increases in succession from 0 to 1. At the values of 

concentration ʩ2 ¢ C ¢ c4 actual pollution can also be 

ascribed to both fuzzy category low and fuzzy 

category medium with different degrees of 

membership. At the concentration equal to ʩ3, the 

degrees of membership in both categories will be 

similar. Degrees of membership to other fuzzy 

categories can be interpreted in the same way. 

In practical applications, fuzzy numbers are of great 

importance. A fuzzy number is a fuzzy subset defined 

in a set of real numbers R. As an example, two 

triangular fuzzy numbers A1 
and A2 are shown in 

Fig.2. These numbers have received their name 

because of the form of membership function graphs. 

There also exist other types of fuzzy numbers. 

Arithmetic operations on fuzzy numbers can be 

performed according to the rules of fuzzy arithmetic. 

A set of interconnected variables describing a 

certain set of the real world is often called a system. If 

the states of variable values are expressed by means of 

fuzzy sets and/or other fuzzy operators, this kind of 

system is called a fuzzy system. In the most general 

case, fuzzy systems can be classified as model-based, 

knowledge-based and also hybrid [2]. Fuzzy systems 

that are based on knowledge are the result of 

traditional modelling of systems; they employ 

appropriate fields of fuzzy mathematics (fuzzy 

analysis, fuzzy mathematic operations, fuzzy relations 

etc.). In knowledge-based fuzzy systems, the 

correlations among variables are described by means 

of a set of fuzzy rules. 
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c1 c2 c3 c4 c5 c6 c7 c8 c9
C, harmful substance

concentration

   membership function, ɛ

1

low medium high

Fig.1. Graphs of membership functions of fuzzy categories of the degree of unfavourable impact on the environment at the scale of harmful 

substance concentration 

R

ɛ(.)

A1
A2

a1 b1 c1 a2 b2 c2

1

 

Fig.2. Sample representation of triangular fuzzy numbers 

These rules are formed using expertsô opinions and 

evaluations that represent their knowledge in the 

subject area.  

 

 

 

This knowledge can be initially expressed in the terms 

of natural language and then formally transformed into 

the fuzzy forms. 



Uzhga-Rebrov O., Kuleshova G. THE PROSPECTS OF USING FUZZY APPROACHES TO ECOLOGICAL 

RISK ASSESSMENT 

 

37 

 

III   AN EXAMPLE OF TECHNICAL RISK ASSESSMENT 

USING A FUZZY MODEL-BASED SYSTEM 

To illustrate the above-mentioned technique, let us 

use the data shown in [5]. The paper provides a 

detailed analysis of fuzzy evaluation of technical 

system safety. It is clear that ecological risk is 

inversely proportional to the safety of relevant 

technical system activity. The matter is that the lower 

the safety of, say, equipment for manufacturing 

dangerous chemical substance, the higher the 

probability of its breakage and the higher the risk that 

during the accident the environment will heavily 

suffer. Thus, the assessment of technical risks is 

actually equivalent to the assessment of ecological 

risks.  

The event of technical system breaking or 

degradation is a fundamental element of safety 

analysis, and the main problem is how to model 

damage events with complicated possible states. The 

qualitative analysis of safety has to assess not the 

chances of real damage of system element, but the 

chances of occurring such element state at which the 

element is still functioning but its parameters have 

changed in such way that the chance of damage is 

growing. In this sense, the discussion is about 

different kinds of damage. 

Standard statistical approach to the assessment of 

technical system safety suffers from a shortcoming 

that quite frequently initial data are not sufficient to 

induce reliable evaluations. The fuzzy set-based 

approach helps to take into consideration the 

insufficiency of the initial data. In the considered 

variant of the approach, it is assumed that relevant 

initial data are represented as triangular fuzzy numbers 

and operations on them are carried out by the rules of 

fuzzy arithmetic.  

Technical system safety analysis can be performed 

in two variants [5]: (1) in the form of structure 

function synthesis and (2) in the form of damage tree 

analysis. The first variant is used at the stage of 

system development but the second one ï at the stage 

of system exploitation. In any case, the major factors 

of system safety are fuzzy reliability of normal 

functioning of the i-th component, )(eR
~

il , fuzzy 

average number of damages of the i-th component at 

time unit ɚӉ(i) and fuzzy average time between 

damages of the i-th component )(
~

1 il . 

In parallel fragments of the system, components are 

included in parallel; one of the components is in 

working state while the other components are in the 

standby state. When the functioning component is out 

of order, the next component is turned on and so on. 

Thus, a complete abandoning of the fragment will 

only occur when all its components are damaged. 

Fuzzy likelihood of the normal functioning of the 

fragment at time moment t is calculated by this 

expression: 
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where n ï number of the components that are 

connected in parallel; 

l
~

- average number of damages of the component. 

In [5] it is shown that in the case of n in parallel 

connected components with constant value  l
~

, that 

are represented in the form of triangular fuzzy 

numbers (a, b, c) (see Fig.2) the resulting triangular 

number for  )(eR
~

frl  in expression (1) can be 

represented as 
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This kind of approximation brings a small error but 

significantly simplifies the calculations. 

For a fragment of technical system with n 

connected in sequence elements we have 
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If the values of ɚӉ(i) are represented in the form of 

triangular fuzzy numbers (ai, bi, ci), the calculation of 

the value )(
~

frl  is reduced to a simple addition of 

these numbers according to the rules of fuzzy 

arithmetic. 

After the value of )(
~

frl  is calculated, it is 

possible to calculate in sequence the value of 

)(
~

systeml for the existing connections of the 

fragments. 

What is the advantage of the considered fuzzy 

approach to the calculation of technical system safety 

as compared to the standard probabilistic approach? 

The probabilistic approach foresees point evaluations 

of the probabilities of fuzzy events ï damages of 

systemôs components. Under the conditions of the 

shortage of the initial information, the confidence of 

the obtained evaluations can be extremely low. In the 

considered approach, the incompleteness and 

insufficiency of the initial information is explicitly 

modelled by means of triangular fuzzy numbers. It is 

natural that the fuzziness of the initial evaluations is 

translated into the fuzziness of the result. However 

this kind of fuzziness is better than point evaluations 

with unknown level of confidence. At least, under the 

fuzzy results it can be clearly seen in which limits and 

with which confidence the real value of the factor 

under evaluation can be expected. To lessen the 

degree of imprecision of the results, the worst values 

of the evaluations can be used as a basis and 

conclusions can be drawn on the basis of such 

pessimistic evaluation. Besides, defuzzification 

techniques can be used that enable making more 

narrow intervals of fuzzy resulting evaluations. 
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IV   AN EXAMPLE OF TECHNICAL RISK ASSESSMENT 

USING A FUZZY KNOWLEDGE-BASED SYSTEM 

In [4], the authors describe a technique for 

evaluating the ecological risk that is connected to 

mercury emissions when mining gold in Canada. The 

level of mercury in sediments, water and biota is the 

basis for making political and technical decisions on 

making correcting procedures. It is clear that the 

chemical analysis is the major source of information 

for the evaluation of potential harmful impact on the 

environment. To obtain data reliable by many points 

of evaluation, large financial resources and numerous 

educated staff is required. The authors point out that 

when similar task was solved in Sweden, mercury 

content was evaluated in 1836 lakes. However, when 

forecasting the development of situation evolution in 

the future at so numerous initial data, prediction error 

was within 50%. This gives evidence that to receive 

reliable results, even larger amount of initial data is 

required. 

Based on the analysis of the state of the art, the 

authors [4] have suggested a simple heuristic approach 

to the evaluation of ecological risks in the area of gold 

mining. The evaluation of mercury content in the 

water, sediments and live organisms is made using 

terms of linguistic categories high, medium and low.  

For all relevant factors of the task, the identification of 

linguistic categories and construction of membership 

function graphs is made. In their work the authors 

treat the values of membership functions as the 

Degree of Belief (DoB). 

Sediments are both carriers and sources of 

contaminants in aquatic systems. The possibility of Hg 

bioaccumulation is influenced by the contamination 

level of sediment. The Index of Geoaccumulation 

(Igeo) as a quantitative measure of metal pollution in 

aquatic sediments [4] uses the relationship between 

concentration C of the element in the sediment and 

background in fossil argillaceous sediment (B): 

 

.5,1

log2

B

C
I geo=

                       (4) 

For making a fuzzy evaluation of the extent of 

presence of Hg in sediments, the authors have 

classified these types of sediments: 

Type 1: Comprises gravels, white or light grey clay 

or sand, limestone, sandstones; 

Type 2: comprises any reddish clayey or sand 

sediment; 

Type3: comprises organic-rich sediments. 

Using the knowledge and experience of experts, a 

set of rules connecting the type of sediments and 

fuzzy values of other relevant factors with the fuzzy 

amount of hydrargyrum at the point of measurement, 

is constructed. All the rules are shaped as an expert 

system HgEx. As the authors point, "HgEx is heuristic 

system, which accommodates imprecise data input for 

many variables, such as pH, Eh, water conductivity, 

biomass productivity, water transparency and 

contamination factor. The system does not replace the 

monitoring programs because all data are obtained in 

field trip, but rather reduces the need for accurate 

results to provide a preliminary but conclusive risk 

assessment report". 

V  RESULTS AND CONCLUSIONS 

This paper considered two practical approaches to 

the fuzzy evaluation of ecological risks. One of the 

approaches is based on fuzzy models, while the other 

one employs a fuzzy representation of knowledge. 

Fuzzy evaluation of technical risks has already found 

practical application. Its advantages are in the 

opportunity to use vague, imprecise initial 

Information, which is not possible when using 

standard statistical approach. In no case it means the 

rejection to use this kind of approach. In the case, 

when sufficient statistical data are available (e.g. in 

case of fires or aviation accidents), the statistical 

approach has undoubted advantages. However, in 

practical tasks of ecological risks evaluation, the lack 

of sufficient initial data is the rule rather than the 

exception; so here fuzzy techniques are preferable. 

As shown in Section 3, fuzzy evaluation of 

technical risks requires only fuzzy evaluations of 

initial factors. By regulating the basis of relevant 

triangular fuzzy numbers, practically any degree of 

non-knowledge regarding the factors to be evaluated 

can be modelled. It is natural that the fuzzier the initial 

data are, the fuzzier the results will be. However, even 

at the sufficient fuzziness of the results, practically 

there is no alternative to the fuzzy approach. In this 

kind of state, it is simply impossible to get more or 

less reliable probabilistic evaluations. 

The practical method for the assessment of 

technical risks presented in Section 3, can be 

successfully employed in numerous other situations. A 

logically validated requirement for such application is 

a tight functional relation between the initial data and 

the resulting evaluations. 

Another practical approach to assessing ecological 

risks that is discussed in Section 4 is completely based 

on the use of the knowledge and experience of 

experts. Different versions of that technique might 

also find a wide application in other fields where it is 

possible to determine heuristic dependencies between 

the initial data and the resulting evaluations. Fuzzy 

rules are excellent tool for expressing relevant 

dependencies. 

Other conceptual approaches to the assessment of 

ecological risks at the imprecise initial information 

also exist; one of such approaches is based on the 

theory of possibilities. The consideration of alternative 

approaches is, however, beyond the scope of this 

paper, first due to the limited paper size and second 

due to numerous advantages of fuzzy techniques. 
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Abstract. In order to achieve the wide range of the robotic application it is necessary to provide iterative motions 

among points of the goals. For instance, in the industry mobile robots can replace any components between a 

storehouse and an assembly department. Ammunition replacement is widely used in military services. Working place 

is possible in ports, airports, waste site and etc. Mobile agents can be used for monitoring if it is necessary to observe 

control points in the secret place. The paper deals with path planning programme for mobile robots. The aim of the 

research paper is to analyse motion-planning algorithms that contain the design of modelling programme. The 

programme is needed as environment modelling to obtain the simulation data. The simulation data give the possibility 

to conduct the wide analyses for selected algorithm. Analysis means the simulation data interpretation and 

comparison with other data obtained using the motion-planning.  The results of the careful analysis were considered 

for optimal path planning algorithms. The experimental evidence was proposed to demonstrate the effectiveness of the 

algorithm for steady covered space. The results described in this work can be extended in a number of directions, and 

applied to other algorithms.  

 

Keywords ï robotic, Simulated Annealing, path planning. 

 

I  INTRODUCTION 

The article is connected to the travelling salesman 

problem (TSP), but with some exceptions and 

conditions. In the case when the TSP is envisaged the 

following approximate path planning algorithms are 

used [2, 3, 4]: 

¶ The closest neighbour algorithm; 

¶ Simulated Annealing (SA); 

¶ Genetic Algorithm (GA); 

¶ Ant colony optimization. 

The closest neighbour approach is the simplest and 

straightforward TSP one [10]. The way to this 

approach to always visit the closest city. The 

polynomial complexity of the approach is O(n
2
). The 

algorithm is relatively simple: 

1 ï Choose a random city; 

2 ï Find out the nearest city unvisited and visit it; 

3 ï Are there any unvisited cities left? If yes, repeat 

step 2; 

4 ï Return to the first city. 

SA is successfully used and adapted to get an 

approximate solutions for the TSP [10]. SA is 

basically a randomized local search algorithm similar 

to Tabu Search but do not allow path exchange that 

deteriorates the solution. The polynomial complexity 

of the approach is O(n
2
) accordingly. 

 

Fig. 1.  Pseudocode for SA  

The SA method [1, 5, 16] is widely used in applied 

science (Fig. 1). The well-known traveling salesman 

problem has effectively solved by means of this 

method. For instance, the arrangement of many circuit 

elements on a silicon substrate is considerably 

improved to reduce interference among the elements 

[15, 18]. 

GA conducts in a way similar to the nature [3]. A 

basic GA starts working with a randomly generated 

population of potential solution. The candidates are 

then mated to produce offspring and only some of 

them go through a mutating process. Each candidate 

has an optimal value demonstrating us how go it is. 

Choosing the most optimal candidates for mating and 

mutation the overall optimality of the candidate 

solutions increases. Using GA to the TSP involves 

implementing a crossover procedure, a measure of 

optimality and mutation as well. Optimality of the 

solution is a length of the solution. 

Ant colony optimization is the algorithm that is 

inspired by the nature [9]. It is based on ant colony 
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moving behaviour. Good results can be achieved by 

means of the algorithm but not for complex problems. 

We managed to use SA algorithm rather 

successfully in our previous work [17] taking into 

account the specific side of this work (it will be 

discussed in detail further). Therefore, it is necessary 

to discuss some principles of SA realization in detail. 

In order to calculate the total path it is necessary to 

know the shortest route among all the cities. As we do 

not know the distance, we must apply one of the 

algorithms to define the shortest route among all the 

cities. It is Dijkstra's algorithm [14] that gives the 

possibility to get the shortest path tree. The 

polynomial complexity of the Dijkstra's algorithm is 

O(n
2
). 

II    GOALS 

The aim of the research paper is to analyze motion-

planning algorithms that contain the design of 

modelling programme. The programme is needed as 

environment modelling to obtain the simulation data. 

The simulation data give the possibility to conduct the 

wide analyses for selected algorithm. Analysis means 

the simulation data interpretation and comparison with 

other data obtained using the motion-planning. 

The use in practice and the necessity of it is greatly 

connected to optimal algorithm and methodological 

work out for autonomous agents that move in the 

space and are able to plan route on their own [6, 7, 8, 

11, 12, 13]. One of such agent-samples exiting in our 

everyday life is autonomous vacuum cleaner. 

Autonomous vacuum cleaners do not usually use the 

motion-planning algorithm. They are based on some 

simple algorithms, for example cleaning in a spiral, 

crossing the premises avoiding the walls and their 

moving is casual after touching the walls. The 

philosophy of this design was offered by the scientists 

of Massachusetts Institute of Technology. Agents 

must behave as insects having primitive controlling 

devices in accordance to the environment.  As a result, 

though an autonomous vacuum cleaner is very 

effective in cleaning premises, it is required much 

more time as compared with work made by a human. 

There is a drawback, the autonomous vacuum cleans 

some spaces many times but other spaces only once. 

The use of motion-planning algorithms can raise the 

effectiveness of an autonomous vacuum cleaner.  

III   ASSUMPTIONS 

In order to fulfill the aim of the research paper the 

following conditions are introduced for: 

¶ premises where an object moves; 

¶ robot (or object) moves around the premises; 

¶ path the robot moves on in the premises. 

The premises are presented as two-dimensional plane. 

The plane of premises is equally divided into the cells. 

The cell dimensions are equal to agent dimension that 

moves in the premises. The space can be represented 

as a graph with two kinds of edges (see Fig. 2). 

Horizontal and vertical edges are marked with 

unbroken lines they are of similar length, but others 

are longer and marked with dash lines. It is linked 

with agent movement possibilities.  

 

Fig. 2.  The example of the graph and 3 x 3 space  

The object moves only one cell forward and back 

i.e. during one motion the object can move to the one 

cell from empty eight ones (eight cells around one 

cell) paying attention to that cell is not occupied by 

the obstacle but if it is occupied, the graph will not 

have the relevant vertex (see Fig. 3).  

 

Fig. 3.  The example of agentôs motion (where vi,j is relevant 

vertex)  

As opposed to classical TSP we take a number of 

additional rules and it means that the agent can cross 

the one the same cell several times in succession (it 

must cross any cell one time obligatory). Thus, the 

agentôs initial vertex does not coincide with its final 

vertex of total route. 

In this research paper both algorithms were 

compared practically using and combining different 

placement of obstacles in the unchangeable two-

dimensional space. All the results were obtained on 

one and the same computer (2.66 GHz processor and 

2GB RAM), operating systems (Ubuntu 12.04.1 LST 

Linux were used). The following information was 

collected about: 

¶ the number of covering for each cell; 

¶ the time which was necessary for both 

algorithms to plan the route. 

The given illustrations (see Fig. 4) show coverage 

density (it is an example that was obtained in our 

previous work [17]).  
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Fig. 4.  Density scale (white - uncovered; black - covered the 

most) 

 

Fig. 5.  Coverage density for the space without obstacles for SA 

 

Fig. 6.  Coverage density with the obstacle consisting of 64 cells 
(the obstacle is in the middle of the premises) for SA 

 

Fig. 7.  Coverage density with the obstacle consisting of 144 
cells (the obstacle is in the middle of the premises) for SA 

 

Fig. 8.  Coverage density with the 12 random obstacles for SA 

 

Fig. 9.  Coverage density with another set of the 12 random 
obstacles for SA 



Uzhga-Rebrov O., Kuleshova G. THE PROSPECTS OF USING FUZZY APPROACHES TO ECOLOGICAL 

RISK ASSESSMENT 

 

43 

 

 

Fig. 10.  Coverage density with the obstacle consisting of 12 cells 

(the obstacle is in the middle of the premises) for SA 

 

Fig. 11.  Coverage density with the obstacle consisting of 12 cells 
for SA 

The density scale (see Fig. 4) is the same for all 

coverage densities. Coverage density shows how often 

the robot covers each cell. 

IV   RESULTS 

Taking into account the fact that the distance among 

all the vertexes (cities) are unknown in the beginning, 

it is necessary to define the shortest paths among those 

vertexes mentioned above. Dijkstra's algorithm can be 

used but increasing the measures of the premises, the 

time is proportionally increases accordingly that is 

necessary for evaluating path tree. Therefore, it is 

needed to simplify the calculation of the shortest path, 

which is possible, provided the peculiarities and 

nuances of the task are taken into consideration. In 

addition, the empty premises should be observed. If all 

the mentioned above remains valid, the simple 

algorithm can be worked out to define the shortest 

paths. 

Let us consider the agentôs general moving paths. If 

there are no vertexes between the current initial and 

goal vertexes, the agent can move only to eight 

possible positions (cells) depending on goal vertex 

(see Fig. 3). Admitting that first vertex index i defines 

the vertical position and the second vertex j defines 

the horizontal position we can draw a line either 

horizontally or vertically. And one of the vertexes will 

have the index with common value (see Fig. 12).  

 

Fig. 12.  The example of agent moving horizontally (where i 

index value is common for both vertexes)  

Another situation can be seen if the current initial 

and goal vertexes are neither on the horizontal nor 

vertical lines (see Fig. 13-15).  

 

Fig. 13.  Three examples of agent moving (where A, B and C are 
sections among the vertexes): agent moves from v0,2 to v3,0 crossing 

v1,2 
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Fig. 14.  Three examples of agent moving (where A, B and C are 

sections among the vertexes): agent moves from v0,2 to v4,0 crossing 
v2,2 

 

Fig. 15.  Three examples of agent moving (where A, B and C are 
sections among the vertexes agent moves from v0,3 to v4,0 crossing 

v1,3) 

All cases of Fig. 13-15 have common 

characteristics that unites them. The shortest path from 

initial vertex to goal vertex is section C but for the 

agent this path is unavailable because of current task 

conditions and peculiarities. These cases can be 

described by the right-angled triangle where C is a 

side of the triangle. In addition, side B is longer than 

side A. One of the shortest paths among the relevant 

(corresponding) vertexes: 

¶ the agent moves along the longest  side B of the 

right-angled triangle until the gap between the 

covered path and side B is equal to side A; 

¶ if gap between the covered path and side B is 

equal to side A, then the agent moves along the 

angle allowed (along the section D) to the goal 

vertex (let us mark that this action corresponds to 

the case when side B is equal to side A i.e. the 

right-angled triangle is the isosceles triangle, too 

(see Fig. 13) in case initial vertex is v1,2, 4, (see 

Fig. 14) in case initial vertex is v2,2 and (see Fig. 

15) in case initial vertex is v1,3)).  

We can follow that the path is longer than optimal 

side C. And it can be calculated by the use of 

following formulae: L = B-A+2
0.5

*A, where L is the 

length of the path from initial vertex to goal vertex. 

By turn, C can be calculated from C = (A
2
+B

2
)
0.5

. It is 

possible to calculate how match percent L is longer 

than C (if L is equal to 100 %), then the final result is 

equal to P=((L-C)*100)/L. Our goal premises are 100 

x 100 cells. The value of P is reflected with contour 

line for the given premises depending on A and B (see 

Fig. 16).  

 

Fig. 16.  P value depending on B and A, if A > 1 and B > A 

It is possible to calculate maximum P value for 100 

x 100 cells big premises (see Fig. 16) that is equal to 

7.61 %. The method/algorithm mentioned was applied 

instead of Dijkstra's algorithm to calculate total path 

or covering of 100 x 100 cells big premises and it is 

obstacles free (see Fig. 17).  
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Fig. 17.  The density of covering for 100 x 100 cells big premises 

(it is obstacles free) 

Density of covering changes from 1 up to 40 (there 

are the cells which were covered only once and there 

are the cells covered maximum 40 times). Totally, the 

agent performed 192666 steps in order to cross each 

cell of the premises.   

V  CONCLUSION 

It can be concluded that the algorithm offered is 

rather simple and it replaced Dijkstra's algorithm 

effectively according to the task. The algorithm allows 

decreasing the time of calculation, which is necessary 

to define the shortest route among graph vertexes.  

The shortest path can be defined in a simple way 

(even in such cases mentioned in Fig. 13-15), 

provided that it is necessary to know the gap between 

the indexes of initial and goal vertexes. For instance, 

if i nitial vertex is vi1,j1 and goal vertex is vi2,j2, the first 

gap is æ1=|i1-i2| and the second gap is æ2=|j1-j2|. As to 

the next step, it is needed to calculate the biggest gap 

between both the gaps. The shortest path is equal to 

the biggest gap. For instance, Fig. 13 reflects the 

shortest path which occupies 4 cells, but in other cases 

(see Fig. 14-15) it is 5 cells big. 

It must be marked that total path can be a bit longer 

it is connected to the specific task which was 

envisaged in the chapters ñAssumptionsò and 

ñResultsò in detail. The worst case can be evaluated 

theoretically for the premises of 100 x 100 cells. If we 

take into consideration that the total route will consist 

of path pieces, which are longer than 7.61 % in 

comparison with C value (see Fig. 16), the total path 

will be longer than optimal 7.61 % (actually, it is the 

worst maximal variant. We must pay attention to the 

fact that SA provides only approximate solution).  

The algorithm can be successfully used e.g. in 

autonomous public transport restricted by means of 

rules, technical requirements in autonomous robots 

and military equipment. In addition, the algorithm can 

be used in various computer games where a path 

planning is done in dynamic environment.  

It is possible to conclude that the algorithm offered 

can be used in the different application areas not only 

for path planning of a robot.  
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Abstract. The main goal of this paper is to collect information about pathfinding algorithms A*, BFS, Dijkstra's 

algorithm, HPA* and LPA*, and compare them on different criteria, including execution time and memory 

requirements. Work has two parts, the first being theoretical and the second practical. The theoretical part details the 

comparison of pathfinding algorithms. The practical part includes implementation of specific algorithms and series of 

experiments using algorithms implemented. 

Such factors as various size two dimensional grids and choice of heuristics were taken into account while 

conducting experiments. 

 

Keywords ï A*, BFS, Dijkstra's algorithm, HPA*, LPA*, shortest path problem.  

 

I  INTRODUCTION 

Pathfinding theory describes a process of finding a 

path between two points in a certain environment. In 

the most cases the goal is to find the specific shortest 

path, which would be optimal, i.e., the shortest, the 

cheapest or the simplest. Criteria such as, a path, 

which imitates path chosen by a person, a path, that 

requires the lowest amount of fuel, or a path from 

point A to point B through point C is often found 

relevant in many pathfinding tasks. 

The shortest path problem is a pressing issue in 

many fields, starting with navigation systems, 

artificial intelligence and ending with computer 

simulations and games. Although all of these fields 

have their own specific algorithms, there are many 

general purpose pathfinding algorithms which can be 

successfully applied. But it is not always clear what 

advantages certain algorithm has in comparison to its 

alternatives. 

As a part of this paper pathfinding algorithms A*, 

BFS, Dijkstra's algorithm, HPA* and LPA* were 

implemented to analyze their efficiency in an 

environment based on two dimensional grid. Such 

factors as grid size, traversed node count and 

execution time were taken into consideration 

conducting series of experiments. 

II   MATERIALS AND METHODS 

To assess algorithm efficiency in two dimensional 

grids experiments were conducted using A*, BFS, 

Dijkstra's algorithm, HPA* and LPA* to find the 

shortest path between two randomly placed nodes. 

Algorithm execution times and traversed node count 

were measured. 

Two dimensional grids used in experiments 

contained two types of nodes: passable and blocked. 

20% of grid was randomly filled with blocked nodes. 

To assess algorithm efficiency experiments were 

conducted on various size grids: 64x64, 128x128, 

256x256, 512x512 and 1024x1024 nodes. 

In case of HPA* three level hierarchy was chosen 

and initial grid was divided into 4x4 clusters. These 

parameters were chosen because any smaller division 

of base grid (64x64 in this case) would lead to 

incorrect search results while executing preprocessing 

phase. 

Manhattan distance was chosen as heuristic 

function, because it is strictly grid based distance: 

 Ὄ ȿὼ ὼȿ ȿώ ώȿ.  (1) 

Every experiment was repeated 100 times to reduce 

the amount of random errors. Algorithms were 

implemented assuming that pathfinding may only 

occur horizontally or vertically, with no diagonal 

movement. Every transition between two neighboring 

nodes costs 1. 

All experiments were conducted on the computer 

with CPU running at a frequency of 2.8 GHz. 

III   ALGORITHM A*  

A* is a pathfinding algorithm used for finding 

optimal path between two points called nodes. 

Algorithm A* uses best-first search to find the lowest 

cost path between start and goal nodes. Algorithm 

uses heuristic function, to determine the order in 

which to traverse nodes. This heuristic is sum of two 

functions: 

G ð exact cost of the path from initial node to the 

current node; 

H ð admissible (not overestimated) cost of 

reaching the goal from current node; 

Ὂ  Ὃ  Ὄ ð cost to reach goal, if the current 

node is chosen as next node in the path. 

Estimated heuristic cost is considered admissible, if 

it does not overestimate the cost to reach the goal [3]. 

Selection of heuristic function is an important part 

of ensuring the best A* performance. Ideally H is 

equal to the cost necessary to reach the goal node. In 

this case A* would always follow perfect path, and 
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would not waste time traversing unnecessary nodes. If 

overestimated value of H is chosen, the goal node is 

found faster, but at a cost of optimality. In some cases 

that may lead to situations where the algorithm fails to 

find path at all, despite the fact, that path exists. If 

underestimated value of H is chosen, A* will always 

find the best possible path. The smaller H is chosen, 

the longer it will take for algorithm to find path. In the 

worst-case scenario, Ὄ π, A* provides the same 

performance as Dijkstra's algorithm [2]. 

A* starts its work by creating two node lists: a 

closed list containing all traversed nodes and an open 

list of nodes that are being considered for inclusion in 

the path. Every node contains three values: F, G and 

H. In addition to these three values every node needs 

to contain information about which node precedes it to 

determine path by which this node can be reached. 

IV   ALGORITHM BREADTH-FIRST SEARCH 

Breadth-first search (BFS) is one of the simplest 

graph search algorithms and is a prototype for several 

more advanced algorithms. Prim's minimal spanning 

tree algorithm and Dijkstra's single-source graph 

search algorithm uses principles similar to BFS [1]. 

Given a graph Ὃ ὠȟὉ  and the starting node ί, 
BFS will systematically traverse edges of Ὃ, to find all 

nodes, that are reachable from node ί. It calculates 

distance (the smallest number of edges) from node ί 
to every reachable node and creates breadth-first tree, 

which contains all reachable nodes. The root of this 

tree is node ί. Every node ὺ reachable from node ί in 

breadth-first tree makes the shortest path from ί to ὺ 
in graph Ὃ, i.e., path which contains the smallest 

number of edges. The algorithm is applicable to 

directed and undirected graphs. 

To follow search progress, breadth-first search 

algorithm marks all nodes in white, gray or black. All 

nodes are white in the beginning. When during the 

search node is encountered for the first time it 

becomes gray or black. Gray and black nodes are 

considered visited. BFS sorts these nodes to ensure 

that search is progressing breadth-first. If όȟὺᶰὉ 

and node ό is black, then node ὺ is gray or black i.e. 

all black node neighbors have been visited. Gray 

nodes can have white neighbors, they represent border 

between visited and not visited nodes. 

The algorithms complexity in time can be expressed 

as ὕȿὉȿ ȿὠȿ, in the worst case scenario every edge 

and every node is visited. ὕȿὉȿ ȿὠȿ can fluctuate 

between ὕȿὠȿ and ὕȿὠȿ  depending on graph edge 

evaluation. 

V   DIJKSTRA'S ALGORITHM 

Dijkstra's algorithm deals with single-source the 

shortest path problems in directed, weighted graphs 

Ὃ ὠȟὉ  with non-negative edge costs (ύόȟὺ
π for every edge όȟὺᶰὉ) [2]. Dijkstra's algorithm 

maintains set of nodes Ὓ, whose final shortest-path 

weights from source ί have already been determined. 

The algorithm repeatedly selects nodes όᶰὠ Ὓ 
with the minimum shortest-path estimate, sums ό and 

Ὓ, and relaxes all edges leaving ό. 

Dijkstra's algorithm is called "greedy" algorithm, 

because it always chooses "the lightest" and "the 

nearest" node ὠ Ὓ to add to the set Ὓ. 
The simplest implementation of Dijkstra's algorithm 

holds the set of nodes ὗ in simple linked list and 

finding node with minimal weight is linear search in 

set ὗ. In this case algorithm execution time is 

ὕȿὉȿ ȿὠȿ . The algorithm worst case performance 

can be expressed as ὕȿὉȿ ȿὠȿÌÏÇ ȿὠȿ [5]. 

VI   ALGORITHM HPA* 

Hierarchical pathfinding A* was developed by Adi 

Botea and his colleagues in 2004. HPA* is a near-

optimal pathfinding algorithm, it finds paths which are 

within 1% of optimal [7]. It is combination of 

pathfinding and clusterization algorithms, which 

works by creating an abstract graph on the basis of 

two dimensional grids. The main HPA* principle is 

based on dividing search problem into several smaller 

sub problems, and caching results for every path 

segment [8]. 

Clusterization, used in this algorithm, is relatively 

simple: a low resolution two dimensional grid ί ί is 

created, where ί is a size of new grid. New grid is 

placed directly above the initial grid. Every node in 

new grid becomes a cluster. All initial grid nodes that 

are located under according cluster are considered 

members of that cluster. Each cluster is considered 

separate graph. The abstract graph is then created to 

connect all separate graphs. To achieve that, border 

nodes needs to be found between neighboring clusters 

- nodes that are on cluster outer sides are checked. If 

node has a passable neighbor in an adjacent cluster, it 

is considered connected, and connection between two 

graphs representing clusters are added to abstract 

graph. In cases where there are many adjacent 

connections between two clusters, they are combined 

into one entrance. Then entrances are added to 

abstract graph and connected. Abstract graph still 

lacks internal edges (paths between entrances inside 

one cluster). These edges are created by running A* 

algorithm through every node in each separate cluster. 

If A* finds path, its cost becomes costs of found 

abstract edge, else edge is not added to abstract graph. 

Inter-cluster edges inherit their costs from initial graph 

edge cost. Finally abstract graph is ready for 

pathfinding using A* [9]. 

HPA* pathfinding phase consists of two parts 

called preprocessing and online search. During 

preprocessing start and goal nodes are inserted into 

abstract graph, and inter-cluster edges are added. Then 

A* is used on abstract graph to find the shortest route. 

During online search the shortest route found in 

abstract graph is refined to full path in initial graph 

using A*. To find full path from start to goal node A* 

is used in every cluster on nodes that connect clusters. 
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Finally partial results from every cluster are combined 

into full path [10]. 

VII   ALGORITHM LIFELONG PLANNING A*  

Lifelong Planning A* (LPA*) is an algorithm 

intended for solving the shortest-path problems on 

known finite graphs whose edge cost increase or 

decrease over time [5]. Ὓ denotes the finite set of 

nodes of the graph. ίόὧὧίṖὛ denotes the set of 

successors of node ίɴ Ὓ. Similarly, ὴὶὩὨίṖὛ 
denotes the set of predecessors of node ίɴ Ὓ. 
π ὧίȟί Њ denotes the cost of moving from 

node ί to node ίᶰίόὧὧίȢ LPA* always determines 

the shortest path from a given start node ί  to a 

given goal node ί ᶰὛ, knowing both the topology 

of the graph and the current edge costs. The start 

distances satisfy the following relationship: 

Ὣᶻί
π                                                         ὭὪ ί ί

άὭὲɴ Ὣᶻί ὧίȟί  έὸὬὩὶύὭίὩȢ
       (2) 

Ὣᶻί denotes the start distance to node ίɴ Ὓ, i.e., 

the cost of the shortest path from ί  to ί. 
LPA* is an incremental version of A* that applies 

to the same finite path-planning problems as A*. It 

shares with A* the fact that it uses nonnegative and 

consistent heuristics Ὤί that approximate the goal 

distance of the node ί to focus its search. Consistent 

heuristics obey the triangle inequality Ὤί π 
and Ὤί ὧίȟί Ὤί  for all nodes ίɴ Ὓ and 

ίᶰίόὧὧί withί ί . LPA* reduces to a 

version of A* that breaks ties among vertices with the 

same Ὂ value in favor of smaller Ὃ values when LPA* 

is used to search from scratch and to a version of 

DynamicsSWSF-FP that applies to path-planning 

problems and terminates earlier than the original 

version of DynamicsSWSF-FP when LPA* is used 

with uninformed heuristics [6]. 

VIII   RESULTS AND DISCUSSION 

Algorithm execution time 

Breadth-first search is brute-force search algorithm; 

its results differ noticeably in comparison with 

informed search algorithms. Table I shows, that the 

algorithm execution time increases exponentially with 

search area size increase. 

 
TABLE I 

ALGORITHM BFS EXECUTION TIME 

Grid size (nodes) Execution time (ms) 

64x64 150 

128x128 2803 

256x256 48313 

512x512 821598 

1024x1024 13962457 

 

To find the shortest path in 512x512 node grid, the 

algorithm took 821 seconds and in 1024x1024 node 

grid ð 13962 seconds. This considerable execution 

time shows that the algorithm is the most likely not 

applicable to real-time search problems in large grids. 

Increasing the search problem size Dijkstra's 

algorithm execution time increases linearly. On 

average in 1024x1024 grid the algorithm finds the 

shortest path in 2,3 seconds. Table II shows the 

algorithm execution times for different grid sizes. 

 

TABLE II  

DIJKSTRA'S ALGORITHM EXECUTION TIME 

Grid size (nodes) Execution time (ms) 

64x64 6 

128x128 25 

256x256 120 

512x512 515 

1024x1024 2362 

 

Algorithm A* performance was greater in 

comparison with Dijkstra's algorithm in every grid 

size selected for experiments. The algorithms 

execution time increases linearly with grid size. Table 

III shows the algorithm execution times for different 

grid sizes. 
 

TABLE III  

ALGORITHM A*  EXECUTION TIME 

Grid size (nodes) Execution time (ms) 

64x64 4 

128x128 16 

256x256 77 

512x512 265 

1024x1024 1148 

 

Lifelong Planning A* performance is higher than 

Dijkstra's algorithms in all grid sizes, but it is lower 

than A* performance in 512x512 and 1024x1024 node 

grids. The algorithms execution time increases 

linearly with grid size. Table IV shows the algorithm 

execution times for different grid sizes. 

 

TABLE IV  

ALGORITHM LPA*  EXECUTION TIME 

Grid size (nodes) Execution time (ms) 

64x64 4 

128x128 11 

256x256 57 

512x512 319 

1024x1024 1490 

 

Algorithm HPA* execution time, using 4x4 clusters 

and 3 level hierarchy, is lower than any other 

algorithm in this experiment. The algorithms 

execution time increases linearly with grid size. Table 
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V shows the algorithm execution times for different 

grid sizes. 

 
TABLE V 

ALGORITHM HPA* EXECUTION TIME 

Grid size (nodes) Execution time (ms) 

64x64 3 

128x128 14 

256x256 52 

512x512 190 

1024x1024 775 

 

The experimental data shows, that the fastest 

execution times belong to HPA* in almost all grid 

sizes, only dropping behind LPA* in 128x128 grid by 

3 ms. The slowest execution times were shown by 

BFS, which was considerably slower than the second 

slowest algorithm ð Dijkstra's. All algorithm 

execution times are shown in Table VI and graphically 

in Fig. 1. 

 

TABLE VI  

ALGORITHM EXECUTION TIME 

Algorithm Grid size (nodes) 

64x 

64 

128x 

128 

256x 

256 

512x 

512 

1024x 

1024 

BFS 150 2803 48313 821598 13962457 

Dijkstra 6 25 120 515 2362 

A*  4 16 77 265 1148 

LPA*  4 11 57 319 1490 

HPA* 3 14 52 190 775 

 

Fig. 1. Algorithm execution time 

Traversed nodes 

Breadth-first search traverses the most nodes from 

all the algorithms discussed. Table VII shows the 

algorithm traversed node count for the different grid 

sizes. 

 

 

 

 

TABLE VII  

ALGORITHM BREADTH-FIRST SEARCH TRAVERSED NODES 

Grid size (nodes) Traversed nodes 

64x64 3155 

128x128 12887 

256x256 52367 

512x512 213648 

1024x1024 1159255 

 

While searching for a path Dijkstra's algorithm 

traversed slightly less nodes than BFS. Similar amount 

of visited nodes for Dijkstra's algorithm and BFS can 

be explained by the fact, that both algorithms use 

similar node traversal principles. Table VIII shows the 

algorithm traversed node count for different grid sizes. 
 

TABLE VIII  

DIJKSTRA'S ALGORITHM TRAVERSED NODES 

Grid size (nodes) Traversed nodes 

64x64 3173 

128x128 13058 

256x256 52068 

512x512 209251 

1024x1024 836977 

 

Algorithm A* traversed less nodes than BFS, 

Dijkstra's algorithm or LPA* while searching for the 

shortest path. The algorithm uses heuristics to expand 

nodes in the direction of the goal thus minimizing 

traversed node count. Table IX shows the algorithm 

traversed node count for different grid sizes. 

 
TABLE IX  

ALGORITHM A*  TRAVERSED NODES 

Grid size (nodes) Traversed nodes 

64x64 623 

128x128 1576 

256x256 8071 

512x512 40333 

1024x1024 104109 

 

Lifelong Planning A* traversed node count 

increases linearly with grid size increase. On average 

LPA* traverses half as much nodes as Dijkstra's 

algorithm. Table X shows LPA* algorithm traversed 

node count for different grid sizes. 
 

TABLE X 

ALGORITHM LPA*  TRAVERSED NODES 

Grid size (nodes) Traversed nodes 

64x64 994 

128x128 6163 

256x256 25004 
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512x512 115973 

1024x1024 460318 

 

Hierarchical Pathfinding A* traversed the least 

nodes from all selected algorithms in all grid sizes. 

This can be explained by the fact, HPA* only searches 

paths within selected clusters, which were chosen in 

preprocessing phase. Table XI shows the algorithm 

traversed node count for different grid sizes. 

 

TABLE XI  

ALGORITHM HPA* TRAVERSED NODES 

Grid size (nodes) Traversed nodes 

64x64 454 

128x128 1334 

256x256 3551 

512x512 10629 

1024x1024 41491 

 

Comparing algorithms by nodes traversed, Breadth-

first has traversed the most nodes and Hierarchical 

Pathfinding A* - the least nodes. All algorithms 

traversed node counts are shown in Table XII and 

graphically in Fig. 2. 

 
TABLE XII  

ALGORITHM TRAVERSED NODES 

Algorithm Grid size (nodes) 

64x 

64 

128x 

128 

256x 

256 

512x 

512 

1024x 

1024 

A*  623 1576 8071 40333 104109 

Dijkstra 3173 13058 52068 209251 836977 

HPA* 454 1334 3551 10629 41491 

LPA*  994 6163 25004 115973 460318 

BFS 3155 12887 52367 213648 1159255 

 

Fig. 2. Algorithm traversed nodes 

Breadth-first search results overall are similar to 

Dijkstra's in 64, 128, 256 and 512 nodes grids, but 

falls behind in 1024 node grid. 

IX   CONCLUSIONS 

Comparing A*, Breadth-first search, Dijkstra, 

HPA* and LPA* algorithms execution times in 

different size two dimensional grids, the slowest was 

BFS. This result can be explained by the fact, that the 

algorithm operation principle is very simple and it 

does not use any heuristics. Dijkstra's algorithm was 

faster than BFS, but slower than all other algorithms. 

A* and LPA* performance was similar: LPA* was 

faster in smaller grids (64, 128, 256), but A* in larger 

(512, 1024). Which leads to conclusion, that LPA* is 

better suitable for smaller pathfinding problems, while 

A* is better used for solving larger problems. 

Algorithm HPA* was the fastest in searching path 

between 2 points, primarily because of hierarchical 

problem division into smaller parts. 

Breadth-fi rst search traversed the most nodes, 

closely followed by Dijkstra's algorithm. LPA* 

traverses node count was larger than A* in all grid 

sizes. A* traversed node count was the second best 

amon discussed algorithms. HPA* traversed the least 

nodes. 
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Force-in-Chain Study of Chain-Electric Hoist 

with Periodical Variable Angular Rotational 

Velocity of Chain-Wheel 

Ivan Balashev, Silviu Macuta 
Technical University of Gabrovo, Bulgaria, Dunarea de jos University of Galati, Romania 

Abstract. Lifting mechanism of chain electric hoist with periodical variable angular velocity of chain-wheel has been 

studied in this paper. The non-uniform movement of chain is considerably decreased and from where the dynamic 

load is also decreased. The experimental studies of the lifting mechanism have been carried out at different operation 

modes. The results from these studies have been graphically presented and conclusions have been done. 

 
Key words: chain electric hoist, experimental studies, force-in-chain. 

 

I  INTRODUCTION 

Lifting mechanism of chain electric hoist with 

periodical variable angular velocity of chain-wheel 

has been developed and studied. This leads to 

compensation in large degree of the non-uniformity of 

the load movement and also the dynamics is 

improved. 

II   THEORETICAL AND EXPERIMENTAL 

STUDIES 

The mechanical diagram of lifting mechanism of 

chain electric hoist with periodical variable angular 

velocity of chain-wheel is shown in Figure 1 [1, 2]. It 

is driven by asynchronous electric motor with conic 

rotor and built-in brake connected with a planetary 

gear 2 which is contacted to the other one with 

periodical variable gear ratio from 2KH-KA type. It is 

consisted of central gears 3 and 4 in which planet 

gears 5 put on a carrier 6 are engaged. 

The carrier is put on the output shaft of the gear 

where the chain-wheel 8 is mounted. The gear 10, 

engaged with gear 11 and bearing supported on the 

fixed axis 12, is put on the driving shaft 9. An elbow 

13, entering in a radial canal of the strip 14 fixed on 

gear 4 with internal teeth, is mounted on one side of 

the gear 11. 

During the rotation of the driving shaft 9 with 

constant angular velocity w9, one basic rotation 

motion of the output shaft 7 with angular velocity w7,0 

is received. The second reciprocal-rotation motion 

with angular velocity 
~
7w  is added to the first one. The 

second motion is formed by closing kinematic chain 

(link gear) [1] which is consists of gears 10 and 11, 

eccentric 13 and strip with canal 14. 

 

1
2
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6 8

9

10

1112 13 14 7

    

Fig 1. Scheme of lifting mechanism 
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The periodical variable angular velocity wkz of the 

chain-wheel is determined as follows [1]: 

( )
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where j9 is the rotation angle of shaft 9; 

           a and i0=z11/z10 are center distance and gear 

ratio of the closing gear with gears 10    and 11 

respectively; 

           e is an eccentricity of the elbow 13; 

           z=-z4/z3 is an parameter of the planetary 

gear. 

The variation of angular velocity wkz of rotation of 

the chain-wheel is shown in Figure 2. It is determined 

at different values of the eccentricity e according to 

angle w9 of driving shaft 9. The other parameters are 

accepted as follows: z=-4; number of teeth of the 

chain-wheel zk=5 and a=67.5 mm.  
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Fig 2. Theoretical determinate   variation of the angular velocity 
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Fig 3. Experimental determinate variation of the angular velocity 

The experimental studies of laboratory model of 

chain electric hoist with periodical variable angular 

velocity of chain-wheel have been carried out. This 

model has been developed in Technical University of 

Gabrovo. The following records have been made for 

the variation of the angular velocity wkz of rotation of 

the chain-wheel (Figure 3), for the variation of force-

in-chain at rotation of the chain-wheel with periodical 

variable angular velocity (Figure 4) as well as for the 

variation of force-in-chain at rotation of the chain-

wheel with constant angular velocity (Figure 5) at 

condition of load lifting. 

Force-in-chain at lifting from the ground with 

rotation of the chain-wheel 
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Fig 4. With periodical variable angular velocity 
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Fig 5.   With constant angular velocity 

Experimental studies at the other operation modes 

of the chain electric hoist with ñpolygon effectò 

compensation of the chain drive have been carried out. 

The results have been compared with these ones of the 

existing constructions of chain electric hoist with 

rotation of the chain-wheel with constant angular 

velocity. 

Oscillograms of variance of the force-in-chain at 

condition ï stopping at the end of load lifting are 

shown in Figure 6 and Figure 7. Oscillograms of 

variance of the force-in-chain at condition ï lifting of 

suspended load are shown in Figure 8 and Figure 9. 

Force-in-chain at stopping at the end of load lifting 

with rotation of the chain-wheel 
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Q
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Fig 6   With periodical variable angular velocity 
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Fig 7   With constant angular velocity 

Force-in-chain at lifting of suspended load with 

rotation of the chain-wheel 
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Fig 8   With periodical variable angular velocity 
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Fig 9.   With constant angular velocity     

Oscillograms of variance of the force-in-chain at 

condition ï lowering of suspended load are shown in 

Figure 10 and Figure 11. Oscillograms of variance of 

the force-in-chain at condition ï stopping of 

suspended load are shown in Figure 12 and Figure 13. 

The coefficients for dynamism have been 

determined for each operation mode of two lifting 

mechanisms of chain electric hoists. They are given in 

the tables and also are determined by means of the 

following relationship: 

Q

QQ
kd

D+
=

                               (2) 

Force-in-chain at lowering of suspended load with 

rotation of the chain-wheel 
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Fig 10. With periodical variable angular velocity 
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Fig 11. With constant angular velocity 

 Force-in-chain at stopping of suspended load with 

rotation of the chain-wheel 
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Fig 12. With periodical variable angular velocity 
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Fig 13. With constant angular velocity  
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III   CONCLUSIONS 

The following conclusions have been drawn by 

means of the carried-out theoretical and experimental 

studies of lifting mechanism of chain electric hoist 

which are connected with an application of the 

planetary gear 2KH-KA type with periodical variable 

gear ratio: 

- An original construction of lifting mechanism of 

chain electric hoist with an application of the 

planetary gear 2KH-KA type with periodical variable 

gear ratio has been developed. The ñpolygon effectò of 

the chain drive is compensated at this design. 

- The non-uniform movement of the chain (load) is 

decreased at the suggested construction of chain 

electric hoist because of the compensation of the 

ñpolygon effectò of chain drive as well as this one of 

the dynamic loads. 

- The coefficient of dynamism kd at the suggested 

construction is decreased with 15,5% at the condition 

of load lifting from the ground during the carried-out 

dynamic experimental studies of lifting mechanism of 

chain electric hoist with an application of the 

planetary gear 2KH-KA type with periodical variable 

gear ratio. 
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Analysis of Dynamic Parameters of Observation 

Towers in Latvia  

Liga Gaile 
Riga Technical University, Department of Structural Analysis. Address: Azenes Street 16, 

Riga, LV-1048, Latvia. 

Abstract. The purpose of this research is to experimentally identify the performance of most of the light-weight 

observation towers open for public in Latvia. It analyzes the structure of towers, technical condition, dynamic 

parameters and dynamic response to human movement along the tower height. During the experiment there were 

measured and recorded the vibration accelerations of 18 observation towersô upper platform. Further dynamic 

parameters were extracted using the spectral analysis.  There was performed the sensitivity analysis to establish 

parameters that most influences the dynamic response amplitudes due to human movement. All experimentally 

obtained fundamental frequencies of the inspected towers are in the typical range of human walking frequencies. It is 

found that the main parameter that denotes the response level (acceleration amplitude) of the tower due to human 

movement is a tower self-weight.  

 

Keywords ï acceleration, frequency, human induced vibrations, observation tower. 

 

I  INTRODUCTION 

Historically the free standing towers primarily were 

used by military to provide a good observation of the 

surrounding area. The era of observation towers as a 

sightseeing symbol probably started in Paris during 

the 1889 with the Eiffel rise at the World's Fair. 

Observation towers located in cities usually are tall 

structures and serve as an architectural symbol but 

towers located in the countryside are designed to 

allow viewers an unobstructed view of the landscape 

and tend to have a design mostly driven by economic 

aspects. 

Latvia has around 20 light-weight observation 

towers accessible for general public with height more 

than 20m (Fig. 1). Mostly they are located in 

countryside of Latgale and Kurzeme region. Almost 

half of them are responsibility of the state company 

JSC ñLatviaôs State Forestsò that continuously 

develops environmental infrastructure objects. As an 

example serves recently opened for public (October, 

2012) 28,5m high timber observation tower 

ñAnļupǕnu skatu tornisò near Rezekne city. Although 

construction of such towers is rather expensive it is a 

great way to increase tourist flow to the area otherwise 

not very popular.  

Most of the towers in Latvia have set rules to limit 

the number of visitors from 5 to 10 people however 

this limit is not based on any research information and 

construction is purely based on the previous 

experience. In 2010 a light-weight eccentric steel 

structure observation tower was opened for public in 

Jurmala and most of the visitors experience vibration 

amplitudes causing uncomfortable feeling. This 

structure highlights the lack of understanding and 

inadequate design information of the building codes, 

regarding the slender tower dynamic response to 

human induced loads [1]. It demonstrates that in areas 

with low seismicity and relatively low wind loads the 

human induced dynamic loads could be determinative 

in a slender and light-weight observation tower design 

because it is important to meet acceptable comfort 

level for tower visitors. 

      

Fig. 1.  Observation towers: a) steel, b) timber 

From the extensive experimental and numerical 

researches in last decade regarding the light-weight 

footbridge vibrations induced by human dynamic 

loads it is known that slightly damped bridges become 

susceptible to vibrations when structures natural 

frequencies are in the range of  human step 

frequencies [2]-[5]. In the case of bridge pedestrian 

density greatly influences the step frequency [6]. The 

mean step frequency for the low density (0.2-0.5 

Persons/m2) pedestrian stream is 1.8-1.9Hz according 

to [6].  

In the case of stairs that is essential component of 

any lattice observation tower there is a wide variation 

of walking speeds and therefore the wide variation of 

step frequencies can be found in literature. The study 
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[7] presents the measured walking speeds of 485 

individuals on ñthe long stairsò during the event Expo 

2000 in Hannover. It was found that in case of small 

or no visible influence among individuals the mean 

footfall frequency is 1.416 Hz with standard deviation 

of 0.277 Hz. The observed minimum frequency was 

0.48 Hz and maximum (corresponds to running) was 

4.25 Hz. 

To assess the existing observation towers dynamic 

performance in this study there were experimentally 

measured and recorded data of 18 observation towerôs 

top platform vibration acceleration under an 

operational conditions. There were obtained the 

natural frequencies exited by human movement up 

and down along the towersô height, dynamic response 

levels (acceleration amplitudes) and damping ratios 

for the most of observation towers in Latvia. 

Additionally there were theoretically analyzed 

parameters that most influences the response level 

(vibration acceleration and displacement amplitudes) 

under the human induced typical walking load. 

II    MATERIALS AND METHODS 

A.  Experimental programme 

During the experiments there were measured and 

recorded the vibration accelerations of 18 observation 

towers (Fig. 2.)  

 

Fig. 2.  Location of observation towers in Latvia. 

There were used five 3-axis light-weight (55g) USB 

accelerometers (Model X6-1A) to record the 

accelerations. Devices were located on the upper 

platform of towers. The measurement sample rate is 

160 Hz. Each accelerometer simultaneously records 

vibration accelerations in three directions. The typical 

arrangement of accelerometers is presented in Fig. 3. 

 
Fig. 3.  Accelerometers arrangement scheme 

The acceleration amplitudes were measured under 

the following conditions: very mild wind and no 

visitors on the tower, two visitors moving upstairs and 

afterwards downstairs the tower and free decay of 

vibrations. Additionally, there were measured the 

geometry of structures and weather conditions during 

the experiments. 

B. Processing technique of experimental data  

The structural dynamic behavior denotes the modal 

parameters of structure (natural frequencies, damping 

ratios and mode shapes). The field of research so 

called ñmodal analysisò is dealing with identification 

of those parameters.  

The branch of modal analysis is operational modal 

analysis that aims to determine the dynamic character 

istics of structure under operational conditions.  

Excitation force of two person movement along 

towerôs height is weak compared to observation 

towerôs self-weight and stiffness therefore peaks in the 

output spectrum will be responses in the structural 

modes.    

There was performed spectral analysis using 

software package MEôscopeVES to determine the 

exited frequency content of simultaneously recorded 

time traces of observation towerôs top platform 

accelerations.  

There were obtained the autocorrelation functions 

(1) of the time traces that show how the mean power 

in a signal is distributed over frequency. It is also a 

very handy tool to detect the harmonic signals buried 

in the noise [8].  

 () ),()( fAfAfGAA

*Ö=  (1) 

where A(f) is the Fourier transform of the time trace 

a(t) defined as: 

 ñ
¤

¤-

-= ,)()( dtetafA ift
 (2) 

The  ñ*ò indicates the complex conjugate and: 

 ),sin()cos( ftifteift +=  (3) 

where i is a unity imaginary number. 

To reduce the leakage effects due to non-periodicity 

of the time signal records the ñHanning windowò was 

applied to each sampling window before the FFT (Fast 

Fourier Transform) was applied. In the MEôscopeVES 

the modal parameters are extracted from the cross 

channel measurement functions using FRF-based 

curve fitting methods. The DeConvolution window 

was applied to remove the ñsecond halfò of the time 

domain correlation function associated with the 

measurement.  

To check the reliability of obtained natural 

frequencies there was used the stabilization diagram 

that subsequently assumes an increasing number of 

poles.
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Fig. 4.  Response spectrum and stabilization diagram of Ligatne 
tower due to 2 persons ascending  

 

Fig. 5.  Response spectrum and stabilization diagram of Ligatne 

tower due to 2 persons descending  

 

 

The physical poles (exited frequencies) always 

appear as ñstable polesò consequently the unrealistic 

poles are filtered out. Examples of obtained auto 

spectrum and stabilization diagrams presented in Fig. 

4 and 5.  

Damping ratios of the towers were obtained from 

free decay time histories using formula (4) [9]: 

 
na

a

n

0ln
2

1

p
x=  (4) 

where, 

n ï number of relevant periods in time history; 

a0 -  max amplitude; 

an -  min amplitude. 

C. Theoretical Background  

Slender sightseeing towers are the line - like 

structure and for the purpose of response analysis it 

was modeled as the cantilever with uniformly 

distributed mass along the height. The foundation 

stiffness was not taken into account. The observation 

towerôs loading scheme for analytical investigation of 

different parameters (mass, stiffness and tower height) 

influence on the structures dynamic response is 

presented in Fig. 6. 

 

Fig. 6.  Calculation scheme  

According to generally accepted design processes 

for low frequency structures it is convenient to 

consider the maximum level of the resonant response 

that can be induced by person under repeated footfall. 

It was previously found that tower would not reach 

ñthe steady state vibrationò due to inconsistent 

periodicity of applied loading [10]. Thus for the 

sensitivity analysis purpose the load is applied in the 

horizontal direction with magnitude of two personsô 

typical first walking harmonic (longitudinal direction) 

at cantilever tip. The weight of one person is assumed 

740N and dynamic load factor (DLF) is assumed 0.12.  

The sensitivity analysis was performed in the 

following parameter range: 

Height of the tower: 20m é 40m; 

Self-weight of the tower: 4kN/m é 1500kN/m; 

Stiffness of the structure (EI):  

1.4Ŀ10
9
Nm

2
 é 1.610

10
Nm

2
. 

The reference tower parameters are following: 

Height of the tower: Lav=30m; 
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Self-weight of the tower: mav=9.5kN/m 

Stiffness of the structure: EIav=9.04Ŀ10
9
Nm

2
 ; 

Damping ratio: ɝ=2.5%. 

In calculations it was considered that 4 repeated 

footfalls in a row coincide with the fundamental 

frequency of the structure. 

The methodology for obtaining the analytical 

solution (displacements and accelerations) of equation 

of motion (5) is taken from [10]. 
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where, 

EI ï stiffness; 

x ï displacement; 

c ï damping; 

m ï mass. 

III   RESULTS AND DISCUSSION 

There were experimentally measured and recorded 

data of 18 observation towerôs top platform vibration 

acceleration under a mild wind and two persons 

movement along the towerôs height to obtain the 

exited natural frequencies, damping ratios and  

acceleration amplitudes for the light-weight lattice 

towers made of different materials.  

There were some examples of mixed structures e.g. 

timber structure (columns, beams, and cladding) with 

a steel rod lateral resisting system. Mostly observation 

towers can be divided in timber (70% of the inspected 

towers) and steel structures. The slope of the 

observation towersô stairs was in the range of 30
0
 to 

70
0
 but most of the observation towersô slop of the 

stairs was around 45
0
. Although the most of 

observation towers are less than ten years old their 

technical condition widely varies. Only the timber 

towers less than five years old with a treated timber 

are in good technical condition. 

The recorded time histories and corresponding 

frequency spectrums with stabilisation diagrams of the 

observation tower in Ligatne are presented in Fig 7. 

The recorded peak accelerations under mild wind 

conditions are about 20 times less than from two 

person movement upstairs and downstairs. Most of 

this towerôs height was sheltered by surrounding trees. 

In this case response spectra show that ascending and 

descending excite the same frequencies. In ascending 

case higher magnitude has the fundamental frequency 

of the tower (1.35Hz) but in descending case higher 

magnitude has higher frequency (1.65Hz). 

 

Fig. 7.  Acceleration time history of observation tower in Ligatne 

Table 1 presents the three main exited natural 

frequencies of observation towers and maximum 

accelerations observed due to two persons movement 

up and down the tower stair as well as presented 

damping ratios in such were obtained.  

The Table 1 excludes the inspected towers that 

were in unsatisfactory technical condition.  

The lowest exited frequencies of human movement 

are generally the fundamental frequencies of the 

observation towers. To recognize it, there was 

analysed frequency spectrum of each tower obtained 

from ambient response data where as an input force 

was considered the wind loading. 
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TABLE 1. 

OBSERVATION TOWER DYNAMIC RESPONSE TO HUMAN INDUCED LOADING 

Tower name and height of 

the top platform above the 

ground level 

Structural 

material 

Exited frequencies of two persons movement, Hz 
Amax, 

m/s2 
x , % 

Ascending Descending 

Krustkalnu tower (25m) Steel 2.6 2.8 - 2.6 2.8 - 0.47 0.8 

Kalsnava tower (25m) Steel 1.7 - - 1.6 1.7 2.2 0.33 1.7 

Jurmala tower (34m) Steel 0.75 0.8 1.15 0.8 3.3 - 0.35 2.3 

Eglu kalns (26.5m) Timber 1.3 4.2 - 1.3 2.5 4.2 0.3 4 

Priedaine (32m) Timber 1.2 2 3.1 1.1 2 2.2 0.26 - 

Kamparkalns (26.5m) Timber 1.35 1.45 - 1.45 2.85 - 0.3 3.1 

Udru kalns (26.5m) Timber 1.35 2.6 - 1.35 1.55 2.6 0.25 3.85 

Ventspils tower (12m) Steel Excitement is negligible; fundamental frequency is 3.4Hz - 

Kuldiga tower (16.3m) Mixed 0.8 1.1, 1.2 2.6 0.8 1.2 2.6 0.26 - 

Lielais liepu tower (34m) Timber 1.1 1.3 2.1 1.1 1.5 4.7 0.13 - 

Ligatne tower (22m) Timber 1.35 1.5 1.65 1.35 1.5 1.65 0.25 5.4 

Lozmeteju tower (28.5) Timber 1 1.1 2.2 1 1.1 - 0.3 - 

 

All fundamental frequencies of the inspected 

towers are in the typical human walking range as 

given in the [10]. It is noticed that generally during the 

stair ascend case with highest acceleration amplitude 

exited the lowest natural frequency but in descending 

case there could be different dominant natural 

frequency. It corresponds well with the observations 

during the experiment that visitors move downstairs 

faster than upstairs. The differences in the exited 

natural frequencies of the towers with very similar 

structure and the same fundamental frequency due to 

human movement (Kamparkals tower and Udru kalns 

tower) indicate the stochastic nature of human 

dynamic loading. 

Although the  inspected towers varies in the 

structural arrangements and materials the maximum 

response level (acceleration amplitude) of two persons 

movement are close to 0.3m/s
2
 . The exception are  

two steel towers (Krustkalns and Jurmala) that are 

considerably lighter and have higher acceleration 

amplitudes and tower in Ventspils that is very short 

with no visible effect from human movement. 

To analyse the different parameter (towerôs self-

weight, height and stiffness (EI)) influence 

theoretically on the dynamic response level due to two 

persons movement was performed the sensitivity 

analysis for the range of parameters as given in the 

previous section of the paper. The Fig. 8 presents 

tower tip displacement amplitude changes if one of the 

considered parameters is changed but others are fixed. 

The Fig.9 shows acceleration amplitude changes in a 

similar manner.  

The perception of vibration depends on vibration 

frequency and the acceleration amplitudes are directly 

related to pedestrian comfort [11]. Therefore there is a 

specific interest in amplitude values of accelerations.  

Results of the sensitivity analysis reveal that a 

change in tower stiffness does not influence the 

acceleration amplitudes. The most important 

parameter is mass of the structure that does not 

influence the displacement amplitudes but 

significantly influences the acceleration amplitudes.  

Basically, stiffer structure has higher frequency 

however displacements are smaller and as a result 

there is no significant change in the acceleration 

amplitude. This well correspond with the experimental 

results where the acceleration levels are approximately 

the same for towers with similar self-weight. 

In reality there is impossible the situation when 

changes of the stiffness or height of tower would not 

influence the self-weight of structure. Nevertheless the 

sensitivity analysis confirms that lighter towers made 

of stronger materials such as steel compared to timber 

ones will be more prone to human movement induced 

vibrations and could reach higher acceleration values. 

This corresponds well with the experimental results in 

the Table 1. 

Experimentally determined peak acceleration of 

Lielais liepu kalns tower Amax = 0.13m/s
2
 (Table 1) is 

considerably smaller than other timber towers have, 

although the fundamental frequency is quite low 

(1.1Hz).
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Fig. 8.  Displacement amplitude of tower tip due to geometrical 

parameter change 

 

Fig.9.  Acceleration amplitude of tower tip due to geometrical 

parameter change   

 

The structure of this particular tower has additional 

structural elements that increases the tower self-

weight but do not increase significantly the stiffness of 

the structure and the tower visitors did not have any 

discomfort feeling compared to other towers with 

peak acceleration more than 0.25 m/s
2
. This 

corresponds well with the carried out theoretical 

sensitivity analysis.  

IV   CONCLUSIONS 

The experimental data presented in this paper are 

based on measurements of 12 light ï weight lattice 

observation towersô (with different structural 

assembly and used materials) responses (acceleration 

amplitudes) to human induced dynamic loading. In 

theoretical part of the paper particular attention is paid 

to find the parameters of the structure that mostly 

influence the dynamic response level (displacements 

and accelerations) to this loading. The main 

conclusions from the study can be summarized as 

follows: 

1. Observation towers are sensitive to the human 

induced loads. Human movement along the tower 

height induces vibration with frequencies that are 

natural frequencies of the structure. 

2. The experimental results reveal the different 

natural frequencies with different magnitude 

redistribution of towers with a similar geometry and 

same fundamental frequency were exited. This 

indicates the stochastic nature of human induced 

loading. In all cases there were exited several natural 

frequencies with comparable magnitudes. Generally, 

ascending the tower stairs excites the lowest natural 

frequencies of the structure with highest acceleration 

amplitudes. When descending the tower stairs the 

acceleration magnitude distribution over frequencies 

differs from the ascending case. Then the higher 

amplitudes have exited frequencies closer to 2Hz. This 

correlates with observation that tower visitors descend 

the tower stairs at higher speed than ascend.  

3. The damping ratios of timber observation towers 

are roughly twice (xå4%) of steel ones.   

4. The parameter that mostly influences the tower 

acceleration amplitudes due to human movement 

induced loads are the self-weight of the structure. 

5. The good correlation between the experimental 

results and theoretical analysis predicting the 

acceleration amplitudes induced by human movement 

indicates that the made assumption of considered 4 

repeated footfalls in a row coincides with the 

fundamental frequency of the structure is adequate. 
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Abstract ï One of the main constructive materials in the building sphere is a precast concrete and fiber concrete. It 

is well influenced by scientific research basis, development and implementation of progressive technologies. The fiber 

concrete it is an ideal material with practically unlimited number of shapes. A nomenclature of concrete articles 

increases, it is working on different shape formation and processing. While preparation for this document started 

with the concept fabrication, it is necessary to understand the methods of construction variable geometry formwork of 

concrete thin-shell surfaces, both past and present as a point of departure. An understanding of this background helps 

provide an essential foundation for the exploration of new potential advances in the field of thin-shell construction. 

Obviously that is the reason for fiber concrete to be the most widespread constructive building material all over the 

world. In the article are considered shell development technology features and is evaluated technical and economical 

effectiveness of concrete shells with thin walls. Now variable geometry systems from flexible materials are developing 

and improving, there is a great potential followed by modern events in concrete technology. The results of laboratory 

experiments have proved that the technology can be used for fibro concrete shell production and construction. 

 

Keywords ï concrete shells, shells production technology, glass fibers, fiberconcrete. 

 

 

I  INTRODUCTION 

Recent developments in concrete technology have 

led to ultra-high performance fibre reinforced concrete 

with revolutionary performance in tension and 

compression. In fact, ultra high performance fibre 

reinforced concrete can be seen as a completely new 

construction material and its possibilities are still to be 

revealed. Fibre reinforced concrete use leads itself to a 

variety of innovative designs as a result of its many 

desirable properties. Not only the higher quality 

contemporary construction materials capable of 

resisting tension forces contributed to this 

development, but also the theoretical knowledge 

gained from the late 19th century up to the present 

day. Earlier the engineers were restricted by 

constructional possibilities. The modern era of shell 

construction is recognized by the trend towards greater 

spans and thinner shells. 

 

Figure 1. L'Oceanogr¨fic in Valencia, Spain ð an open-air 

oceanographic park, architect F®lix Candela 

Modern shell structures span larger column-free 

areas from 100 m and more and, more important, with 

thinner thicknesses than the traditional domes. Thin 

concrete shell structures can cover the roofs of various 

buildings efficiently and aesthetically. The search for 

new spatial structures resulted in widespread 

pioneering with new types of shells.  

Architecture form has got a thin concrete shell 

created in the form of circles, hyperboloids and 

paraboloids and of double curved shapes with 

undefined free-form shapes (Deconstructivism). In 

order to achieve required geometrically complicated 

forms and surfaces of textured concrete is necessary a 

flexible and adjustable formwork system [1,2,3]. The 

desire to reduce the thickness is understandable as the 

dead weight of the shell represents the major portion 

of the total load.  

 

Figure 2. Los Manantiales Restaurant (1957) in Xochimilco, 

Mexico by Felix Candela 
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Most shells are constructed in a conventional 

manner: pouring concrete on a formwork. Other 

possibilities are the use of airform moulds or stressed 

membranes combined with sprayed concrete. 

Although the number of repetition is often not very 

high, prefabricated elements may be used. 

If one shell has to be chosen as being the inspiration 

for a complete generation of new shell engineers, it 

must be the Los Manantiales Restaurant in 

Xochimilco, Mexico. Felix Candela completed the 

shell in 1957 and the design was that much of a 

success that, at the present day, it has been copied 

several times.  

Jorg Schlaich designed a Xochimilco-like shell in 

1977 in Stuttgart, Ulrich Muther constructed the 

Seerose in 1983 in Potsdam and in just recently in 

2002 in Valencia another look-a-like has been 

constructed by Santiago Calatrava: the new 

lôOceanografic see figure 1. Furthermore, famous 

shell builder Heinz Isler was inspired by the 

slenderness of the Manantiales restaurant. The original 

Xochimilco shell, seen on figure 2, is an octagonal 

groined vault composed of four intersecting hypars. 

II   MATERIALS AND METHODS 

Tasks of laboratory experiments: production and 

achievement of different kind shells, including dome-

shaped constructions, clearing up the shell production 

technological features and technological process 

advantages, effectiveness, a visual attraction and 

advantages of products. Laboratory experiment to 

create on formwork with variable geometry was 

elaborated Latvian invention patent Nr. LV14308 [4]. 

Use of a formwork advantages can be mentioned as 

follows: flexible shapes (being curved created surfaces 

are of architecturally and technologically complicated 

shapes), smooth concrete surface quality, formwork 

weight and volume of tissue is very small comparing 

to plywood or steel formwork. 

 

Figure 3. Short AR glass fibers homogeneously distributed in the 

concrete shell 

 

 

Despite the purpose of variable geometry formwork 

and their usage conditions, the material of formwork 

should have a sufficient tensile strength (calculated) 

and low weight, should be resisting to weather 

impacts, flexible,  fireproof (at least the material 

should be fire extinguished), heatproof and frost-

resisting. The requirements are fulfilled when using 

composite materials (created on synthetic fibro basis).  

 

Figure 4. Formwork construction 

Experiments in order to create concrete shell 

production technology process were made in 2013 in 

the Riga Technical University in laboratory in order to 

create an effective shell production technology. Was 

produced a formwork with variable geometry by 

gravity. Formwork construction: veneer 1000Ĭ1000Ĭ9 

mm, rubber sheet 1000Ĭ1000 mm, height of frame 

borders is 9 mm see figure 4. Tasks of laboratory 

experiments: production and achievement of different 

kind shells, including dome-shaped constructions, 

clearing up the shell production technological features 

and technological process advantages, effectiveness, a 

visual attraction and advantages of products. In the 

reported work, on the flat surface mould was imposed 

and smoothed down (forming a thin layer) glass 

fiberconcrete mix. 

 

Figure 5. Knitted fabric for concrete shell reinforcement 


