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Abstract The issue of environmental quality improvement haseen receivingmuch attention in the
developed countries in recent years. Due to that, the role of assessment of ecological risks associated both
with natural events and technogeneactivity 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 kosh 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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| INTRODUCTION losses at different levels of the negative impact and

A great deal of attention has been paid lately to thehances of amurrence of such losses. During a long
problem of environment protection in the developegeriod, the chances of occurrence of different kind of
countries. The quality of environment may bedosses were commonly evaluated by probabilities
negatively affected by several naturfactors: assuming that all possible levels of losses constitute a
earthquakes, volcano eruption, hurricanes, floodsomplete group of random events. Thus, the
draught, etc. These factors have existed during thessessment ofecological risks within standard
whole history of the Earth evolution, so ecosystemapproach includes two dimensions: possible losses and
have sufficient and strong enough protectiomprobabilities of occurrence of losses at different levels
mechanisms to resist to the action of différe of possible influence.
unfavourable nature factors. Even greater negative A question then arises: how to obtain the necessary
impact on the environment is made by technogerigitial data for evaluating ecologal risks? |If
human activity. All the negative effects associatedufficient statistical material is available, the task is
with different kinds of such activity can be dividednot difficult. A visual example can be the assessment
into two large groups: (1) irrational use of #masting of fire risk in a building of a certain type. Rich
nature resources, which might cause large problerssatistical material allows one to justly evaluate the
for further generations (externalities between theelative frequency of fe occurrence in this kind of
generations) and (2) different kinds of environmenbuildings. This frequency can be correctly assumed as
pollution occurring as a result of economic activitythe probability of fire occurrence in a certain building.
The necessity of avoiding or lessenimegative effects Estimated losses caused by the fire can be easily
of the second group has been recognised long ago atalculated as average losses related to previous fires.
important measures are undertaken to reach the goBlased onthe obtained evaluations, the risk can be
stated. The actions aimed at lessening these effects aesily evaluated and the cost of insurance police can
planned and accomplished on the basis of thge determined.
respective measurements and itwing of relevant Unfortunately, the presence of sufficient statistical
factors. This kind of approach can be quite validatethaterial in the assessment of ecological risks is the
when dealing with already existing deviations in thexception rather than the rule. Thieiqueness of such
functioning of ecosystems that can be evaluatesituations and their rear occurrence do not allow one
directly but real causes of these deviations can he use efficient apparatus of statistics to obtain
discovered and proper corree actions can be necessary evaluations. To cope with the lack of
developed. It is more difficult to assess ecologicabbjective information, expert evaluation is frequently
risks. The problem is that the risks are related to thesed. Expertspecialists basd on their professional
potential negative effects on the environment whicknowledge, experience and, sometimes, intuition can
might occur due to different natural and technogengrovide the necessary data. However, the problem of
reasons. For example, wah consequences might confidence degree evaluation for the data obtained
follow potential longterm period of the draught in the appears. Practically, there are no suitable methods for
region or potential accident at a chemical enterprisesplving that task ifobjective initial information is
In such situations it is necessary to evaluate possildempletely unavailable; though methods exist that
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allow one to a priori evaluate potential Ron To ensure a more flexible and convenient operation
objectivities of the expert in the planned evaluatiowf different kind of classification categories, the
but these techniques might provide only little help aboundaries between the categories can be somehow
regards the confehce of evaluations of the particularmade vague. This idea is implemented in the concept
expert, whereas the use of group expert evaluati@f linguistic category(alternatively,linguistic tam).
may only make the task even more complicated in tHeifferent values of relevant variable may belong to a
case when the evaluations of separate experts turndertain linguistic category with different extent
be sufficiently contradictive. (strength). Moreover, some values of the variable may
A lot of techniques are dewmded for obtaining and belong to different linguistic categories with equal or
using uncertain probabilistic evaluations; thesélifferent extents.
include interval probabilities, second order Letus consider aase study. Assume that as a result
probabilities etc. The shortcomings of thesef accident, a harmful substance has entered the
techniques are their complexity and poorenvironment, which might cause unfavourable effects
interpretability of the uncertain results obtained. of different extent. It is clear that the degree of
In 1965, L.Zadeh [6] proposed a principally newunfavourable influence will depend on the
conceptual basis for dealing with vague, impreciseoncentration of that #&stance in the external
informationi fuzzy set theory. The theory was widelyenvironment. Let us distinguish these fuzzy linguistic
developed during the past years. Nowadays, fuzzinesategories of the degree of the unfavourable effect at
is used practically in all fields of scientific andthe scale of harmful substance concentration: low,
practical activity. This paper considers two practicainedium and high. These categories are conditionally
examples of using fuzzy sets and fuzzy rules imepresented as memship function graphs in Fig. 1.
ecological risk assessment. Based on the analysis ofAs can be seen from Fig. 1, at the concentration
the considered examples some generalizedhlues less than,cthe extent of pollution will

conclusions are drawn and recommendations ahef i ni tely be | ow. At,;¢t he wval
applying fuzy techniques for ecological risk C ¢ c, the extent of membership of pollution to the
assessment are given. fuzzy categorylow decreases in succession from 1 to
0. At the valugLctoftheaxtehmcentr a
Il BAsSIC CONCEPTS OAFFUZzY SET THEORY of pollution membership in a fuzzy categanedium

Nowadays there are a large number of textbooHBCreases in successiqn from O to 1. At the values of
and reference guides available on fuzzy set theory. &s© N C € n & ¢ @¢ q, axtoal pigllution can also be
an example of a textbook, we can mention [1]; while scribed to both fuzzy categorlow and fuzzy
more cetailed and thorough description of the theorg@tegory medium with  different ~ degrees of
can be found in [3]. membership. At the g£Whencentra

Fuzzy set theory has been developed to cope Wig_gg_rees of membership in both_ categories will be
vague and imprecise categories having no shafymnilar. Degrees of membership to other fuzzy
boarders. As an example let us consider the variatff@€gories can be inggeted in the same way.

Age of individualsLet us assume thttte value of that N Practical applications, fuzzy numbers are of great
variable may be within the interval [0,100] years. LefmPortance. Afuzzy numbers a fuzzy subset defined
us distinguish separate categories in that interval, sdf), @ Seét of real numberR. As an example, two
children, young people, middle age people and olddfangular fuzzy numbers ;Aand A are shown in
people. These categories can be distinguished hJ9-2- These numbers have reeel their name
fixing boundaries betweeseparate categories. Let usPecause of the form of membership function graphs.
assume that the value of boarder between yourlf!€'® also exist other types of fuzzy numbers.
people and middle aged people is set as 35 yeaf¥ithmetic operations on fuzzy numbers can be
Then a person at the age of 34 years 11.5 months vRrformed according to the rules of fuzzy arithmetic.
be ascribed to the category of young people but aA _set of mterconnected_ variables desariia
person at the age of 35%ars 0.5 months will be certain set of thg real world is often called a system. If
ascribed to the category of middle aged people. joe states of variable values are expressed py means of
slight difference in the age makes one to ascribe the8#2y sets and/or other fuzzy operators, this kind of
persons to different age categories, which is ndyStém is called fuzzy systemn the most general
justified. Now, let us assume that the age of aR@se fuzzy systems can tassified as modedased,
individual is determined goximately. According to Knowledgebased and also hybrid [2]. Fuzzy systems
the abovementioned age classification, this individualth@t are based on knowledge are the result of
can be ascribed to a single category only. But wh&@ditional modelling of systems; they employ
can be done if, based on his look, it is possible tBPPropriate fields of fuzzy mathematics (fuzzy
ascribe him both to the category of young people arfnalysis, fuzzy mathematic operatiofiggzy relations
the category omiddleaged people? A great deal of€iC:)- In  knowledg®ased fuzzy systems, the
similar examples can be offered: classification of°rrelations among variables are described by means
individuals according to weight, classification ofof a set of fuzzy rules.

temperature etc.
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membership function, &

high

C1 C2 C3 ¢ C5 C6 Cr Cs Co
C, harmful substance
concentration

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

Fig.2. Sample representation of triangular fuzzy numbers

These rules are for med Thisknowedgecapbe mitialyéexpresged mithetersis a n d
evaluations that represent their knowledge in thef natural language and then formally transformed into
subject area. the fuzzy forms.
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- A - nooo_ Y
Il AN EXAMPLE OF TECHNICAL RISK ASSESSMENT Rel(fr) = O Rel (i) :/ g/t —gnt
USING AFUzzY MODEL-BASED SYSTEM =1 i=1

To illustrate the abovenentioned technique, let us i
use the data shown in [5]. The paper provides a Where ni number of the components that are
detailed analysis of fuzzy evaluation of technicafonnected in parallel;
system safety. It is clear that ecological risk is /-avgrgge number of.damages ofthg component.
inversely poportional to the safety of relevant !N [5] it is shown that in the case afin parallel
technical system activity. The matter is that the lowefonnected components with constant value, that
the safety of, say, equipment for manufacturing"® represented in the form of triangular fuzzy
dangerous chemical substance, the higher tA&/Mbers (a, b.cfsee Fig.2) the resulting triangular
probability of its breakage and the higher the risk thatumber for - Rel(fr) in expression (1) can be
during the acident the environment will heavily represented as
suffer. Thus, the assessment of technical risks is _ 5
actually equivalent to the assessment of ecological Rel(fr) =(e®",b ™", c ™). )
risks.

The event of technical system breaking or This kind of approximation brings a small error but
degradation is a fundamental element of safetsignificantly simplifies the calculations.
analysis, and the amn problem is how to model For a fragment of technical system with
damage events with complicated possible states. Thennected in sequence elements we have
qualitative analysis of safety has to assess not the

chances of real damage of system element, but the - no_ ()
chances of occurring such element state at which the /I (fry=a/ ().
element is still funtioning but its parameters have i=1

changed in such way that the chance of damage is
growing. In this sense, the discussion is about | f t h e a{Hale uepresented in the form of
different kinds of damage. triangular fuzzy numbers (&, ¢), the calculation of
Standard statistical approach to the assessmenttbe value / (fr) is reduced to a simple addition of
technical system safety suffers from a shortemmi these numbers according to the rules of fuzzy
that quite frequently initial data are not sufficient tcarithmetic. -
induce reliable evaluations. The fuzzy -besed  After the value of / (fr) is calculated, it is
approach helps to take into consideration thpossible to calculate in sequence the value of
insufficiency of the initial data. In the considered/ (Systemifor the existing connections ofhe
variant of the approach, it is assumed thatvasi¢ fragments.
initial data are represented as triangular fuzzy numbersWhat is the advantage of the considered fuzzy
and operations on them are carried out by the rules @pproach to the calculation of technical system safety
fuzzy arithmetic. as compared to the standard probabilistic approach?
Technical system safety analysis can be performédhe probabilistic approach foresees point evaluations
in two variants [5]: (1) in the form of structure of the probabilities of fuzzy evemti damages of
function synthesisral (2) in the form of damage trees y st emés component s. Under
analysis. The first variant is used at the stage @&hortage of the initial information, the confidence of
system development but the second brag the stage the obtained evaluations can be extremely low. In the
of system exploitation. In any case, the major factogonsidered approach, the incompleteness and
of system safety are fuzzy reliability of normalinsufficiency of the initial informatio is explicitly
functioning d the ith component Rel(i), f u z zmodelled by means of triangular fuzzy numbers. It is
average number -h damp o aaurabthatahefugzingss of the initial evaluations is
t i me ofidnand fuzzy average time betweentranslated into the fuzziness of the result. However
damages of theth componenﬂ// OF this kind of fuzziness is better than point evaluations
In parallel fragments of the system, components amth unknown level oftonfidence. At least, under the
included in parallel; one of the components is ifuzzy results it can be clearly seen in which limits and
working state while the other components are in theith which confidence the real value of the factor
standby state. When the functioning component is ounder evaluation can be expected. To lessen the
of order, the next component is turned on and so oélegree of imprecision of the results, the worst values
Thus, a complete abandoning of the fragment wihf the evalations can be used as a basis and
only occur when all its components are damaged. ~ conclusions can be drawn on the basis of such
Fuzzy likelihood of the normal functioning of the pessimistic evaluation. Besides, defuzzification
fragment at time moment is calculated by this techniques can be used that enable making more
expression: narrow intervals of fuzzy resulting evaluations.
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IV AN EXAMPLE OF TECHNICAL RISK ASSESSMENT  contamination factor. The system does not replace the
USING AFUzzY KNOWLEDGE-BASED SYSTEM monitoring programs becausé data are obtained in
In [4], the authors describe a technique fofield trip, but rather reduces the need for accurate

evaluating the ecological risk that is connected tfesults to provide a preliminary but conclusive risk
mercury emissions when mining gold in Canada. Th@SSessment report”.
level of mercury in sediments, water and biota is the
basisfor making political and technical decisions on V' RESULTS ANDCONCLUSIONS
making correcting procedures. It is clear that the This paper considered two practical approaches to
chemical analysis is the major source of informatiothe fuzzy evaluation of ecdical risks. One of the
for the evaluation of potential harmful impact on theapproaches is based on fuzzy models, while the other
environment. To obtain data reliable by many p®in one employs a fuzzy representation of knowledge.
of evaluation, large financial resources and numerotizzy evaluation of technical risks has already found
educated staff is required. The authors point out thatactical application. Its advantages are in the
when similar task was solved in Sweden, mercurgpportunity to use vague, mprecise initial
content was evaluated in 1836 lakes. However, whénformation, which is not possible when using
forecasting the development of situation ewioin in  standard statistical approach. In no case it means the
the future at so numerous initial data, prediction erraejection to use this kind of approach. In the case,
was within 50%. This gives evidence that to receivevhen sufficient statistical data are available (e.g. in
reliable results, even larger amount of initial data isase of fires or aviation aidents), the statistical
required. approach has undoubted advantages. However, in
Based on the analysis of the state of the art, th@actical tasks of ecological risks evaluation, the lack
authors [4] haveuggested a simple heuristic approachf sufficient initial data is the rule rather than the
to the evaluation of ecological risks in the area of goldxception; so here fuzzy techniques are preferable.
mining. The evaluation of mercury content in the As shown in Section3, fuzzy evaluation of
water, sediments and live organisms is made usingchnical risks requires only fuzzy evaluations of
terms of linguistic categories high, medium and lowinitial factors. By regulating the basis of relevant
For allrelevant factors of the task, the identification otriangular fuzzy numbers, practically any degree of
linguistic categories and construction of membershiponknowledge regarding the factors to be evaluated
function graphs is made. In their work the authorsan be modelled. It is haral that the fuzzier the initial
treat the values of membership functions as thgata are, the fuzzier the results will be. However, even
Degree of Belief (DoB). at the sufficient fuzziness of the results, practically
Sediments are both carrierand sources of there is no alternative to the fuzzy approach. In this
contaminants in agquatic systems. The possibility of Hgind of state, it is simply impossible to get more or
bioaccumulation is influenced by the contaminatiofess reliable probabilistic evaluations.
level of sediment. The Index of Geoaccumulation The practical method for the assessment of
(Ige0 as a quantitative measure of metal pollution imechnical risks presented in Section 3, can be
aquatic sediments [4] uses thelationship between successfully employed in numerous other situations. A
concentration C of the element in the sediment ardgically validated requirement for such application is

background in fossil argillaceous sediment (B): a tight functonal relation between the initial data and
log, C (4) the resulting evaluations.
Igeo =2 Another practical approach to assessing ecological
15B. risks that is discussed in Section 4 is completely based

on the use of the knowledge and experience of
For making a fuzzy evaluation of the extent okxperts. Different versions dhat technique might
presence of Hg in sediments, the aushdmave also find a wide application in other fields where it is

classified these types of sediments: possible to determine heuristic dependencies between
Type 1: Comprises gravels, white or light grey clayhe initial data and the resulting evaluations. Fuzzy

or sand, limestone, sandstones; rules are excellent tool for expressing relevant
Type 2: comprises any reddish clayey or sandependencies.

sediment; Other caceptual approaches to the assessment of
Type3: comprises organtich sediments. ecological risks at the imprecise initial information

Using the knowledge and exper@enof experts, a also exist; one of such approaches is based on the
set of rules connecting the type of sediments an#leory of possibilities. The consideration of alternative
fuzzy values of other relevant factors with the fuzzypproaches is, however, beyond the scope of this
amount of hydrargyrum at the point of measuremenpager, first due to the limited paper size and second

is constructed. All the rules are shaped as an expeliie to numerous advantages of fuzzy techniques.
system HgEX. As the authorsipp "HgEX is heuristic

system, which accommodates imprecise data input for
many variables, such as pH, Eh, water conductivity,
biomass productivity, water transparency and
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Path Planning Usagdor Autonomous Agents
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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. Amunition replacement is widely used in military services. Working place
is possible in ports, airports, waste site and etc. Mobilagens can be used for monitoring if it is necessary to observe
control points in the secret place. The paper deals with patplanning programme for mobile robots. The aim of the
research paper is to analyse motioplanning algorithms that contain the design of modelling programme. The
programme is needed as environment modelling to obtain the simulation data. The simulation dagive the possibility
to conduct the wide analyses for selected algorithm. Analysis means the simulation data interpretation and
comparison with other data obtained using the motiofplanning. 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 directicars]
applied to other algorithms.

Keywordsi' robotic, Simulated Annealing, path planning

| INTRODUCTION Input: ProblemSize, iterationsmay, €MpPmuax
; : ; Output: S:..
The article is connecte_d to the travellmg_salesmar L S 2 createlnitialSolution(ProblemSize)
problem (TSP), but with some exceptions and , s _ —s.
conditions. In the case when the TSP is envisdlged 3. fori=1 to iterations,, do
following approximate p#t planning algorithms are *+ S« CreateNeighborSolution(Seupre)
5. temp .y «— CalculateTemperature(Z, tempma:)
used [2, 3, 4] _ _ 6. if CoSt(Sy) < COSt(Seumens) then
1 The closest neighbour algorithm Seumens 51
ﬂ Simulated Annealing (SA) 8. if Cost(S;) < Cost(S:.;) then
! ) ' 9. Ste — S
1 Genetic Algorithm (GA) 10, end
91 Ant colony optimization 11, else 1fE\p((Cost(S cumend)-COSH(S))/ temp.,,) > Rand() then
The closest neighbour approach is the simplest an 12 Sewre < 5

3. end

straightforward TSP ong10]. The way to this |, .4
approach to alwaysvisit the closest city. The 15 return 5.
polynomial complexity of the approach is &(nThe
algorithm is relatively simpte

17 Choose a random city

271 Find out the nearest city unvisited and visit it

371 Are there any unvited cities left? If yes, repeat

step 2

471 Return to the first city

SA is successfully used and adapted to get
appoximate solutions for the TSP [10]SA is
basically a randomized local search algorithm simil
to Tabu Searctbut do not allow path ehangethat

Fig. 1 Pseudocode for SA

The SA method1, 5,16] is widely used in applied
science (Fig. 1). The weknown traveling salesman
problem haseffectively solved by means of this
method. For instance, the arrangement of many circuit
elements on a sidbn substrate isconsiderably
%Hproved to reduce interference among the elements

5,18].

L GA conductsin a way similar to the nature [3A

. basic QA stats working with a randomly generated
Bf)opulatlon 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.
Choosingthe 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 dength of the solution

Ant colony optimization is the algorithrthat is
inspired by the nature [9]t is based on ant colony
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moving behaviour. Good results can be achieved s a graph with two kinds of edges (séeg. 2).
means of the algorithm but not for complex problemsHorizontal and vertical edges are marked with
We managed to use SA algbm rather unbroken lines they are of similar length, but others
successfully in our previous work [17] taking intoare longer and marked with dash lines. It is linked
account the specific side of this work (it will bewith agent movement possibilities
discussed in detail further). Therefore, it is necessary
to discuss some principles of SA realization in detail. | |
In order to calculate the tal 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 @t the shortest path tree. The — ]
polynomial complexity of the Dijkstra's algorithm is
o(r). | |
Il GOALS Fig. 2.  The example of the graph and 3 x 3 space

The aim of the research paper is to analyze metion _
planning algorithms that contain the design of The olject moves only one cell forward and back

modelling programme. The programme is needed &§: during one motion the object can move to the one
environnent modelling to obtain the simulation dataCell from empty eight ones (eight cells around one
The simulation data give the possibility to conduct th&€ll) paying attention to that cell is not occupied by
wide analyses for selected algorithm. Analysis mear{§€ obstacle but if it is occupied, the graph will not
the simulation data interpretation and comparison withave the relevant vertex (see Fig. 3)

other data obtained using the motjglanning

The use in practice and the necessity of it is greatly 1'|.|".:. o 1'u".:. " 1'|.|".:. 5
connected to optimal algorithm and methodological ) ’ ’
work out for autonomous agents that move in the $ /".
space and arebke to plan route on their own [&, 8, 1.||||-1 a v
11, 12, 13] One of such agesamples exitingn 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, VEJ,;. 1'#"3,1 sza

crossing the premises avoiding the walls and their
moving is casual after touching the walls. Therig.3. The example of aggistelvwantmoti on
philosophy of this design was offered by the scientist$tex)

of Massachusetts Institute of Technology. Agents

must behave as insects having primitive controlling AS 0pposed to classical TSP we take a number of
devices in accordance to the environment. As atresuyidditional rules and it means that the agent can cross
though an autonomous vacuum cleaner is ver@ﬂe one the same cell several timessiccession (it

effective in cleaning premises, it is required muchnust cross any cell one time obligatory). Thus, the

more time as compared with work made by a humaR. 9ent 6s initial vertex does
There is a drawback, the autonomous vacuum cleak@rtex of total route

some spaces many times but other spaces only onceln this research paper both algorithms were

The useof motionplanning algorithms can raise thecompared practically using and combining different

effectiveness of an autonomous vacuum cleaner placement ofobstacles in the unchangeable two
dimensional space. All the results were obtained on

Il ASSUMPTIONS one and the same computer (2.66 GHz processor and
2GB RAM), operating systems (Ubuntu 12.04.1 LST
Tinux were used). The following information was
collected about

1 the nunber of covering for each cell

i the time which was necessary for both

algorithms to plan the route
The given illustrations (see Fig.)4how coverage

In order to fulfill the aim of the research paper th
following conditions are introduced for

1 premises where an object moyes

1 robot (or object) maves around the premises

1 path the robot moves on in the premises
The premises are presented as-tlimmensional plane.
The plane_of premises 1s equally divided Into th? cell nsity (it is an example that was obtained in our
The cell dimensions are equal to agent dimension th f .

. . vious work 17]).

moves in the premises. The space can be represe ed
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Fig. 4 Density scale (white uncovered; black- covered the

most)

1

Fig. 5. Coverage density for the space without obstacles for SA
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17
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-
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1

Fig. 6. Coverage density with the obstacle consisting of 64 cells

U]

17

0

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

IERee,

1a - 1o
17+ 1
m e 40
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Fig. 7. Coverage densitwith the obstacle consisting of 144
cells (the obstacle is in the middle of the premisesgfor

1 3 10 17 0
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jLN -1

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

1 3 n 15 m

n L n L n
1 3 U] 11 L]

Fig. 9. Coverage density with another set of the 12 random
obstacles for SA
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n 1' 2 algorithm can be worked out to define the stgirte

! paths

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 vext index i defines

the vertical position and the second vertex j defines
10

the horizontal position we can draw a line either

0 horizontally or vertically. And one of the vertexes will

Let us consider the agentods

Vg

1 1 0 1 n index value is common for both vertexes)

Fig. 10  Coverage density with the obstacle consisting of 12 cells
(the obstacle is in the middle of the premises) for SA

have the index with common value (see Bi).

Fig. 12 The example ofagent moving horizontally (where i

Another situation can be seen if the current initial

and goal vertexes are neither on the horizontal nor

1 1 10 17 0

vertical lines (see Fid.3-15).

1 1
. 0z
K
12
w 10 E ¢ =
7 - B
- bﬂ
: 1 A
(. IR
H Vi Viz
m ]
1 1 1lll 17 an
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 densés. Coverage density shows how often
the robot covers each cell. ﬂ-]
IV RESULTS Fig. 13  Threeexamples of agent mow (where A, B and C are

sections among the vertexes): agent moves frontiows o crossing

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 metioned 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 shorteshpat
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

43



UzhgaRebrov O., Kuleshova G.THE PROSPECTS OBSING FUZZY APPROACHES TO ECOLOGICAL
RISK ASSESSMENT

” side of the triangle. In additiprside B is longer than
“‘xr“-z side A.One of the shortest paths among the relevant
/ Y (corresponding) vertexes
!

1 the agent moves along the longest side B of the
; right-angled triangle until the gap betweére
c covered path and side B is equal to side A

7/ f..r Viz 1 if gap between the covered path and side B is
L

=B equal to side A, then the agent moves along the
/ ; 7 angle allowed (along the section D) to the goal
"

A vertex (let us mark that this action corresponds to
/ /\/ the case wheside B is equal to side A i.e. the
/’ D right-angled triangle is the isosceles triangle, too
(see Fig.13) in case initial vertex is ,, 4, (see
4.0 Va2 Fig. 14) in caseinitial vertex is ¥, and (see Fig.

15) in case initial vertex is;\)).
We can follow that tl path is longer than optimal
side C. And it can be calculated by the use of

A following formulae: L = BA+2°>*A, where L is the
length of the path from initial vertex to goal vertex.
b.) By turn, C can be calculated from C =%8%)°°, It is
possible to caldate how match percent L is longer
Fig. 14 Th’eee;“"‘mp'es of agent moving ("there A, B and C arghan C (if L is equal to 100 %), then the final result is
\s/:;:tlons among the vertexes): agent moves frgmow, o crossing equal to P=((LC)*100)/L. Our goal premises are 100
x 100 cells. The value of P is reflected with contour
line for the given premisedepending on A and B (see

vﬂj Fig. 16).
/A

F i A
/
/ /<

",
=

S0

A 0.00% I 7.61%

C. ] P-values

Fig. 15 Threeexamples of agent moving (where A, B and C areFIg' 16 Pvalue dependingonBand A, ifA>1and B > A

sections among the vertexagent moves fromoy to V4o Crossing ] ] ]
Vi) It is possible to calculate maximum P value for 100

x 100 cells big premises (see Fig.)lt6at is equal to

Al cases of Fig. 1315 have common 7.61 %. The method/algorithm mentioned was applied
characteristics that unites them. The shortest path franstead of Dijkstra's algorithm to calculate total path
initial vertex to goal vertex is section C but for theor covering of 100 x 100 cells big premises dtnih
agent this path is unavailable because of current taskstacles free (see Fig.)17
conditions and peculiarities. These cases can be
described by the righangked triangle where C is a
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w s The algorithm can be successfully used e.g. in
e autonomous public transport restricted by means of
: : rules, technical requirements in autonomous robots
and military equipment. In additiothe 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

w [if
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fact that SA provides only approximate solution)
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Pathfinding Algorithm Efficiency Analysis in
2D Grid

Imants Zarembo, Sergejs Kodors
Rezekne Higher Education Institution

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

| INTRODUCTION In case of HPA* three level hierarchy was chosen
Pathfinding theory describes a process of finding gnd initial grid was divided into 4x4 clusters. The's.e
path between two points in a certain environment. |[Rarameters were chosen because any smaller division

the most cases the goal is to find the specific shorted; Pase grid (64x64 in this case) would lead to
path, which would be optimal, i.e., the shortdbg incorrect search results while exéog preprocessing
cheapest or the simplest. Criteria such as, a paft}ase. _ o
which imitates path chosen by a person, a path, thatManhattan distance was chosen as heuristic
requires the lowest amount of fuel, or a path frorfinction, because it is strictly grid based distance:
point A to point B through point C is often found
relevant in many pathfinding tasks.

The shortst path problem is a pressing issue in

many fie_lds,. starting  with navigat_ion SyStems’the amount of random errors. Algorithms were
a_rt|f|<:|a! intelligence and ending with Cornpl%terimplementel assuming that pathfinding may only
simulations and games. Although all of these f'eldgccur horizontally or vertically, with no diagonal

have their own spe:cm_c algonthms, ‘hefe are. many, ,vement. Every transition between two neighboring
general purpose gd#inding algorithms which can be nodes costs 1

successfully applied. But it is not always clear what All experiments were conducted on the computer

advantages certain algorithm has in comparison to %th CPU running at a frequency of 2.8 GHz
alternatives. ' '

As a part of this paper pathfinding algorithms A*,
BFS, Dijkstra's algorithm, HPA* and LPA* were . o . o
implemented to analyze their efficiency in an A" iS @ pathfinding algorithm used for finding
environment based on two dimensional grid. SucRPtimal path between two points called nodes.
factors as grid size, traversed node count arfygorithm A* uses besfirst search to find the lowest
execution time were taken into consideratioffOSt Path between start and goal nodes. Algorithm

O W ws W ws @)

Every experiment was repeated 100 times to reduce

Il ALGORITHM A*

conducting series of experiments. use_zs heuristic function, toldetermm_e .the order in
which to traverse nodes. This heuristic is sum of two
Il MATERIALS AND METHODS functions:

T ith ffici in two di ional G 0 exact cost of the path fromifial node to the
0 assess atgithm efficiency in two dimensiona current node:

grids experiments were conducted using A*, BFS, H & admissible (not overestimated) cost of
Dijkstra's algorithm, HPA* and LPA* to find the reaching the goal from current node;

shortest path between two randomly placed nodes.nO "0 "O8 cost to reach go:';\I if the current
Algorithm execution times and traversed node counfyde is chosen as next node in the pa’th.

we_I[e mez_sured_. | i d i . ; Estimated heuristic cost is considered admissible, if
,\[N(.) dlinenstlona ?” Sd u_se mbl eszr'g]enksi&does not overestimate the cost to reach the goal [3].
contained two types of nodes. passable and bloCKed.gq action of heuristic function is an important part

20% of grid was randomly filled with blocked nodes.of ensuring the best A* performance. Ideay is

To assess algorithm efficiency experiments Wersqual to the cost necessary to reach the goal node. In

conducted on various size grids: 64x64, 128x12§, .
' h A* Id al foll f h
256x256, 512x512 antb24x1024 nodes. s case A" would always follow perfeqath, and
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would not waste time traversing unnecessary nodes.The algorithm repeatedly selects nodés w Y
overestimated value dfl is chosen, the goal node iswith the minimum shortegiath estimate, sums and
found faster, but at a cost of optimality. In some cas€¥ and relaxes all edges leaviag

that may lead to situations where the algorithm fails to Dijkstra's algorithm is called "greg" algorithm,
find path at all, despét the fact, that path exists. If because it always chooses "the lightest” and "the
underestimated value ¢f is chosen, A* will always nearest" node) “Yto add to the sétY

find the best possible path. The smaller H is chosen, The simplest implementation of Dijkstra's algorithm
the longer it will take for algorithm to find path. In theholds the set of node§ in simple linked list and
worstcase scenarid® T, A* provides the same finding node with minimal weight is linear &eh in
performane as Dijkstra algorithm[2]. set 0. In this case algorithm execution time is

A* starts its work by creating two node lists: al $0s I0S . The algorithm worst case performance
closed list containing all traversed nodes and an opean be expressed &ss0s  god 1 Ls [5].
list of nodes that are being considered for inclusion in
the path. Every node contains three valkess and VI ALGORITHM HPA*

H. In ad'dit'on to thgse three va!ues every node ngeds Hierarchical pathfinding A* was developed by Adi
to contgun |nformat|on'abou't which node precedes it t84teq and his colleagues in 2004PA* is a near
determine path by which this node can be reached. ,ptimal pathfinding algorithm, it finds paths which are
within 1% of optimal [7]. It is combination of
pathfinding and clusterization algorithms, which

Breadthfirst search (BFS) is one of the simplestworks by creating an abstract graph on the basis of
graph search algorithnand is a prototype for several two dimensional grids. The main HPA* pdiple is
more advanced algorithms. Prim's minimal spanningased on dividing search problem into several smaller
tree algorithm and Dijkstra's singé®urce graph sub problems, and caching results for every path
search algorithm uses principles similar to BFS [1]. segment [8].

Given a grapfO @O and the starting node, Clusterization, used in this algorithm, is relatively
BFS will systematicdy traverse edges o to find all simple:alow resolution two dimensional grid i is
nodes, that are reachable from nddelt calculates created, wheré is a size of new gridNew grid is
distance (the smallest number of edges) from riodeplaced directly abovéhe initial grid. Every noé in
to every reachable node and creates brefadthtree, new grid becomes a clustell initial grid nodesthat
which contains all reachable nodes. The root of thigre located under according clustare considered
tree is nodé . Every node) reachable from nodein  members of that cluster. Each cluster is considered
breadthfirst tree makes the shortest path fronto 0  separate gph. The dstract graph is then created to
in graph"Q i.e., path which contains the smallesiconnect all separate graphs. To achieve, thatder
number of edges. The algorithm is applicable tmodes needs to be fadiletween neighboring clusters
directed and undirected graphs. - nodes that are on cluster outer sides are checked. If

To follow serch progress, breadfinlst search node haspassable neighbor @nadjacent clusterit
algorithm marks all nodes in white, gray or black. Allis considered connected, and connection between two
nodes are white in the beginning. When during thgraphs representing clusters are added to abstract
search node is encountered for the first time igraph. In cases where there are many adjacent
becomes gray or black. Gray and black nodes ao®nnections between two clusters, they are combined
considered visitedBFS sorts these nodes to ensur@to one entranceThen etrances are added to
that search is progressing breafitht. If 60 ¥ 'O abgract graph and connected. Abstract graph still
and noded is black, then node is gray or black i.e. lacks internal edges (paths between entrances inside
all black node neighbors have been visited. Gragne cluster). These edges are created by running A*
nodes can hawyhite neighbors, they represent bordemalgorithm through every node in each separate cluster.
betwea visited and not visited nodes. If A* finds path, its cost becomes costs of fdun

The dgorithms conplexity in time can be expressedabstract edge, else edge is not added to abstract graph.
asl s0s sws, in the worst case scenario every edgénter-cluster edges inherit their costs from initial graph
and every node is visited. SOs s can fluctuate edge cost. Finally abstract graph is ready for
betweend s and0 sws depending on graph edge pathfinding using AY9].
evaluation. HPA* pathfinding phase consists of two parts

called preprocessingand online search. During
V DIJKSTRA'S ALGORITHM preprocessing start and goal nodes are inserted into
Dijkstra's algorithm deals with singBource the abstract graph, and intetuster edges are added. Then

shortest path problems in directed, weighted grapH¥ iS used on abstract graph to fitlte shortest route.

"0 f0 with nonnegative edge costs) (6 During online searchthe shortest route found in
mtfor every edge 6f) N O) [2]. Dijkstra's algorithm ab_stract grapﬁns refined to full path in initial graph
maintains set of node® whose final shortegiath USing A*. To find full path from start to goal node A*
weights from sourcé have already been determined IS used in every cluster on nodes that connect clusters.

IV ALGORITHM BREADTH-FIRST SEARCH
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Finally partial results from every cluster are combined To find the shortest path in 512x512 node grid, the
into full path[10]. algorithm took 821 seconds and in 1024x1024 node
grid 0 13962 seconds. This considerable execution

VIl ALGORITHM LIFELONG PLANNING A* time shows that the algorithm is the most likely not

Lifelong Planning A* (LPA*) is an algorithm applicablg to realime search problems in. Iargecgsi
intended for solving the shortesath problems on  Increasing the search problem size Dijkstra's

known finite graphs whose edge cost increase &lgorithm' execution timg increases. Iinea'rly. On
decrease over time [5]Ydenotes the finite set of average in 1024x1024 grid the algorithm finds the

nodes of the grapH. 6 & GP "Ydenotes the et of shortest path in 2,3 seconds. Table Il shows the
successors of nodé N Y Similarly, /i QQP Y algorithm execution times for different grid sizes.
den0~tesv the set of predecessors of ndde”Y
T wih Hb denotes the cost of moving from
nodei to nodel N i 6 & BLPA* always determines

TABLE I
DIJKSTRA'S ALGORITHM EXECUTION TIME

the shortest path from a given start ndde to a Grid size(node$ | Execution timems)
given goal nodé N Y knowing both the topology Py 5
of the graph and the current edge costs. The start
. . , ; - 128x128 25
distances satisfy the following relationship:
256x256 120
Qi 512x512 515
T Q0 i ) 1024x1024 2362
aQe, Qi wih £€&i LI 8
. _ o Algorithm A* performance was greater in
Q i denotes the start distance to néde "Yi.e., comparison with Dijkstra's algorithm in every grid

the cost of the shortest path from  toi. ~ size selected for experiments. The algorithms
LPA* is an incremental version of A* that appliesexecution time increases linearly with grid siZeble

to the same finite patplanning problems as A*. It ||| shows the algorithm execution times for different
shares with A* the fact that it uses nonnegative angkid sizes.

consistent heuristicQi that approximate the goal
distance of the node to focus its search. @sistent
heuristics obey the triangle inequalit@i T

TABLE Il
ALGORITHM A* EXECUTION TIME

and "Qi - Ebiﬁ Qi for all nodesi ™ "Yand Grid size(nodeg | Execution timgms)
i vi 0 ow withi i LPA* reduces to a oAx6a 4

version of A* that breaks ties among vertices with the 128x123 1
sameOvalue in favor of smalleiOvalues when LPA*

is used to search from scratch and to a version of 256x256 77
DynamicsSWSH-P that applies to pafblanning 512x512 265

problems and terminates earlier than the original 1024x1024 1148

version of DynamicsSWSFP when LPA* is used

with uninformed heuristics [6]. 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 gridsize. Table IV shows the algorithm
execution times for different grid sizes.

VIII RESULTS AND DISCUSSION

Algorithm execution time

Breadthfirst search is brutéorce search algorithm;
its results differ noticeably in comparison with
informed search algorithms. Table | shows, that the
algorithm execution time increases exponentially with
search aa size increase.

TABLE IV
ALGORITHM LPA* EXECUTION TIME

Grid size(node$ | Execution timgms)
TABLE | 64x64 4

ALGORITHM BFSEXECUTION TIME 128x128 11
Grid size(node$ | Execution timgms) 256x256 57
64x64 150 512x512 319
128x128 2803 1024x1024 1490
256x256 48313
512x512 821598 Algorithm HPA* execution time, usingx4 clusters
1024x1024 13962457 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.

The experimental data shows, that the fastest

TABLE V
ALGORITHM HPA* EXECUTION TIME

Grid size(node$ | Execution timgms) —

Grid size(node$ | Traversed nodey
64x64 3

64x64 3155
128x128 14

128x128 12887
256x256 52

256x256 52367
512x512 190

512x512 213648
1024x1024 775

1024x1024 1159255

TABLE VII

ALGORITHM BREADTH-FIRST SEARCH TRAVERSED NODES

While searching for a path Dijkstra's algorithm

. : . X
execution times belong to HPA* in almost all grldtraversed slightly less nodes than BFS. Similar amount

; , . . :
sizes, only dropping beh|nd. LPA. in 128x128 grid byof visited nodes for Dijkstra's algorithm and BFS can
3 ms. The slowest execution times were shown

BFS, which was considerably slower than the seconoe _explalned by théact_, t_hat both algorithms use
. ), . . similar node traversal principles. Table VIII shows the
slowest algorithm 6  Dijkstra's. All algorithm

execution times are shown in Table VI and graphicall?lgomhm traversed node count for different grid sizes.

in Fig. 1. TABLE VIII
DIJKSTRA'S ALGORITHM TRAVERSED NODES
TABLE VI Grid size(node3 | Traversed nodes
. ALGORITHM EXECUTION TIME 64x64 3173
Algorithm | Grid size (nodes) 128x128 13058
64x | 128x 256x 512x 1024x 256x256 52068
64 | 128 256 512 1024 512x512 209251
BFS 150 | 2803 48313 | 821598 | 13962457 1024x1024 836977
Dijkstra 6 25 120 515 2362
A 4 16 77 265 1148 Algorithm A* traversed less nodes than BFS,
. . . . .
LPA* 2 11 57 319 1490 Dijkstra's algorithm or L_PA while sear_ch_mg for the
shortest path. The algorithm uses heuristics to expand
HPA 3 |14 52 190 s nodes in the direction of the goal thus minimizing
traversed node count. Table IX shows the algorithm
100000000 traversed node count for different grid sizes.
10000000
TABLE IX
g 1000000 ALGORITHM A* TRAVERSED NODES
e 100000 Grid size(node$ | Traversed node
S 10000 =AY 64x64 623
2 Dijkstra
3 1000 128x128 1576
o mHPA*
X 100 256x256 8071
mLPA* 512x512 40333
10
BFS 1024x1024 104109
1
x % o @ i . .
@*’b AU O 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.

% ViR
N » & @y‘
N
Grid size (nodes)

Fig. 1. Algorithm execution time

TABLE X
ALGORITHM LPA* TRAVERSEDNODES

Traversed nodes
Breadthfirst search traverses the most nodes from

all the algorithms discussed. Table VII shows the
algorithm traversed node count for the different grid
sizes.

49

Grid size(node$

Traversed nodey

64x64 994
128x128 6163
256x256 25004




Hierarchical Pathfinding A* traversed the leas
nodes from all selected algorithms in all grid size

512x512

115973

1024x1024

460318

This can be explained by the fae?A* only searches
paths within selected clusters, which were chosen in . ] i

preprocessing phase. Table XI shows the algorithm Comparing A*, Breadtfirst search, Dijkstra,
traversed node count for different grid sizes.

TABLE XI
ALGORITHM HPA* TRAVERSED NODES

Grid size(node$ | Traversed node
64x64 454

128x128 1334

256x256 3551

512x512 10629
1024x1024 41491

Fig. 2. Algorithm traversed nodes

Breadthfirst search results overall are similar to
Dijkstra's in 64, 128, 256 and 512 nodes grids, but

Stfalls behind in 1024 node grid.

IX CONCLUSIONS

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
doesnot 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 FR#
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
Comparing algorithms by nodes traversed, Breadthyoplem division into smaller parts.

first has traversed the most nodes and Hierarchical gyeaqdthfirst search traversed the most nodes,
Pathfinding A* - the least nodesAll algorithms
traversed node counts are shown in Table afib
graphically in Fig. 2.

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

TABLE Xl
nodes.
ALGORITHM TRAVERSED NODES
Algorithm | Grid size (nodes) X REFERENCES
64x 128x 256x 512x 1024x [1] T. H.Cormen C. E. Leiserson, R. L. Rivest ar@l Clifford,
64 128 256 512 1024 Introduction to Algorithms (3rd ed.MIT Press and McGraw
A* 623 | 1576 | 8071 | 40333 | 104109 | o E"." 208\?."0‘)' ?35?']- kstra. AA note on t
Dijkstra | 3173 | 13058 | 52068 | 209251 | 836977 g r a pNumerische Mathematjvol. 1,1959, pp. 26-271.
[8] P. E. Hart N. J. Nil sson and
HPA* 454 1334 3551 10629 41491 the Heuristic DeterminatEEBbn o
Transactions of Systems Science and Cyberneticks 4,
LPA* 994 | 6163 25004 115973 | 460318 1968, pp. 10€L07.
[4] D. Wagner, T.Willhalm, "Geometric Speetdp Techniques
BFS 3155 | 12887 | 52367 213648 | 1159255 for Finding Shortest Paths in Large Sparse Grat®3.
[5] S. Koenig, M. Likhachev, D. FurcyLifelong Planning A*.
10000000 Artificial Intelligence, Vol. 155 Issue-2, 2004, pp. 93 146.
[6] L. Sangeorzan, KKiss-lakab, M. Sirbu, "Comparison of 3
implementations of the A* algorithin North University of
1000000 Baia Mare. 2007.
100000 [7] A. Botea, M. Muller, J. SchaefféiNear, Optimal Hierarchical
- PathFinding" Journal of Game Development, 1(1): 2004, pp.
S 7-28.
§ 10000 mA [8] M. R. Jansen, M. BurdHPA* Enhancement$2roceedings of
) Dijkstra the Third Artificial Intelligence and Interactive Digital
S 1000 Entertainment Conferenc8tanford, California, USA. 2007.
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Force-in-Chain Study of Chain-Electric Hoist
with Periodical Variable Angular Rotational
Velocity of Chain-Wheel

Ivan Balashev, SilviuMacuta
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 chairwvheel has been
studied in this paper. The noruniform 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 presenseui conclusions have been done.

Key words chain electric hoist, experimental studies, forcén-chain.

| INTRODUCTION consisted of centrallgears 3 and 4 in which planet
gears 5 put on a carrier 6 are engaged.

Lifting mechanism of chain electric hoist with  The carrier is put on the output shaft of the gear
periodical variable angular velocity of chawheel \yhere the chaimheel 8 is mounted. The gear 10,
has been developed and studied. This leads ngaged with gear 11 drbearing supported on the
compensation in large degree of the umformity of  fixed axis 12, is put on the driving shaft 9. An elbow
the load movement and also the dynamics i$3 entering in a radial canal of the strip 14 fixed on

improved. gear 4 with internal teeth, is mounted on one side of
the gear 11.
Il THEORET|C'§|;£‘J'\|‘3?EESXPER|MENTAL During the rotation of the driving shaft 9 with

corstant angular velocityws, one basic rotation
The mechanical diagram of lifting mechanism ofnotion of the output shaft 7 with angular veloaity,
chain electric hoiswith periodical variable angular is received. The second reciprocatation motion
velocity of chainwheel is shown in Figure 1 [1, 2]. It with angular velocityw; is added to the first one. The
is driven by asynchronous electric motor with conisecond motion is formed bglosing kinematic chain
rotor and buikin brake connected with a planetary(link gear) [1] which is consists of gears 10 and 11,
gear 2 which is contacted to the other one witkccentric 13 and strip with canal 14.
periodical vaiable gear ratio from 2KHKA type. It is

12 11 4 13 14 6 7 8

10 ’{ﬁ"‘z// @55
R Eel L1
=3 |

Fig 1. Scheme of lifting mechanism
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The periodical variable angular velocity, of the Forcein-chain at lifting from the ground with

chainwheel is determined as follows [1]: rotation of the chahwheel
f : 2
1+ a.e.cos(J g/lo)- e i .
- e2+a2-2.a.e.cos(j glio) lo . P Q=2%0N
Wiz =W70 +W7 = 1 Wg
-Z
1)
> A Y s
wherej ¢ is the rotation angle of shaft 9; JIV '

a and b=z,/7;¢ are center distance and gear /
ratio of the closing gear with gears 10 and 11 ,/ .
respectively; B‘o,z 04 06 08 1,0 1,2 1,4 16 1,8 20 sec

eis an eccentricity of the elbow 13; _ _ o _ _

z=747, is an parameter of the pIanetaryF'g 4. With periodical variablangular velocity
gear.

The variation of angular velocitykz of rotation of
the chainwheel is shown in Figure 2. It is determined ‘z [

at different values of the eccentricity e according to VAR
anglew9 of driving shaft 9. The other parameters are
accepted as follows: z4; number of teeth of the A A h
chainwheel zk=5 and a=67.5 mm. 2000 A/ Y v o 1a
¥ k2 1000 J
rad/s l
6 -t .
5 —\ ——\ L~ 0 02 04 06 08 10 12 14 16 1,8 2,0 sec
N1 N L Fig 5. With constant angular velocity
4
3 Experimental studies at the other operatmodes
2 of the <chain electric hoi
1 i, compensation of the chain drive have been carried out.
0 The results have been compared with these ones of the

2 4 6 8 10 12 14 16 18 rad o g - . 8 :
existing constructions of chain electric hoist with

Fig 2. Theoretical determinate variation of the angular velocity fotation of the chakwheel with constat angular
velocity.

Oscillograms of variance of the forgechain at
condition 1 stopping at the end of load lifting are
shown in Figure 6 and Figure 7. Oscillograms of
variance of the foreén-chain at condition lifting of
suspended load are showrFigure 8 and Figure 9.

Forcein-chain at stopping at the end of load lifting
with rotation of the chaiwheel

kz
rad/s| e= 1'1 mm

[e¢]

Yo N Kd=13

O r N W > o o N

o 2 4 6 8 10 12 14 16 18 20 rad

Fig 3. Experimental determinate variation of the angular velocity 3000

The experimental studies of laboratory model of 200 A\ AV \f"
chain electric hoist with periodical variabngular V \./
velocity of chairwheel have been carried out. This 100

model has been developed in Technical University of
Gabrovo. The following records have been made for -
the variation of the angular velocity,, of rotation of o o4 s 1216 200 24 3%
the chairwheel (Figure 3), for theariation of force  Fig 6 With periodical variable angular velocity

in-chain at rotation of the chaimheel with periodical

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

variation of forcein-chain at rotation of the chain

wheel with constant angular velocity (Figure 5) at

condition of load lifing.
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Q Kd = 1,475 Kd =1,32
N N
3000 3000
Y A
2000 - AVAV%% 2000 VA\ AVAVA w M
! V—V
1000 U 1000
t t
0 04 08 12 16 2,0 2,4 sec 0 0,4 0,8 12 16 2,0 2,4 Sec
Fig 7 With constant angular velocity Fig 10. With periodical variable angular velocity
Forcein-chain at lifting of suspended load with ‘s Kd=18

rotation of the chaikwheel

o | oo )
) M.k A
NVYYEY

2000 P ,\Vﬁ A \PMM h “ e

o 0,4 0,8 1.2 16 2,0 2,4 sec
1000 Fig 11. With constant angular velocity
t
. o o » i FPE— Forcein-chain at stopping of suspded load with

rotation of the chahwheel
Fig 8 With periodical variable angular velocity

Kd=1,35
Kd=18

h 3000
3000

\V/\V \ VAVAVA\ ,’”‘w M AAAAAAA

1000 1000

0 0,4 08 1,2 1,6 2,0 2,4 Sec 0 04 038 12 1,6 2,0 24 Sec
Fig 9. With constant angular velocity Fig 12. With periodical variable angular velocity
Oscillograms of variance of the fin-chain at E Kd=1,95
conditioni lowering of suspended load are shown in
Figure 10 and Figure 11. Oscillograms of variance of
the forcein-chain at condition i stopping of 3000
suspended load are shown in Figure 12 and Figure 13. ~\
The coefficients for dynamism have dme 2000 [\ V/\\ /AV \/AVﬁVAV/
determined for each operation mode of two lifting V
mechanisms of chain electric hoists. They are given in 10
the tables and also are determined by means of the [
following relationship: -
0 04 08 12 16 2,0 24 Sec
kd _ Q"‘ m ( ) Fig 13. With constant angular velocity
Q

Forcein-chainat lowering of suspended load with
rotation of the chaiwheel
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[l CONCLUSIONS - The coefficient of dynamismgkat the suggested
The following conclusions have beedrawn by constructionis decreased with 15,5% at the condition

means of the carriedut theoretical and experimental ©f l0ad lifting from the ground during the carriedt
studies of liting mechanism of chain electric hoisynamic experimental studies of lifting mechanism of

which are connected with an application of th&hain electric hoist with an application of the

planetary gear 2KHKA type with periodical variable Planetary gear 2KHKA type with periodical variable

gear ratio: gear ro.
- An original constructiorof lifting mechanism of

chain electric hoist with an application of the IV REFERENCES

planetary gear 2KHKA type with periodical variable [1]1 O dzO" jro.,[ . ,1 dzOdzj Is Offcjdds ij H Ou

gear ratio has been devel BpeudS ddhej mipdods y ¢ deig HEBfisizaudir’ o5 o

the chain drive is compensated at this design. lsdatsh j difeynational Congress Gear
- The noruniform movement ofhe chain (load) is  Transmissionsvol. I, 1995.
decreased at the suggested construction of chdd] Balashev, I. L., L. Stoyanov, Planetagear,
electric hoist because of the compensation of the ! hventoros certificate No 5
ipol ygon effectodo of chai n*4%G ve as wel l as this one

the dynamic loads.
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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, L\1048, Latvia.

Abstract The purpose of this research is to experimentally identify the performance of most of the lighteight
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
parameters were extracted using the spectral angdis. 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 lmiman 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 selveight.

Keywords' acceleration, frequency, human induced vibrations, observatiorotver.

| INTRODUCTION in a slender and lighweight observation tower design

Historically the free standing towers primarily wereP€cause it is important to meet acceptable comfort
used by military to provide a good observation of thi&Ve for tower visitors.
surrounding area. The era of observation towers as 3
sightseeing symbol probably started RParis during
the 1889 with the Eiffel rise at the World's Fair.
Observation towers located in cities usually are tal
structures and serve as an architectural symbol b
towers located in the countryside are designed t
allow viewers an unobstructed view the landscape
and tend to have a design mostly driven by economi
aspects.

Latvia has around 20 ligiweight observation
towers accessible for general public with height more
than 20m (Fig. 1). Mostly they are located in
countryside of Latgale and Kurzenregion. Almost
half of them are responsibility of the state company
JSC ALatviads St at e Fo
develops environmental infrastructure objects. As al
example serves recently opened for public (Octobe
2012) 28,5m high timber observatio tower
iAnl upUnu skatu torniso F
construction of such towers is rather expensive itis g, |
great way to increase tourist flow to the area otherwise
not very popular. From the extensive experimental and numerical

Most of the towers in Latvia have set rules to limitesearches in last decade regarding the -liggght
the numberof visitors from 5 to 10 people however footbridge vibrations induced by human dynamic
this limit is not based on any research information ankbads it is known that slightlgamped bridges become
construction is purely based on the previoususceptible to vibrations when structures natural
experience. In 2010 a lighteight eccentric steel frequencies are in the range of human step
structure observation tower was opened for public ifrequencies [2]5]. In the case of bridge pedestrian
Jurmala andnost of the visitors experience vibrationdensity greatly influences the step frequency [6]. The
amplitudes causing uncomfortable feeling. Thisnean step frequency for thewodensity (0.20.5
structure highlights the lack of understanding an®ersons/m2) pedestrian stream is-1.8Hz according
inadequate design information of the building codesp [6].
regarding the slender tower dynamic response to In the case of stairs that is essential component of
human inducedbads [1]. It demonstrates that in areasny lattice observation tower there is a wide variation
with low seismicity and relatively low wind loads the of walking speeds and therefore the wide variation of
human induced dynamic loads could be determinativstep frequecies can be found in literature. The study

Observation towers: a) steel, b) timber
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[7] presents the measured walking speeds of 485 The acceleration amplitudes were measured under
individuals on fdthe | on ghedalowing eonditiansi veryn gild twindk and n@ nt E x |
2000 in Hannover. It was found that in case of smaisitors on the taer, two visitors moving upstairs and

or no visible influence among individuals the mear@fterwards downstairs the tower and free decay of

footfall frequency is 1.416 Hz with standard deviatiorvibrations. Additionally, there were measured the

of 0.277 Hz. The observed minimum frequency wageometry of structures and weather conditions during

0.48 Hz and maximum (corresponds to running) wa'® experiments.

4.25 Hz. B.  Processing technique of experimental data

Tfo assess Fheztth|sE:ndg otbhservatlon towerg dynflrlr;lc The dructural dynamic behavior denotes the modal
periormance in this study there were expenmentaliyarameters of strycture (natural frequencies, dampin

measure d. an d rec or ded d attioas afd' mode sha% )5.; ?He\?i@dt of ?egearEhos‘g'e ros
top platform vibration acceleration under an

: . . called fAmodal analysiso is de
operational conditions. There were obtained thgf those parameters

natural frequencies exited by human movement up The branch of modal anﬁ: sis is onerational modal

Ia n Id d ? th al ﬁ g g t dhde t. 0 Wf. rar?al?/sis lPhgt aifh tB deterfhihedtfe )'/ngmicrcﬁa?a@[e nse
evels (zceleration amplitudes) and damping ra 19%stics of structure under operational conditions.

fgc; d':h c Iznosih of observat[[(:]n tot\{ver”s n Llatvu;. Excitation force of two person movement along
itionally there were eoretically analyzed, '\ o 5 s hei ght i s we a k comp:

pa}ramgters that m_ost influepces the response Ie\{elo w eself-@veight and stiffness therefore peaks in the
(vibration acceleration and displacement amphtudez@utput spectrum will be responses in the structural
under the humaimduced typical walking load. modes

There was performed spectral analysis using
software package MEb6bscopeVES
A. Experimental programme exited frequency content of simultaneously recorded

During the experiments there were measured affthe  t races of observation to

recorded the vibration accelerations of 18 observatictfcelerations.
towers (Fig. 2.) 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

Il MATERIALS AND METHODS

- Estonia
Sa . e 1 i very handy tool to detect the harmomsignals buried
Y G in the noise [8].
e Gp(f)= ACHON () @
X 535 a7 s - i AA ]
S s o ~< | | |
i o e Bl e § 5 where A(f) is the Fourier transform of the time trace
TP (e e\ S e FOFSCER  a(t) defined as:
= E | : . )
; 4 A(f) = pa(t)e "dt, 2
Lithuania E@'&SE; ( ) rp() ( )
Belarus -e
Fig. 2. Location of observation towers in Latvia. The A* o i ndicates t he comp |
e™ = cos(ft) +isin(ft), 3)

There were used five-8xis lightweight (559) USB
accelerometers (Model XBA) to record the
accelerations. Devices were located on the uppwéthereiis a unity imaginary number.
platform of towers. Themeasurement sample rate is To reduce the leakage effects due to-periodicity

160 Hz. Each accelerometer simultaneously recorésf t he ti me signal records th
vibration acckerations in three direction3he typical applied to each sampling window before the FFT (Fast
arrangement of accelerometers is presented inFig.3Four i er Transform) was applie
Acc. o the modal paramets are extracted from the cross
o = &+ 1 channel measurement functions using HRBed
A A < curve fitting methods. The DeConvolution window
<, g2 was applied to remove the fise
‘V 5 £ domain correlation function associated with the
G 29 measurement.
. 5 To check the reliability of obtained natural

[}

Wi Afe- frequencies there was used the stabilization diagram
”r” Tower top +x that subsequently assumes an increasing number of
platform length

poles.
Fig. 3.  Accelerometers arrangement scheme

58



M#1 Auto Spectrum 1x

2€-07

The physical poles (exited frequencies) always

1.8E-07

1.65 Hz appear as fistable polesodo cons
nee ‘ poles ae filtered out. Examples of obtained auto
14607 ‘ spectrum and stabilization diagrams presented in Fig.
SRy 4 and>5.
3 1.5 Hz Damping ratios of the towers were obtained from
- 1.35 Hz ‘ free decay time histories using formula (4) [9]:
i 8E-08

6E08 1

=—/—1|n 3 (4)
e | 2m  a,
2600 where,
— \/\\”M\”“\ n1 number ofrelevant periods in time history;
1 2 3 4 5 (Ho)

a,- max amplitude;

== CMIF Using Magnitude . .
a, - min amplitude.

C. Theoretical Background

Slender sightseeing towers are the linelike
: structure and for the purpose of response analysis it
3 was modeled as the cantilever with uniformly
distributed mass along the height. The foundation
M\/m stiffness was not taken into account. The observation
. t o weselgading scheme for analytical investigation of
1 2 3 4 5 (Hz) different parameters (mass, stiffness and tower height)
Fig. 4. Response spectrum and stabilization diago@irigatne influence .On .the structures dynamic  response is
tower due to 2 persons ascending presented in Flgﬁ}./‘

+ HH
+ %

I
I

++ ¥
I
3

B8LRARLLE

B +§ t 3k

38
=3

F(t)=F sin(Qt)

M#1 Auto Spectrum 1x F,=2GM\'
T -
1.35 Hz 2= 2nf,
G - weight of the
~ mean person, N

‘ ‘ A' - DLF of 1"
|
|
|

2e07
1.8E07

1.8E07

walking harmonic
f, - walking
frequency, Hz

14E07

12e07

i

Fig. 6. Calculation scheme

1E07

Magnitude (g)

BE-08

st.os 65 Tz ‘ According to generally accepted design processes
" ‘ for low frequency structures it is convenient to
‘ ‘ consider the maximum level of the resonant response
200 LA ‘ that can be induced by person under repeated footfall.
e L || It was previously found thatower would not reach
0 1 2 3 4 5 (Hz) 6 At he steady state vi brati ono
=1 CMIF Using Magnitude : periodicity of applied loading [10]. Thus for the
sensitivity analysis purpose the load is applied in the
: horizont al direction with mag
¢ % 3 typical first walking harmonic (longitudinal direction)
j 3
:
:
e

—

D at cantilever tip. The weight of one perdgsrassumed
\f‘\\/\ 740N and dynamic load factor (DLF) is assumed 0.12.

[ # The sensitivity analysis was performed in the
f \NM following parameter range:
M Ve N Hei ght of the tower: 20m é 4
‘f’ Selfwei ght of the tower: 4kN/ m
Stiffness of the structure (EI):
Coob e a3 e T Re 1. o
The reference tower parameters are following:
Height of the tower: L,=30m;

BEE/LL585888

332 % 2%

“

BB

Fig. 5. Response spectrum and stabilization diagoéirigatne
tower due to 2 persorgscending
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Selfweight of the tower: g3=9.5kN/m exited natural frequencies, damping ratios and
Stiffness of the structure: £+ 9 . 0°Wrd?1 0 acceleration amplitudes for the ligieight lattice
Damping ratios=2.5%. towers made of different materials.

In calculations it was considered that 4 repeated There were some examples of mixed structures e.qg.
footfalls in a row coincide with the fundamentaltimber structure (columns, beams, and cladding) with
frequency of the structure. a stel rod lateral resisting system. Mostly observation

The methodology for obtaining the analyticaltowers can be divided in timber (70% of the inspected
solution (displacements and accelerations) of equatiagowers) and steel structures. The slope of the

of motion (5) is taken from [10]. observation towerso dtoairs
7but most of the obshervati
a? e d*xo a*x stairs was around 45 Although the most of
—= ENY)—Zzgtmy)—(5+ observation towers are less than ten years old their
@ & d d (5) technical condition widely varies. Only the timber
a i towers less than five years old with a treated timber
+ C(Y)E = G/*sin(\\t), are in good technical condition.

The recorded timehistories and corresponding
frequency spectrums with stabilisation diagrams of the

where, : S -
Eli stiffness: observation tower in Ligatne are presented in Fig
i displacen%ent' The recorded peak accelerations under mild wind
ci damping; ' conditions are about 20 times less than from two
mi mass ’ person movement upstairand downstairs. Most of

this towerés height was shel

In this case response spectra show that ascending and

. descending excite the same frequencies. In ascending
There were experimentally measured and recordedise higher magnitude has the fundamental frequency

Il RESULTS AND DISCUSSI®I

W a

on

t

data of 18 observation Qe E135H2P Bt i destdndiify cdBe Higheb T at i o

acceleration under a mild wind and two Persongagnitude has higher frequan(1.65Hz).
movement al ong t hebtain thever 0 s height lﬂ%no o]

Tower response to wind loading
0.02

0

-0.02 l

2 persons

— N W s

cooo

S50
AW N -

T | —'—

Acceleration, m/s2

2 persons

L3

| . 1 . ll 4 h |. dod Ll 11

S&bo20209
W N = _— N W

10 20 30 40 50

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

Table 1 presents the three main exited natural The lowest exited frequencies of human movement
frequencies of observation towers and maximurare generally the fundamental frequencies of the
accelerations observed due to two persons movemeiiservation towers. To recognize it, there was
up and down the tower stair as well as presentethalysed frequency spectrum of each towerniokd
damping ratios in such were obtained. from ambient response data where as an input force

The Table 1 excludes thmspected towers that was considered the wind loading.
were in unsatisfactory technical condition.
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TABLE 1.
OBSERVATION TOWER DYNAMIC RESPONSE TO HUMWN INDUCED LOADING

Tower name and height of Exited frequencies of two persons movement, Hz

the top platform above the Structgral Amax X, %
ground level material Ascending Descending m/s’

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 11 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 2.6 025 3.85
Ventspils tower (12m) Steel Excitement is negligible; fundamental frequency is 3.4Hz -
Kuldiga tower (16.3m) Mixed 0.8 11,12 26 0.8 1.2 2.6 0.26 -
Lielais liepu tower (34m) Timber 11 13 2.1 11 15 4.7 0.13 -
Ligatne tower (22m) Timber 1.35 15 165 1.35 15 1.65 0.25 5.4
Lozmeteju tower (28.5) Timber 1 11 2.2 1 11 - 0.3 -

All fundamental frequencies of the inspected The perception of vibration depends on vibration
towers are in the typical human walking range aBequency and thacceleration amplitudes are directly
given in the [10]. It is noticed that generally durthg related to pedestrian comfort [11]. Therefore there is a
stair ascend case with highest acceleration amplitudeecific interest in amplitude values of accelerations.
exited the lowest natural frequency but in descending Results of the sensitivity analysis reveal that a
case there could be different dominant naturathange in tower stiffness does not influence the
frequency. It corresponds well with the observationaccelerion amplitudes. The most important
during the experiment that visitors movewdwstairs parameter is mass of the structure that does not
faster than upstairs. The differences in the exitethfluence the displacement amplitudes but
natural frequencies of the towers with very similasignificantly influences the acceleration amplitudes.
structure and the same fundamental frequency due toBasically, stiffer structure has higher frequency
human movement (Kamparkals tower and Udru kalnisowever displacements earsmaller and as a result
tower) indicate the stochastic nature of mfan there is no significant change in the acceleration
dynamic loading. amplitude. This well correspond with the experimental

Although the inspected towers varies in theesults where the acceleration levels are approximately
structural arrangements and materials the maximuthe same for towers with similar seleight.
response level (acceleration amplitude) of two persos reality there is impssible the situation when
movement are close to 0.3fM/s The exception are changes of the stiffness or height of tower would not
two steel towers (Krustkalns and Jurmala) that an@fluence the selfveight of structure. Nevertheless the
considerably lighter and have higher acceleratiogensitivity analysis confirms that lighter towers made
amplitudes and tower in Ventspils that is very shorf stronger materials such as steel compared to timber
with no visible effect from human movement. ones wil be more prone to human movement induced

To analyse the different parametdr ¢ we r 6 s vibraters fand could reach higher acceleration values.
weight, height and stiffness (El)) influenceThis corresponds well with the experimental results in
theoretically on the dynamic response level due to twihe Table 1.
persons movement was performed the sensitivityExperimentally determined peak acceleration of
analysis for the range of parameters as given in théelais liepu kalnsower A, = 0.13m/$ (Table 1) is
previous section of the paper. The Fig. &gents considerably smaller than other timber towers have,
tower tip displacement amplitude changes if one of th@though the fundamental frequency is quite low
considered parameters is changed but others are fixétl.1Hz).

The Fig.9 shows acceleration amplitude changes in a
similar manner.
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—  m/m,, L, (EI),
L/L,, m,, (EI),
ED/(EI),,, m

-

Displacement of the end of tower, mm

0 0.5 1 1.5 2

Fig. 8.  Displacement amplitude of tower tip due to geometrical
parameter change

frequencies with comparable magnitudes. Generally,
ascending the tower stairs excitd® 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 frequées 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 twicexa 4 %) of st eel
4. The parameter that mostlyfluences the tower
acceleration amplitudes due to human movement

induced loads are the selkight of the structure.

ones.

YR 5. The good correlation between the experimental
Ele \ results and theoretical analysis predicting the
5 \ m,, = 950 kg/m acceleration amplitudes induced by hurmaovement
g 06 \ L,=30m indicates that the made assumptioncofsidered 4
s N\ EL, = 9040000000 Nm repeated footfalls in a row coincides with the
E 0.4 \\ | fundamental frequency of the structure is adequate.
: S
02 Damp = 2.5 % ——— V ACKNOWLEDGMENTS
% EE_I,Z(%EDLF This work has been supported by the European .
B ) », Soci al Fund wi tStpport fort thee proj e
< 0 0.5 1 15 2 implementation of doctoral studies at Riga Technical
Fig.9. Acceleration amplitde of tower tip due to geometrical Universityo.
parameter change
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IV CONCLUSIONS

The experimental data presented in this paper are
based onmeasurements of 12 liglit weight lattice 5
observation t ower s o

assembly and used materials) responses (acceleration o

amplitudes) to human induced dynamic loading. 'ﬁb
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 maify
conclusions from the study can be summarized as
follows: (8]

1. Observation towers are sensitive to the human
inducal loads. Human movement along the towef9]
height induces vibration with frequencies that ar?lol
natural frequencies of the structure.

2. The experimental results reveal the different
natural frequencies with different magnitude
redistribution of towers with airsilar geometry and
same fundamental frequency were exited. This
indicates the stochastic nature of human induced
loading. In all cases there were exited several natural

(11]
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Formwork with Varia ble Geometry
for Concrete Shells Production Technology
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Abstracti One of the main constructivematerials 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 constructieariable geometry formwork of
concrete thinshell 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 thghell mnstruction.
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 thathe technology can be used for fibro concrete shell production and construction.

Keywordsi concrete shellsshells production technologyglass fibers, fiberconcrete

| INTRODUCTION Modern shell structures span larger colufree

Recent developments in concrete technology hay€as from 100 m and more and, more important, with
led to ultrahigh performance fibre reinforced concretdhinner thicknesses than the traditional domes. Thin
with revolutionary performance in tension andtOncrete shgll.structures can cover the roofs of various
compression. In fact, ultra high performance fibr@uildings efficiently and aesthetically. Theasch for
reinforced concrete can be seen as a completely nE€W spatial structures  resulted in  widespread
construction material and its possibilities are still to b@1ON€ering with new types of shells.
revealed. Fibre reinforced concrete use leads itself to a/Architecture form has got a thin concrete shell
variety of innovative designs as a result of its mang'éated in the form of circles, hyperboloids and
desirable properties. Not only the higher qualipParaboloids and of double curved shapes with
contemporary construction mats capable of undefined fredorm shapes (Deconstructivism). In
resisting tension forces contributed to thifrder to achieve required geometrically complicated
development, but also the theoretical knowledgg)rms and surfaces of textured concrete is necessary a

gained from the late 19th century up to the preseflexible and adjustable formwork system [1,2,3]. The
day. Earlier the engineers were restricted bgeswe to reduce the thickness is understandable as the

constructional possibilities. The modern era oélsh dead weighof the shell represents the major portion

construction is recognized by the trend towards great8f the total load.
spans and thinner shells.

.

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

. . ] . Mexico by Felix Candela .
Figure 1. L' Oceanogrd fan coperaim Val enci a, Spain

oceanographic park, architect F®lix Candel a
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Most shells are constructed in a conventional Despite the purpose of variable geometry formwork
manner: pouring concrete on a formwork. Otheand their usage conditions, the material of formwork
possibilities & the use of airform moulds or stressedghould have a sufficient tensile strength (calculated)
membranes combined with sprayed concret@and low weight, should be resisting to weather
Although the number of repetition is often not veryimpacts, flexible, fireproof (at least the material
high, prefabricated elements may be used. should be fire extinguished), heatproof and frost

If one shell has to be chosen as being the inspiratioesisting. The requirements are fulfilled when using
for a complete generation of new shell engineers, domposite materials (created on synthetic fibro basis).
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 tht, at the present day, it has been copied
several times.

Jorg Schlaich designed a Xochimitke shell in
1977 in Stuttgart, Ulrich Muther constructed the
Seerose in 1983 in Potsdam and in just recently in
2002 in Valencia another loeklike has been
constructed by Santiago Calatrava: the new
I 6 Oc e a nseq figaré il ¢-urthermore, famous
shell builder Heinz Isler was inspired by the
slenderness of the Manantiales restaurant. The original
Xochimilco shell, seen on figure 2, &n octagonal
groined valt composed of four intersecting hypars.

Il MATERIALS AND METHODS
. . Figure4. Formwork construction
Tasks of laboratory experiments: production and

achievement of different kind shells, including deme Experiments in order to create concrete shell

shaped cqnstructions, clearing up thg shell pmduc“?ﬂoduction technology process were made in 2013 in
technological features and techogical process o Riga Technical University in laboratory in order to

advantages, effectiveness, a visual attraction apdaate an effective shell productivechnology. Was
advantages of productd.aboratory experiment to produced a formwork with vible geometry by
create on formwork with variable geometry Wayravity. Formwork constructi o

elaborated Latvian invention patent NiV14308 [4]. mm, rubber sheet 100011000 m
Use of a formwork advantages can be nemd as |y, qers is 9 mm see figure 4. Tasks of laboratory
follows: flexible shapes (being curved created Surfacee'%(periments: production and achievement of different
are of architecturally and technologically complicateg;,,4 shells, including domshaped costructions,
shapes) smooth concrete surface quality, formworkgearing up the shell production technological features
weight and volume of tissue is very small comparing 4 technological process advantages, effectiveness, a
to plywood or steel formwork. visual attraction and advantages of products. In the
reported work, on the flat surface mould was imposed
and smoothed down (forming thin layer) glass
fiberconcrete mix.

Figure 3. Short AR glass fibers homogeneously distributed in the
concrete shell

Figure5. Knitted fabric br concrete shell reinforcement
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