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What distinguishes a mathematical model from, say, a poem, a song, a portrait or 

any other kind of "model", is that the mathematical model is an image or picture of 

reality painted with logical symbols instead of with words, sounds or watercolors. 

John L. Casti 

 

 

 

 

The purpose of models is not to fit the data but to sharpen the questions. 
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The numerical prediction of coastal bed evolution has been at the forefront of coastal 

engineering research for several decades. Even though numerical models are capable 

of resolving in great detail the coastal processes driving the morphological bed evolution, 

they are associated with staggering computational burden, rendering a long-term 

prediction a tedious task. The burden further increases considering the vast amount of 

input wave characteristics that are used to force the models. To counterbalance this, 

various wave input reduction methods have been developed and employed in coastal 

engineering practice.  

Despite their widespread usage, a need to further accelerate the morphological 

simulations, while simultaneously improving the reliability of the wave input reduction 

methods was identified. This thesis undertakes a systematic effort to thoroughly evaluate 

various types of wave input reduction methods and provide practical guidelines on the 

optimal method selection and configuration. 

Two new wave binning wave input reduction methods were conceptualized and 

implemented in the coastal area of Rethymno, in Greece. These methods focus on the 

elimination of sea-states considered unable to initiate sediment motion, effectively 

reducing the length of the forcing timeseries. The newly developed methods produced 

reliable results compared to the widely used energy flux input reduction method but also 

achieved a significant model run time reduction of up to 62%, compared to a brute force 

simulation containing the full forcing timeseries. 

Additionally, the K-Means clustering algorithm was thoroughly evaluated as a viable 

alternative to the classical binning input reduction methods and several enhancements 

were proposed aiming to overturn the unsupervised nature of the clustering algorithm. 

Implementation of the configurations in the coastal area of Rethymno showcased that 

the default parametrization of the algorithm can produce satisfactory predictions of 

annual coastal bed evolution. All the proposed enhancements, exhibited a performance 

increase compared to the default parametrization, however they added a degree of 

complexity in the algorithm implementation. 
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A systematic evaluation of the Representative Morphological Wave Height selection 

approaches was also carried out, with the development of three new alternative 

configurations. Notable was the training and validation of an Artificial Neural Network 

that is included in one of the methods and is tasked with the elimination of lowly energetic 

sea-states that have little to no effect in the morphological bed evolution. The three 

proposed enhancements provided a noteworthy performance increase compared to the 

traditional method, with the best performing one being the method incorporating the 

Artificial Neural Network. 

Last but not least, selected input reduction methods were compared with available 

field measurements at the coastal area of Eresos, Lesvos in Greece, in an attempt to 

investigate the reliability of wave input reduction methods in real-life settings. The 

numerical model forced with three selected input reduction methods reproduced the 

morphological bed evolution in a very satisfying manner, with the best performing being 

once again the one incorporating the Artificial Neural Network. 

This thesis provides a thorough evaluation of wave input reduction methods, testing 

several configurations and enhancements, validating their use against both benchmark 

numerical predictions and field measurements. The incorporation of machine learning in 

wave input reduction can further increase the reliability of model predictions, leading to 

a significant reduction of the required computational effort. 
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ǴȐȄȉŬŰȌɸȌǿȄůȄ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ ȉŮ ȐȍǾůȄ ȉŬȅȄȉŬŰȆȇȗȊ ȉȌȊŰǽȈȒȊ ȇŬȆ 

ŰŮȐȊȆȇȗȊ ȉȄȐŬȊȆȇǾȎ ȉǼȅȄůȄȎ ȂȆŬ ŰȄȊ ŮŰǾůȆŬ ɸȍȕȁȈŮȑȄ ŰȄȎ ŮȋǽȈȆȋȄȎ ŰȌȏ 

ɸŬȍǼȇŰȆȌȏ ɸȏȅȉǽȊŬ 

 

ǥȊŭȍǽŬȎ ǲŬɸŬŭȄȉȄŰȍǿȌȏ 
 

ǴȐȌȈǾ ǲȌȈȆŰȆȇȗȊ ǮȄȐŬȊȆȇȗȊ 

ǵȌȉǽŬȎ ǶŭŬŰȆȇȗȊ ǲȕȍȒȊ ȇŬȆ ǲŮȍȆȁǼȈȈȌȊŰȌȎ 

ǨȍȂŬůŰǾȍȆȌ ǭȆȉŮȊȆȇȗȊ ǞȍȂȒȊ 

 

 

 
1. ǨȆůŬȂȒȂǾ  

ʰ.ʰ. ǶɸȕȁŬȅȍȌ, ȇǿȊȄŰȍŬ ȇŬȆ ŮȍŮȏȊȄŰȆȇȌǿ ůŰȕȐȌȆ  

ǱȆ ɸŬȍǼȇŰȆŮȎ ȃȗȊŮȎ ůȏȂȇŮȊŰȍȗȊȌȏȊ ȆůŰȌȍȆȇǼ ȉŮȂǼȈȌ ȉǽȍȌȎ ŰȌȏ ɸŬȂȇȕůȉȆȌȏ ɸȈȄȅȏůȉȌȖ, 

ȇŬȅȗȎ ɸȍȌůűǽȍȌȏȊ ŮȏȇŬȆȍǿŮȎ ȂȆŬ ŬȊǼɸŰȏȋȄ ɸȌȈȈȗȊ ȌȆȇȌȊȌȉȆȇȗȊ ŭȍŬůŰȄȍȆȌŰǾŰȒȊ ȇŬȆ 

ůȏȊŭȏǼȃȌȏȊ ŰȄȊ ŰŬȏŰȕȐȍȌȊȄ ůȏȊȖɸŬȍȋȄ ɸȌȈȖɸȈȌȇȒȊ ȌȆȇȌůȏůŰȄȉǼŰȒȊ. ǴȏȊŮɸȗȎ Ȅ 

ɸȍȕȁȈŮȑȄ ŰȄȎ ȉȌȍűȌȈȌȂȆȇǾȎ ŮȋǽȈȆȋȄȎ ŰȌȏ ɸŬȍǼȇŰȆȌȏ ɸȏȅȉǽȊŬ, ȉŮ ŬɸȗŰŮȍȌ ůŰȕȐȌ ŰȄȊ 

ɸȍȌůŰŬůǿŬ ŰȒȊ ŬȇŰȗȊ Ŭɸȕ ŰȄ ŭȆǼȁȍȒůȄ, ȁȍǿůȇŮŰŬȆ ůŰȌ ŮɸǿȇŮȊŰȍȌ ŰȄȎ ǽȍŮȏȊŬȎ ŰȄȎ 

ɸŬȍǼȇŰȆŬȎ ȉȄȐŬȊȆȇǾȎ Ůŭȗ ȇŬȆ ŬȍȇŮŰǽȎ ŭŮȇŬŮŰǿŮȎ. 

ǲŬȍŬŭȌůȆŬȇǼ, Ȅ ɸȍȕȁȈŮȑȄ ŰȄȎ ȉȌȍűȌȈȌȂȆȇǾȎ ŮȋǽȈȆȋȄȎ ŰȌȏ ɸŬȍǼȇŰȆȌȏ ɸȏȅȉǽȊŬ ůŮ 

ŮŰǾůȆŬ ȁǼůȄ ɸȍŬȂȉŬŰȌɸȌȆŮǿŰŬȆ ȉŮ ȉŬȅȄȉŬŰȆȇǼ ȉȌȊŰǽȈŬ ɸȌȏ ŮɸȆȇŮȊŰȍȗȊȌȊŰŬȆ ůŰȄȊ 

ɸȍȌůȌȉȌǿȒůȄ ŰȒȊ ɸŬȍǼȇŰȆȒȊ ŭȆŮȍȂŬůȆȗȊ.  ǮŮȂǼȈȌȎ ŬȍȆȅȉȕȎ ȉŬȅȄȉŬŰȆȇȗȊ ȉȌȊŰǽȈȒȊ 

ɸȌȏ ŮɸȆŰŮȈȌȖȊ ŬȏŰȕ ŰȌ ůȇȌɸȕ ȁȍǿůȇȌȊŰŬȆ ŭȆŬȅǽůȆȉŬ (Roelvink and Renniers, 2011), 

ȇŬȅǽȊŬ ȉŮ ŭȆŬűȌȍŮŰȆȇǼ ɸȈŮȌȊŮȇŰǾȉŬŰŬ ȇŬȆ ȉŮȆȌȊŮȇŰǾȉŬŰŬ (Afentoulis  et al., 2022), ŮȊȗ 

Ȅ ŮɸȆȈȌȂǾ ŰȌȏ ȇŬŰǼȈȈȄȈȌȏ ȉȌȊŰǽȈȌȏ ŮȋŬȍŰǼŰŬȆ Ŭɸȕ ŰȄȊ ȐȒȍȆȇǾ ȇŬȆ ȐȍȌȊȆȇǾ ȇȈǿȉŬȇŬ 

ȇŬȅȗȎ ȇŬȆ ŰȄȊ ɸŮȍȆȌȐǾ ŮűŬȍȉȌȂǾȎ. ǴŰȄȊ ɸŮȍǿɸŰȒůȄ ɸȌȏ Ȅ ŮȋŮŰŬȃȕȉŮȊȄ ɸŬȍǼȇŰȆŬ 

ɸŮȍȆȌȐǾ ȐŬȍŬȇŰȄȍǿȃŮŰŬȆ Ŭɸȕ ɸȌȈȖɸȈȌȇȄ ȁŬȅȏȉŮŰȍǿŬ, ɸȌȏ ůȏȊŭȏǼȃŮŰŬȆ ȇŬȆ ȉŮ 

ŰŬȏŰȕȐȍȌȊȄ ɸŬȍȌȏůǿŬ  ȈȆȉŮȊȆȇȗȊ ȇŬȆ ɸŬȍǼȇŰȆȒȊ ǽȍȂȒȊ, ŰȕŰŮ ȉŬȅȄȉŬŰȆȇǼ ȉȌȊŰǽȈŬ 

ɸŮȍȆȌȐǾȎ (Roelvink and Renniers, 2011) ŮűŬȍȉȕȃȌȊŰŬȆ ůȐŮŭȕȊ ŬɸȌȇȈŮȆůŰȆȇǼ.  

ǨȊȗ ŬȏŰǾ Ȅ ȇŬŰȄȂȌȍǿŬ ȉȌȊŰǽȈȒȊ ȉɸȌȍŮǿ ȉŮ ȉŮȂǼȈȄ ŬȇȍǿȁŮȆŬ ȊŬ ɸŮȍȆȂȍǼȑŮȆ ŰȆȎ 

ȉȌȍűȌŭȏȊŬȉȆȇǽȎ ȉŮŰŬȁȌȈǽȎ ȈȕȂȒ ŰȄȎ ůȏȊŭȏŬůȉǽȊȄȎ ŭȍǼůȄȎ ȇȏȉŬŰȆůȉȗȊ ȇŬȆ ȍŮȏȉǼŰȒȊ, 

ŰŬȏŰȕȐȍȌȊŬ ůȏȊŭǽŮŰŬȆ ȉŮ ȆŭȆŬǿŰŮȍŬ ŮɸŬȏȋȄȉǽȊȌ ȏɸȌȈȌȂȆůŰȆȇȕ űȕȍŰȌ, ɸȌȏ ȇǼȊŮȆ ŰȄȊ 

ŮŰǾůȆŬ ɸȍȕȁȈŮȑȄ ŰȄȎ ɸŬȍǼȇŰȆŬȎ ȉȌȍűȌȈȌȂǿŬȎ ůȐŮŭȕȊ ŬɸŬȂȌȍŮȏŰȆȇǾ ȂȆŬ ɸȍŬȇŰȆȇǽȎ 

ŮűŬȍȉȌȂǽȎ. ǴȏȊȏɸȌȈȌȂǿȃȌȊŰŬȎ ŰȄȊ ɸȈȄȅȗȍŬ ŭȆŬȅǽůȆȉȒȊ ȒȇŮŬȊȌȂȍŬűȆȇȗȊ ŭŮŭȌȉǽȊȒȊ 

ŰŬ ȌɸȌǿŬ ŮǿȊŬȆ ŭȆŬȅǽůȆȉŬ ɸȈǽȌȊ ůŮ ɸŬȂȇȕůȉȆŬ ȇȈǿȉŬȇŬ, ȇŬȆ ŰŬ ȌɸȌǿŬ ŮȆůǼȂȌȊŰŬȆ ȒȎ 

ȌȍȆŬȇǽȎ ůȏȊȅǾȇŮȎ ůŰŬ ȉȌȊŰǽȈŬ ɸŮȍȆȌȐǾȎ ɸŮȍŬȆŰǽȍȒ ɸȍȌůŬȏȋǼȊȌȊŰŬȎ ŰȌȊ ȏɸȌȈȌȂȆůŰȆȇȕ 

űȕȍŰȌ, ŮǿȊŬȆ ŮȉűŬȊǾȎ Ȅ ŬȊŬȂȇŬȆȕŰȄŰŬ ȂȆŬ ŰȄȊ ŮɸȆŰǼȐȏȊůȄ ŰȒȊ ŬȍȆȅȉȄŰȆȇȗȊ 

ɸȍȌůȌȉȌȆȗůŮȒȊ ȉȌȍűȌŭȏȊŬȉȆȇȗȊ ȉŮŰŬȁȌȈȗȊ ůŮ ŮŰǾůȆŬ ȁǼůȄ.  

ǴŮ ŬȏŰǾ ŰȄȊ ȇŬŰŮȖȅȏȊůȄ, ǽȐȌȏȊ ŬȊŬɸŰȏȐȅŮǿ ȉȆŬ ůŮȆȍǼ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ŰȌȏ 

ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ (Benedet et al., 2016), ȉŮ ůȇȌɸȕ ŰȄ ȉŮǿȒůȄ ŰȒȊ ŭȆŬȅǽůȆȉȒȊ ȌȍȆŬȇȗȊ 

ůȏȊȅȄȇȗȊ ȇŬȆ ŰȄȊ ŬȊŰȆȇŬŰǼůŰŬůȄ ŰȌȏȎ ȉŮ ǽȊŬ ɸŮɸŮȍŬůȉǽȊȌ ŬȍȆȅȉȕ ȇȏȉŬŰȆȇȗȊ 
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ŬȊŰȆɸȍȌůȗɸȒȊ (6-30 ůȏȊǾȅȒȎ) ɸȌȏ ȅŬ ŮǿȊŬȆ ȆȇŬȊȌǿ ȊŬ ɸȍȌȇŬȈǽůȌȏȊ ŬȊŰǿůŰȌȆȐȄ 

ȉȌȍűȌȈȌȂȆȇǾ ŮȋǽȈȆȋȄ ɸȏȅȉǽȊŬ ȉŮ ŰȄȊ ɸȈǾȍȄ ȐȍȌȊȌůŮȆȍǼ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ. 

ǱȆ ȉǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ ȉɸȌȍȌȖȊ ȊŬ ȌȉŬŭȌɸȌȆȄȅȌȖȊ ůŮ ŰȍŮȆȎ 

ŮȏȍȖŰŮȍŮȎ ȇŬŰȄȂȌȍǿŮȎ (Ŭ) ǫůȌŭȖȊŬȉȌȆ ȇȏȉŬŰȆůȉȌǿ (Borah and Balloffet , 1985; Brown and 

Davies, 2009; Chondros et al., 2022; Chonwattana et al., 2005; Karambas et al., 2013; 

Papadimitriou  et al., 2022a; Pletcha et al., 2007)  (ȁ) ǮǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůŮ 

ȇȈǼůŮȆȎ (Benedet et al., 2016; de Queiroz et al., 2019; Papadimitriou  et al., 2020; Van 

Duin  et al., 2004; Walstra et al., 2013), (Ȃ) ǥȈȂȕȍȆȅȉȌȆ ȌȉŬŭȌɸȌǿȄůȄȎ (de Queiroz et al., 

2019; Papadimitriou and Tsoukala, 2022) .  

ǲŬȍǼ ŰȄȊ ŮȏȍŮǿŬ ŰȌȏȎ ŭȆǼŭȌůȄ ȇŬȆ ŮűŬȍȉȌȂǾ, ŰŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȒȊ ȉŮȅȕŭȒȊ 

ůȐȄȉŬŰȌɸȌǿȄůȄȎ ŮȋŬȍŰȗȊŰŬȆ Ŭɸȕ ȉȆŬ ůŮȆȍǼ ɸŬȍŬȉǽŰȍȒȊ (ɸ.Ȑ. ŬȍȆȅȉȕȎ ŬȊŰȆɸȍȌůȗɸȒȊ, 

ŭȆǼȍȇŮȆŬ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ, ŬȈȈȄȈȌȏȐǿŬ ŬȊŰȆɸȍȌůȗɸȒȊ), ŮȊȗ Ȅ ȉŮǿȒůȄ ŰȌȏ ȐȍȕȊȌȏ 

ɸȍȌůȌȉȌǿȒůȄȎ ŭŮȊ ŮǿȊŬȆ ŰȕůȌ ŮȉűŬȊǾȎ ȕŰŬȊ ȈŬȉȁǼȊŮŰŬȆ ȏɸȕȑȄ Ȅ ɸȈǾȍȄȎ 

ŬȈȈȄȈŮɸǿŭȍŬůȄ ȉŮŰŬȋȖ ŰȌȏ ȇȏȉŬŰȆȇȌȖ, ȏŭȍȌŭȏȊŬȉȆȇȌȖ ȇŬȆ ȉȌȍűȌȈȌȂȆȇȌȖ ȉȌȊŰǽȈȌȏ. Ǳ 

ůŰȕȐȌȎ ŰȄȎ ɸŬȍȌȖůŬȎ ŭȆŬŰȍȆȁǾȎ ŮǿȊŬȆ Ȅ ůȏůŰȄȉŬŰȆȇǾ ŬȋȆȌȈȕȂȄůȄ ȉŮȅȕŭȒȊ 

ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇŬȆ ŰȒȊ ŰȍȆȗȊ ȇŬŰȄȂȌȍȆȗȊ ɸȌȏ ŬȊŬȈȖȅȄȇŬȊ ȇŬȆ Ȅ ŬȊǼɸŰȏȋȄ ȊǽȒȊ ȉŮ 

ŬɸȗŰŮȍȌ ůȇȌɸȕ ŰȄȊ ɸŮȍŬȆŰǽȍȒ ŮɸȆŰǼȐȏȊůȄ ŰȒȊ ȉȌȍűȌȈȌȂȆȇȗȊ ɸȍȌůȌȉȌȆȗůŮȒȊ ŬȈȈǼ ȇŬȆ 

ŰȄȊ ŬȖȋȄůȄ ŰȄȎ ŬȇȍǿȁŮȆŬȎ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ. 

ǱȆ ŮȍŮȏȊȄŰȆȇȌǿ ůŰȕȐȌȆ ŰȄȎ ɸŬȍȌȖůŬȎ ŭȆŬŰȍȆȁǾȎ ŮǿȊŬȆ ȌȆ ŮȋǾȎ: 

¶ Ǫ ŭȆŮȍŮȖȊȄůȄ ȇŬȆ ŬȊǼɸŰȏȋȄ ȊǽȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ 

ȇȈǿȉŬŰȌȎ, ɸȌȏ ȅŬ ɸŮȍȆǽȐȌȏȊ ŰȄȊ ŮȆůŬȂȒȂǾ ȇŬŰǼȈȈȄȈȌȏ űǿȈŰȍȌȏ ȂȆŬ ŰȄȊ 

ŬɸǼȈŮȆȑȄ ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ ɸȌȏ ŭŮȊ ȇȍǿȊȌȊŰŬȆ ȆȇŬȊǽȎ ȊŬ 

ɸȍŬȂȉŬŰȌɸȌȆǾůȌȏȊ ǽȊŬȍȋȄ ȇǿȊȄůȄȎ ȆȃǾȉŬŰȌȎ, ȉŮȆȗȊȌȊŰŬȎ ǽŰůȆ ůȄȉŬȊŰȆȇǼ ŰȌȊ 

ŬɸŬȆŰȌȖȉŮȊȌ ȏɸȌȈȌȂȆůŰȆȇȕ űȕȍŰȌ. 

¶ Ǫ ŬȋȆȌȈȕȂȄůȄ ŰȄȎ ŮűŬȍȉȌůȆȉȕŰȄŰŬȎ ŬȈȂȌȍǿȅȉȒȊ ȌȉŬŭȌɸȌǿȄůȄȎ ůŬȊ 

ȉŮȅȕŭȌȏȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ ȇŬȆ Ȅ ŭȆŮȍŮȖȊȄůȄ ɸȆȅŬȊȗȊ 

ȁŮȈŰȆȗůŮȒȊ ŰȌȏȎ, ůŮ ȉȆŬ ɸȍȌůɸǼȅŮȆŬ ȊŬ ŮȆůŬȐȅȌȖȊ ůŰȄȊ ŬȈȂȌȍȆȅȉȆȇǾ 

ŭȆŬŭȆȇŬůǿŬ ɸȌůȕŰȄŰŮȎ ɸȌȏ ŮǿȊŬȆ ŬɸŬȍŬǿŰȄŰŮȎ ȂȆŬ ŰȄȊ ȉŬȇȍȌȐȍȕȊȆŬ 

ȉȌȍűȌȈȌȂȆȇǾ ŮȋǽȈȆȋȄ ŰȌȏ ɸȏȅȉǽȊŬ.  

¶ ǵȄȊ ŮȆůŬȂȒȂǾ ȉŮȅȕŭȒȊ ȉȄȐŬȊȆȇǾȎ ȉǼȅȄůȄȎ ȉǽůȒ ŮȊȕȎ ȇŬŰǼȈȈȄȈŬ 

ŮȇɸŬȆŭŮȏȉǽȊȌȏ ǵŮȐȊȄŰȌȖ ǯŮȏȍȒȊȆȇȌȖ ǧȆȇŰȖȌȏ, ŰȌ ȌɸȌǿȌ ȅŬ ŮȊȆůȐȖŮȆ 

ɸŮȍŬȆŰǽȍȒ ŰȄȊ ŮȈǼűȍȏȊůȄ ŰȌȏ ȏɸȌȈȌȂȆůŰȆȇȌȖ űȕȍŰȌȏ ůŮ ůȏȊŭȏŬůȉȕ ȉŮ ŰȄȊ 

ŮȊǿůȐȏůȄ ŰȄȎ ŬȇȍǿȁŮȆŬȎ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ. 

¶ ǵȄȊ ŮűŬȍȉȌȂǾ ŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ɸȌȏ ȅŬ ŬȊŬɸŰȏȐȅȌȖȊ ůŮ ŭȖȌ 

ɸŬȍǼȇŰȆŮȎ ɸŮȍȆȌȐǽȎ, Ůȇ ŰȒȊ ȌɸȌǿȒȊ ůŰȄ ȉȆŬ ȅŬ ɸȍŬȂȉŬŰȌɸȌȆȄȅŮǿ ȇŬȆ ůȖȂȇȍȆůȄ 

ȉŮ ȉŮŰȍǾůŮȆȎ ɸŮŭǿȌȏ, ȂȆŬ ȊŬ ŬȋȆȌȈȌȂȄȅŮǿ Ȅ ŬɸȕŭȌůȄ ŰȒȊ ȉŮȅȕŭȒȊ 

ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇŬȆ ȊŬ ɸȍȌŰŬȅȌȖȊ ǽŰůȆ ȇŬŰǼȈȈȄȈŮȎ ȇŬŰŮȏȅȏȊŰǾȍȆŮȎ ȂȆŬ 

ɸȍŬȇŰȆȇǽȎ ŮűŬȍȉȌȂǽȎ. 

 

1.2. ǲȍȒŰȕŰȏɸŬ ůȄȉŮǿŬ 

Ǫ ɸŬȍȌȖůŬ ŭȆŬŰȍȆȁǾ ŮɸȆȇŮȊŰȍȗȊŮŰŬȆ ůŰȄȊ ŬȊǼɸŰȏȋȄ ȇŬȆ ŬȋȆȌȈȕȂȄůȄ ȉŮȅȕŭȒȊ 

ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ ȂȆŬ ŰȄȊ ŮɸȆŰǼȐȏȊůȄ ŰȒȊ ŬɸŬȆŰȄŰȆȇȗȊ -ȒȎ ɸȍȌȎ 
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ŰȌȏȎ ȏɸȌȈȌȂȆůŰȆȇȌȖȎ ɸȕȍȌȏȎ- ɸȍȌůȌȉȌȆȗůŮȒȊ ȉȌȍűȌȈȌȂȆȇǾȎ ŮȋǽȈȆȋȄȎ ɸȏȅȉǽȊŬ. ǵŬ 

ȇȏȍȆȕŰŮȍŬ ɸȍȒŰȕŰȏɸŬ ůȄȉŮǿŬ ŮǿȊŬȆ ŰŬ ŬȇȕȈȌȏȅŬ: 

¶ ǨȆůǼȂŮŰŬȆ ȉȆŬ ȇŬȆȊȌŰȕȉŬ ɸȍȌůǽȂȂȆůȄ ůŰȆȎ ȇȈŬůȆȇǽȎ ȉŮȅȕŭȌȏȎ 

ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůŮ ȇȈǼůŮȆȎ, ɸȌȏ ŮɸȆȇŮȊŰȍȗȊŮŰŬȆ ůŰȄ ŬɸŬȈȌȆűǾ ȅŬȈǼůůȆȒȊ 

ȇŬŰŬůŰǼůŮȒȊ ɸȌȏ ŭŮ ȅŮȒȍȌȖȊŰŬȆ ȆȇŬȊǽȎ ȊŬ ȅǽůȌȏȊ ůŮ ȇǿȊȄůȄ ŰŬ ɸŬȍǼȇŰȆŬ 

ȆȃǾȉŬŰŬ. ǵȌ ŬɸȌŰǽȈŮůȉŬ ŬȏŰǾȎ ŰȄȎ ɸȍȌůǽȂȂȆůȄȎ ŮǿȊŬȆ Ȅ ůȄȉŬȊŰȆȇǾ ȉŮǿȒůȄ ŰȄȎ 

ȏɸȌȈȌȂȆůŰȆȇȌȖ űȕȍŰȌȏ ȈȕȂȒ ŰȄȎ ȉŮǿȒůȄȎ ŰȌȏ ȐȍȕȊȌȏ ɸȍȌůȌȉȌǿȒůȄȎ ŰȌȏ 

ȉŬȅȄȉŬŰȆȇȌȖ ȉȌȊŰǽȈȌȏ.  

¶ ǱȆ ŬȈȂȕȍȆȅȉȌȆ ȌȉŬŭȌɸȌǿȄůȄȎ ŬȋȆȌȈȌȂȌȖȊŰŬȆ ȂȆŬ ɸȍȗŰȄ űȌȍǼ ůŮ ȉȆŬ 

ŮȇŰŮŰŬȉǽȊȄ ɸŬȍǼȇŰȆŬ ɸŮȍȆȌȐǾ ȉŮ ůȄȉŬȊŰȆȇǾ ȉŮŰŬȁȈȄŰȕŰȄŰŬ, ȒȎ 

ȆȇŬȊȌɸȌȆȄŰȆȇǽȎ ȉǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ. ǞȋȆ 

ŮȊŬȈȈŬȇŰȆȇǽȎ ŭȆŬȉȌȍűȗůŮȆȎ ŰȌȏ ŮȏȍǽȒȎ ȐȍȄůȆȉȌɸȌȆȌȖȉŮȊȌȏ ŬȈȂȕȍȆȅȉȌȏ 

ȌȉŬŭȌɸȌǿȄůȄȎ K-Means ŬȋȆȌȈȌȂǾȅȄȇŬȊ ȉŮ ůŰȕȐȌ ŰȄȊ ȁŮȈŰǿȒůȄ ŰȄȎ ŬɸȕŭȌůǾȎ 

ŰȌȏ.  

¶ ǥȋȆȌȈȕȂȄůȄ ŰȄȎ ȉŮȅȕŭȌȏ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ŰȒȊ ȆůȌŭȖȊŬȉȒȊ ȇȏȉŬŰȆůȉȗȊ, ȉŮ 

ŰȄȊ ŰŬȏŰȕȐȍȌȊȄ ůȏȉɸŮȍǿȈȄȑȄ ŰŮȐȊȄŰȌȖ ȊŮȏȍȒȊȆȇȌȖ ŭȆȇŰȖȌȏ ȉŮ ůȇȌɸȕ ŰȄȊ 

ȁŮȈŰǿȒůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ŰȄȎ ȉŮȅȕŭȌȏ. 

¶ ǴȏȂȇȍȆŰȆȇǾ ŬȋȆȌȈȕȂȄůȄ ŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ 

ȇŬȆ ŮɸŬȈǾȅŮȏůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ȉŮ ŭȆŬȅǽůȆȉŮȎ ȉŮŰȍǾůŮȆȎ ɸŮŭǿȌȏ 

ȁŬȅȏȉŮŰȍǿŬȎ ůŰȄȊ ɸŮȍȆȌȐǾ ŰȄȎ ǨȍŮůȌȖ ůŰȄ ǭǽůȁȌ. 

 

2. ǮŬȅȄȉŬŰȆȇǾ ɸȍȌůȌȉȌǿȒůȄ ȉȌȍűȌȈȌȂȆȇǾȎ ŮȋǽȈȆȋȄȎ ɸȏȅȉǽȊŬ ȇŬȆ ȁŬůȆȇǽȎ 

ŬȍȐǽȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ 

 

2.1. ǮŬȅȄȉŬŰȆȇǾ ɸȍȌůȌȉȌǿȒůȄȎ ȉȌȍűȌȈȌȂȆȇǾȎ ŮȋǽȈȆȋȄȎ ɸȏȅȉǽȊŬ 

ǱȆ ɸŬȍǼȇŰȆŮȎ ɸŮȍȆȌȐǽȎ ŬɸȌŰŮȈȌȖȊ ŭȏȊŬȉȆȇǼ ůȏůŰǾȉŬŰŬ ɸȌȏ űȆȈȌȋŮȊȌȖȊ ŭȆǼűȌȍŮȎ 

ȉȌȍűǽȎ ȃȒǾȎ ȇŬȆ ŬȊȅȍȗɸȆȊŮȎ ŭȍŬůŰȄȍȆȕŰȄŰŮȎ. ǲŮȍǿɸȌȏ Ȍ ȉȆůȕȎ ɸȈȄȅȏůȉȕȎ ŰȌȏ ɸȈŬȊǾŰȄ 

ȃŮȆ ȇŬȆ ŮȍȂǼȃŮŰŬȆ ůŮ ȉŮȍȆȇǽȎ ŮȇŬŰȌȊŰǼŭŮȎ ȐȆȈȆȕȉŮŰȍŬ Ŭɸȕ ȉȆŬ ŬȇŰȌȂȍŬȉȉǾ. ǹůŰȕůȌ, 

ɸŬȍǼȇŰȆȌȎ ɸȏȅȉǽȊŬȎ ȇŬȆ ŰȌ ůȐǾȉŬ ŰȒȊ ŬȇŰȗȊ ȉŮŰŬȁǼȈȈȌȊŰŬȆ ůȏȊŮȐȗȎ ȈȕȂȒ ŰȄȎ 

ůȏȊȖɸŬȍȋȄȎ ɸȌȈȈȗȊ ȉȄȐŬȊȆůȉȗȊ. Ǳ ȁŬůȆȇȕŰŮȍȌȎ ȉȄȐŬȊȆůȉȕȎ ɸȌȏ ȅǽŰŮȆ ůŮ ȇǿȊȄůȄ ŰŬ 

ɸŬȍǼȇŰȆŬ ȆȃǾȉŬŰŬ ɸȍȌȇŬȈȗȊŰŬȎ ŬȏŰǽȎ ŰȆȎ ȉȌȍűȌȈȌȂȆȇǽȎ ȉŮŰŬȁȌȈǽȎ, ŮǿȊŬȆ ŰŬ 

ŮɸȆűŬȊŮȆŬȇǼ ȇȖȉŬŰŬ ȁŬȍȖŰȄŰŬȎ, ŮȊȗ ŰŬ ȇȏȉŬŰȌȂŮȊǾ ȍŮȖȉŬŰŬ ŬȊŬȈŬȉȁǼȊȌȏȊ ŰȄ 

ůȏȊŮɸŬȇȕȈȌȏȅȄ ȉŮŰŬűȌȍǼ ŰȒȊ ȆȃȄȉǼŰȒȊ.  

ũȆŬ ŰȄȊ ȇŬŰŬȊȕȄůȄ ȇŬȆ ŰȄȊ ɸȍȕȁȈŮȑȄ ŰȄȎ ŮȋǽȈȆȋȄȎ ŰȌȏ ɸŬȍǼȇŰȆȌȏ ɸȏȅȉǽȊŬ ȏɸȕ ŰȄ 

ůȏȊŭȏŬůȉǽȊȄ ŭȍǼůȄ ȇȏȉŬŰȆůȉȗȊ ȇŬȆ ȍŮȏȉǼŰȒȊ, ȐȍȄůȆȉȌɸȌȆȌȖȊŰŬȆ ŬȍȆȅȉȄŰȆȇǼ ȉȌȊŰǽȈŬ, 

ɸȌȏ ȁŬůǿȃȌȊŰŬȆ ůŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŰȒȊ ɸŬȍǼȇŰȆȒȊ ŭȆŮȍȂŬůȆȗȊ. ǥȏŰǼ ŰŬ ȉȌȊŰǽȈŬ 

ȉɸȌȍȌȖȊ ȊŬ ȐȒȍȆůŰȌȖȊ ůŮ ŰȍŮȆȎ ȁŬůȆȇǽȎ ȇŬŰȄȂȌȍǿŮȎ: 

¶ ȉȌȊŰǽȈŬ ɸŬȍǼȇŰȆŬȎ ŭȆŬŰȌȉǾȎ (Roelvink and Brocker, 1993), ɸȌȏ ŮůŰȆǼȃȌȏȊ 

ȇȏȍǿȒȎ ůŰȄȊ ŮȋǽȈȆȋȄ ŭȆŬŰȌȉȗȊ ŰȌȏ ɸŬȍǼȇŰȆȌȏ ȉŮŰȗɸȌȏ ȈȕȂȒ ŰȄȎ ŮȂȇǼȍůȆŬȎ 

ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ, ŬȂȊȌȗȊŰŬȎ ůȏȊǾȅȒȎ ŰȄȊ ȇŬŰǼ ȉǾȇȌȏȎ ŰȄȎ ŬȇŰǾȎ 

ŭȆŬűȌȍȌɸȌǿȄůȄ ŰȒȊ ŭȆŬŰȌȉȗȊ. 

¶ ȉȌȊŰǽȈŬ ŮȋǽȈȆȋȄȎ ŬȇŰȌȂȍŬȉȉǾȎ (Szmytkiewicz et al., 2000 ), ɸȌȏ ŮůŰȆǼȃȌȏȊ ůŰȄȊ 

ŮȋǽȈȆȋȄ ŰȄȎ ŬȇŰȌȂȍŬȉȉǾȎ ȈȕȂȒ ŰȄȎ ȇŬŰǼ ȉǾȇȌȏȎ ŰȄȎ ŬȇŰǾȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ, ȉŮ 
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ŰȄȊ ɸŬȍŬŭȌȐǾ ȕŰȆ ȌȆ ŭȆŬŰȌȉǽȎ ŰȒȊ ɸŬȍǼȇŰȆȒȊ ȉŮŰȗɸȒȊ ŭȆŬŰȄȍȌȖȊ ŰȌ ůȐǾȉŬ ŰȌȏȎ 

ůŰŬȅŮȍȕ. 

¶ ȉȌȊŰǽȈŬ ɸŬȍǼȇŰȆŬȎ ɸŮȍȆȌȐǾȎ (de Vriend  et al., 1993), ůŰŬ ȌɸȌǿŬ ŭŮȊ ȏɸǼȍȐŮȆ 

ŭȆǼȇȍȆůȄ ŰȄȎ ȇŬŰǼ ȉǾȇȌȏȎ ȇŬȆ ŮȂȇǼȍůȆŬȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ, ȇŬȆ ŬɸȌŰŮȈȌȖȊŰŬȆ 

Ŭɸȕ ŰȄ ůȖȃŮȏȋȄ ȇȏȉŬŰȆȇȗȊ, ȏŭȍȌŭȏȊŬȉȆȇȗȊ ȇŬȆ ȉȌȊŰǽȈȒȊ ȉȌȍűȌȈȌȂǿŬȎ, 

ȏɸȌȈȌȂǿȃȌȊŰŬȎ ŰȄȊ ȉŮŰŬȁȌȈǾ ŰȄȎ ȁŬȅȏȉŮŰȍǿŬȎ ůŮ ȇǼȅŮ ȇŮȈǿ ŰȌȏ ȏɸoȈȌȂȆůŰȆȇȌȖ 

ɸŮŭǿȌȏ. 

Ǫ ŮɸȆȈȌȂǾ ŰȌȏ ȇŬŰǼȈȈȄȈȌȏ ȉȌȊŰǽȈȌȏ ŮȋŬȍŰǼŰŬȆ Ŭɸȕ ŰȄȊ ȐȒȍȆȇǾ ȇŬȆ ȐȍȌȊȆȇǾ ȇȈǿȉŬȇŬ ŰȌȏ 

űŬȆȊȌȉǽȊȌȏ ɸȌȏ ŮȋŮŰǼȃŮŰŬȆ. ũȆŬ ɸŬȍǼŭŮȆȂȉŬ, ŰŬ ȉȌȊŰǽȈŬ ɸŬȍǼȇŰȆŬȎ ŭȆŬŰȌȉǾȎ 

ȐȍȄůȆȉȌɸȌȆȌȖȊŰŬȆ ȇȏȍǿȒȎ ȂȆŬ ŰȄȊ ŬɸȌŰǿȉȄůȄ ŰȄȎ ŮɸǿŭȍŬůȄȎ ȇŬŰŬȆȂǿŭȒȊ ůŰȄȊ 

ȉȌȍűȌȈȌȂȆȇǾ ŮȋǽȈȆȋȄ ȉŮȉȌȊȒȉǽȊȒȊ ɸȍȌűǿȈ ŬȇŰȌȂȍŬȉȉǾȎ, ŮȊȗ ŰŬ ȉȌȊŰǽȈŬ ŮȋǽȈȆȋȄȎ 

ŬȇŰȌȂȍŬȉȉǾȎ ȐȍȄůȆȉȌɸȌȆȌȖȊŰŬȆ ȂȆŬ ŰȄȊ ɸȍȕȁȈŮȑȄ ŰȄȎ ȉŬȇȍȌȐȍȕȊȆŬ ŮȋǽȈȆȋȄ ȇȏȍǿȒȎ 

ŮȏȅŮȆȌȂŮȊȗȊ ŬȇŰȗȊ, ȐȒȍǿȎ ɸȌȈȖɸȈȌȇŬ ȂŮȒȉȌȍűȌȈȌȂȆȇǼ ȐŬȍŬȇŰȄȍȆůŰȆȇǼ. ǴŮ ɸŬȍǼȇŰȆŮȎ 

ɸŮȍȆȌȐǽȎ ȉŮȂǽȅȌȏȎ ȉŮȍȆȇȗȊ ȐȆȈȆȌȉǽŰȍȒȊ, ȉŮ ŰȄȊ ɸŬȍȌȏůǿŬ ȈȆȉŮȊȆȇȗȊ ȇŬȆ ɸŬȍǼȇŰȆȒȊ 

ǽȍȂȒȊ, ůŮ ȐȍȌȊȆȇȕ ȌȍǿȃȌȊŰŬ 1-5 ǽŰȄ, Ȅ ɸȍȕȁȈŮȑȄ ŰȄȎ ȉȌȍűȌȈȌȂȆȇǾȎ ŮȋǽȈȆȋȄȎ 

ɸȍŬȂȉŬŰȌɸȌȆŮǿŰŬȆ ůȐŮŭȕȊ ŬɸȌȇȈŮȆůŰȆȇǼ ȉǽůȒ ŰȒȊ ȉȌȊŰǽȈȒȊ ɸŬȍǼȇŰȆŬȎ ɸŮȍȆȌȐǾȎ, ȈȕȂȒ 

ŰȄȎ ȂŮȒȉȌȍűȌȈȌȂȆȇǾȎ ɸȌȈȏɸȈȌȇȕŰȄŰŬȎ ȇŬȆ ŰȄȎ ŬŭȏȊŬȉǿŬȎ ŭȆǼȇȍȆůȄȎ ȉŮŰŬȋȖ ȇŬŰǼ 

ȉǾȇȌȏȎ ȇŬȆ ŮȂȇǼȍůȆŬȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ.  

ǵŬ ȉȌȊŰǽȈŬ ɸŬȍǼȇŰȆŬȎ ɸŮȍȆȌȐǾȎ ŬɸȌŰŮȈȌȖȊŰŬȆ Ŭɸȕ ǽȊŬ ȇȏȉŬŰȆȇȕ ȉȌȊŰǽȈȌ, ɸȌȏ 

ŬȊŬȈŬȉȁǼȊŮȆ ŰȄ ŭȆǼŭȌůȄ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ, ǽȊŬ ȏŭȍȌŭȏȊŬȉȆȇȕ ȉȌȊŰǽȈȌ ɸȌȏ ȏɸȌȈȌȂǿȃŮȆ ŰŬ 

ŬȊŬɸŰȏůůȕȉŮȊŬ ȇȏȉŬŰȌȂŮȊǾ Ǿ ǼȈȈȒȊ ŰȖɸȒȊ ɸŬȍǼȇŰȆŬ ȍŮȖȉŬŰŬ ȇŬȆ ǽȊŬ ȉȌȊŰǽȈȌ 

ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȉȌȍűȌȈȌȂǿŬȎ, ɸȌȏ ŭǿȊŮȆ ůŬȊ ŰŮȈȆȇȕ ŬɸȌŰǽȈŮůȉŬ ŰȄȊ ŮȋǽȈȆȋȄ ŰȄȎ 

ȁŬȅȏȉŮŰȍǿŬȎ ȏɸȕ ŰȄ ůȏȊŭȏŬůȉǽȊȄ ŭȍǼůȄ ȇȏȉŬŰȆůȉȗȊ ȇŬȆ ȍŮȏȉǼŰȒȊ. ǴŮ ŬȏŰȕ ŰȌ ůȄȉŮǿȌ 

ŮǿȊŬȆ ůȄȉŬȊŰȆȇȕ ȊŬ ɸŬȍȌȏůȆŬůŰȌȖȊ ȌȆ ŭȖȌ ɸȍȌůŮȂȂǿůŮȆȎ ɸȌȏ ȉɸȌȍȌȖȊ ȊŬ ŬȇȌȈȌȏȅȄȅȌȖȊ 

ȇŬȆ ŬűȌȍȌȖȊ ŰȌȊ ŰȍȕɸȌ ȉŮ ŰȌȊ ȌɸȌǿȌ ȈŬȉȁǼȊŮŰŬȆ ȏɸȕȑȄ Ȅ ŬȈȈȄȈŮɸǿŭȍŬůȄ ŰȒȊ ŮɸȆȉǽȍȌȏȎ 

ŰȉȄȉǼŰȒȊ ɸȌȏ ŭȆŬȉȌȍűȗȊȌȏȊ ŰŬ ȉȌȊŰǽȈŬ ɸŬȍǼȇŰȆŬȎ ɸŮȍȆȌȐǾȎ: 

¶ Ǫ çǮȌȍűȌŭȏȊŬȉȆȇǾè ɸȍȌůǽȂȂȆůȄ, ȇŬŰǼ ŰȄȊ ȌɸȌǿŬ ȈŬȉȁǼȊŮŰŬȆ ȏɸȕȑȄ Ȅ ɸȈǾȍȄȎ 

ŬȈȈȄȈŮɸǿŭȍŬůȄ ȉŮŰŬȋȖ ȇȏȉǼŰȒȊ, ȍŮȏȉǼŰȒȊ ȇŬȆ ȉȌȍűȌȈȌȂǿŬȎ ůŮ ȇǼȅŮ ȐȍȌȊȆȇȕ 

ȁǾȉŬ ŰȌȏ ȉŬȅȄȉŬŰȆȇȌȖ ȉȌȊŰǽȈȌȏ, ȇŬȆ ůŰȄȊ ȌɸȌǿŬ ȕȈŮȎ ȌȆ ȅŬȈǼůůȆŮȎ ȇŬŰŬůŰǼůŮȆȎ 

ɸȌȏ ǽȐȌȏȊ ŮɸȆȈŮȂŮǿ ȂȆŬ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŮȆůǽȍȐȌȊŰŬȆ ůŬȊ ȉȆŬ ŮȊȆŬǿŬ ȐȍȌȊȌůŮȆȍǼ. 

¶ Ǫ çǮȌȍűȌůŰŬŰȆȇǾè ɸȍȌůǽȂȂȆůȄ, ȇŬŰǼ ŰȄȊ ȌɸȌǿŬ ȇǼȅŮ ȅŬȈǼůůȆŬ ȇŬŰǼůŰŬůȄ 

ɸȍȌůȌȉȌȆȗȊŮŰŬȆ ŬȊŮȋǼȍŰȄŰŬ Ŭɸȕ ŰȆȎ ȏɸȕȈȌȆɸŮȎ, ȋŮȇȆȊȗȊŰŬȎ Ŭɸȕ ŰȄȊ ǿŭȆŬ ŬȍȐȆȇǾ 

ȁŬȅȏȉŮŰȍǿŬ. Ƕɸȕ ŬȏŰȕ ŰȌ ɸȍǿůȉŬ, ŭŮ ȈŬȉȁǼȊŮŰŬȆ ȏɸȕȑȄ Ȅ ɸȈǾȍȄȎ 

ŬȈȈȄȈŮɸǿŭȍŬůȄ ȉŮŰŬȋȖ ȇȏȉŬŰȆȇȗȊ, ȏŭȍȌŭȏȊŬȉȆȇȗȊ ŭȆŮȍȂŬůȆȗȊ ȇŬȆ 

ȉȌȍűȌȈȌȂȆȇǾȎ ŮȋǽȈȆȋȄȎ. 

ǬŬȆ ȌȆ ŭȖȌ ɸȍȌůŮȂȂǿůŮȆȎ ŰȒȊ ȉȌȍűȌȈȌȂȆȇȗȊ ɸȍȌůȌȉȌȆȗůŮȒȊ ůȏȊŭǽȌȊŰŬȆ ȉŮ ȆŭȆŬǿŰŮȍŬ 

ŬȏȋȄȉǽȊȌ ȏɸȌȈȌȂȆůŰȆȇȕ űȕȍŰȌ, ǽȐȌȊŰŬȎ ȌŭȄȂǾůŮȆ ůŰȄȊ ŬȊǼɸŰȏȋȄ ŭȆǼűȌȍȒȊ ȉŮȅȕŭȒȊ 

ŮɸȆŰǼȐȏȊůȄȎ ŰȒȊ ȉȌȍűȌȈȌȂȆȇȗȊ ɸȍȌůȌȉȌȆȗůŮȒȊ, ɸȌȏ ȉɸȌȍȌȖȊ ȊŬ ŭȆŬȇȍȆȅȌȖȊ ůŰȆȎ 

ŬȇȕȈȌȏȅŮȎ ȇŬŰȄȂȌȍǿŮȎ ůȖȉűȒȊŬ ȉŮ ŰȌȏȎ de Vriend  et al., 1993: 

¶ ǮŮǿȒůȄ ȉȌȊŰǽȈȌȏ, ůŰȄȊ ȌɸȌǿŬ ȌȆ ŭȆŮȍȂŬůǿŮȎ ȉȆȇȍȕŰŮȍȄȎ ȇȈǿȉŬȇŬȎ ŭŮȊ 

ɸŮȍȆȂȍǼűȌȊŰŬȆ ȉŮ ȉŮȂǼȈȄ ȈŮɸŰȌȉǽȍŮȆŬ, ȉŮ ŮȇȉŮŰǼȈȈŮȏůȄ ŰȄȎ ŭȆŬűȌȍǼȎ ůŰȄȊ 

ȇȈǿȉŬȇŬ ɸȌȏ ůȏȊŰŮȈȌȖȊŰŬȆ ȌȆ ȉŮŰŬȁȌȈǽȎ ůŰȌ ȏŭȍȌŭȏȊŬȉȆȇȕ ɸŮŭǿȌ ȇŬȆ ůŰȄ 
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ȉȌȍűȌȈȌȂǿŬ. Ǫ ȇȏȍȆȕŰŮȍȄ ȉǽȅȌŭȌȎ ȉŮǿȒůȄȎ ȉȌȊŰǽȈȌȏ ŮǿȊŬȆ Ȍ ůȏȊŰŮȈŮůŰǾȎ 

ȉȌȍűȌȈȌȂȆȇǾȎ ŮɸȆŰǼȐȏȊůȄȎ (Lesser, 2009).  

¶ ǮȌȊŰŮȈȌɸȌǿȄůȄ ɸȍȌůŬȊŬŰȌȈȆůȉǽȊȄ ůŰȄ ůȏȉɸŮȍȆűȌȍǼ, ůŰȄȊ ȌɸȌǿŬ ŭŮȊ 

ȈŬȉȁǼȊŮŰŬȆ ȏɸȕȑȄ Ȅ ɸȈǾȍȄȎ ɸȌȈȏɸȈȌȇȕŰȄŰŬ ȁŬůȆȇȗȊ ɸŬȍǼȇŰȆȒȊ ŭȆŮȍȂŬůȆȗȊ, ȉŮ 

ŰȄ ȐȍǾůȄ ŰŮȐȊȆȇȗȊ ȕɸȒȎ ȌȆ ŬɸȈȌɸȌȆȄŰȆȇǽȎ ȌȍȆŬȇǽȎ ůȏȊȅǾȇŮȎ ȉŮŰŬȇǿȊȄůȄȎ 

ŬȇŰȌȂȍŬȉȉǾȎ (). 

¶ ǴȐȄȉŬŰȌɸȌǿȄůȄ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ, Ȅ ȌɸȌǿŬ ȁŬůǿȃŮŰŬȆ ůŰȄȊ ȈȌȂȆȇǾ ŰȄȎ 

ȇŬŰǼȈȈȄȈȄȎ ŮɸȆȈȌȂǾȎ ŮȊȕȎ ɸŮȍȆȌȍȆůȉǽȊȌȏ ŬȍȆȅȉȌȖ ŬȊŰȆɸȍȌůȒɸŮȏŰȆȇȗȊ 

ȇȏȉŬŰȆȇȗȊ ůȏȊȅȄȇȗȊ, ɸȌȏ ȉɸȌȍȌȖȊ ȊŬ ŬȊŬɸŬȍǼȂȌȏȊ ȉŮ ȆȇŬȊȌɸȌȆȄŰȆȇǾ ŬȇȍǿȁŮȆŬ 

ŰȆȎ ȉȌȍűȌȈȌȂȆȇǽȎ ȉŮŰŬȁȌȈǽȎ ŰȄȎ ɸȈǾȍȌȏȎ ȐȍȌȊȌůŮȆȍǼȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ ůŮ 

ȌȍǿȃȌȊŰŬ ȉŮȍȆȇȗȊ ŮŰȗȊ. 

ǭȕȂȒ ŰȄȎ ɸȈȄȅȗȍŬȎ ŰȒȊ ŭȆŬȅǽůȆȉȒȊ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ůŰŬ ŬȊȌȆȐŰǼ ɸȌȏ 

ɸȍȌǽȍȐȌȊŰŬȆ Ŭɸȕ ȒȇŮŬȊȌȂȍŬűȆȇǽȎ ȁǼůŮȆȎ ŭŮŭȌȉǽȊȒȊ, ɸȌȏ ɸȍȌůŬȏȋǼȊȌȏȊ ůȄȉŬȊŰȆȇǼ ŰŬ 

ŭȆŬȅǽůȆȉŬ ŭŮŭȌȉǽȊŬ ŮȆůȕŭȌȏ ɸȌȏ ŬɸŬȆŰȌȖȊŰŬȆ ȂȆŬ ŰȄȊ ŮŰǾůȆŬ ɸȍȕȁȈŮȑȄ ŰȄȎ ɸŬȍǼȇŰȆŬȎ 

ȉȌȍűȌȈȌȂȆȇǾȎ ŮȋǽȈȆȋȄȎ, Ȅ ɸŬȍȌȖůŬ ŭȆŬŰȍȆȁǾ ŮůŰȆǼȃŮȆ ůŰȄȊ ŬȋȆȌȈȕȂȄůȄ ȇŬȆ ɸŮȍŬȆŰǽȍȒ 

ŬȊǼɸŰȏȋȄ ŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ. 

   

2.2. ǦŬůȆȇǽȎ ŬȍȐǽȎ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ 

ǮŮ ŰȄȊ ɸŬȍŬŭȌȐǾ ȕŰȆ ůŰȄȊ ɸŬȍǼȇŰȆŬ ɸŮȍȆȌȐǾ ɸȌȏ ŮȋŮŰǼȃŮŰŬȆ ŮǿȊŬȆ ȉŮȍȆȇǽȎ ŭŮȇǼŭŮȎ 

ŰŮŰȍŬȂȒȊȆȇǼ ȐȆȈȆȕȉŮŰȍŬ ȇŬȆ ŰȌ ŮȖȍȌȎ ɸŬȈǿȍȍȌȆŬȎ ŭŮȊ ŮȉűŬȊǿȃŮȆ ůȄȉŬȊŰȆȇǽȎ 

ŭȆŬȇȏȉǼȊůŮȆȎ, Ȍ ȇȖȍȆȌȎ ɸŬȍǼȂȌȊŰŬȎ ɸȌȏ ȇŬȅȌȍǿȃŮȆ ŰȄȊ ȉȌȍűȌȈȌȂȆȇǾ ŮȋǽȈȆȋȄ ŰȌȏ 

ɸȏȅȉǽȊŬ ŮǿȊŬȆ Ȅ ŭȍǼůȄ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ. ũȆŬ ŰȄȊ ůȐȄȉŬŰȌɸȌǿȄůȄ ŰȌȏ ȇȏȉŬŰȆȇȌȖ 

ȇȈǿȉŬŰȌȎ ůȏȊǾȅȒȎ ŰŬ ŭŮŭȌȉǽȊŬ ŮȆůȕŭȌȏ ŮǿȊŬȆ ȉȆŬ ȐȍȌȊȌůŮȆȍǼ ȇȏȉŬŰȆȇȗȊ 

ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ, ŬɸȌŰŮȈȌȖȉŮȊȄ ȇŬŰô ŮȈǼȐȆůŰȌȊ Ŭɸȕ ŰȌ ȐŬȍŬȇŰȄȍȆůŰȆȇȕ ȖȑȌȎ ȇȖȉŬŰȌȎ, 

ŰȄȊ ɸŮȍǿȌŭȌ ȇȌȍȏűǾȎ ŰȌȏ űǼůȉŬŰȌȎ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ ȇŬȆ ŰȄ ȂȒȊǿŬ ɸȍȕůɸŰȒůȄȎ ŰȒȊ 

ȇȏȉŬŰȆůȉȗȊ ȒȎ ɸȍȌȎ ŰȄȊ ȇǼȅŮŰȄ ůŰȄȊ ŬȇŰȌȂȍŬȉȉǾ.  

ǴŮ ɸŮȍǿɸŰȒůȄ ŬɸȌȏůǿŬȎ ȉŮŰȍǾůŮȒȊ ɸŬȍǼȇŰȆŬȎ ȁŬȅȏȉŮŰȍǿŬȎ ůŰȄȊ ɸŮȍȆȌȐǾ ɸȌȏ 

ŮȋŮŰǼȃŮŰŬȆ, Ȅ ŬɸȌŰǿȉȄůȄ ŰȄȎ ŬɸȕŭȌůȄȎ ŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ 

ȇȈǿȉŬŰȌȎ ůȏȊǿůŰŬŰŬȆ ůŰȄ ůȖȂȇȍȆůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ŰȌȏ ȉȌȊŰǽȈȌȏ ɸŬȍǼȇŰȆŬȎ 

ɸŮȍȆȌȐǾȎ ɸȌȏ ǽȐŮȆ ȒȎ ŭŮŭȌȉǽȊŬ ŮȆůȕŭȌȏ ŰȆȎ ŬɸȌȉŮȆȒȉǽȊŮȎ ȇȏȉŬŰȆȇǽȎ ůȏȊȅǾȇŮȎ ȉŮ ȉȆŬ 

çɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎè Ȅ ȌɸȌǿŬ ŭȆŮȊŮȍȂŮǿŰŬȆ ȈŬȉȁǼȊȌȊŰŬȎ ȏɸȕȑȄ ŰȄȊ ɸȈǾȍȄ 

ȐȍȌȊȌůŮȆȍǼ ŰȒȊ ȇȏȉŬŰȆȇȗȊ ůȏȊȅȄȇȗȊ.  

ǵȌ ȇȖȍȆȌ ůŰŬŰȆůŰȆȇȕ ȉǽȂŮȅȌȎ ȂȆŬ ŰȄȊ ŬɸȌŰǿȉȄůȄ ŰȄȎ ȆȇŬȊȕŰȄŰŬȎ ŰȌȏ ȉȌȍűȌȈȌȂȆȇȌȖ 

ȉȌȊŰǽȈȌȏ ȊŬ ɸȍȌȁȈǽȑŮȆ ȆȇŬȊȌɸȌȆȄŰȆȇǼ ŰȆȎ ȉȌȍűȌȈȌȂȆȇǽȎ ȉŮŰŬȁȌȈǽȎ ŮǿȊŬȆ ŰȌ Brier  Skill  

Score (BSS), ɸȌȏ ȏɸȌȈȌȂǿȃŮŰŬȆ Ŭɸȕ ŰȄȊ ŬȇȕȈȌȏȅȄ ŮȋǿůȒůȄ: 

ὄὛὛρ
ὓὛὉὣȟὢ

ὓὛὉὄȟὢ
ρ
ộὣ ὢ Ớ

ộὄ ὢ Ớ
 (1) 

ȕɸȌȏ ὣ ŮǿȊŬȆ Ȅ ŰŮȈȆȇǾ ȁŬȅȏȉŮŰȍǿŬ ȕɸȒȎ ɸȍȌȇȖɸŰŮȆ Ŭɸȕ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŰȒȊ ȇȏȉŬŰȆȇȗȊ 

ŬȊŰȆɸȍȌůȗɸȒȊ,   Ȅ ŰŮȈȆȇǾ ȁŬȅȏȉŮŰȍǿŬ ɸȌȏ ǽȐŮȆ ɸȍȌȇȖȑŮȆ Ŭɸȕ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ 

ŬȊŬűȌȍǼȎ ȇŬȆ ὄ Ȅ ŬȍȐȆȇǾ ȁŬȅȏȉŮŰȍǿŬ. 

ǴŰȄ ůȏȊǽȐŮȆŬ ȅŬ ŬȊŬȈȏȅȌȖȊ ȉŮ ȉŮȂŬȈȖŰŮȍȄ ȈŮɸŰȌȉǽȍŮȆŬ ŰŬ ȁŬůȆȇǼ ůŰȌȆȐŮǿŬ ŰȒȊ 

ŰȍȆȗȊ ȁŬůȆȇȗȊ ȇŬŰȄȂȌȍȆȗȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ. 
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2.2.1. ǮǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȆůȌŭȖȊŬȉȒȊ ȇȏȉŬŰȆůȉȗȊ 

Ǫ ůȏȂȇŮȇȍȆȉǽȊȄ ȇŬŰȄȂȌȍǿŬ ŬɸȌŰŮȈŮǿ ŰȄȊ ɸŬȈŬȆȕŰŮȍȄ ȇŬŰȄȂȌȍǿŬ ůȐȄȉŬŰȌɸȌǿȄůȄȎ 

ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ, ɸȌȏ ȕȉȒȎ ŮűŬȍȉȕȃŮŰŬȆ ǽȒȎ ȇŬȆ ůǾȉŮȍŬ ůŮ ǽȊŬ ȉŮȂǼȈȌ ɸȈǾȅȌȎ 

ŮűŬȍȉȌȂȗȊ (Borah and Balloffet, 1985; Brown and Davies, 2009; Chondros et al., 2022; 

Chonwattana et al., 2005; Karambas et al., 2013; Papadimitriou et al., 2022a; Pletcha et 

al., 2007). Ǫ ȇŮȊŰȍȆȇǾ ȆŭǽŬ ŰȒȊ ɸŮȍȆůůȕŰŮȍȒȊ ȉŮȅȕŭȒȊ ŬȏŰǾȎ ŰȄȎ ȇŬŰȄȂȌȍǿŬȎ ŮǿȊŬȆ Ȍ 

ŭȆŬȐȒȍȆůȉȕȎ ŰȒȊ ŭȆŬȅǽůȆȉȒȊ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ůŮ ȇȈǼůŮȆȎ ůŰŬȅŮȍȌȖ 

ɸȈǼŰȌȏȎ ŬȊŬűȌȍȆȇǼ ȉŮ ŰȄ ŭȆŮȖȅȏȊůȄ ɸȍȕůɸŰȒůȄȎ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ. ǴŰȄ ůȏȊǽȐŮȆŬ ůŮ 

ȇǼȅŮ ȇȈǼůȄ, ȏɸȌȈȌȂǿȃŮŰŬȆ ǽȊŬȎ ȇȏȉŬŰȆȇȕȎ ŬȊŰȆɸȍȕůȒɸȌȎ ɸȌȏ ǽȐŮȆ ŰȌ ǿŭȆȌ ŭȏȊȄŰȆȇȕ 

çŮȊŮȍȂŮȆŬȇȕ ɸŮȍȆŮȐȕȉŮȊȌè ȉŮ ŰŬ ȇȏȉŬŰȆȇǼ ȐŬȍŬȇŰȄȍȆůŰȆȇǼ ŰȄȎ ȇȈǼůȄȎ ɸȌȏ ŬȊǾȇŮȆ. 

 Ǫ ȉǽȅȌŭȌȎ ŰȒȊ Chonwattana et al., 2005, ȁŬůǿȃŮŰŬȆ ůŰȄȊ ɸŬȍŬŭȌȐǾ ŰȄȎ ŭȆŬŰǾȍȄůȄȎ 

ŰȄȎ ȇŬŰǼ ȉǾȇȌȎ ŰȄȎ ŬȇŰǾȎ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ, Ȅ ȌɸȌǿŬ ůȏȉȉŮŰǽȐŮȆ 

ȇŬȅȌȍȆůŰȆȇǼ ůŰȄ ȉȌȍűȌȈȌȂȆȇǾ ŮȋǽȈȆȋȄ ŰȌȏ ɸȏȅȉǽȊŬ ůŮ ǽȊŬ ȉŮůȌɸȍȕȅŮůȉȌ ȐȍȌȊȆȇȕ 

ȌȍǿȃȌȊŰŬ (ȉǾȊŮȎ-ȐȍȕȊȆŬ). ǮŮ ȁǼůȄ ŰȄȎ ŭȆŬŰǾȍȄůȄȎ ŰȄȎ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ ȇŬŰǼ ȉǾȇȌȏȎ ȉȆŬȎ 

ŬȇŰǿȊŬȎ ŭȆǼŭȌůȄȎ ȇȏȉŬŰȆůȉȗȊ ɸȍȌȇȖɸŰŮȆ ŰȌ ŬȇȕȈȌȏȅȌ ůȖůŰȄȉŬ ŮȋȆůȗůŮȒȊ ȂȆŬ ŰȌȊ 

ȏɸȌȈȌȂȆůȉȕ ůŰŬȅŮȍȕ ɸȌůȌŰǾŰȒȊ ȂȆŬ ȕȈŬ ŰŬ ȇȏȉŬŰȆȇǼ ȐŬȍŬȇŰȄȍȆůŰȆȇǼ  ɸȌȏ ŬȊǾȇȌȏȊ 

ůŰȄȊ ȇǼȅŮ ȇȈǼůȄ ŭȆŮȖȅȏȊůȄȎ ɸȍȕůɸŰȒůȄȎ: 

ὌὝίὭὲὥ ὅ

ὌὝὧέίὥ ὅ

ὌȢὧέίὥȢ ίὭὲςὥ ὅ

 (2) 

ǴŰȄ ůȏȊǽȐŮȆŬ, ůŮ ȇǼȅŮ ȇȈǼůȄ ȏɸȌȈȌȂǿȃŮŰŬȆ ȉȆŬ çȆůȌŭȖȊŬȉȄ ŰȆȉǾè ȂȆŬ ȇǼȅŮ ǽȊŬȊ Ŭɸȕ ŰȌȏȎ 

ůȏȊŰŮȈŮůŰǽȎ ὅ, ὅ ȇŬȆ ὅ, ůŬȊ ůŰŬȅȉȆůȉǽȊȌȎ ȉǽůȌ ȕȍȌȎ ȕɸȌȏ Ȅ ůȏȐȊȕŰȄŰŬ ŮȉűǼȊȆůȄȎ 

(Ὢ) ȇǼȅŮ ȅŬȈǼůůȆŬȎ ȇŬŰǼůŰŬůȄȎ ŰǿȅŮŰŬȆ ůŬ ůȏȊŰŮȈŮůŰǾȎ ȁǼȍȌȏȎ ůŰȌȊ ȏɸȌȈȌȂȆůȉȕ. 

ừ
ỬỬ
Ừ

ỬỬ
ứὅȟ

ВὪὅȟ
ВὪ

ὅȟ
ВὪὅȟ
ВὪ

ὅȟ
ВὪὅȟ
ВὪ

 (3) 

 ǵǽȈȌȎ, ůŮ ȇǼȅŮ ȇȈǼůȄ ȏɸȌȈȌȂǿȃŮŰŬȆ ǽȊŬȎ ŬȊŰȆɸȍȕůȒɸȌȎ, ŰŬ ȇȏȉŬŰȆȇǼ ȐŬȍŬȇŰȄȍȆůŰȆȇǼ 

ŰȌȏ ȌɸȌǿȌȏ ȏɸȌȈȌȂǿȃȌȊŰŬȆ Ŭɸȕ ŰȄȊ ŬȇȕȈȌȏȅȄ ŮȋǿůȒůȄ: 

ừ
Ử
Ử
Ừ

Ử
Ử
ứ ὥȟ ÔÁÎ

ὅȟ
ὅȟ

Ὄȟ
ὅȟ

ὧέίὥȢ  ÓÉÎ ςὥȟ

Ⱦ

Ὕȟ
ὅȟ

Ὄȟ ὧέίὥȟ

 (4) 

ȕɸȌȏ ὥȟ, Ὄȟ ȇŬȆ Ὕȟ ŮǿȊŬȆ ȌȆ ȆůȌŭȖȊŬȉŮȎ ŰȆȉǽȎ ŰȄȎ ŭȆŮȖȅȏȊůȄȎ ŭȆǼŭȌůȄȎ, 

ȐŬȍŬȇŰȄȍȆůŰȆȇȌȖ ȖȑȌȏȎ ȇȖȉŬŰȌȎ ȇŬȆ ɸŮȍȆȕŭȌȏ ȇȌȍȏűǾȎ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ ŬȊŰǿůŰȌȆȐŬ. 
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ǴȐǾȉŬ 1. ǧȆŬȐȒȍȆůȉȕȎ ůŮ ȇȈǼůŮȆȎ ȇŬȆ ȇȏȉŬŰȆȇȌǿ ŬȊŰȆɸȍȕůȒɸȌȆ ȉŮ ŰȄ ȉǽȅȌŭȌ 

ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȆůȌŭȖȊŬȉȒȊ ȇȏȉŬŰȆůȉȗȊ Chonwattana et al., 2005 

Ǫ ȉǽȅȌŭȌȎ ŰȒȊ  Chonwattana et al., 2005, ŬɸȌŭǿŭŮȆ ȇŬȈǼ ŬɸȌŰŮȈǽůȉŬŰŬ ŬȇȕȉȄ ȇŬȆ ȉŮ 

ǽȊŬ ȉȆȇȍȕ ůȐŮŰȆȇǼ (<6) ŬȍȆȅȉȕ ŬȊŰȆɸȍȌůȗɸȒȊ, ȒůŰȕůȌ ŬȊǼ ɸŮȍȆɸŰȗůŮȆȎ ŰȌ ȂŮȂȌȊȕȎ ȕŰȆ 

ȌȆ ȇȈǼůŮȆȎ ǽȐȌȏȊ ůŰŬȅŮȍȕ ɸȈǼŰȌȎ ȒȎ ɸȍȌȎ ŰȄ ŭȆŮȖȅȏȊůȄ ŭȆǼŭȌůȄȎ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ, 

ȉɸȌȍŮǿ ŭȏȊȄŰȆȇǼ ȊŬ ȌŭȄȂǾůŮȆ ůŮ ȉȄ ȆȇŬȊȌɸȌȆȄŰȆȇǾ ɸŮȍȆȂȍŬűǾ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ ȉŮ 

ȉŮȂŬȈȖŰŮȍȌ ŮȊŮȍȂŮȆŬȇȕ ɸŮȍȆŮȐȕȉŮȊȌ ɸȌȏ ǿůȒȎ ŮɸȆŭȍȌȖȊ ůȄȉŬȊŰȆȇǼ ůŰȄȊ ŮȋǽȈȆȋȄ ŰȄȎ 

ɸŬȍǼȇŰȆŬȎ ȉȌȍűȌȈȌȂǿŬȎ. ǴŰȌ ǴȐǾȉŬ 1 ɸŬȍȌȏůȆǼȃŮŰŬȆ Ȍ ŭȆŬȐȒȍȆůȉȕȎ ůŮ 12 ȇȈǼůŮȆȎ ȇŬȆ ȌȆ 

ȇȏȉŬŰȆȇȌǿ ŬȊŰȆɸȍȕůȒɸȌȆ ȉŮ ŰȄȊ ŮűŬȍȉȌȂǾ ŰȄȎ ȉŮȅȕŭȌȏ ŰȒȊ Chonwattana et al., 2005 ůŮ 

ǽȊŬ ůȖȊȌȈȌ ŭŮŭȌȉǽȊȒȊ ȒȍȆŬǿȒȊ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ŭȆǼȍȇŮȆŬȎ ŮȊȕȎ ǽŰȌȏȎ. 

 

2.2.1. ǮǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆůȉȗȊ ůŮ ȇȈǼůŮȆȎ 

 ǱȆ ȉǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůŮ ȇȈǼůŮȆȎ ŬɸȌŰŮȈȌȖȊ ȉȆŬ ȉŮŰŮȋǽȈȆȋȄ ŰȒȊ ȉŮȅȕŭȒȊ 

ȆůȌŭȖȊŬȉȒȊ ȇȏȉŬŰȆůȉȗȊ, ɸȌȏ ŬɸȌŰŮȈȌȖȊ ŰȄ ɸȆȌ ŭȆŬŭŮŭȌȉǽȊȄ ȉȌȍűǾ ůȐȄȉŬŰȌɸȌǿȄůȄȎ 

ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ ȇŬȆ ǽȐȌȏȊ ŮűŬȍȉȌůŰŮǿ ůŮ ȉȆŬ ɸȈȄȅȗȍŬ ŮɸȆůŰȄȉȌȊȆȇȗȊ ŮȍŮȏȊȗȊ (ɸ.Ȑ. 

Benedet et al., 2016; de Queiroz et al., 2019; Papadimitriou  et al., 2020; Van Duin  et al., 

2004; Walstra et al., 2013). ǱȆ ŬȊŰȆɸȍȕůȒɸȌȆ ȇŬȅȌȍǿȃȌȊŰŬȆ ŭȆŬȐȒȍǿȃȌȊŰŬȎ ŰȌ ȇȏȉŬŰȆȇȕ 

ȇȈǿȉŬ ůŮ ȇȈǼůŮȆȎ ȉŮŰŬȁȈȄŰȌȖ ɸȈǼŰȌȏȎ, ŮȊȗ ȇǼȅŮ ȇȈǼůȄ ɸŮȍȆǽȐŮȆ ŰȌ ǿŭȆȌ ɸȌůȌůŰȕ ȉȆŬȎ 

ɸȌůȕŰȄŰŬȎ ɸȌȏ ȅŮȒȍŮǿŰŬȆ ȇŬȅȌȍȆůŰȆȇǾ ȂȆŬ ŰȄȊ ŮȋǽȈȆȋȄ ŰȄȎ ɸŬȍǼȇŰȆŬȎ ȉȌȍűȌȈȌȂǿŬȎ ůŮ 

ȉŮůȌɸȍȕȅŮůȉȌ ȐȍȌȊȆȇȕ ȌȍǿȃȌȊŰŬ (ɸ.Ȑ. ȇŬŰǼ ȉǾȇȌȎ ŰȄȎ ŬȇŰǾȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼ, ȍȌǾ 

ŮȊǽȍȂŮȆŬȎ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ). ǮŮ ȁǼůȄ ŰȄȊ ŮɸȆȈȌȂǾ ŬȏŰǾȎ ŰȄȎ ɸȌůȕŰȄŰŬȎ, ůŰȄ ŭȆŮȅȊǾ 

ȁȆȁȈȆȌȂȍŬűǿŬ ŮȊŰȌɸǿȃȌȊŰŬȆ ȌȆ ŬȇȕȈȌȏȅŮȎ ȉǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆůȉȗȊ ůŮ 

ȇȈǼůŮȆȎ: 

¶ ǮǽȅȌŭȌȎ ȇȈǼůŮȒȊ ůŰŬȅŮȍȌȖ ɸȈǼŰȌȏȎ 

¶ ǮǽȅȌŭȌȎ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ 

¶ ǮǽȅȌŭȌȎ ȇŬŰǼ ȉǾȇȌȎ ŰȄȎ ŬȇŰǾȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ 
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¶ ǮǽȅȌŭȌȎ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ ȉŮ ŬȇȍŬǿŮȎ ȇȏȉŬŰȆȇǽȎ ůȏȊȅǾȇŮȎ 

¶ ǮǽȅȌŭȌȎ Opti  

ǴŰȌ ǴȐǾȉŬ 2, ŬɸŮȆȇȌȊǿȃŮŰŬȆ Ȍ ŭȆŬȐȒȍȆůȉȕȎ ŮȊȕȎ ůȏȊȕȈȌȏ ŭŮŭȌȉǽȊȒȊ ȒȍȆŬǿȒȊ ȇȏȉŬŰȆȇȗȊ 

ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ŭȆǼȍȇŮȆŬȎ ŮȊȕȎ ǽŰȌȏȎ, ůŮ 12 ȇȈǼůŮȆȎ ȉŮ ŰȄ ȉǽȅȌŭȌ ŰȄȎ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ. 

 
ǴȐǾȉŬ 2. ǧȆŬȐȒȍȆůȉȕȎ ůŮ ȇȈǼůŮȆȎ ȇŬȆ ȇȏȉŬŰȆȇȌǿ ŬȊŰȆɸȍȕůȒɸȌȆ ȉŮ ŰȄ ȉǽȅȌŭȌ ůȐȄȉŬŰȌɸȌǿȄůȄȎ 

ůŮ ȇȈǼůŮȆȎ ŰȄȎ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ 

ǴŰȆȎ ǽȍŮȏȊŮȎ ŰȒȊ Benedet et al., 2016 ȇŬȆ de Quieiroz et al., 2019, ɸȍŬȂȉŬŰȌɸȌȆǾȅȄȇŮ ȉȆŬ 

ŮȇŰŮȊǾȎ ůȏȂȇȍȆŰȆȇǾ ŬȋȆȌȈȕȂȄůȄ ȇŬȆ ŬȊǼȈȏůȄ ŮȏŬȆůȅȄůǿŬȎ ŰȒȊ ȉŮȅȕŭȒȊ 

ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆůȉȗȊ ůŮ ȇȈǼůŮȆȎ, ȉŮ ŰȄ ȉǽȅȌŭȌ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ ȇŬȆ ȇŬŰǼ ȉǾȇȌȎ 

ŰȄȎ ŬȇŰǾȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ ȊŬ ŭǿȊȌȏȊ ŰŬ ɸȆȌ ȆȇŬȊȌɸȌȆȄŰȆȇǼ ŬɸȌŰŮȈǽůȉŬŰŬ. 

 

2.2.1. ǮǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ŬȈȂȌȍǿȅȉȒȊ ȌȉŬŭȌɸȌǿȄůȄȎ 

 ǱȆ ŬȈȂȕȍȆȅȉȌȆ ȌȉŬŭȌɸȌǿȄůȄȎ ŮǿȊŬȆ ȉȆŬ ȇŬŰȄȂȌȍǿŬ ȉȄȐŬȊȆȇǾȎ ȉǼȅȄůȄȎ ɸȌȏ 

ȐȍȄůȆȉȌɸȌȆȌȖȊŰŬȆ ȂȆŬ ŰȄȊ ȌȉŬŭȌɸȌǿȄůȄ ɸŬȍȕȉȌȆȒȊ ŬȊŰȆȇŮȆȉǽȊȒȊ Ǿ ŭŮŭȌȉǽȊȒȊ ȐȒȍǿȎ 

ŮɸǿȁȈŮȑȄ. Ǳ ůŰȕȐȌȎ ŮǿȊŬȆ ȊŬ ŮȊŰȌɸȆůŰȌȖȊ ŮȂȂŮȊǾ ȉȌŰǿȁŬ Ǿ ůȏȂȇŮȇȍȆȉǽȊŮȎ ŭȌȉǽȎ  ůŰŬ 

ŭŮŭȌȉǽȊŬ ȐȒȍǿȎ ȊŬ ȏɸǼȍȐŮȆ ɸȍȕŰŮȍȄ ȂȊȗůȄ ȂȆŬ ŰȌ ɸȗȎ ŬȏŰǼ ůȏȊŭǽȌȊŰŬȆ ȇŬȆ 

ŬȈȈȄȈŮɸȆŭȍȌȖȊ ȉŮŰŬȋȖ ŰȌȏȎ. ǱȆ ŬȈȂȕȍȆȅȉȌȆ ȌȉŬŭȌɸȌǿȄůȄȎ ȉɸȌȍȌȖȊ ȊŬ ŭȆŬȇȍȆȅȌȖȊ ůŮ 

ŰȍŮȆȎ ȁŬůȆȇǽȎ ȇŬŰȄȂȌȍǿŮȎ: 

¶ ǥȈȂȕȍȆȅȉȌȆ ȉŮ ȁǼůȄ ŰȄȊ ŮɸȆȈȌȂǾ ȇŮȊŰȍȌŮȆŭȗȊ 

¶ ǥȈȂȕȍȆȅȉȌȆ ȆŮȍǼȍȐȄůȄȎ 

¶ ǥȈȂȕȍȆȅȉȌȆ ȌȉŬŭȌɸȌǿȄůȄȎ ȉŮ ȁǼůȄ ŰȄȊ ɸȏȇȊȕŰȄŰŬ ŰȒȊ ŭŮŭȌȉǽȊȒȊ 

Ǫ ɸȍȗŰȄ ȇŬŰȄȂȌȍǿŬ, ŮǿȊŬȆ ŬȏŰǾ ɸȌȏ ɸŬȍȌȏůȆǼȃŮȆ ŰȆȎ ɸŮȍȆůůȕŰŮȍŮȎ ŭȏȊŬŰȕŰȄŰŮȎ ȂȆŬ 

ŮűŬȍȉȌȂǾ ůŮ ɸŮȍȆɸŰȗůŮȆȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇŬȆ ȁŬůǿȃŮŰŬȆ ůŰȄ ŮȇȐȗȍȄůȄ ŰȒȊ ŭŮŭȌȉǽȊȒȊ 

ůŮ ůȏůŰǼŭŮȎ ȉŮ ȁǼůȄ ŰȄȊ ŮȂȂȖŰȄŰŬ ŰȌȏȎ ůŰŬ ŮɸȆȈŮȂȉǽȊŬ ȇŮȊŰȍȌŮȆŭǾ. Ǳ ȇŬȅȌȍȆůȉȕȎ ŰȒȊ 

ůȏůŰǼŭȒȊ ȇŬȆ ŰȒȊ ȇŮȊŰȍȌŮȆŭȗȊ ȂǿȊŮŰŬȆ ȉŮ ȉȆŬ ŮɸŬȊŬȈȄɸŰȆȇǾ ŭȆŬŭȆȇŬůǿŬ ɸȌȏ ȉŮŰŬȁǼȈȈŮȆ 

ŰȄ ȅǽůȄ ŰȒȊ ȇŮȊŰȍȌŮȆŭȗȊ ȇŬȆ ŰȒȊ ŬȊŰǿůŰȌȆȐȒȊ ůȏůŰǼŭȒȊ ȉŮ ȁǼůȄ ŰȆȎ ŬɸȌůŰǼůŮȆȎ ȉŮŰŬȋȖ 
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ŰȒȊ ŭŮŭȌȉǽȊȒȊ ȇŬȆ ŰȒȊ ȇŮȊŰȍȌŮȆŭȗȊ. Ǳ ɸȆȌ ŭȆŬŭŮŭȌȉǽȊȌȎ ŬȈȂȕȍȆȅȉȌȎ ŬȏŰȌȖ ŰȌȏ ŰȖɸȌȏ 

ŮǿȊŬȆ Ȍ K-Means (MacQueen, 1967). 

ǴŰȌ ǴȐǾȉŬ 3, ŬɸŮȆȇȌȊǿȃŮŰŬȆ Ȅ ȌȉŬŭȌɸȌǿȄůȄ ŮȊȕȎ ůȏȊȕȈȌȏ ŭŮŭȌȉǽȊȒȊ ȒȍȆŬǿȒȊ 

ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ŭȆǼȍȇŮȆŬȎ ŮȊȕȎ ǽŰȌȏȎ, ůŮ 12 ȇȈǼůŮȆȎ ȉŮ ȐȍǾůȄ ŰȌȏ 

ŬȈȂȌȍǿȅȉȌȏ K-Means. 

 
ǴȐǾȉŬ 3. ǧȆŬȐȒȍȆůȉȕȎ ůŮ ȇȈǼůŮȆȎ ȇŬȆ ȇȏȉŬŰȆȇȌǿ ŬȊŰȆɸȍȕůȒɸȌȆ ȉŮ ŰȌȊ ŬȈȂȕȍȆȅȉȌ 

ȌȉŬŭȌɸȌǿȄůȄȎ K-Means 

ǨȊȗ ȌȆ ŬȈȂȕȍȆȅȉȌȆ ȌȉŬŭȌɸȌǿȄůȄȎ ǽȐȌȏȊ ŮűŬȍȉȌůŰŮǿ ůŮ ǽȊŬ ɸȈǾȅȌȎ ŮűŬȍȉȌȂȗȊ ůŮ 

ɸȌȈȈǽȎ ŮɸȆůŰǾȉŮȎ ȉŮŰŬȋȖ ŰȒȊ ȌɸȌǿȒȊ ȇŬȆ Ȅ ȒȇŮŬȊȌȂȍŬűǿŬ (Martzikos  et al., 2018), Ȅ 

ŮűŬȍȉȌȂǾ ŰȌȏȎ ůŬȊ ȉŮȅȕŭȌȏȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ ŮǿȊŬȆ ɸŮȍȆȌȍȆůȉǽȊȄ 

(de Queiroz et al., 2019; Papadimitriou  and Tsoukala, 2022).  

ǥȊŬȂȊȒȍǿȃȌȊŰŬȎ ŰŬ ŮȂȂŮȊǾ ȐŬȍŬȇŰȄȍȆůŰȆȇǼ ŰȒȊ ŰȍȆȗȊ ȁŬůȆȇȗȊ ȇŬŰȄȂȌȍȆȗȊ 

ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ ɸȌȏ ɸŬȍȌȏůȆǼůŰȄȇŬȊ, ȇŬȅȗȎ ȇŬȆ ŰŬ 

ɸȈŮȌȊŮȇŰǾȉŬŰŬ/ȉŮȆȌȊŮȇŰǾȉŬŰŬ ŰȄȎ ŮűŬȍȉȌȂǾȎ ŰȌȏȎ, ůŰȌ ɸȈŬǿůȆȌ ŰȄȎ ŭȆŭŬȇŰȌȍȆȇǾȎ 

ŭȆŬŰȍȆȁǾȎ ɸȍŬȂȉŬŰȌɸȌȆǾȅȄȇŬȊ ȁǾȉŬŰŬ ȂȆŬ ȊŬ ɸȍȌŰŬȅȌȖȊ ȁŮȈŰȆȗůŮȆȎ ȇŬȆ ȊŬ 

ŬȊŬɸŰȏȐȅȌȖȊ ȊǽŮȎ ȉǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇŬȆ ȂȆŬ ŰȆȎ ŰȍŮȆȎ ɸȍȌŬȊŬűŮȍȅŮǿůŮȎ 

ȇŬŰȄȂȌȍǿŮȎ. 

 

3. ǮȆŬ ȇŬȆȊȌŰȕȉŬ ɸȍȌůǽȂȂȆůȄ ůŰȆȎ ȉŮȅȕŭȌȏȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůŮ ȇȈǼůŮȆȎ 

ǨȊȗ ȌȆ ȉǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůŮ ȇȈǼůŮȆȎ ǽȐȌȏȊ ŮűŬȍȉȌůŰŮǿ ůŮ ȉȆŬ ȉŮȂǼȈȄ ɸȈȄȅȗȍŬ 

ŮűŬȍȉȌȂȗȊ ȉŮ ȆȇŬȊȌɸȌȆȄŰȆȇǼ ŬɸȌŰŮȈǽůȉŬŰŬ (Walstra et al., 2013; Benedet et al., 2016), 

ȕŰŬȊ ȌȆ ɸȍȌůȌȉȌȆȗůŮȆȎ ŰȌȏ ȉȌȊŰǽȈȌȏ ɸŬȍǼȇŰȆŬȎ ɸŮȍȆȌȐǾȎ ɸȍŬȂȉŬŰȌɸȌȆȌȖȊŰŬȆ ȉŮ ŰȄȊ 

çǮȌȍűȌȌŭȏȊŬȉȆȇǾ ɸȍȌůǽȂȂȆůȄè, Ȅ ȌȆȇȌȊȌȉǿŬ ȐȍȕȊȌȏ ȉŮ ŰȄȊ ŮűŬȍȉȌȂǾ ŰȒȊ ȉŮȅȕŭȒȊ 

ůȐȄȉŬŰȌɸȌǿȄůȄȎ ŭŮȊ ŮǿȊŬȆ ŰȕůȌ ůȄȉŬȊŰȆȇǾ ůŮ ůȖȂȇȍȆůȄ ȉŮ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ 

ɸȌȏ ɸŮȍȆȈŬȉȁǼȊŮȆ ŰȄȊ ɸȈǾȍȄ ȐȍȌȊȌůŮȆȍǼ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ůŰŬ ŬȊȌȆȐŰǼ. 

ǥȏŰȕ ůȏȉȁŬǿȊŮȆ ȂȆŬŰǿ Ȍ ůȏȊȌȈȆȇȕȎ ȐȍȕȊȌȎ ɸȍȌůȌȉȌǿȒůȄȎ ɸȍǽɸŮȆ ȊŬ ŮǿȊŬȆ Ȍ ǿŭȆȌȎ ȉŮŰŬȋȖ 

ŰȒȊ ŭȖȌ ɸȍȌůȌȉȌȆȗůŮȒȊ.  
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ǴŮ ŬȏŰǾ ŰȄ ŭȆŬŰȍȆȁǾ ŬȊŬɸŰȖȐȅȄȇŬȊ ŭȖȌ ȊǽŮȎ ȉǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůŮ ȇȈǼůŮȆȎ, 

ɸȌȏ ȇŬȆ ȌȆ ŭȖȌ ȁŬůǿȃȌȊŰŬȆ ůŰȄȊ ŬȍȐǾ ŰȄȎ ŬɸŬȈȌȆűǾȎ ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ ɸȌȏ 

ȅŮȒȍŮǿŰŬȆ ȕŰȆ ŭŮȊ ɸȍȌȇŬȈȌȖȊ ůȄȉŬȊŰȆȇǾ ȇǿȊȄůȄ ȆȃǾȉŬŰȌȎ ůŰŬ ȍȄȐǼ ȇŬȆ ǼȍŬ ůȏȉȉŮŰǽȐȌȏȊ 

ŮȈǼȐȆůŰŬ ůŰȄ ȉȌȍűȌȈȌȂȆȇǾ ŮȋǽȈȆȋȄ ŰȌȏ ɸȏȅȉǽȊŬ. ǮŮ ŬȏŰȕ ŰȌȊ ŰȍȕɸȌ ŮɸȆŰȏȂȐǼȊŮŰŬȆ Ȅ 

ůȄȉŬȊŰȆȇǾ ŮȋȌȆȇȌȊȕȉȄůȄ ŰȌȏ ȐȍȕȊȌȏ ŰȒȊ ɸȍȌůȌȉȌȆȗůŮȒȊ. ǥȊŬɸŰȖȐȅȄȇŬȊ ŭȖȌ 

ȉŮȅȌŭȌȈȌȂǿŮȎ, Ȅ ȉǽȅȌŭȌȎ Pick -up  rate  ȇŬȆ Ȅ ȉǽȅȌŭȌȎ Threshold  Current  Speed  ȌȆ 

ȁŬůȆȇǽȎ ŬȍȐǽȎ ŰȒȊ ȌɸȌǿȒȊ ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ůŰȄ ůȏȊǽȐŮȆŬ. 

 

3.1. ǦŬůȆȇǽȎ ŬȍȐǽȎ ȉŮȅȕŭȌȏ Pick-up rate ȇŬȆ Threshold Current Speed 

Ǫ ȁŬůȆȇǾ ŬȍȐǾ ŰȄȎ ȉŮȅȕŭȌȏ Pick-up rate ŮǿȊŬȆ Ȅ ŬɸŬȈȌȆűǾ ŰȒȊ ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ 

ɸȌȏ ȅŮȒȍŮǿŰŬȆ ȕŰȆ ŭŮȊ ŮǿȊŬȆ ȆȇŬȊǽȎ ȊŬ ɸȍȌȇŬȈǽůȌȏȊ ǽȊŬȍȋȄ ȇǿȊȄůȄȎ ȆȃǾȉŬŰȌȎ ůŰȌ çȁǼȅȌȎ 

ȇȈŮȆůǿȉŬŰȌȎè (Houston, 1995). ǵȌ ȇȍȆŰǾȍȆȌ ŬɸŬȈȌȆűǾȎ ŮǿȊŬȆ Ȅ ŰȍȌȐȆŬȇǾ ŰŬȐȖŰȄŰŬ ŰȒȊ 

ȇȏȉŬŰȆůȉȗȊ ȇȌȊŰǼ ůŰȌȊ ɸȏȅȉǽȊŬ  ȊŬ ŮǿȊŬȆ ȉȆȇȍȕŰŮȍȄ ŰȄȎ ȇȍǿůȆȉȄȎ ŰȆȉǾȎ ɸȌȏ ŭǿȊŮŰŬȆ Ŭɸȕ 

ŰȄȊ ŬȇȕȈȌȏȅȄ ŮȋǿůȒůȄ (van Rijn  et al., 2007): 

Ὗ ȟ

πȢςτὫί ρ Ȣ ὨȢ ὝȢ    ‎―‌ πȢπυ Ὠ πȢυ άά

πȢωυὫί ρ Ȣ ὨȢὝȢ      ‎―‌ πȢυ Ὠ ςȢπ άά
 (5) 

ǥȊŰǿůŰȌȆȐŬ, Ȅ ȉǽȅȌŭȌȎ ȇȍǿůȆȉȄȎ ŰŬȐȖŰȄŰŬȎ ȍŮȖȉŬŰȌȎ ŭȆŬűȌȍȌɸȌȆŮǿŰŬȆ ůŰȌ ȉǽȂŮȅȌȎ ɸȌȏ 

ȇŬȅȌȍǿȃŮȆ ŰȄȊ ŬɸŬȈȌȆűǾ ŰȒȊ ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ ɸȌȏ ŮǿȊŬȆ Ȅ ȇȍǿůȆȉȄ ŰŬȐȖŰȄŰŬ ŰȌȏ 

ȍŮȖȉŬŰȌȎ (Soulsby, 1997): 

Ὗ

ừ
Ừ

ứπȢρωὨȢÌÏÇ
τὬ

Ὠ
     ‎―‌ ρππὨ υππ ‘ά

ψȢυπὨȢÌÏÇ
τὬ

Ὠ
        ‎―‌ υππὨ ς άά

 (6) 

ǥȇȌȈȌȖȅȒȎ, ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ůȏȊȌɸŰȆȇǼ ŰŬ ȁŬůȆȇǼ ȁǾȉŬŰŬ ŮűŬȍȉȌȂǾȎ ŰȄȎ ȉŮȅȕŭȌȏ 

Pick-up rate. 

1. ǨɸȆȈȌȂǾ ŰȌȏ ŮɸȆȅȏȉȄŰȌȖ ŬȍȆȅȉȌȖ ŬȊŰȆɸȍȌůȗɸȒȊ ὔ  ŭŮŭȌȉǽȊȄȎ ȉȆŬȎ ȐȍȌȊȌůŮȆȍǼȎ 

ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ůŰŬ ŬȊȌȆȐŰǼ 

2. ǲȍȌůȌȉȌǿȒůȄ ȉŮ ǽȊŬ ȉȌȊŰǽȈȌ ɸŬȍŬȁȌȈȆȇǾȎ ɸȍȌůǽȂȂȆůȄȎ ǾɸȆŬȎ ȇȈǿůȄȎ ȂȆŬ ȕȈŬ ŰŬ 

ŭŮŭȌȉǽȊŬ ŰȄȎ ȐȍȌȊȌůŮȆȍǼȎ ȇŬȆ ŮȋŬȂȒȂǾ ŰȒȊ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ (ῷȟ ) 

ůŮ ǽȊŬ ȁǼȅȌȎ ȉŮŰŬȋȖ 8-10 m. 

3. ǶɸȌȈȌȂȆůȉȕȎ ŰȌȏ çȁǼȅȌȏȎ ȇȈŮȆůǿȉŬŰȌȎè ȉŮ ȁǼůȄ ŰȄȊ ŮȋǿůȒůȄ Houston, 1995 

Ὤ ψȢωὌȟ  (7) 

4. ǶɸȌȈȌȂȆůȉȕȎ ŰȄȎ ŰȍȌȐȆŬȇǾȎ ŰŬȐȖŰȄŰŬȎ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ ȇȌȊŰǼ ůŰȌȊ ɸȏȅȉǽȊŬ ůŰȌ 

çȁǼȅȌȎ ȇȈŮȆůǿȉŬŰȌȎè 

5. ǥɸŬȈȌȆűǾ ŰȒȊ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ȂȆŬ ŰŬ ȌɸȌǿŬ Ȅ ŰȍȌȐȆŬȇǾ ŰȌȏȎ 

ŰŬȐȖŰȄŰŬ ŭŮȊ ȋŮɸŮȍȊǼ ŰȄȊ ȇȍǿůȆȉȄ ŰȆȉǾ ŰȄȎ Ǩȋ. (5). ǥɸȌȉŮǿȒůȄ ŰȌȏ ȉŮȂǽȅȌȏȎ ŰȄȎ 

ȐȍȌȊȌůŮȆȍǼȎ ůŰŬ ŬȊȌȆȐŰǼ 

6. ǴȐȄȉŬŰȌɸȌǿȄůȄ ůŮ ȇȈǼůŮȆȎ ůŰȄȊ ŬɸȌȉŮȆȒȉǽȊȄ ȐȍȌȊȌůŮȆȍǼ ȉŮ ȁǼůȄ ŰȄȊ 

ɸȌůȕŰȄŰŬ Pick-up (van Rijn  et al., 2019) 

ὖ πȢπππσσʍÓ ÓȤρÇÄυπ
ρȾς$ɕ

πȢσÆ$
ʃȤʃÃÒ
ʃ

ρȢυ

 (8) 
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ǮŮ ŰȄȊ ŮűŬȍȉȌȂǾ ŰȄȎ ȉŮȅȕŭȌȏ Pick-up rate ŮɸȆŰȏȂȐǼȊŮŰŬȆ Ȅ ȉŮǿȒůȄ ŰȌȏ ȉŮȂǽȅȌȏȎ ŰȄȎ 

ȐȍȌȊȌůŮȆȍǼȎ ɸȌȏ ŭȆŬȉȌȍűȗȊŮȆ ŰȄȊ ȉȌȍűȌȈȌȂȆȇǾ ŮȋǽȈȆȋȄ ŰȌȏ ɸȏȅȉǽȊŬ, ŮȊȗ ŰŬȏŰȕȐȍȌȊŬ 

ŬȏȋǼȊŮŰŬȆ Ȅ ŮɸȆȍȍȌǾ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ ȉŮ ȉŮȂŬȈȖŰŮȍȌ ŮȊŮȍȂŮȆŬȇȕ ɸŮȍȆŮȐȕȉŮȊȌ, ȈȕȂȒ ŰȄȎ 

ŬɸŬȈȌȆűǾȎ ŰȒȊ ȅŬȈŬůůǿȒȊ ȇŬŰŬůŰǼůŮȒȊ ɸȌȏ ŭŮȊ ɸȍȌȇŬȈȌȖȊ ǽȊŬȍȋȄ ȇǿȊȄůȄȎ ȆȃǾȉŬŰȌȎ. 

Ǫ ȉǽȅȌŭȌȎ Threshold Current  Speed ȁŬůǿȃŮŰŬȆ ůŰŬ ǿŭȆŬ ȁǾȉŬŰŬ ȉŮ ŰȄ ȉǽȅȌŭȌ Pick-up 

rate ȉŮ ŰȆȎ ŮȋǾȎ ŭȆŬűȌȍȌɸȌȆǾůŮȆȎ, (Ŭ) ůŰȌ ȁǾȉŬ 3 ȏɸȌȈȌȂǿȃŮŰŬȆ Ȅ ȉǽůȄ ŰŬȐȖŰȄŰŬ ȇŬŰǼ 

ȉǾȇȌȎ ŰȄȎ ŬȇŰǾȎ ȍŮȖȉŬŰȌȎ ŮȊŰȕȎ ŰȌȏ ůȄȉŮǿȌȏ ǽȊŬȍȋȄȎ ȅȍŬȖůȄȎ, (ȁ) Ȅ ŬɸŬȈȌȆűǾ ŰȒȊ 

ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ůŰȌ ȁǾȉŬ 5 ȂǿȊŮŰŬȆ ůȖȉűȒȊŬ ȉŮ ŰȄȊ Ǩȋ. (6) ȇŬȆ (Ȃ) ůŰȌ ȁǾȉŬ 

6 Ȅ ůȐȄȉŬŰȌɸȌǿȄůȄ ȂǿȊŮŰŬȆ ȉŮ ȁǼůȄ ŰȄ ȍȌǾ ŮȊǽȍȂŮȆŬȎ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ. 

ǡɸȒȎ ȂǿȊŮŰŬȆ ŮȉűŬȊǽȎ ȇŬȆ Ŭɸȕ ŰȄȊ ɸŮȍȆȂȍŬűǾ ŰȒȊ ȁȄȉǼŰȒȊ ŰȒȊ ȉŮȅȕŭȒȊ, 

ŬȊŬɸȕůɸŬůŰȌ ŰȉǾȉŬ ŰȌȏȎ ŮǿȊŬȆ Ȅ ŮűŬȍȉȌȂǾ ŮȊȕȎ ȉȌȊŰǽȈȌȏ ɸŬȍŬȁȌȈȆȇǾȎ ɸȍȌůǽȂȂȆůȄȎ 

ŰȄȎ ŮȋǿůȒůȄȎ ǾɸȆŬȎ ȇȈǿůȄȎ (Chondros et al., 2021), ŰȌ ȌɸȌǿȌ ŬȊŬɸŰȖȐȅȄȇŮ ɸŮȍŬȆŰǽȍȒ ȇŬȆ 

ŮɸŮȇŰǼȅȄȇŮ ůŰŬ ɸȈŬǿůȆŬ ŰȄȎ ŭȆŬŰȍȆȁǾȎ ȗůŰŮ ȊŬ ȁŮȈŰȆȒȅŮǿ ŰȌ ȇȍȆŰǾȍȆȌ ȅȍŬȖůȄȎ ŰȒȊ 

ȇȏȉŬŰȆůȉȗȊ ȇŬȆ ȊŬ ȉɸȌȍŮǿ ȊŬ ɸȍȌůȌȉȌȆȒȅŮǿ Ȅ ŭȆǼŭȌůȄ ůȖȊȅŮŰȒȊ ȉȌȊȌȇŬŰŮȏȅȏȊŰȆȇȗȊ 

ȇȏȉŬŰȆůȉȗȊ. ǴŰȌ ǴȐǾȉŬ 4 ɸŬȍȌȏůȆǼȃŮŰŬȆ Ȅ ŮɸŬȈǾȅŮȏůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ŰȌȏ 

ȉȌȊŰǽȈȌȏ, ɸȌȏ ȅŬ ȇŬȈŮǿŰŬȆ ůŰȌ ŮȋǾȎ PMS-SP, ȂȆŬ ŰȄȊ ɸŮȍǿɸŰȒůȄ ǥ ŰȌȏ ɸŮȆȍǼȉŬŰȌȎ ŰȒȊ 

Mase and Kirby , 1992, ŰȌ ȌɸȌǿȌ ŬűȌȍǼ ŰȄ ȅȍŬȖůȄ ȉȌȊȌȇŬŰŮȏȅȏȊŰȆȇȗȊ ȇȏȉŬŰȆůȉȗȊ ůŮ 

ŬȇŰǾ ǾɸȆŬȎ ȇȈǿůȄȎ. 

 
ǴȐǾȉŬ 4. ǢȑȌȎ ȇȖȉŬŰȌȎ Ŭɸȕ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŰȌȏ PMS-SP ȇŬȆ ůȖȂȇȍȆůȄ ȉŮ ŰȆȎ 

ɸŮȆȍŬȉŬŰȆȇǽȎ ȉŮŰȍǾůŮȆȎ (ǼȊȒ) ȇŬȆ ȁŬȅȏȉŮŰȍǿŬ ȇŬȆ ȉŮŰȍȄŰȆȇȌǿ ůŰŬȅȉȌǿ (ȇǼŰȒ) 

3.2. ǲŮȍȆȌȐǾ ȉŮȈǽŰȄȎ ȇŬȆ ŮűŬȍȉȌȂǾ ŰȒȊ ȉŮȅȕŭȒȊ 

ǱȆ ȉŮȅȌŭȌȈȌȂǿŮȎ ɸȌȏ ŬȊŬɸŰȖȐȅȄȇŬȊ ůŰȄ ůȏȊǽȐŮȆŬ ŮűŬȍȉȕůŰȄȇŬȊ ůŰȄȊ ɸŬȍǼȇŰȆŬ 

ɸŮȍȆȌȐǾ ŰȌȏ ǳŮȅȖȉȊȌȏ ůŰȄȊ ǬȍǾŰȄ. Ǫ ɸŮȍȆȌȐǾ ŮȊŭȆŬűǽȍȌȊŰȌȎ ɸŮȍȆȈŬȉȁǼȊŮȆ ŰȌ ȈȆȉǼȊȆ 

ȇŬȆ ŰȄȊ ɸŬȍŬȇŮǿȉŮȊȄ ŬȇŰǾ ůŰŬ ŬȊŬŰȌȈȆȇǼ, Ȅ ȌɸȌǿŬ ǽȐŮȆ ȉǾȇȌȎ ɸŮȍǿɸȌȏ 4 km ȇŬȆ 

ůȏȂȇŮȊŰȍȗȊŮȆ ɸȌȈȈǽȎ ŬȊȅȍȗɸȆȊŮȎ ŭȍŬůŰȄȍȆȕŰȄŰŮȎ. Ǫ ŬȇŰȌȂȍŬȉȉǾ ŬɸȌŰŮȈŮǿŰŬȆ ȇȏȍǿȒȎ 

Ŭɸȕ ȆȃǾȉŬŰŬ ȈŮɸŰǾȎ ǼȉȉȌȏ ŮȊȗ ɸŬȍŬŰȄȍŮǿŰŬȆ ůȏůůȗȍŮȏůȄ ȆȃȄȉǼŰȒȊ ůŰȄȊ ŮǿůȌŭȌ ŰȌȏ 

ȈȆȉŬȊȆȌȖ ɸȌȏ ŭȏůȐŮȍŬǿȊŮȆ ŰȄ ȊŬȏůȆɸȈȌǤŬ. 

ũȆŬ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŰȄȎ ȉȌȍűȌȈȌȂȆȇǾȎ ŮȋǽȈȆȋȄȎ ŰȌȏ ɸȏȅȉǽȊŬ, ȐȍȄůȆȉȌɸȌȆǾȅȄȇŮ ŰȌ 

ȉȌȊŰǽȈȌ ɸŮȍȆȌȐǾȎ MIKE21 CM FM (DHI , 2014) ɸȌȏ ɸȍŬȂȉŬŰȌɸȌȆŮǿ ŰȌȏȎ ȏɸȌȈȌȂȆůȉȌȖȎ 
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ůŮ ǽȊŬ ȉȄ-ŭȌȉȄȉǽȊȌ ɸȈǽȂȉŬ ɸŮɸŮȍŬůȉǽȊȒȊ ůŰȌȆȐŮǿȒȊ. ǱȆ ȇȏȉŬŰȆůȉȌǿ ŮȆůǽȍȐȌȊŰŬȆ ůŰȌ 

ȏɸȌȈȌȂȆůŰȆȇȕ ɸŮŭǿȌ Ŭɸȕ ŰŬ ȁȕȍŮȆŬ, ŬȊŬŰȌȈȆȇǼ ȇŬȆ ŭȏŰȆȇǼ ȕȍȆŬ.  

ǵŬ ȇȏȉŬŰȆȇǼ ȐŬȍŬȇŰȄȍȆůŰȆȇǼ ůŰŬ ŬȊȌȆȐŰǼ ŮȈǾűȅȄůŬȊ Ŭɸȕ ŰȄ ȁǼůȄ ŭŮŭȌȉǽȊȒȊ 

Copernicus Marine Service, ůȏȊȌȈȆȇǾ ŭȆǼȍȇŮȆŬȎ ŮȊȕȎ ǽŰȌȏȎ (2012). ǱȆ ɸȍȌůȌȉȌȆȗůŮȆȎ 

ŭȆŮȋǾȐȅȄůŬȊ ȉŮ ůȏȊŰŮȈŮůŰǾ ȉȌȍűȌȈȌȂȆȇǾȎ ŮɸȆŰǼȐȏȊůȄȎ 50 ȂȆŬ ŰȄȊ ȉŮǿȒůȄ ŰȌȏ ȐȍȕȊȌȏ 

ɸȍȌůȌȉȌǿȒůȄȎ. ǨɸȆɸȍȕůȅŮŰŬ, ȅŮȒȍǾȅȄȇŮ ůŰŬȅŮȍǾ ȉǽůȄ ŭȆǼȉŮŰȍȌȎ ȆȃǾȉŬŰȌȎ 0,15 mm ůŮ 

ȕȈȌ ŰȌ ŬȍȆȅȉȄŰȆȇȕ ɸŮŭǿȌ. 

Ǫ ŬȋȆȌȈȕȂȄůȄ ŰȄȎ ŬɸȕŭȌůȄȎ ŰȌȏ ȉȌȊŰǽȈȌȏ ŮɸȆȇŮȊŰȍȗȅȄȇŮ ůŮ ȉȆŬ ɸŮȍȆȌȐǾ ɸȌȏ 

ŮȇŰŮǿȊŮŰŬȆ ǽȒȎ ȇŬȆ 450 m ȁȕȍŮȆŬ ŰȄȎ ŬȊŬŰȌȈȆȇǾȎ ŬȇŰȌȂȍŬȉȉǾȎ, ȉŮ ȉǽȂȆůŰȌ ȁǼȅȌȎ 

ɸŮȍǿɸȌȏ 9 m (ǴȐǾȉŬ 5). Ǫ ɸŮȍȆȌȐǾ ŬȏŰǾ ŬɸȌŰŮȈŮǿŰŬȆ Ŭɸȕ ŬȉȉȗŭȄ ȌȉȌȆȕȉȌȍűȄ ȇȈǿȊȄ ȇŬȆ 

ɸŬȍȌȏůȆǼȃŮȆ ůȄȉŬȊŰȆȇȕ ŮȊŭȆŬűǽȍȌȊ ȈȕȂȒ ŰȌȏȍȆůŰȆȇȗȊ ȇŬȆ ȌȆȇȌȊȌȉȆȇȗȊ 

ŭȍŬůŰȄȍȆȌŰǾŰȒȊ. Ǫ ŬȋȆȌȈȕȂȄůȄ ůȏȊǿůŰŬŰŬȆ ůŰȌȊ ȏɸȌȈȌȂȆůȉȕ ŰȌȏ BSS, ȂȆŬ ŰȆȎ ȉŮȅȕŭȌȏȎ 

ůȐȄȉŬŰȌɸȌǿȄůȄȎ Pick-up rate ȇŬȆ ȇȍǿůȆȉȄȎ ŰŬȐȖŰȄŰŬ ȍŮȖȉŬŰȌȎ  ȅŮȒȍȗȊŰŬȎ ȉŮ ŰȄȊ 

«ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎè ȊŬ ɸŮȍȆǽȐŮȆ ŰȄȊ ɸȈǾȍȄ ȐȍȌȊȌůŮȆȍǼ ȂȆŬ ȕȈȌ ŰȌ ǽŰȌȎ 2012 

 
ǴȐǾȉŬ 5. ǶɸȌȈȌȂȆůŰȆȇȕ ɸȈǽȂȉŬ ȇŬȆ ɸŮȍȆȌȐǾ ŬȋȆȌȈȕȂȄůȄȎ ŬɸȌŰŮȈŮůȉǼŰȒȊ ŰȒȊ ɸȍȌůȌȉȌȆȗůŮȒȊ 

(ŮȊŰȕȎ ŰȌȏ ȇȕȇȇȆȊȌȏ ȌȍȅȌȂȒȊǿȌȏ) 

ǮŮ ŰȄȊ ŮűŬȍȉȌȂǾ ŰȄȎ ȉŮȅȕŭȌȏ Pick-up rate ŬɸŬȈŮǿűȅȄȇŬȊ 4699 ȅŬȈǼůůȆŮȎ 

ȇŬŰŬůŰǼůŮȆȎ, űŰǼȊȌȊŰŬȎ ůŮ ȉŮǿȒůȄ 58% ŰȄȎ ŬȍȐȆȇǾȎ ȐȍȌȊȌůŮȆȍǼȎ, ŮȊȗ ŬȊŰǿůŰȌȆȐŬ ȉŮ 

ŰȄȊ ŮűŬȍȉȌȂǾ ŰȄȎ ȉŮȅȕŭȌȏ Threshold Current  Speed ŬɸŬȈŮǿűȅȄȇŬȊ ůȏȊȌȈȆȇǼ 5082 

ȅŬȈǼůůȆŮȎ ȇŬŰŬůŰǼůŮȆȎ ȂȆŬ ȉȆŬ ȉŮǿȒůȄ 62% ŰȄȎ ȐȍȌȊȌůŮȆȍǼȎ. ǴȏȊȌȈȆȇǼ ŮɸȆȈǽȐȅȄȇŬȊ 12 

ŬȊŰȆɸȍȕůȒɸȌȆ ȇŬȆ ȂȆŬ ŰȆȎ ŰȍŮȆȎ ȉŮȅȕŭȌȏȎ ɸȌȏ ŮűŬȍȉȕůŰȄȇŬȊ ȇŬȆ ůȏȂȇȍǿȅȄȇŬȊ, ŬȍȆȅȉȕȎ 

ɸȌȏ ȅŮȒȍŮǿŰŬȆ ȆȇŬȊȌɸȌȆȄŰȆȇȕȎ ȂȆŬ ŰȄȊ ŮŰǾůȆŬ ɸȍȕȁȈŮȑȄ ŰȄȎ ȉȌȍűȌȈȌȂȆȇǾȎ ŮȋǽȈȆȋȄȎ 

ɸȏȅȉǽȊŬ (Benedet et al., 2016). 

ǴŰȌ ǴȐǾȉŬ 6 ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ȌȆ ŬȊŰȆɸȍȕůȒɸȌȆ ɸȌȏ ȏɸȌȈȌȂǿůŰȄȇŬȊ ȉŮ ŰȆȎ ȉŮȅȕŭȌȏȎ 

Pick-up rate, Threshold Current  Speed ȇŬȆ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ. ǮŮ ȂŬȈǼȃȆȌ ȐȍȗȉŬ 

ŮɸȆůȄȉŬǿȊȌȊŰŬȆ ȅŬȈǼůůȆŮȎ ȇŬŰŬůŰǼůŮȆȎ ɸȌȏ ǽȐȌȏȊ ŬɸŬȈŮȆűȅŮǿ. ǥȏŰǾ Ȅ ŬɸŬȈȌȆűǾ, ȕɸȒȎ 

ŭȆŬȇȍǿȊŮŰŬȆ ȇŬȆ ůŰȌ ǴȐǾȉŬ 6 ȌŭȄȂŮǿ ůŰȌȊ ȏɸȌȈȌȂȆůȉȕ ŬȊŰȆɸȍȌůȗɸȒȊ ȉŮ ȏȑȄȈȕŰŮȍȌ 

ŮȊŮȍȂŮȆŬȇȕ ŭȏȊŬȉȆȇȕ ȂȆŬ ŰȆȎ ȉŮȅȕŭȌȏȎ Pick-up rate ȇŬȆ Threshold Current  Speed ůŮ 

ůȐǽůȄ ȉŮ ŰȄ ȉǽȅȌŭȌ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ. 
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ǴȐǾȉŬ 6. ǥȊŰȆɸȍȕůȒɸȌȆ ȇŬȆ ȇȈǼůŮȆȎ ȕɸȒȎ ȏɸȌȈȌȂǿůŰȄȇŬȊ ȉŮ ŰȄ ȉǽȅȌŭȌ: (a) Pick-up rate (b) 

Threshold Current Speed ȇŬȆ (c) ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ 

(a) 

(b) 

(c) 
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3.3. ǥɸȌŰŮȈǽůȉŬŰŬ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůŮ ȇȈǼůŮȆȎ 

ǴŮ ŬȏŰȕ ŰȌ ůȄȉŮǿȌ ɸŬȍŬŰǿȅŮȊŰŬȆ ȌȆ ɸȍȌȁȈŮɸȕȉŮȊŮȎ ȉŮŰŬȁȌȈǽȎ ŰȄȎ ȁŬȅȏȉŮŰȍǿŬȎ ůŮ 

ȌȍǿȃȌȊŰŬ ŮȊȕȎ ǽŰȌȏȎ ȉŮŰǼ ŰȄȊ ŮűŬȍȉȌȂǾ ŰȌȏ ȉȌȊŰǽȈȌȏ MIKE 21 CM FM, ȂȆŬ ŰȆȎ ȉŮȅȕŭȌȏȎ 

Pick-up rate, Threshold Current Speed ȇŬȆ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ. ǵŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȒȊ 

ɸȍȌůȌȉȌȆȗůŮȒȊ ůȏȂȇȍǿȊȌȊŰŬȆ ȉŮ ŰŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȄȎ ɸȍȌůȌȉȌǿȒůȄȎ ŬȊŬűȌȍǼȎ ȂȆŬ 

ŰȄȊ ɸŮȍŬȆŰǽȍȒ ŬȋȆȌȈȕȂȄůȄ ŰȌȏȎ. Ǫ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ ɸŮȍȆȈŬȉȁǼȊŮȆ 8219 ȒȍȆŬǿŬ 

ȉŮŰŬȁŬȈȈȕȉŮȊŮȎ ȌȍȆŬȇǽȎ ůȏȊȅǾȇŮȎ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ȇŬȆ ȉŮ ȐȍǾůȄ ŰȆȉǾȎ 

ůȏȊŰŮȈŮůŰǾ ȉȌȍűȌȈȌȂȆȇǾȎ ŮɸȆŰǼȐȏȊůȄȎ 50, Ȍ ůȏȊȌȈȆȇȕȎ ȐȍȕȊȌȎ ɸȍȌůȌȉȌǿȒůȄȎ űŰǼȊŮȆ 

ɸŮȍǿɸȌȏ 88 ȗȍŮȎ. Ǫ ȉŮŰŬȁȌȈǾ ȉŮŰŬȋȖ ŬȍȐȆȇǾȎ ȇŬȆ ŰŮȈȆȇǾȎ ȁŬȅȏȉŮŰȍǿŬȎ ȂȆŬ ŰȄȊ 

ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ ɸŬȍȌȏůȆǼȃŮŰŬȆ ůŰȌ ǴȐǾȉŬ 7. ǲŬȍŬŰȄȍȗȊŰŬȎ ŰȌ ǴȐǾȉŬ 7, 

ŮȊŰȌɸǿȃŮŰŬȆ ȉȆŬ ŮȇŰŮŰŬȉǽȊȄ ȃȗȊȄ ɸȍȌůǼȉȉȒůȄȎ ȇŬŰǼ ȉǾȇȌȎ ŰȄȎ ŬȇŰȌȂȍŬȉȉǾȎ, ȇŬȅȗȎ 

ȇŬȆ ůȏůůȗȍŮȏůȄ ȆȃǾȉŬŰȌȎ ůŰȌȊ ȏɸǾȊŮȉȌ ȉȗȈȌ ŰȌȏ ȇŬȆ ůŰȄȊ ŮǿůȌŭȌ ŰȌȏ ȈȆȉǽȊŬ. 

ǴȏȊŮɸŬȇȕȈȌȏȅŬ, ȉȆŬ ȃȗȊȄ ŭȆǼȁȍȒůȄȎ ȉɸȌȍŮǿ ȊŬ ŮȊŰȌɸȆůŰŮǿ, ȊȕŰȆŬ ŰȄȎ ŮȆůȕŭȌȏ ŰȌȏ 

ȈȆȉǽȊŬ. 

 
ǴȐǾȉŬ 7. ǮŮŰŬȁȌȈǾ ŰŮȈȆȇǾȎ ȁŬȅȏȉŮŰȍǿŬȎ ȒȎ ɸȍȌȎ ŰȄȊ ŬȍȐȆȇǾ ȂȆŬ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ 

ũȆŬ ŰȆȎ ɸȍȌůȌȉȌȆȗůŮȆȎ ɸȌȏ ɸȍŬȂȉŬŰȌɸȌȆǾȅȄȇŬȊ ȐȍȄůȆȉȌɸȌȆȗȊŰŬȎ ŰȆȎ ȉŮȅȕŭȌȏȎ Pick-up 

rate ȇŬȆ Threshold Current Speed, ǽȊŬȎ ůȄȉŬȊŰȆȇȕȎ ŬȍȆȅȉȕȎ ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ 

(4699 ȇŬȆ 5082, ŬȊŰǿůŰȌȆȐŬ) ŭŮȊ ȇȍǿȅȄȇŬȊ ȆȇŬȊǽȎ ȊŬ ȅǽůȌȏȊ ůŮ ǽȊŬȍȋȄ ŰȄȊ ȇǿȊȄůȄ ŰȌȏ 

ȆȃǾȉŬŰȌȎ. ǥȏŰǾ Ȅ ȉŮǿȒůȄ ůŰȌ ȉǾȇȌȎ ŰȌȏ ůȏȊȕȈȌȏ ŰȒȊ ŭŮŭȌȉǽȊȒȊ ȇŬȆ Ȅ ŮȋǼȈŮȆȑȄ ŰȒȊ 

ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ ȐŬȉȄȈǾȎ ŮȊǽȍȂŮȆŬȎ ȌŭǾȂȄůŬȊ ůŮ ȉŮǿȒůȄ ŰȌȏ ůȏȊȌȈȆȇȌȖ ȐȍȕȊȌȏ 

ŮȇŰǽȈŮůȄȎ ŰȄȎ ɸȍȌůȌȉȌǿȒůȄȎ ȇŬŰǼ 57,2% ȇŬȆ 62%, ŬȊŰǿůŰȌȆȐŬ. ǥɸȕ ŰȄȊ ǼȈȈȄ ɸȈŮȏȍǼ, Ȅ 

ȉǽȅȌŭȌȎ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ ŭŮȊ ŬɸŬȈŮǿűŮȆ ȇŬȉǿŬ ȅŬȈǼůůȆŬ ȇŬŰǼůŰŬůȄ ȇŬȆ ŬɸŬȆŰŮǿ ůȐŮŭȕȊ 

ŰȌȊ ǿŭȆȌ ȐȍȕȊȌ ɸȍȌůȌȉȌǿȒůȄȎ ȉŮ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ. ǵŬ ŬɸȌŰŮȈǽůȉŬŰŬ 

ȉŮŰŬȁȌȈǾȎ ŬȍȐȆȇǾȎ ȇŬȆ ŰŮȈȆȇǾȎ ȁŬȅȏȉŮŰȍǿŬȎ ɸȌȏ ɸȍȌǽȇȏȑŬȊ Ŭɸȕ ŰȆȎ ŰȍŮȆȎ ŭȆŬűȌȍŮŰȆȇǽȎ 

ȉŮȅȕŭȌȏȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ůŰȌ ǴȐǾȉŬ 7 ȇŬȆ ȂŮȊȆȇǼ ŬȊŬɸŬȍǼȂȌȏȊ ŰŬ 

ȉȌŰǿȁŬ ɸȍȌůǼȉȉȒůȄȎ/ŭȆǼȁȍȒůȄȎ ɸȌȏ ɸŬȍŬŰȄȍǾȅȄȇŬȊ ůŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ.  
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ǴȐǾȉŬ 8 . ǥɸȌŰŮȈǽůȉŬŰŬ ɸȍȌůȌȉȌȆȗůŮȒȊ ȉŮŰŬȁȌȈǾȎ ŰŮȈȆȇǾȎ ȁŬȅȏȉŮŰȍǿŬȎ ȒȎ ɸȍȌȎ ŰȄȊ ŬȍȐȆȇǾ 

(a) ȉǽȅȌŭȌȎ Pick-up rate, (b) ȉǽȅȌŭȌȎ Threshold Current Speed, (c) ȉǽȅȌŭȌȎ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ 

ǲȆȌ ůȏȂȇŮȇȍȆȉǽȊŬ, Ȅ ȉǽȅȌŭȌȎ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ ŬȊŬɸŬȍǼȂŮȆ ȉŮ ȉŮȂǼȈȄ ŬȇȍǿȁŮȆŬ ŰȄ 

ůȏůůȗȍŮȏůȄ ȆȃǾȉŬŰȌȎ ȇŬŰǼ ȉǾȇȌȎ ŰȄȎ ŬȇŰȌȂȍŬȉȉǾȎ ȇŬȆ ŰȄȊ ɸȍȌůǼȉȉȒůȄ ůŰȄȊ ŮǿůȌŭȌ 

ŰȌȏ ȈȆȉŬȊȆȌȖ. ǱȆ ȉǽȅȌŭȌȆ Pick-up rate ȇŬȆ Threshold Current Speed, ŬȊ ȇŬȆ ŬȊŬɸŬȍǼȂȌȏȊ 

ȆȇŬȊȌɸȌȆȄŰȆȇǼ ŰŬ ȉȌŰǿȁŬ ɸȍȌůǼȉȉȒůȄȎ ȇŬȆ ŭȆǼȁȍȒůȄȎ ȇȌȊŰǼ ůŰȄȊ ɸŮȍȆȌȐǾ ŰȌȏ 

ȈȆȉŬȊȆȌȖ, ŰŮǿȊȌȏȊ ȊŬ ȏɸȌŮȇŰȆȉȌȖȊ ŰȌ ȉǽȂŮȅȌȎ ŰȒȊ ȉŮŰŬȁȌȈȗȊ ŰȄȎ ȁŬȅȏȉŮŰȍǿŬȎ ůŮ ůȐǽůȄ 

ȉŮ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ. ǥȏŰǾ Ȅ ȏɸȌŮȇŰǿȉȄůȄ ȉɸȌȍŮǿ ȊŬ ŬɸȌŭȌȅŮǿ ůŰȄ ȉŮǿȒůȄ 

ŰȌȏ ůȏȊȌȈȆȇȌȖ ȐȍȕȊȌȏ ŮȇŰǽȈŮůȄȎ ŰȌȏ ȉȌȊŰǽȈȌȏ ɸȌȏ ɸȍȌȇȖɸŰŮȆ Ŭɸȕ ŰȄȊ ŮȋǼȈŮȆȑȄ ŰȒȊ 

ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ ȐŬȉȄȈǾȎ ŮȊǽȍȂŮȆŬȎ. 

Ǫ ŬȋȆȌȈȕȂȄůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ŰȌȏ ȉȌȊŰǽȈȌȏ ȂȆŬ ŰȆȎ 3 ȉŮȅȕŭȌȏȎ ŰŮȈȆȇȗȎ 

ůȏȊǿůŰŬŰŬȆ  ůŰȌȊ ȏɸȌȈȌȂȆůȉȕ ŰȌȏ ŭŮǿȇŰȄ BSS ȂȆŬ ŰȄȊ ɸŮȍȆȌȐǾ ŮȊŭȆŬűǽȍȌȊŰȌȎ. ǱȆ 

ȏɸȌȈȌȂȆůȅŮǿůŮȎ ŰȆȉǽȎ BSS, ůȏȊȌŭŮȏȕȉŮȊŮȎ Ŭɸȕ ŰȌ ɸȌůȌůŰȕ ȉŮǿȒůȄȎ ŰȌȏ ȐȍȕȊȌȏ 
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ɸȍȌůȌȉȌǿȒůȄȎ, ůŮ ůȖȂȇȍȆůȄ ȉŮ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ, ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ůŰȌȊ 

ǲǿȊŬȇŬ 1. 

ǲǿȊŬȇŬȎ 1. ǶɸȌȈȌȂȆůȅŮǿůŮȎ ŰȆȉǽȎ ŰȌȏ BSS ȂȆŬ ŰȆȎ ȉŮȅȕŭȌȏȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇŬȆ ɸȌůȌůŰȕ 

ȉŮǿȒůȄȎ ȐȍȕȊȌȏ ɸȍȌůȌȉȌǿȒůȄȎ ůŮ ůȐǽůȄ ȉŮ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ 

 
 ǮǽȅȌŭȌȎ Pick-up 

rate  

ǮǽȅȌŭȌȎ 
Threshold Current 

Speed  

ǮǽȅȌŭȌȎ ȍȌǾȎ 
ŮȊǽȍȂŮȆŬȎ 

BSS 0.74 0.72 0.85 

ǲȌůȌůŰȕ ȉŮǿȒůȄȎ 
ȐȍȕȊȌȏ 

ɸȍȌůȌȉȌǿȒůȄȎ (%) 
57 63 13 

 

ǵŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȒȊ ɸȍȌůȌȉȌȆȗůŮȒȊ ȇŬŰȄȂȌȍȆȌɸȌȆȌȖȊŰŬȆ ȒȎ "ǨȋŬȆȍŮŰȆȇǼ" ŬűȌȖ ȌȆ 

ŰȆȉǽȎ BSS ȏɸŮȍȁŬǿȊȌȏȊ ŰȌ 0.5 (Sutherland et al., 2004), ȉŮ ŰȄ ȉǽȅȌŭȌ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ ȊŬ 

ǽȐŮȆ ŰȄȊ ȇŬȈȖŰŮȍȄ ŬɸȕŭȌůȄ (BSS 0.85). ǱȆ ȉǽȅȌŭȌȆ Pick-up rate ȇŬȆ Threshold Current 

Speed ŭǿȊȌȏȊ ɸŬȍȕȉȌȆŮȎ ŰȆȉǽȎ BSS 0.74 ȇŬȆ 0.72 ŬȊŰǿůŰȌȆȐŬ. ǨǿȊŬȆ ůȄȉŬȊŰȆȇȕ ȊŬ ŰȌȊȆůŰŮǿ 

ȕŰȆ ȉŮ ŰȄȊ ŮűŬȍȉȌȂǾ ŰȒȊ ȊǽȒȊ ȉŮȅȕŭȒȊ, ŮɸȆŰŮȖȐȅȄȇŮ ůȄȉŬȊŰȆȇǾ ȉŮǿȒůȄ ȏɸȌȈȌȂȆůŰȆȇȌȖ 

űȕȍŰȌȏ, ŭȆŬŰȄȍȗȊŰŬȎ ɸŬȍǼȈȈȄȈŬ ŰȄȊ ŬȋȆȌɸȆůŰǿŬ ȇŬȆ ŰȄȊ ŬȇȍǿȁŮȆŬ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ, 

ȕɸȒȎ ŬɸȌŭŮȆȇȊȖŮŰŬȆ Ŭɸȕ ŰȄȊ ȉȆȇȍǾ ȉŮǿȒůȄ ŰȌȏ BSS. ǴȏȊŮɸȗȎ, ŰȕůȌ Ȅ ȉǽȅȌŭȌȎ Pick-up 

rate ȕůȌ ȇŬȆ ŬȏŰǾ ŰȄȎ Threshold Current Speed, ɸȍȌȁȈǽɸȌȏȊ ŰȄȊ ŮŰǾůȆŬ ŮȋǽȈȆȋȄ ŰȄȎ 

ȁŬȅȏȉŮŰȍǿŬȎ ůŮ ȆȇŬȊȌɸȌȆȄŰȆȇȕ ȁŬȅȉȕ, ŮȊȗ ŮɸȆŰȏȂȐǼȊȌȏȊ ŬȋȆȌůȄȉŮǿȒŰȄ ȉŮǿȒůȄ ŰȌȏ 

ȐȍȕȊȌȏ ɸȍȌůȌȉȌǿȒůȄȎ ŰȌȏ ȉŬȅȄȉŬŰȆȇȌȖ ȉȌȊŰǽȈȌȏ. 

 

4. ǥȋȆȌȈȕȂȄůȄ ȇŬȆ ŮɸǽȇŰŬůȄ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ ȌȉŬŭȌɸȌǿȄůȄȎ K -Means  

ǱȆ ŬȈȂȕȍȆȅȉȌȆ ȌȉŬŭȌɸȌǿȄůȄȎ ǽȐȌȏȊ ȐȍȄůȆȉȌɸȌȆȄȅŮǿ ůŮ ɸȈȄȅȗȍŬ ŮűŬȍȉȌȂȗȊ ŰȄȎ 

ɸŬȍǼȇŰȆŬȎ ȉȄȐŬȊȆȇǾȎ ȇŬȆ ȒȇŮŬȊȌȂȍŬűǿŬȎ (Camus et al., 2011; Kelpġaitƍ-Rimkienƍ et al., 

2021; Martzikos  et al., 2018; Splinter  et al., 2011) ȒůŰȕůȌ Ȅ ŮűŬȍȉȌȂǾ ŰȌȏȎ ȒȎ 

ŮȊŬȈȈŬȇŰȆȇǽȎ ŰȒȊ ɸȆȌ ŭȆŬŭŮŭȌȉǽȊȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ 

ŮǿȊŬȆ ɸŮȍȆȌȍȆůȉǽȊȄ (de Queiroz et al., 2019). ǲȆȌ ůȏȂȇŮȇȍȆȉǽȊŬ Ȅ ŬȋȆȌȈȕȂȄůȄ ŰȄȎ 

ŬɸȕŭȌůȄȎ ŰȒȊ ŬȈȂȌȍǿȅȉȒȊ ȌȉŬŭȌɸȌǿȄůȄȎ ůŮ ȉȆŬ ɸŬȍǼȇŰȆŬ ɸŮȍȆȌȐǾ ȉŮ ȇŬŰǼ ȉǾȇȌȎ ŰȄȎ 

ŬȇŰǾȎ ȉŮŰŬȁȈȄŰȕŰȄŰŬ ŭŮȊ ǽȐŮȆ ŭȆŮȍŮȏȊȄȅŮǿ ŬȇȕȉŬ. ǴŰȌ ɸȈŬǿůȆȌ ŬȏŰǾȎ ŰȄȎ ŭȆŬŰȍȆȁǾȎ 

ŮȋŮŰǼȃŮŰŬȆ Ȅ ŬɸȕŭȌůȄ ȇŬȆ ɸȆȅŬȊǽȎ ȁŮȈŰȆȗůŮȆȎ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ K-Means, ŮȊȕȎ Ŭɸȕ ŰȌȏȎ 

ɸȆȌ ŭȆŬŭŮŭȌȉǽȊȌȏȎ ȇŬȆ ŬȋȆȕɸȆůŰȌȏȎ ŬȈȂȌȍǿȅȉȒȊ. Ǫ ŮɸȆȈȌȂǾ ȂȆŬ ŰȄ ȐȍǾůȄ ŬɸȌȇȈŮȆůŰȆȇǼ 

ŬȏŰȌȖ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ ȌȉŬŭȌɸȌǿȄůȄȎ, ǽȊŬȊŰȆ ǼȈȈȒȊ ŭȆŬȅǽůȆȉȒȊ, ȁŬůǿȃŮŰŬȆ ůŰŬ 

ŬȇȕȈȌȏȅŬ ȁŬůȆȇǼ ůŰȌȆȐŮǿŬ: 

¶ Ǳ ŬȈȂȕȍȆȅȉȌȎ ŭȆŬȅǽŰŮȆ ȉŮȂǼȈȌ ŮȖȍȌȎ ŮűŬȍȉȌȂǾȎ, ȏɸȌȈȌȂȆůŰȆȇǾ ŬɸȌŭȌŰȆȇȕŰȄŰŬ 

ȇŬȆ ŭȆŬȅŮůȆȉȕŰȄŰŬ ůŮ ȁȆȁȈȆȌȅǾȇŮȎ ŮȏȍǽȒȎ ȐȍȄůȆȉȌɸȌȆȌȖȉŮȊȒȊ ȂȈȒůůȗȊ 

ɸȍȌȂȍŬȉȉŬŰȆůȉȌȖ (Python, R, Matlab ) 

¶ ǴŮ ŬȊŰǿȅŮůȄ ȉŮ ǼȈȈȌȏȎ ŬȈȂȌȍǿȅȉȌȏȎ (ɸ.Ȑ. Fuzzy C-Means) ȇǼȅŮ ůŰȌȆȐŮǿŬ ǽȐŮȆ 

ȉȌȊŬŭȆȇǾ ůȏȉȉŮŰȌȐǾ ůŮ ȇǼȅŮ ůȏůŰǼŭŬ ȇǼŰȆ ŰȌ ȌɸȌǿȌ ůȏȊǼŭŮȆ ȉŮ ŰȄȊ ȉȌȊŬŭȆȇǾ 

ŮȉűǼȊȆůȄ ȇǼȅŮ ȅŬȈǼůůȆŬȎ ȇŬŰǼůŰŬůȄȎ ůŰȄȊ ȐȍȌȊȌůŮȆȍǼ ȇȏȉŬŰȆȇȗȊ 

ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ 
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ǴŬȊ ŭŮŭȌȉǽȊŬ ŮȆůȕŭȌȏ Ȍ ŬȈȂȕȍȆȅȉȌȎ ȈŬȉȁǼȊŮȆ ȉȆŬ ȐȍȌȊȌůŮȆȍǼ ȇȏȉŬŰȆȇȗȊ 

ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ůŰŬ ŬȊȌȆȐŰǼ, ɸȌȏ ȇŬŰô ŮȈǼȐȆůŰȌȊ ɸȍǽɸŮȆ ȊŬ ɸŮȍȆȈŬȉȁǼȊŮȆ ŰȌ 

ȐŬȍŬȇŰȄȍȆůŰȆȇȕ ȖȑȌȎ ȇȖȉŬŰȌȎ, ŰȄȊ ɸŮȍǿȌŭȌ ȇȌȍȏűǾȎ ȇŬȆ ŰȄȊ ŭȆŮȖȅȏȊůȄ ɸȍȕůɸŰȒůȄȎ 

ŰȒȊ ȇȏȉŬŰȆůȉȗȊ. ǵŬ ŭŮŭȌȉǽȊŬ ȇŬȊȌȊȆȇȌɸȌȆȌȖȊŰŬȆ ɸȍȆȊ ŮȆůŬȐȅȌȖȊ ůŰȌȊ ŬȈȂȕȍȆȅȉȌ. 

 

 4.1. ǨȋŮŰŬȃȕȉŮȊŮȎ ŰȍȌɸȌɸȌȆǾůŮȆȎ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ 

 ǴŰȄȊ ɸŬȍȌȖůŬ ŭȆŬŰȍȆȁǾ ŮȋŮŰǼůŰȄȇŬȊ ůȏȊȌȈȆȇǼ 5 ŮȊŬȈȈŬȇŰȆȇǽȎ ŰȍȌɸȌɸȌȆǾůŮȆȎ ŰȌȏ 

ŬȈȂȌȍǿȅȉȌȏ, ȉŮ ŭȆŬűȌȍŮŰȆȇǼ ȐŬȍŬȇŰȄȍȆůŰȆȇǼ ȉŮŰŬȋȖ ŰȌȏȎ, ŬȈȈǼ ȉŮ ŰȌȊ ȇȌȆȊȕ ůȇȌɸȕ ȊŬ 

ŮɸȆŰȖȐȌȏȊ ŰȄ ȁŮȈŰǿȒůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ɸȌȏ ŭǿȊŮȆ Ȅ ɸȍȒŰŬȍȐȆȇǾ ɸŬȍŬȉŮŰȍȌɸȌǿȄůȄ 

ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ K-Means. ǴŰȄ ůȏȊǽȐŮȆŬ ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ůȏȊȌɸŰȆȇǼ ŰŬ ȁŬůȆȇǼ 

ȐŬȍŬȇŰȄȍȆůŰȆȇǼ ȇǼȅŮ ŮȋŮŰŬȃȕȉŮȊȄȎ ɸŮȍǿɸŰȒůȄȎ. 

¶ KM -01: ǦŬůȆȇǾ ɸŬȍŬȉŮŰȍȌɸȌǿȄůȄ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ. Ǫ ŬȍȐȆȇȌɸȌǿȄůȄ ŰȒȊ 

ȇŮȊŰȍȌŮȆŭȗȊ ȂǿȊŮŰŬȆ ȉŮ ŰȌȊ ŬȈȂȕȍȆȅȉȌ K-Means++. 

¶ KM -02 : Ǫ ŮɸŬȊŬȈȄɸŰȆȇǾ ŭȆŬŭȆȇŬůǿŬ ŮȖȍŮůȄȎ ŰȒȊ ȇŮȊŰȍȌŮȆŭȗȊ ȇŬȆ ůȏůŰǼŭȒȊ 

ŮȇȇȆȊŮǿ ȉŮ ȁǼůȄ ŰȌȏȎ ŬȊŰȆɸȍȌůȗɸȌȏȎ/ȇŮȊŰȍȌŮȆŭǾ ɸȌȏ ɸȍȌȇȖɸŰȌȏȊ Ŭɸȕ ŰȄȊ 

ŮűŬȍȉȌȂǾ ŰȄȎ ȉŮȅȕŭȌȏ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ. ǮŮ ŬȏŰȕ ŰȌȊ ŰȍȕɸȌ ŬȊŰȆůŰŬȅȉǿȃŮŰŬȆ Ȅ 

űȖůȄ ŰȄȎ çȉȄ-ŮɸǿȁȈŮȑȄȎ» ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ K-Means, ȇŬȅȗȎ Ȅ ŮɸŬȊŬȈȄɸŰȆȇǾ 

ŭȆŬŭȆȇŬůǿŬ ŬȍȐǿȃŮȆ Ŭɸȕ ŰȆȉǽȎ ɸȌȏ ůȏȉȉŮŰǽȐȌȏȊ ůŰȄȊ ŮȋǽȈȆȋȄ ŰȄȎ ɸŬȍǼȇŰȆŬȎ 

ȉȌȍűȌȈȌȂǿŬȎ. 

¶ KM -03 : ǷȍǾůȄ ŰȄȎ ŮɸȆȉǽȍȌȏȎ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ ȇǼȅŮ ȅŬȈǼůůȆŬȎ ȇŬŰǼůŰŬůȄȎ ůŬȊ 

ȁǼȍȌȎ ɸȌȏ ŮȆůǽȍȐŮŰŬȆ ůŰȄȊ ŬȈȂȌȍȆȅȉȆȇǾ ŭȆŬŭȆȇŬůǿŬ, ȉŮ ůȇȌɸȕ ȊŬ ŬɸȌűŮȏȐȅŮǿ Ȅ 

ȏɸŮȍŮȇŰǿȉȄůȄ ŰȄȎ ŮɸǿŭȍŬůȄȎ ŰȒȊ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ɸȌȏ ǽȐȌȏȊ 

ȉȆȇȍȕŰŮȍȌ ŮȊŮȍȂŮȆŬȇȕ ɸŮȍȆŮȐȕȉŮȊȌ. 

¶ KM -04 : ǨȊŬȈȈŬȂǾ ŰȒȊ ɸŬȍŬȉǽŰȍȒȊ ŮȆůȕŭȌȏ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ Ŭɸȕ ȖȑȌȎ 

ȇȖȉŬŰȌȎ, ɸŮȍǿȌŭȌ ȇȌȍȏűǾȎ ȇŬȆ ȂȒȊǿŬ ɸȍȕůɸŰȒůȄȎ ůŮ ȇŬŰǼ ȉǾȇȌȎ ŰȄȎ ŬȇŰǾȎ 

ůŰŮȍŮȌȉŮŰŬűȌȍǼ, ȍȌǾ ŮȊǽȍȂŮȆŬȎ ȇŬȆ ȂȒȊǿŬ ɸȍȕůɸŰȒůȄȎ. 

¶ KM -05 : ǥȍȐȆȇȌɸȌǿȄůȄ ŰȒȊ ȇŮȊŰȍȌŮȆŭȗȊ ȉŮ ȁǼůȄ ŰȌȏȎ ŬȊŰȆɸȍȌůȗɸȌȏȎ ɸȌȏ 

ǽȐȌȏȊ ɸȍȌȇȖȑŮȆ Ŭɸȕ ŮűŬȍȉȌȂǾ ŰȄȎ ȉŮȅȕŭȌȏ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȈǼůŮȒȊ Pick-up 

rate. Ǫ ŮȇȇǿȊȄůȄ ŰȄȎ ŬȈȂȌȍȆȅȉȆȇǾȎ ŭȆŬŭȆȇŬůǿŬȎ ȂǿȊŮŰŬȆ Ŭɸȕ ȇŮȊŰȍȌŮȆŭǾ ȉŮ 

ȉŮȂŬȈȖŰŮȍȌ ŮȊŮȍȂŮȆŬȇȕ ɸŮȍȆŮȐȕȉŮȊȌ ůŮ ůȐǽůȄ ȉŮ ŬȏŰǼ ŰȄȎ ɸŮȍǿɸŰȒůȄȎ KM-02. 

¶ KM -06 : ǮŮ ȐȍǾůȄ ŰȌȏ ȉȌȊŰǽȈȌȏ PMS-SP ȂǿȊŮŰŬȆ ȇȏȉŬŰȆȇǾ ŭȆǼŭȌůȄ ůŰŬ ȍȄȐǼ ȉŮ 

ůȇȌɸȕ ȊŬ ŬɸŬȈȌȆűȌȖȊ ȅŬȈǼůůȆŮȎ ȇŬŰŬůŰǼůŮȆȎ ɸȌȏ ɸȍȌůɸǿɸŰȌȏȊ ȇǼȅŮŰŬ ůŰȄȊ 

ŬȇŰȌȂȍŬȉȉǾ (ǼȍŬ ŭŮȊ ɸȍȌȇŬȈȌȖȊ ȇŬŰǼ ȉǾȇȌȎ ŰȄȎ ŬȇŰǾȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼ) ȇŬȆ 

ŭŮȊ ȏɸȕȇŮȆȊŰŬȆ ůŮ ȅȍŬȖůȄ ȒȎ ɸȍȌȎ ŰȌ ŮȈǼȐȆůŰȌ ȁǼȅȌȎ ɸȌȏ ǽȐŮȆ ȅŮȒȍȄȅŮǿ ȂȆŬ ŰȆȎ 

ɸȍȌůȌȉȌȆȗůŮȆȎ. ǴŰȄ ůȏȊǽȐŮȆŬ ŮűŬȍȉȕȃŮŰŬȆ Ȍ ŬȈȂȕȍȆȅȉȌȎ K-Means ůŮ ŭȖȌ 

ůŰǼŭȆŬ: (Ŭ) ȏɸȌȈȌȂǿȃȌȊŰŬȆ ŰŬ ȇŮȊŰȍȌŮȆŭǾ ŰȌȏ ŮȊŭȆǼȉŮůȌȏ ȁǾȉŬŰȌȎ ȉŮ ŮűŬȍȉȌȂǾ 

ŰȒȊ ŬȍȐȗȊ ŰȄȎ ɸŮȍǿɸŰȒůȄȎ KM-04, (ȁ) ŰŬ ȇŮȊŰȍȌŮȆŭǾ ŰȌȏ ɸȍȌȄȂȌȖȉŮȊȌȏ 

ŮȊŭȆǼȉŮůȌȏ ȁǾȉŬŰȌȎ ŰǿȅŮȊŰŬȆ ůŬȊ ŬȍȐȆȇǽȎ ŰȆȉǽȎ ůŮ ȉȆŬ ȊǽŬ ŭȆŬȉȕȍűȒůȄ ŰȌȏ 

ŬȈȂȌȍǿȅȉȌȏ K-Means ȂȆŬ ȊŬ ɸȍȌȇȖȑȌȏȊ ȌȆ ŬȊŰȆɸȍȕůȒɸȌȆ ŰȌȏ KM-06. 

ǴŰȌȊ ǲǿȊŬȇŬ 2 ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ůȏȂȇŮȊŰȍȒŰȆȇǼ ŰŬ ȁŬůȆȇǼ ůŰȌȆȐŮǿŬ ŰȒȊ ŮȋŮŰŬȃȕȉŮȊȒȊ 

ŮȊŬȈȈŬȇŰȆȇȗȊ ɸŮȍȆɸŰȗůŮȒȊ. 
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ǲǿȊŬȇŬȎ 2. ǴȏȂȇŮȊŰȍȒŰȆȇǾ ɸŬȍȌȏůǿŬůȄ ŰȒȊ ŮȋŮŰŬȃȕȉŮȊȒȊ ŮȊŬȈȈŬȇŰȆȇȗȊ ɸŮȍȆɸŰȗůŮȒȊ 

ŮűŬȍȉȌȂǾȎ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ K-Means 

ǲŮȍǿɸŰȒůȄ ǲŬȍǼȉŮŰȍȌȆ ŮȆůȕŭȌȏ 
ǮǽȅȌŭȌȎ 

ŬȍȐȆȇȌɸȌǿȄůȄȎ 
ȇŮȊŰȍȌŮȆŭȗȊ 

ǨűŬȍȉȌůŰǽŬ 
ȁǼȍȄ 

KM-01 Ὄ, Ὕ, ὥ K-Means++ - 

KM-02 Ὄ, Ὕ, ὥ 
ǬŮȊŰȍȌŮȆŭǾ ȉŮȅȕŭȌȏ 
ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ 

- 

KM-03 Ὄ, Ὕ, ὥ K-Means++ 
ǳȌǾ ŮȊǽȍȂŮȆŬȎ 
ȇǼȅŮ ȅŬȈǼůůȆŬȎ 
ȇŬŰǼůŰŬůȄȎ 

KM-04 Ὓ, Ὁ , ὥ K-Means++ - 

KM-05 Ὄ, Ὕ, ὥ 
ǬŮȊŰȍȌŮȆŭǾ ȉŮȅȕŭȌȏ 

Pick-up rate 
- 

KM-06 

Ὓ, Ὁ , ὥ K-Means++ - 

Ὄ, Ὕ, ὥ 
ǬŮȊŰȍȌŮȆŭǾ 
ɸȍȌȄȂȌȖȉŮȊȌȏ 
ȁǾȉŬŰȌȎ 

- 

 

4.2. ǲŮȍȆȌȐǾ ŮűŬȍȉȌȂǾȎ ȇŬȆ ŬȊŰȆɸȍȌůȒɸŮȏŰȆȇǽȎ ȇȏȉŬŰȆȇǽȎ ůȏȊȅǾȇŮȎ 

ǱȆ 6 ŭȆŬȇȍȆŰǽȎ ɸŮȍȆɸŰȗůŮȆȎ ŮűŬȍȉȕůŰȄȇŬȊ ůŰȄȊ ɸŬȍǼȇŰȆŬ ɸŮȍȆȌȐǾ ŰȌȏ ǳŮȅȖȉȊȌȏ, ɸȌȏ 

ɸŬȍȌȏůȆǼůŰȄȇŮ ůŰȄȊ ǨȊȕŰȄŰŬ 3, ȈŬȉȁǼȊȌȊŰŬȎ ȏɸȕȑȄ ŰȆȎ ǿŭȆŮȎ ɸŬȍŬŭȌȐǽȎ ȇŬȆ ŰȄȊ 

ɸŬȍŬȉŮŰȍȌɸȌǿȄůȄ ŰȌȏ ȉŬȅȄȉŬŰȆȇȌȖ ȉȌȊŰǽȈȌȏ MIKE 21 CM FM. ǴȄȉŮȆȗȊŮŰŬȆ ȕŰȆ ȌȆ 

ɸȍȌůȌȉȌȆȗůŮȆȎ ɸȍŬȂȉŬŰȌɸȌȆǾȅȄȇŬȊ ȉŮ ȁǼůȄ ŰȄȊ çǮȌȍűȌŭȏȊŬȉȆȇǾè ɸȍȌůǽȂȂȆůȄ ŮȊȗ Ȅ 

ŬȋȆȌȈȕȂȄůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ɸȍŬȂȉŬŰȌɸȌȆǾȅȄȇŮ ȂȆŬ ŰȄȊ ɸŮȍȆȌȐǾ ɸȌȏ ɸŬȍȌȏůȆǼȃŮŰŬȆ 

ŮȊŰȕȎ ŰȌȏ ȇȕȇȇȆȊȌȏ ɸȈŬȆůǿȌȏ ůŰȌ ǴȐǾȉŬ 5. 

ǴŰȌ ǴȐǾȉŬ 9 ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ȌȆ ȇȏȉŬŰȆȇȌǿ ŬȊŰȆɸȍȕůȒɸȌȆ, ȕɸȒȎ ɸȍȌǽȇȏȑŬȊ ȂȆŬ ŰȄȊ 

ŮűŬȍȉȌȂǾ ŰȒȊ ɸŮȍȆɸŰȗůŮȒȊ KM-01 ǽȒȎ KM-06, ůŮ ŭȆůŭȆǼůŰŬŰȌ ŭȆǼȂȍŬȉȉŬ, ȕɸȌȏ ůŰȌȊ 

ȌȍȆȃȕȊŰȆŬ ǼȋȌȊŬ ŰǿȅŮŰŬȆ Ȅ ȂȒȊǿŬ ɸȍȕůɸŰȒůȄȎ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ ȒȎ ɸȍȌȎ ŰȄȊ ȇǼȅŮŰȌ ůŰȄȊ 

ŬȇŰȌȂȍŬȉȉǾ ȇŬȆ ůŰȌȊ ȇŬŰŬȇȕȍȏűȌ ǼȋȌȊŬ ŰȌ ȐŬȍŬȇŰȄȍȆůŰȆȇȕ ȖȑȌȎ ȇȖȉŬŰȌȎ. 

ũȆŬ ŰȄ ɸŮȍǿɸŰȒůȄ KM-01, ŬȍȇŮŰǼ ȇŮȊŰȍȌŮȆŭǾ ɸȌȏ ȈŬȉȁǼȊȌȊŰŬȆ Ŭɸȕ ŰȌȊ ŬȈȂȕȍȆȅȉȌ 

ȌȉŬŭȌɸȌǿȄůȄȎ ȁȍǿůȇȌȊŰŬȆ ůŮ ȇȌȊŰȆȊǾ ŬɸȕůŰŬůȄ ȉŮŰŬȋȖ ŰȌȏȎ, ȈȕȂȒ ŰȄȎ ȐȒȍȆȇǾȎ 

ȇŬŰŬȊȌȉǾȎ ŰȌȏ ɸȈǾȅȌȏȎ ŰȒȊ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ. ǴŰȆȎ ɸŮȍȆɸŰȗůŮȆȎ KM-02, 

KM-05 ȇŬȆ KM-06, ůŰȆȎ ȌɸȌǿŮȎ ŮɸȆȁȈǾȅȄȇŬȊ ŮȋȒŰŮȍȆȇǼ ȇŮȊŰȍȌŮȆŭǾ ȂȆŬ ŰȄȊ 

ŬȍȐȆȇȌɸȌǿȄůȄ ŰȄȎ ŮɸŬȊŬȈȄɸŰȆȇǾȎ ŭȆŬŭȆȇŬůǿŬȎ, ŰŬ ŰŮȈȆȇǼ ȇŮȊŰȍȌŮȆŭǾ ůȏůŰǼŭŬȎ 

ȇŬŰŬȊǽȉȌȊŰŬȆ ůŮ ȉȆŬ ŮȏȍȖŰŮȍȄ ɸŮȍȆȌȐǾ, ŬȇȌȈȌȏȅȗȊŰŬȎ ŰȄȊ ȇŬŰŬȊȌȉǾ ŰȒȊ ŬȍȐȆȇȗȊ 

ȇŮȊŰȍȌŮȆŭȗȊ. Ǫ ɸŮȍǿɸŰȒůȄ KM-03, Ȅ ȌɸȌǿŬ ŮȊůȒȉŬŰȗȊŮȆ ȁǼȍȄ ɸȌȏ ůȐŮŰǿȃȌȊŰŬȆ ȉŮ ŰȄ 

ȍȌǾ ŮȊǽȍȂŮȆŬȎ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ, ȌŭȄȂŮǿ ůŮ ůȄȉŬȊŰȆȇǾ ȉŮŰŬŰȕɸȆůȄ ȕȈȒȊ ŰȒȊ ȇŮȊŰȍȌŮȆŭȗȊ 

ɸȍȌȎ ɸȆȌ ŮȊŮȍȂȄŰȆȇȌȖȎ ŬȊŰȆɸȍȌůȗɸȌȏȎ ůŮ ůȖȂȇȍȆůȄ ȉŮ ȕȈŮȎ ŰȆȎ ǼȈȈŮȎ ɸŮȍȆɸŰȗůŮȆȎ. ǱȆ 

ůȏůŰǼŭŮȎ ŰȄȎ KM-04 ȌȍǿȃȌȊŰŬȆ ȉŮ ȉŮȂŬȈȖŰŮȍȄ ŮȏȇȍǿȊŮȆŬ, ȂŮȂȌȊȕȎ ɸȌȏ ȉɸȌȍŮǿ ȊŬ 

ŬɸȌŭȌȅŮǿ ůŰȄ ȉŮŰŬȁȌȈǾ ŰȒȊ ŬȍȐȆȇȗȊ ɸŬȍŬȉǽŰȍȒȊ ȌȉŬŭȌɸȌǿȄůȄȎ. ǱȆ ɸŮȍȆɸŰȗůŮȆȎ KM-

05 ȇŬȆ KM-06, ȌȆ ȌɸȌǿŮȎ ŮűŬȍȉȕȃȌȏȊ ȉŮȅȌŭȌȈȌȂǿŮȎ ŬɸŬȈȌȆűǾȎ ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ 

ȐŬȉȄȈǾȎ ůȐŮŰȆȇǼ ŮȊǽȍȂŮȆŬȎ, ȇŬŰŬȈǾȂȌȏȊ ůŮ ɸŬȍȕȉȌȆŮȎ ŰȆȉǽȎ ŬȊŰȆɸȍȌůȒɸŮȏŰȆȇȗȊ 

ȇȏȉŬŰȆůȉȗȊ. 
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ǴȐǾȉŬ 9. ǴȏůŰǼŭŮȎ ȇŬȆ ȇȏȉŬŰȆȇȌǿ ŬȊŰȆɸȍȕůȒɸȌȆ ȉŮ ŮűŬȍȉȌȂǾ ŰȒȊ ȉŮȅȕŭȒȊ (a) KM-01, (b) 

KM-02, (c) KM-03, (d) KM-04, (e) KM-05, (f) KM-06 

4.3. ǥɸȌŰŮȈǽůȉŬŰŬ ŬȈȂȌȍǿȅȉȒȊ ȌȉŬŭȌɸȌǿȄůȄȎ 

ǴŰȄ ůȏȊǽȐŮȆŬ ɸŬȍŬŰǿȅŮȊŰŬȆ ŰŬ ŬɸȌŰŮȈǽůȉŬŰŬ ȉŮŰŬȁȌȈǾȎ ŰȄȎ ŰŮȈȆȇǾȎ ȒȎ ɸȍȌȎ ŰȄȊ ŬȍȐȆȇǾ 

ȁŬȅȏȉŮŰȍǿŬ, ɸȌȏ ɸȍȌǽȇȏȑŬȊ Ŭɸȕ ŰȄȊ ŮűŬȍȉȌȂǾ ŰȌȏ ȉȌȊŰǽȈȌȏ MIKE21 CM-FM, ȂȆŬ ŰȆȎ 

ŭȆŬűȌȍŮŰȆȇǽȎ ŭȆŬȉȌȍűȗůŮȆȎ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ KM. ǵŬ ŬɸȌŰŮȈǽůȉŬŰŬ ȂȆŬ ȇǼȅŮ ŭȆŬȇȍȆŰǾ 

ɸŮȍǿɸŰȒůȄ ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ůȏȂȇȍȆŰȆȇǼ ůŰȌ ǴȐǾȉŬ 10. ǲŬȍŬŰȄȍŮǿŰŬȆ ůŮ ȂŮȊȆȇǽȎ ȂȍŬȉȉǽȎ 

ůȏȉűȒȊǿŬ ȉŮ ŰŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȄȎ ɸȍȌůȌȉȌǿȒůȄȎ ŬȊŬűȌȍǼȎ (ǴȐǾȉŬ 7) ȉŮ ŰȌȊ 

ŮȊŰȌɸȆůȉȕ ȃȒȊȗȊ ŬɸȕȅŮůȄȎ ȇŬȆ ŭȆǼȁȍȒůȄȎ ȇŬŰǼ ȉǾȇȌȎ ŰȄȎ ŬȇŰȌȂȍŬȉȉǾȎ, ȇŬȅȗȎ ȇŬȆ 
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ůȏůůȗȍŮȏůȄ ȆȃȄȉǼŰȒȊ ůŰȄȊ ŮǿůȌŭȌ ŰȌȏ ǭȆȉǽȊŬ ůŮ ȕȈŮȎ ŰȆȎ ɸȍȌůȌȉȌȆȗůŮȆȎ. Ǫ ůȏȂȇȍȆŰȆȇǾ 

ŬȋȆȌȈȕȂȄůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ŬɸȌȇŬȈȖɸŰŮȆ ȕŰȆ ȌȍȆůȉǽȊŮȎ ɸŮȍȆɸŰȗůŮȆȎ ŮűŬȍȉȌȂǾȎ 

ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ K-Means ȏɸȌŮȇŰȆȉȌȖȊ ŰȄȊ ǽȊŰŬůȄ ŰȒȊ ȉȌȍűȌȈȌȂȆȇȗȊ ȉŮŰŬȁȌȈȗȊ, ŮȊȗ 

ǼȈȈŮȎ ŬȊŬɸŬȍǼȂȌȏȊ ɸȆȌ ɸȆůŰǼ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ.  

 
ǴȐǾȉŬ 10. ǥɸȌŰŮȈǽůȉŬŰŬ ɸȍȌůȌȉȌȆȗůŮȒȊ ȉŮŰŬȁȌȈǾȎ ŰŮȈȆȇǾȎ ȁŬȅȏȉŮŰȍǿŬȎ ȒȎ ɸȍȌȎ ŰȄȊ ŬȍȐȆȇǾ 

(a) KM-01, (b) KM-02, (c) KM-03, (d) KM-04, (e) KM-05, (f) KM-06 

ǥɸȕ ŰȄȊ ȌɸŰȆȇǾ ůȏȂȇȍȆŰȆȇǾ ŬȋȆȌȈȕȂȄůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ŭȆŬűŬǿȊŮŰŬȆ ȕŰȆ Ȅ 

ɸȍȌůȌȉȌǿȒůȄ KM-03 ɸŬȍȌȏůȆǼȃŮȆ ŰȄȊ ȇŬȈȖŰŮȍȄ ůȏȉűȒȊǿŬ ȉŮ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ 

ŬȊŬűȌȍǼȎ. Ǳ ȉŮŰŬůȐȄȉŬŰȆůȉȕȎ ŰȒȊ ȉŮŰŬȁȈȄŰȗȊ ȌȉŬŭȌɸȌǿȄůȄȎ ůŰȄ ŭȌȇȆȉǾ KM-04 

ŭŮǿȐȊŮȆ ȊŬ ȌŭȄȂŮǿ ůŮ ȉȆŬ ȏɸȌŮȇŰǿȉȄůȄ ŰȒȊ ȉȌȍűȌȈȌȂȆȇȗȊ ŬȈȈŬȂȗȊ. ǱȆ ŭȌȇȆȉǽȎ KM-05 

ȇŬȆ KM-06, ȌȆ ȌɸȌǿŮȎ ɸŮȍȆȈŬȉȁǼȊȌȏȊ ŭȆŬŭȆȇŬůǿŮȎ űȆȈŰȍŬȍǿůȉŬŰȌȎ ȂȆŬ ŰȄȊ ŮȋǼȈŮȆȑȄ 

ȇȏȉŬŰȆůȉȗȊ ɸȌȏ ȅŮȒȍŮǿŰŮ ɸȒȎ ŭŮ ůȏȉȉŮŰǽȐȌȏȊ ȇŬȅȌȍȆůŰȆȇǼ ůŰȄ ȉȌȍűȌȈȌȂȆȇǾ ŮȋǽȈȆȋȄ 

ɸȏȅȉǽȊŬ, ɸȍȌůűǽȍȌȏȊ ȇŬȈǾ ŬȊŬɸŬȍŬȂȒȂǾ ŰȄȎ ȉȌȍűȌȈȌȂȆȇǾȎ ŮȋǽȈȆȋȄȎ.  
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ǵŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŬȋȆȌȈȌȂȌȖȊŰŬȆ ɸŮȍŬȆŰǽȍȒ ȏɸȌȈȌȂǿȃȌȊŰŬȎ ŰȌ ŭŮǿȇŰȄ BSS, ȇŬȆ 

ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ůŰȌȊ ǲǿȊŬȇŬ 3, ŮȊȗ ȕȈŮȎ ȌȆ ɸȍȌůȌȉȌȆȗůŮȆȎ ŰŬȋȆȊȌȉȌȖȊŰŬȆ ȒȎ 

"ǨȋŬȆȍŮŰȆȇǽȎ", ŮȊȗ ȂȆŬ ŰȆȎ ŮȋŮŰŬȃȕȉŮȊŮȎ ȁŮȈŰȆȗůŮȆȎ (KM-02 ǽȒȎ KM-06) ɸŬȍŬŰȄȍŮǿŰŬȆ 

ȉȆŬ ǽůŰȒ ȇŬȆ ȉȆȇȍǾ ŬȖȋȄůȄ ůŰȌ ŭŮǿȇŰȄ BSS, ȒȎ ɸȍȌȎ ŰȄȊ ȇȈŬůůȆȇǾ ɸŮȍǿɸŰȒůȄ ŮűŬȍȉȌȂǾȎ 

ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ KM-01. ǱȆ ɸȍȌůȌȉȌȆȗůŮȆȎ KM-05 ȇŬȆ KM-06, űŬǿȊŮŰŬȆ ɸȒȎ ŬɸȌŭǿŭȌȏȊ 

ȇŬȈȖŰŮȍŬ, ȈȕȂȒ ŰȄȎ ůȏůŰȄȉŬŰȆȇǾȎ ŬɸŬȈȌȆűǾȎ ȇȏȉŬŰȆȇȗȊ ůȏȊȅȄȇȗȊ ȐŬȉȄȈȌȖ 

ŮȊŮȍȂŮȆŬȇȌȖ ɸŮȍȆŮȐȌȉǽȊȌȏ. 

ǲǿȊŬȇŬȎ 3. ǶɸȌȈȌȂȆůȅŮǿůŮȎ ŰȆȉǽȎ ŰȌȏ BSS ȂȆŬ ŰȆȎ ŭȆŬűȌȍŮŰȆȇǽȎ ɸŮȍȆɸŰȗůŮȆȎ ŮűŬȍȉȌȂǾȎ ŰȌȏ 

ŬȈȂȌȍǿȅȉȌȏ K-Means 

 KM-01 KM-02 KM-03 KM-04 KM-05 KM-06 

BSS 0.63 0.64 0.65 0.66 0.71 0.68 
 

ǴȏȊȌȑǿȃȌȊŰŬȎ, Ȅ ŭȌȇȆȉǾ KM-06, ŭǿȊŮȆ ǽȊŬ ȆȇŬȊȌɸȌȆȄŰȆȇȕ ůȏȉȁȆȁŬůȉȕ ȒȎ ɸȍȌȎ ŰȄȊ 

ŬȇȍǿȁŮȆŬ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ȇŬȆ ŰȄȊ ɸȌȈȏɸȈȌȇȕŰȄŰŬ ŮűŬȍȉȌȂǾȎ ŰȄȎ ŬȈȂȌȍȆȅȉȆȇǾȎ 

ŭȆŬŭȆȇŬůǿŬȎ. ǹůŰȕůȌ, ůȄȉŮȆȗȊŮŰŬȆ ɸȒȎ Ȅ ȇȈŬůůȆȇǾ ȏȈȌɸȌǿȄůȄ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ KM 

(ɸŮȍǿɸŰȒůȄ KM-01) ȉɸȌȍŮǿ ȊŬ ȐȍȄůȆȉȌɸȌȆŮǿŰŬȆ ůŮ ɸȍŬȇŰȆȇǽȎ ŮűŬȍȉȌȂǽȎ ȇŬȅȗȎ 

ȏɸŮȍȆůȐȖŮȆ ůȄȉŬȊŰȆȇǼ ǽȊŬȊŰȆ ŰȒȊ ȈȌȆɸȗȊ ŮȋŮŰŬȃȕȉŮȊȒȊ ɸŮȍȆɸŰȗůŮȒȊ, ȒȎ ɸȍȌȎ ŰȄȊ 

ŮȏȇȌȈǿŬ ŮűŬȍȉȌȂǾȎ Ŭɸȕ ŰȌ ȐȍǾůŰȄ ȇŬȆ ŭŮȊ ŬɸŬȆŰŮǿ ŰȄȊ ŭȆŮȊǽȍȂŮȆŬ ŮɸȆɸȍȕůȅŮŰȒȊ 

ȏɸȌȈȌȂȆůȉȗȊ. 

 

5. ǥȋȆȌȈȕȂȄůȄ ȇŬȆ ŮɸǽȇŰŬůȄ ŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȆůȌŭȖȊŬȉȒȊ 

ȇȏȉŬŰȆůȉȗȊ 

ǲŬȍǼ ŰȌ ȂŮȂȌȊȕȎ ȕŰȆ ȌȆ ȉǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇŬȆ ȏɸȌȈȌȂȆůȉȌȖ ŰȒȊ ȆůȌŭȖȊŬȉȒȊ 

ȇȏȉŬŰȆůȉȗȊ ŮűŬȍȉȕȃȌȊŰŬȆ ůŮ ȉŮȂǼȈȌ ɸȈǾȅȌȎ ŮȍŮȏȊȄŰȆȇȗȊ ŮȍȂŬůȆȗȊ ŬȇȕȉŬ ȇŬȆ ůǾȉŮȍŬ 

(Borah and Balloffet , 1985; Brown and Davies, 2009; Chondros et al., 2022; 

Chonwattana et al., 2005; Karambas et al., 2013; Papadimitriou  et al., 2022a; Pletcha et 

al., 2007), ŮȊŰȌȖŰȌȆȎ ŭŮȊ ǽȐŮȆ ɸȍŬȂȉŬŰȌɸȌȆȄȅŮǿ ŬȇȕȉŬ ȉȆŬ ůȏůŰȄȉŬŰȆȇǾ ɸȍȌůɸǼȅŮȆŬ 

ŬȋȆȌȈȕȂȄůȄȎ ŰȄȎ ŭȆŬŭŮŭȌȉǽȊȄȎ ȉŮȅȕŭȌȏ ȇŬȆ ŭȆŮȍŮȖȊȄůȄȎ ɸȆȅŬȊȗȊ ȁŮȈŰȆȗůŮȒȊ.  

ǴŰȄȊ ɸŬȍȌȖůŬ ŭȆŬŰȍȆȁǾ ŮȋŮŰǼůŰȄȇŬȊ ŰȍŮȆȎ ŮɸȆɸȈǽȌȊ ɸȆȅŬȊǽȎ ȁŮȈŰȆȗůŮȆȎ ŰȄȎ ȉŮȅȕŭȌȏ 

ɸȌȏ ɸŬȍȌȏůȆǼůŰȄȇŮ ůŰȄȊ ŮȍȂŬůǿŬ ŰȒȊ Chonwattana et al., 2005, ȉȆŬ Ůȇ ŰȒȊ ȌɸȌǿȒȊ 

ɸŮȍȆȈŬȉȁǼȊŮȆ ŰȄȊ ŮȇɸŬǿŭŮȏůȄ ȇŬȆ ŮɸŬȈǾȅŮȏůȄ ŮȊȕȎ ǵŮȐȊȄŰȌȖ ǯŮȏȍȒȊȆȇȌȖ ǧȆȇŰȖȌȏ 

(ǵǯǧ). 

 

5.1. ǨȋŮŰŬȃȕȉŮȊŮȎ ŰȍȌɸȌɸȌȆǾůŮȆȎ ŰȄȎ ȉŮȅȕŭȌȏ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȆůȌŭȖȊŬȉȒȊ 

ȇȏȉŬŰȆůȉȗȊ 

ǡɸȒȎ ɸȍȌŬȊŬűǽȍȅȄȇŮ, ŮȋŮŰǼůŰȄȇŬȊ ůȏȊȌȈȆȇǼ 4 ɸŮȍȆɸŰȗůŮȆȎ ŮűŬȍȉȌȂǾȎ ŰȄȎ ȉŮȅȕŭȌȏ 

ŰȒȊ ȆůȌŭȖȊŬȉȒȊ ȇȏȉŬŰȆůȉȗȊ ɸȌȏ ȅŬ ɸŮȍȆȂȍŬűȌȖȊ ůȏȊȌɸŰȆȇǼ ůŰȄ ůȏȊǽȐŮȆŬ. 

Ǫ ɸŮȍǿɸŰȒůȄ RMWH -01 ŬɸȌŰŮȈŮǿ ŰȄȊ ȉǽȅȌŭȌ ȏɸȌȈȌȂȆůȉȌȖ ŰȒȊ ȆůȌŭȖȊŬȉȒȊ 

ȇȏȉŬŰȆȇȗȊ ŬȊŰȆɸȍȌůȗɸȒȊ ȕɸȒȎ ɸŬȍȌȏůȆǼůŰȄȇŮ ůŰȄȊ ŮȍȂŬůǿŬ ŰȒȊ Chonwattana et al., 

2005. ǱȉŬŭȌɸȌȆȗȊŰŬȎ ŰŬ ȇȏȉŬŰȆȇǼ ȐŬȍŬȇŰȄȍȆůŰȆȇǼ ůŮ ȇȈǼůŮȆȎ ȂȒȊǿŬȎ ɸȍȕůɸŰȒůȄȎ 

ůŰŬȅŮȍȌȖ ɸȈǼŰȌȏȎ, ȌȆ ȇȏȉŬŰȆȇȌǿ ŬȊŰȆɸȍȕůȒɸȌȆ ȏɸȌȈȌȂǿȃȌȊŰŬȆ ȉŮ ŮűŬȍȉȌȂǾ ŰȒȊ 

ȂȍŬȉȉȆȇȗȊ ůȏůŰȄȉǼŰȒȊ ŰȒȊ Ǩȋ. (2), (3) ȇŬȆ (4). 
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Ǫ ɸŮȍǿɸŰȒůȄ RMWH -02   ŬɸȌŰŮȈŮǿ ȉȆŬ ůȐŮŰȆȇǼ ŬɸȈǾ ŰȍȌɸȌɸȌǿȄůȄ ŰȄȎ ȉŮȅȕŭȌȏ 

RMWH -01, ȁŬůȆȇǾ ȆŭǽŬ ŰȄȎ ȌɸȌǿŬȎ ŮǿȊŬȆ Ȅ ŭȆŬȉȕȍűȒůȄ ŭȖȌ ȏɸȌȇȈǼůŮȒȊ ŬȊǼ ȇǼȅŮ 

ȇȈǼůȄ ȂȒȊǿŬȎ ɸȍȕůɸŰȒůȄȎ. ǵȌ ȇȍȆŰǾȍȆȌ ȂȆŬ ŰȄȊ ŮȇȐȗȍȄůȄ ŰȒȊ ȇȏȉŬŰȆȇȗȊ 

ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ůŮ ȇǼȅŮ ȏɸȌȇȈǼůȄ ŮǿȊŬȆ ŬȊ Ȅ ȍȌǾ ŮȊǽȍȂŮȆŬȎ ŰȄȎ ȇǼȅŮ ȅŬȈǼůůȆŬȎ 

ȇŬŰǼůŰŬůȄȎ ȏɸŮȍȁŬǿȊŮȆ Ȅ ȕȐȆ ŰȄȊ ȉǽůȄ ŬȅȍȌȆůŰȆȇǾ ȍȌǾ ŮȊǽȍȂŮȆŬȎ ȇǼȅŮ ȇȈǼůȄȎ. ǮŮ ŬȏŰȕ 

ŰȌȊ ŰȍȕɸȌ ŭȆŬȉȌȍűȗȊȌȊŰŬȆ ŭȏȌ ȊǽŮȎ ȇȈǼůŮȆȎ «ȏɸȌȇȍǿůȆȉȒȊ» ȇŬȆ «ȏɸŮȍȇȍǿůȆȉȒȊ» 

ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ȒȎ ɸȍȌȎ ŰȄ ȍȌǾ ŮȊǽȍȂŮȆŬȎ. 

Ǫ ɸŮȍǿɸŰȒůȄ RMWH -0 3 ȁŬůǿȃŮŰŬȆ ůŰȄȊ ɸŬȍŬŭȌȐǾ ȕŰȆ Ȅ ȇŬŰǼ ȉǾȇȌȎ ȇŬȆ Ȅ ŮȂȇǼȍůȆŬ 

ůŰŮȍŮȌȉŮŰŬűȌȍǼ ŮɸȄȍŮǼȃȌȏȊ ůŮ ȉŮȂŬȈȖŰŮȍȌ ȁŬȅȉȕ ŰȄ ȉȌȍűȌȈȌȂȆȇǾ ŮȋǽȈȆȋȄ ŰȌȏ 

ɸȏȅȉǽȊŬ ůŮ ȉȆŬ ŭŮŭȌȉǽȊȄ ŭȆŬŰȌȉǾ ŰȌȏ ɸŬȍǼȇŰȆȌȏ ȉŮŰȗɸȌȏ, ŬȊǼȈȌȂŬ ȉŮ ŰȄȊ ȂȒȊǿŬ 

ɸȍȕůɸŰȒůȄȎ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ   

ǲŬȍŬŰȄȍȗȊŰŬȎ ȉȆŬ ŬȇŰǿȊŬ ȇȏȉŬŰȆůȉȗȊ ȇŬȆ ŮűŬȍȉȕȃȌȊŰŬȎ ŰȄȊ ŬȍȐǾ ŭȆŬŰǾȍȄůȄȎ ŰȄȎ  

ȇȏȉŬŰȆȇǾȎ ŮȊǽȍȂŮȆŬȎ ůŰŬ ŬȊȌȆȐŰǼ, Ȅ ȇŬŰǼ ȉǾȇȌȏȎ ŰȄȎ ŬȇŰǾȎ (ȇ.ȉ.Ŭ) ȇŬȆ ŮȂȇǼȍůȆŬ 

ůȏȊȆůŰȗůŬ ŰȄȎ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ ȏɸȌȈȌȂǿȃŮŰŬȆ Ŭɸȕ ŰȄȊ ŬȇȕȈȌȏȅȄ ŮȋǿůȒůȄ:   

Ὁ ὌὝÓÉÎὥ

Ὁ ὌὝÃÏÓὥ
 (9) 

ȕɸȌȏ Ὁ  ŮǿȊŬȆ Ȅ ȇŬŰǼ ȉǾȇȌȏȎ ŰȄȎ ŬȇŰǾȎ ȇŬȆ  Ὁ  Ȅ ŮȂȇǼȍůȆŬ ůȏȊȆůŰȗůŬ ŰȄȎ ȇȏȉŬŰȆȇǾȎ 

ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ ŬȊŰǿůŰȌȆȐŬ. 

ǶɸȌȈȌȂǿȃȌȊŰŬȎ ŰȌȊ ȆůȌŭȖȊŬȉȌ ȇȏȉŬŰȆůȉȕ ȂȆŬ ȕȈȄ ŰȄ ȐȍȌȊȌůŮȆȍǼ ȇȏȉŬŰȆȇȗȊ 

ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ůŰŬ ŬȊȌȆȐŰǼ, ȇŬȆ ŮɸȆȈȖȌȊŰŬȎ ŰȄȊ Ǩȋ. (9) ȂȆŬ ɸȌȈȈŬɸȈǽȎ ŰȆȉǽȎ ŰȄȎ 

ȂȒȊǿŬȎ ɸȍȕůɸŰȒůȄȎ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ, ȉɸȌȍȌȖȊ ȊŬ ȇŬȅȌȍȆůŰȌȖȊ ȃȗȊŮȎ ŮȊŬȈȈŬůůȕȉŮȊȄȎ 

ȇȏȍȆŬȍȐǿŬȎ ŰȄȎ ȇ.ȉ.Ŭ. Ǿ ŰȄȎ ŮȂȇǼȍůȆŬȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ: 

ȿὉȿ ςȿὉ ȿȟ                               ‡“‐”―„…ʞ„‐― – ‖Ȣ‘Ȣ‌ „†‐”‐‛‘‐†‌•‛”ʗ
ȿὉ ȿ ςȿὉȿȟ                           ‡“‐”―„…ʞ‐― – ‐‎‖ʗ”„―‌ „†‐”‐‛‘‐†‌•‛”ʗ

‌‗‗―ʡ‟ȟ                          ‐’‌‗‗‌„ʝ‘‐’– ‖‡”―‌”…ʚ‌ †’ʡ„‫†„―’‡„ ‛ʞ‏ ’‫
 (10) 

ǮŮ ŰȄȊ ɸŬȍŬŭȌȐǾ ȉȆŬȎ ůȐŮŰȆȇǼ ŮȏȅŮȆȌȂŮȊȌȖȎ ŬȇŰǾȎ ȉŮ ɸŬȍǼȈȈȄȈŮȎ ȆůȌȁŬȅŮǿȎ ȒȎ ɸȍȌȎ 

ŰȄȊ ŬȇŰǾ, ȌȆ ŬȇȕȈȌȏȅŮȎ ǽȋȆ ȃȗȊŮȎ ȉɸȌȍȌȖȊ ȊŬ ȇŬȅȌȍȆůŰȌȖȊ, ɸȌȏ ŮȋŬȍŰȗȊŰŬȆ Ŭɸȕ ŰȄ ȂȒȊǿŬ 

ɸȍȕůɸŰȒůȄȎ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ ŬȊŬűȌȍȆȇǼ ȉŮ ŰȄȊ ȇǼȅŮŰȌ ȒȎ ɸȍȌȎ ŰȄȊ ŬȇŰȌȂȍŬȉȉǾ. ǱȆ ǽȋȆ 

ȃȗȊŮȎ ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ůŰȌ ǴȐǾȉŬ 11. 

ǥȊǼȈȌȂŬ ȉŮ ŰȄȊ ȃȗȊȄ ɸȌȏ ŮȋŮŰǼȃŮŰŬȆ, Ȍ ȏɸȌȈȌȂȆůȉȕȎ ŰȒȊ ȇȏȉŬŰȆȇȗȊ ŬȊŰȆɸȍȌůȗɸȒȊ 

ȂǿȊŮŰŬȆ ȉŮ ȁǼůȄ ŰȆȎ ŬȍȐǽȎ ŰȆȎ ȉŮȅȕŭȌȏ RMWH -02, ȉȕȊȌ ɸȌȏ ȌȆ ŭȖȌ ȏɸȌȇȈǼůŮȆȎ ŭŮ 

ŭȆŬȉȌȍűȗȊȌȊŰŬȆ ȉŮ ȁǼůȄ ȉȕȊȌ ŰȄȊ ȍȌǾ ŮȊǽȍȂŮȆŬȎ. ǴȏȂȇŮȇȍȆȉǽȊŬ Ȍ ŭȆŬȐȒȍȆůȉȕȎ ůŮ 

ȏɸȌȇȈǼůŮȆȎ ȂȆŬ ŰȆȎ ǩȗȊŮȎ 1 ȇŬȆ 6 ȂǿȊŮŰŬȆ ȉŮ ȁǼůȄ ŰȄ ȉǽůȄ ȍȌǾ ŮȊǽȍȂŮȆŬȎ, ůŰȆȎ ǩȗȊŮȎ 2 

ȇŬȆ 5 ȉŮ ȁǼůȄ ŰȄȊ ȇŬŰǼ ȉǾȇȌȎ ŰȄȎ ŬȇŰǾȎ ȍȌǾ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ (Vongvisessomjai et al., 

1993), ŮȊȗ ůŰȆȎ ǩȗȊŮȎ 3 ȇŬȆ 4 Ȅ ȇŬŰȄȂȌȍȆȌɸȌǿȄůȄ ȂǿȊŮŰŬȆ ȉŮ ȁǼůȄ ŰȄ ȉǽůȄ ŰȆȉǾ ŰȄȎ 

ɸŬȍŬȉǽŰȍȌȏ ŮȂȇǼȍůȆȌȏ ɸȍȌűǿȈ (Dalrymple , 1992) ɸȌȏ ȏɸȌȈȌȂǿȃŮŰŬȆ Ŭɸȕ ŰȄȊ ŬȇȕȈȌȏȅȄ 

ŮȋǿůȒůȄ: 

ὖ Ὣ
Ὄ

ύὝ
 (11) 
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ǴȐǾȉŬ 11.  ǩȗȊŮȎ ŮȊŬȈŬůůȕȉŮȊȄȎ ȇȏȍȆŬȍȐǿŬȎ ŰȄȎ ȇ.ȉ.Ŭ. ȇŬȆ ŰȄȎ ŮȂȇǼȍůȆŬȎ ůŰŮȍŮȌȉŮŰŬűȌȍǼȎ 

ůȐŮŰȆȇǼ ȉŮ ŰȄȊ ȂȒȊǿŬ ɸȍȕůɸŰȒůȄȎ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ ȒȎ ɸȍȌȎ ŰȄȊ ȇǼȅŮŰȌ ůŰȄȊ ŬȇŰȌȂȍŬȉȉǾ 

ǵǽȈȌȎ, Ȅ ɸŮȍǿɸŰȒůȄ RMWH -04  ŬűȌȍǼ ůŰȄȊ ŮȇɸŬǿŭŮȏůȄ, ŮɸŬȈǾȅŮȏůȄ ȇŬȆ ŮűŬȍȉȌȂǾ 

ŮȊȕȎ ǵǯǧ, ɸȌȏ ŬȊŬȈŬȉȁǼȊŮȆ ŰȄȊ ŬɸŬȈȌȆűǾ ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ ɸȌȏ ȅŮȒȍŮǿŰŬȆ ȕŰȆ 

ŭŮȊ ŮǿȊŬȆ ȆȇŬȊǽȎ ȊŬ ɸȍȌȇŬȈǽůȌȏȊ ǽȊŬȍȋȄ ȇǿȊȄůȄȎ ȆȃǾȉŬŰȌȎ ůŰŬ ȍȄȐǼ ȊŮȍǼ. Ǫ ȉǽȅȌŭȌȎ 

RMWH -04 ŬɸȌŰŮȈŮǿ ȉȆŬ ȉŮŰŮȋǽȈȆȋȄ ŰȄȎ ȉŮȅȕŭȌȏ Pick-up rate ȉŮ ŰȄȊ ŬȊŰȆȇŬŰǼůŰŬůȄ ŰȒȊ 

ɸȍȌůȌȉȌȆȗůŮȒȊ ɸȌȏ ɸȍŬȂȉŬŰȌɸȌȆȌȖȊŰŬȆ ȉŮ ŰȌ PMS-SP ȉŮ ŰȌ ǵǯǧ.  

ǱȆ ɸŬȍǼȉŮŰȍȌȆ ŮȆůȕŭȌȏ ŰȌȏ ȊŮȏȍȒȊȆȇȌȖ ŭȆȇŰȖȌȏ ŮǿȊŬȆ ŰȌ ȐŬȍŬȇŰȄȍȆůŰȆȇȕ ȖȑȌȎ 

ȇȖȉŬŰȌȎ, Ȅ ɸŮȍǿȌŭȌȎ ȇȌȍȏűǾȎ ȇŬȆ Ȅ ȉǽůȄ ŭȆŮȖȅȏȊůȄ ŭȆǼŭȌůȄȎ ȇȏȉŬŰȆůȉȗȊ ůŰŬ ŬȊȌȆȐŰǼ 

ȇŬȅȗȎ ȇŬȆ Ȅ ȉǽůȄ ŭȆǼȉŮŰȍȌȎ ȇȕȇȇȒȊ ŰȌȏ ȆȃǾȉŬŰȌȎ ȇŬȆ Ȅ ȉǽůȄ ȇȈǿůȄ ɸȏȅȉǽȊŬ, ŮȊȗ Ȅ 

ɸŬȍǼȉŮŰȍȌȎ ŮȋȕŭȌȏ ŰȌȏ ȊŮȏȍȒȊȆȇȌȖ ŭȆȇŰȖȌȏ ŮǿȊŬȆ Ȅ ȉǽůȄ ŰȆȉǾ ŰȄȎ ŰȍȌȐȆŬȇǾȎ ŰŬȐȖŰȄŰŬȎ 

ŰȒȊ ȇȏȉŬŰȆůȉȗȊ ȇȌȊŰǼ ůŰȌȊ ɸȏȅȉǽȊŬ, ȏɸȌȈȌȂȆůȉǽȊȄ ŮȊŰȕȎ ŰȄȎ ȃȗȊȄȎ ȅȍŬȖůȄȎ. ǴȏȊȌȈȆȇǼ 

3200 ůȏȊŭȏŬůȉȌǿ ŰȒȊ ɸŬȍŬȉǽŰȍȒȊ ŮȆůȕŭȌȏ, ȇŬȆ ůȏȊŮɸŬȇȕȈȌȏȅŬ 3200 ŬɸȌŰŮȈǽůȉŬŰŬ 

ɸȍȌůȌȉȌȆȗůŮȒȊ ŰȌȏ PMS-SP, ȐȍȄůȆȉȌɸȌȆǾȅȄȇŬȊ ȂȆŬ ŰȄȊ ŮȇɸŬǿŭŮȏůȄ ŰȌȏ ȊŮȏȍȒȊȆȇȌȖ 

ŭȆȇŰȖȌȏ. 

ǥűȌȖ ŮȆůŬȐȅȌȖȊ ůŰȌ ǵǯǧ ȌȆ ŰȆȉǽȎ ŰȒȊ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ůŰŬ ŬȊȌȆȐŰǼ ȂȆŬ 

ŰȄ ŭŮŭȌȉǽȊȄ ȐȍȌȊȌůŮȆȍǼ ŬȊŬűȌȍǼȎ ȇŬȆ ȇŬȅȌȍȆůŰȌȖȊ ŬȊŰȆɸȍȌůȒɸŮȏŰȆȇǽȎ ŰȆȉǽȎ ȂȆŬ ŰȄ 

ȉǽůȄ ŭȆǼȉŮŰȍȌ ŰȌȏ ȆȃǾȉŬŰȌȎ ȇŬȆ ŰȄ ȉǽůȄ ȇȈǿůȄ ɸȏȅȉǽȊŬ, ŬɸŬȈŮǿűȌȊŰŬȆ ȇȏȉŬŰȆůȉȌǿ ɸȌȏ 

ŭŮȊ ŬȊŬɸŰȖůůȌȏȊ ŰȍȌȐȆŬȇǾ ŰŬȐȖŰȄŰŬ ȉŮȂŬȈȖŰŮȍȄ Ŭɸȕ ŰȄȊ ȇȍǿůȆȉȄ ŰȆȉǾ (Ǩȋ. 5), ȇǼŰȆ ɸȌȏ 

ǽȐŮȆ ȒȎ ŬɸȌŰǽȈŮůȉŬ ŰȄȊ ȉŮǿȒůȄ ŰȄȎ ȐȍȌȊȌůŮȆȍǼȎ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ. ǴŰȄ 

ůȏȊǽȐŮȆŬ, ŮűŬȍȉȕȃȌȊŰŬȆ ŰŬ ȁǾȉŬŰŬ ŰȄȎ ɸŮȍǿɸŰȒůȄȎ RMWH -02 ůŰȄȊ ŬɸȌȉŮȆȒȉǽȊȄ 

ȐȍȌȊȌůŮȆȍǼ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ɸȌȏ ɸȍȌǽȇȏȑŮ ȇŬȆ ȏɸȌȈȌȂǿȃȌȊŰŬȆ ȌȆ 

ȆůȌŭȖȊŬȉȌȆ ȇȏȉŬŰȆȇȌǿ ŬȊŰȆɸȍȕůȒɸȌȆ. 
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5.2. ǲŮȍȆȌȐǾ ŮűŬȍȉȌȂǾȎ ȇŬȆ ŬȊŰȆɸȍȌůȒɸŮȏŰȆȇȌǿ ȆůȌŭȖȊŬȉȌȆ ȇȏȉŬŰȆůȉȌǿ 

ǱȆ 4 ŭȆŬȇȍȆŰǽȎ ɸŮȍȆɸŰȗůŮȆȎ (1 ɸŮȍǿɸŰȒůȄ ŮűŬȍȉȕůŰȄȇŬȊ ůŰȄȊ ɸŬȍǼȇŰȆŬ ɸŮȍȆȌȐǾ ŰȌȏ 

ǳŮȅȖȉȊȌȏ, ɸȌȏ ɸŬȍȌȏůȆǼůŰȄȇŮ ůŰȄȊ ǨȊȕŰȄŰŬ 3, ȈŬȉȁǼȊȌȊŰŬȎ ȏɸȕȑȄ ŰȆȎ ǿŭȆŮȎ ɸŬȍŬŭȌȐǽȎ 

ȇŬȆ ɸŬȍŬȉŮŰȍȌɸȌǿȄůȄ ŰȌȏ ȉŬȅȄȉŬŰȆȇȌȖ ȉȌȊŰǽȈȌȏ MIKE 21 CM FM. ǹůŰȕůȌ ŬȏŰǾ ŰȄ 

űȌȍǼ, ȌȆ ɸȍȌůȌȉȌȆȗůŮȆȎ ɸȍŬȂȉŬŰȌɸȌȆǾȅȄȇŬȊ ȉŮ ŰȄȊ çǮȌȍűȌůŰŬŰȆȇǾè ɸȍȌůǽȂȂȆůȄ, ȂȆŬ 

12 ȇȏȉŬŰȆȇȌȖȎ ŬȊŰȆɸȍȌůȗɸȌȏȎ. Ǫ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ ůŮ ŬȏŰǾ ŰȄȊ ɸŮȍǿɸŰȒůȄ, 

ŬɸȌŰŮȈŮǿ ȉȆŬ ůȐȄȉŬŰȌɸȌȆȄȉǽȊȄ ȉȌȍűǾ ŰȄȎ ɸȈǾȍȌȏȎ ȐȍȌȊȌůŮȆȍǼȎ ȇȏȉŬŰȆȇȗȊ 

ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ (ȉŮ ŭȆŬȇȍȆŰȌɸȌǿȄůȄ ŰȒȊ ȏȑȗȊ ȇȖȉŬŰȌȎ ŬȊǼ 0.5m ȇŬȆ ŰȄȎ ȂȒȊǿŬȎ 

ɸȍȕůɸŰȒůȄȎ ŬȊǼ 15ę), ȇŬȆ ŰŮȈȆȇǼ ŬɸȌŰŮȈŮǿŰŬȆ Ŭɸȕ 68 ȅŬȈǼůůȆŮȎ ȇŬŰŬůŰǼůŮȆȎ. ũȆŬ ȉȆŬ 

ŬȇȕȉŬ űȌȍǼ, Ȅ ŬȋȆȌȈȕȂȄůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ɸȍŬȂȉŬŰȌɸȌȆǾȅȄȇŮ ȂȆŬ ŰȄȊ ɸŮȍȆȌȐǾ ɸȌȏ 

ɸŬȍȌȏůȆǼȃŮŰŬȆ ŮȊŰȕȎ ŰȌȏ ȇȕȇȇȆȊȌȏ ɸȈŬȆůǿȌȏ ůŰȌ ǴȐǾȉŬ 5. 

ǴŰȌ ǴȐǾȉŬ 12 ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ȌȆ ȇȏȉŬŰȆȇȌǿ ŬȊŰȆɸȍȕůȒɸȌȆ, ȕɸȒȎ ɸȍȌǽȇȏȑŬȊ ȂȆŬ ŰȄȊ 

ŮűŬȍȉȌȂǾ ŰȒȊ ɸŮȍȆɸŰȗůŮȒȊ RMWH -01 ǽȒȎ RMWH -04. ǮŮ ȂŬȈǼȃȆȌ ȐȍȗȉŬ 

ůȄȉŮȆȗȊȌȊŰŬȆ ȌȆ ȅŬȈǼůůȆŮȎ ȇŬŰŬůŰǼůŮȆȎ ɸȌȏ ŬɸŬȈŮǿűȌȊŰŬȆ ȉŮ ŰȄȊ ŮűŬȍȉȌȂǾ ŰȌȏ 

ȊŮȏȍȒȊȆȇȌȖ ŭȆȇŰȖȌȏ. 

  

  

ǴȐǾȉŬ 12.  ǫůȌŭȖȊŬȉȌȆ ȇȏȉŬŰȆȇȌǿ ŬȊŰȆɸȍȕůȒɸȌȆ ȇŬȆ ȇȈǼůŮȆȎ ȉŮ ŮűŬȍȉȌȂǾ ŰȒȊ ȉŮȅȕŭȒȊ (a) 

RMWH -01, (b) RMWH -02, (c) RMWH -03, (d) RMWH -04 

Ǫ ɸŮȍǿɸŰȒůȄ RMWH -01 ȁŬůǿȃŮŰŬȆ ůŰȄȊ ŭȆŬŭŮŭȌȉǽȊȄ ɸȍȌůǽȂȂȆůȄ ȏɸȌȈȌȂȆůȉȌȖ ŰȒȊ 

ȆůȌŭȖȊŬȉȒȊ ȇȏȉŬŰȆůȉȗȊ (Chonwattana et al., 2005). ǱȆ ŬȊŰȆɸȍȕůȒɸȌȆ ŰŮǿȊȌȏȊ ȊŬ ǽȐȌȏȊ 

ȐŬȉȄȈȕŰŮȍŮȎ ŰȆȉǽȎ ȖȑȌȏȎ ȇȖȉŬŰȌȎ, ȈȕȂȒ ŰȒȊ ȏȑȄȈȗȊ ůȏȐȊȌŰǾŰȒȊ ŮȉűǼȊȆůȄȎ 

ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ ȐŬȉȄȈȌȖ ůȐŮŰȆȇǼ ŮȊŮȍȂŮȆŬȇȌȖ ɸŮȍȆŮȐȌȉǽȊȌȏ. ǬŬŰǼ ůȏȊǽɸŮȆŬ, 

(a) (b) 

(c) (d) 
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ȌȆ ȏȑȄȈȕŰŮȍȌȆ ȇȏȉŬŰȆůȉȌǿ ɸȌȏ ŮȊŰȌɸǿȃȌȊŰŬȆ ȇȏȍǿȒȎ ȉŮŰŬȋȖ ‌=[ -30ę, 15ę], ŭŮȊ 

ɸŮȍȆȂȍǼűȌȊŰŬȆ ȉŮ ŰȕůȌ ȆȇŬȊȌɸȌȆȄŰȆȇȕ ŰȍȕɸȌ Ŭɸȕ ŰȌȏȎ ȆůȌŭȖȊŬȉȌȏȎ ȇȏȉŬŰȆůȉȌȖȎ. 

ǴŰȄȊ ɸŮȍǿɸŰȒůȄ RMWH -02, ȈŬȉȁǼȊȌȊŰŬȎ ȏɸȕȑȄ ǽȋȆ ȇȈǼůŮȆȎ ȇŬŰŮȖȅȏȊůȄȎ ȇŬȆ ŭȖȌ 

ȏɸȌŭȆŬȆȍǽůŮȆȎ ůŰȌȊ ǼȋȌȊŬ ŰȌȏ ȖȑȌȏȎ ȇȖȉŬŰȌȎ, ŮɸȆŰȏȂȐǼȊŮŰŬȆ ȉȆŬ ȇŬȈȖŰŮȍȄ 

ŬȊŬɸŬȍǼůŰŬůȄ ŰȄȎ ɸȌȆȇȆȈȌȉȌȍűǿŬȎ ŰȌȏ ůȏȊȕȈȌȏ ŭŮŭȌȉǽȊȒȊ ŰȒȊ ȇȏȉŬŰȆȇȗȊ 

ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ůŰŬ ŬȊȌȆȐŰǼ ůŮ ůȐǽůȄ ȉŮ ŰȄȊ ɸŮȍǿɸŰȒůȄ RMWH -01. 

ǴŰȄȊ ɸŮȍǿɸŰȒůȄ RMWH -03 ɸŬȍǼ ŰȄ ȐȍǾůȄ ŭȆŬűȌȍŮŰȆȇȗȊ ɸȌůȌŰǾŰȒȊ ŬȊǼȈȌȂŬ ŰȄ 

ȃȗȊȄ ŮɸȆȍȍȌǾȎ, ɸȌȏ ŮȋŬȍŰȗȊŰŬȆ Ŭɸȕ ŰȄȊ ȇ.ȉ.Ŭ Ǿ ŰȄȊ ŮȂȇǼȍůȆŬ ůŰŮȍŮȌȉŮŰŬűȌȍǼ, ȌȆ 

ŬȊŰȆɸȍȕůȒɸȌȆ ɸȌȏ ȏɸȌȈȌȂǿȃȌȊŰŬȆ ȉŮ ŬȏŰǾ ŰȄ ȉǽȅȌŭȌ ŮǿȊŬȆ ɸŬȍȕȉȌȆȌȆ ȒȎ ɸȍȌȎ ŰȆȎ ŰȆȉǽȎ 

ȉŮ ŮȇŮǿȊȌȏȎ ŰȄȎ RMWH -02. ǴȄȉŮȆȗȊŮŰŬȆ ŮɸȆɸȍȕůȅŮŰŬ ȕŰȆ Ȅ ȉǽȅȌŭȌȎ RMWH  ȉɸȌȍŮǿ ȊŬ 

ŮűŬȍȉȌůŰŮǿ ȂȆŬ ȊŬ ȈȄűȅȌȖȊ ŬȊŰȆɸȍȕůȒɸȌȆ ɸȌȏ ŮǿȊŬȆ ŬȇǽȍŬȆŬ ɸȌȈȈŬɸȈǼůȆŬ ŰȌȏ ŬȍȆȅȉȌȖ 

ǽȋȆ. 

ǵǽȈȌȎ Ȅ ɸŮȍǿɸŰȒůȄ RMWH -04 ȐȍȄůȆȉȌɸȌȆŮǿ ǽȊŬ ŰŮȐȊȄŰȕ ȊŮȏȍȒȊȆȇȕ ŭǿȇŰȏȌ ȂȆŬ ŰȄȊ 

ŮȇŰǿȉȄůȄ ŰȒȊ ŰȍȌȐȆŬȇȗȊ ŰŬȐȏŰǾŰȒȊ ŰȒȊ ȇȏȉŬŰȆůȉȗȊ ůŰŬ ȍȄȐǼ ȇŬȆ ŰȄȊ ŮȋǼȈŮȆȑȄ ŰȒȊ 

ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ ŬȏŰȗȊ ɸȌȏ ŭŮȊ ȏɸŮȍȁŬǿȊȌȏȊ ŰȌ ȇŬŰȗűȈȆ ŰȄȎ ɸȏȅȉŮȊȆȇǾȎ 

ŰȍȌȐȆŬȇǾȎ ŰŬȐȖŰȄŰŬȎ. ǬŬŰǼ ůȏȊǽɸŮȆŬ, ŬȊŰȆɸȍȕůȒɸȌȆ ɸȌȏ ȈŬȉȁǼȊȌȊŰŬȆ Ŭɸȕ ŰȄȊ RMWH -

04 ŮǿȊŬȆ ȉŮŰŬŰȌɸȆůȉǽȊȌȆ ůŮ ɸȆȌ ŮȊŮȍȂȄŰȆȇǽȎ ȇȏȉŬŰȆȇǽȎ ůȏȊȅǾȇŮȎ. 
 

5.3. ǥɸȌŰŮȈǽůȉŬŰŬ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȆůȌŭȖȊŬȉȒȊ ȇȏȉŬŰȆůȉȗȊ 

ǬŬŰǼ ŬȊŰȆůŰȌȆȐǿŬ ȇŬȆ ȉŮ ɸȍȌȄȂȌȖȉŮȊŬ ŮŭǼűȆŬ, ɸŬȍŬŰǿȅŮȊŰŬȆ ȌȆ ɸȍȌȁȈŮɸȕȉŮȊŮȎ 

ȉŮŰŬȁȌȈǽȎ ŰȄȎ ȁŬȅȏȉŮŰȍǿŬȎ ůŮ ȌȍǿȃȌȊŰŬ ŮȊȕȎ ǽŰȌȏȎ ȉŮ ȐȍǾůȄ ŰȌȏ ȉȌȊŰǽȈȌȏ MIKE 21 CM 

FM, ȂȆŬ ŰȆȎ ɸŮȍȆɸŰȗůŮȆȎ ůȐȄȉŬŰȌɸȌǿȄůȄ ŰȒȊ ȆůȌŭȖȊŬȉȒȊ ȇȏȉŬŰȆůȉȗȊ. Ǫ ȉŮŰŬȁȌȈǾ 

ȉŮŰŬȋȖ ŬȍȐȆȇǾȎ ȇŬȆ ŰŮȈȆȇǾȎ ȁŬȅȏȉŮŰȍǿŬȎ ȂȆŬ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ ɸŬȍȌȏůȆǼȃŮŰŬȆ 

ůŰȌ ǴȐǾȉŬ 13. ǴȏȂȇȍǿȊȌȊŰŬȎ ŰȄȊ ȉŮ ŰȄȊ ŬȊŰǿůŰȌȆȐȄ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ ŰȄȎ 

çǮȌȍűȌŭȏȊŬȉȆȇǾȎè ɸȍȌůǽȂȂȆůȄȎ, ɸŬȍŬŰȄȍŮǿŰŬȆ ȕŰȆ ȏɸȌŮȇŰȆȉǼŰŬȆ ůŮ ǽȊŰŬůȄ ȇŬȆ Ȅ 

ŭȆǼȁȍȒůȄ ɸȌȏ ŮȉűŬȊǿȃŮŰŬȆ ȊȕŰȆŬ ŰȄȎ ŮȆůȕŭȌȏ ŰȌȏ ȈȆȉǽȊŬ ȕůȌ ȇŬȆ Ȅ ǽȇŰŬůȄ ŰȄȎ ŬɸȕȅŮůȄȎ 

ůŰȄ ȍǿȃŬ ŰȌȏ ȏɸǾȊŮȉȌȏ ȉȗȈȌȏ ȇŬȆ ůŰȄȊ ŮǿůȌŭȌ. ǹůŰȕůȌ Ȅ ȂŮȊȆȇǾ ŮȆȇȕȊŬ ŰȒȊ ɸŮȍȆȌȐȗȊ 

ŬɸȕȅŮůȄȎ Ǿ ŭȆǼȁȍȒůȄȎ ɸȌȏ ŮȊŰȌɸǿȃȌȊŰŬȆ ůŰȄȊ ɸŮȍȆȌȐǾ ȉŮȈǽŰȄȎ ȁȍǿůȇŮŰŬȆ ůŮ ůȏȉűȒȊǿŬ 

ȉŮŰŬȋȖ ŰȄȎ çǮȌȍűȌůŰŬŰȆȇǾȎè ȇŬȆ çǮȌȍűȌŭȏȊŬȉȆȇǾȎè ɸȍȌůǽȂȂȆůȄȎ.  

 
ǴȐǾȉŬ 13. ǮŮŰŬȁȌȈǾ ŰŮȈȆȇǾȎ ȁŬȅȏȉŮŰȍǿŬȎ ȒȎ ɸȍȌȎ ŰȄȊ ŬȍȐȆȇǾ ȂȆŬ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ 

ŬȊŬűȌȍǼȎ ŰȄȎ ǮȌȍűȌůŰŬŰȆȇǾȎ ɸȍȌůǽȂȂȆůȄȎ 
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ǵŬ ŬɸȌŰŮȈǽůȉŬŰŬ ȉŮŰŬȁȌȈǾȎ ŬȍȐȆȇǾȎ ȇŬȆ ŰŮȈȆȇǾȎ ȁŬȅȏȉŮŰȍǿŬȎ ɸȌȏ ɸȍȌǽȇȏȑŬȊ Ŭɸȕ ŰȆȎ 

ŰǽůůŮȍŮȆȎ ŭȆŬűȌȍŮŰȆȇǽȎ ɸŮȍȆɸŰȗůŮȆȎ ŮűŬȍȉȌȂǾȎ ŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ 

ȆůȌŭȖȊŬȉȒȊ ȇȏȉŬŰȆůȉȗȊ ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ůŰȌ ǴȐǾȉŬ 14.  

 
ǴȐǾȉŬ 14. ǥɸȌŰŮȈǽůȉŬŰŬ ɸȍȌůȌȉȌȆȗůŮȒȊ ȉŮŰŬȁȌȈǾȎ ŰŮȈȆȇǾȎ ȁŬȅȏȉŮŰȍǿŬȎ ȒȎ ɸȍȌȎ ŰȄȊ ŬȍȐȆȇǾ 

(a) RMWH -01, (b) RMWH -02, (c) RMWH -03. (d) RMWH -04 

ǲŬȍŬŰȄȍŮǿŰŬȆ ȕŰȆ ŰŬ ŬɸȌŰŮȈǽůȉŬŰŬ ɸȍȌůȌȉȌǿȒůȄȎ ȉŮ ŰȄ ȉǽȅȌŭȌ RMWH -01 

ȏɸȌŮȇŰȆȉȌȖȊ ůȄȉŬȊŰȆȇǼ ŰȄȊ ǽȇŰŬůȄ ŰȄȎ ɸȍȌůǼȉȉȒůȄȎ ůŰȄȊ ŮǿůȌŭȌ ŰȌȏ ȈȆȉǽȊŬ, ȇŬȆ 

ŮȉűŬȊǿȃȌȏȊ ŰȆȎ ȉŮȂŬȈȖŰŮȍŮȎ ŬɸȌȇȈǿůŮȆȎ ůŮ ůȖȂȇȍȆůȄ ȉŮ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ. 

ǥȊŰǿȅŮŰŬ, ȌȆ ɸŮȍȆɸŰȗůŮȆȎ RMWH -02 ȇŬȆ RMWH -03, ŮɸȆŭŮȆȇȊȖȌȏȊ ȉȆŬ ůȄȉŬȊŰȆȇǾ 

ȁŮȈŰǿȒůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ, ȇŬȆ ȉȆŬ ȆȇŬȊȌɸȌȆȄŰȆȇǾ ŬȊŬɸŬȍŬȂȒȂǾ ŰȒȊ ȉȌŰǿȁȒȊ 
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ŬɸȕȅŮůȄȎ ȇŬȆ ŭȆǼȁȍȒůȄȎ ŰȄȎ ɸȍȌůȌȉȌǿȒůȄȎ ŬȊŬűȌȍǼȎ. ǵǽȈȌȎ Ȅ ɸŮȍǿɸŰȒůȄ RMWH -04, 

ŭŮǿȐȊŮȆ Ŭɸȕ ŰȄȊ ȌɸŰȆȇǾ ŬȋȆȌȈȕȂȄůȄ ȊŬ ȁȍǿůȇŮŰŬȆ ůŰȄȊ ȇŬȈȖŰŮȍȄ ůȏȉűȒȊǿŬ ůŮ ůȐǽůȄ ȉŮ 

ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ. 

ũȆŬ ŰȄȊ ɸŮȍŬȆŰǽȍȒ ŬȋȆȌȈȕȂȄůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ŰȌȏ ȉŬȅȄȉŬŰȆȇȌȖ ȉȌȊŰǽȈȌȏ ǱȆ 

ȏɸȌȈȌȂȆůȅŮǿůŮȎ ŰȆȉǽȎ ŰȌȏ BSS, ůȏȊȌŭŮȏȕȉŮȊŮȎ Ŭɸȕ ŰȌ ɸȌůȌůŰȕ ȉŮǿȒůȄȎ ŰȌȏ ȐȍȕȊȌȏ 

ɸȍȌůȌȉȌǿȒůȄȎ ůŮ ůȖȂȇȍȆůȄ ȉŮ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ůŰȌȊ 

ǲǿȊŬȇŬ 4. 

ǲǿȊŬȇŬȎ 4. ǶɸȌȈȌȂȆůȅŮǿůŮȎ ŰȆȉǽȎ ŰȌȏ BSS ȂȆŬ ŰȆȎ ȉŮȅȕŭȌȏȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇŬȆ ɸȌůȌůŰȕ 

ȉŮǿȒůȄȎ ȐȍȕȊȌȏ ɸȍȌůȌȉȌǿȒůȄȎ ůŮ ůȐǽůȄ ȉŮ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ ȂȆŬ ŰȄȊ ɸŮȍǿɸŰȒůȄ ŰȒȊ 

ȆůȌŭȖȊŬȉȒȊ ȇȏȉŬŰȆůȉȗȊ 

 RMWH -01 RMWH -02  RMWH -03  RMWH -04  

BSS 0.24 0.56 0.58 0.65 

ǲȌůȌůŰȕ ȉŮǿȒůȄȎ 
ȐȍȕȊȌȏ 

ɸȍȌůȌȉȌǿȒůȄȎ (%) 
485 470 462 468 

 

ǲŬȍŬŰȄȍŮǿŰŬȆ ȕŰȆ ŮűŬȍȉȌȂǾ ŰȄȎ ȉŮȅȕŭȌȏ ŰȒȊ Chonwattana et al., 2005 (RMWH -01), 

ůŰȄȊ ɸŮȍȆȌȐǾ ȉŮȈǽŰȄȎ ŰȌȏ ǳŮȅȖȉȊȌȏ, ȌŭȄȂŮǿ ůŮ ȉȆŬ çǬŬȈǾè ȇŬŰȄȂȌȍȆȌɸȌǿȄůȄ ȉŮ ȁǼůȄ 

ŰȄȊ ŰȆȉǾ ŰȌȏ BSS, ŮȊȗ ȕȈŮȎ ȌȆ ɸȍȌŰŮȆȊȕȉŮȊŮȎ ȁŮȈŰȆȗůŮȆȎ ȇŬŰȄȂȌȍȆȌɸȌȆȌȖȊŰŬȆ ȒȎ 

ŮȋŬȆȍŮŰȆȇǽȎ, ŬȏȋǼȊȌȊŰŬȎ ůȄȉŬȊŰȆȇǼ ŰȆȎ ŰȆȉǽȎ ŰȌȏ BSS. Ǫ ȁǽȈŰȆůŰȄ ȉǽȅȌŭȌȎ ȒȎ ɸȍȌȎ ŰȆȎ 

ŰȆȉǽȎ ŰȌȏ ŭŮǿȇŰȄ BSS ŮǿȊŬȆ Ȅ ȉǽȅȌŭȌȎ RMWH -04 Ȅ ȌɸȌǿŬ ŮȆůǼȂŮȆ ǽȊŬ ŰŮȐȊȄŰȕ ȊŮȏȍȒȊȆȇȕ 

ŭǿȇŰȏȌ ɸȌȏ ŬȊŬȈŬȉȁǼȊŮȆ ŰȄȊ ŬɸŬȈȌȆűǾ ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ ɸȌȏ ȅŮȒȍŮǿŰŬȆ ȕŰȆ ŭŮȊ 

ɸȍȌȇŬȈȌȖȊ ůȄȉŬȊŰȆȇǾ ȉŮŰŬűȌȍǼ ȆȃǾȉŬŰȌȎ ůŰȄȊ ɸŮȍȆȌȐǾ ȉŮȈǽŰȄȎ. ǵǽȈȌȎ, ǼȋȆŬ ŬȊŬűȌȍǼȎ 

ŮǿȊŬȆ Ȅ ůȄȉŬȊŰȆȇǾ ůȏȊŮȆůűȌȍǼ ŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůŰȄȊ ŮȋȌȆȇȌȊȕȉȄůȄ 

ȐȍȕȊȌȏ ɸȍȌůȌȉȌǿȒůȄȎ, ɸȌȏ ȌűŮǿȈŮŰŬȆ ůŰȄ ȉŮǿȒůȄ ŰȒȊ ůŮȊŬȍǿȒȊ ɸȍȌůȌȉȌǿȒůȄȎ Ŭɸȕ 68 

ůŮ ŬȏŰǾ ŰȄȊ ɸŮȍǿɸŰȒůȄ ůŮ 12. 

 

6. ǴȏȂȇȍȆŰȆȇǾ ŬȋȆȌȈȕȂȄůȄ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇŬȆ ŮɸŬȈǾȅŮȏůȄ ȉŮ 

ȉŮŰȍǾůŮȆȎ ɸŮŭǿȌȏ 

Ǫ ŮɸŬȈǾȅŮȏůȄ ɸȍȌůȌȉȌȆȗůŮȒȊ ȉȌȍűȌȈȌȂȆȇǾȎ ŮȋǽȈȆȋȄȎ ɸȏȅȉǽȊŬ ȉŮ ŭȆŬȅǽůȆȉŮȎ 

ȉŮŰȍǾůŮȆȎ ɸŮŭǿȌȏ, ůȏȊŬȊŰǼŰŬȆ ɸŮȍȆȌȍȆůȉǽȊŮȎ űȌȍǽȎ ůŰȄ ŭȆŮȅȊǾ ȁȆȁȈȆȌȂȍŬűǿŬ (Luijendijk 

et al., 2017a, 2017b), ȇŬȅȗȎ ŮǿȊŬȆ ȆŭȆŬǿŰŮȍŬ ŭȖůȇȌȈȄ Ȅ ŭȆŮȊǽȍȂŮȆŬ ŰŬȇŰȆȇȗȊ ȉŮŰȍǾůŮȒȊ 

ȁŬȅȏȉŮŰȍǿŬȎ, ŰŬȏŰȕȐȍȌȊŬ ȉŮ ȉŮŰȍǾůŮȆȎ ȇȏȉŬŰȆůȉȗȊ ȇŬȆ ɸŬȍǼȇŰȆȒȊ ȍŮȏȉǼŰȒȊ ȂȆŬ ŰȄȊ 

ŮɸŬȈǾȅŮȏůȄ ŰȒȊ ȉȌȊŰǽȈȒȊ ɸŬȍǼȇŰȆȒȊ ɸŮȍȆȌȐȗȊ. ũȆŬ ŬȏŰȕ ŰȌ ȈȕȂȌ, ȌȆ ɸŮȍȆůůȕŰŮȍŮȎ 

ŮȍŮȏȊȄŰȆȇǽȎ ɸȍȌůɸǼȅŮȆŮȎ ŮɸȆȇŮȊŰȍȗȊȌȊŰŬȆ ůŰȄȊ ŮɸŬȈǾȅŮȏůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ 

ɸȍȌůȌȉȌȆȗůŮȒȊ ŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȉŮ ȉȆŬ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ, Ȅ ȌɸȌǿŬ 

ŬɸȌŰŮȈŮǿŰŬȆ Ŭɸȕ ŰȄȊ ɸȈǾȍȄ ȐȍȌȊȌůŮȆȍǼ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ȇŬȆ ŬȊŰȆȇŬȅȆůŰǼ 

ŰȆȎ ȉŮŰȍǾůŮȆȎ ɸŮŭǿȌȏ. ǴŰȌ ɸȈŬǿůȆȌ ŬȏŰǾȎ ŰȄȎ ŭȆŬŰȍȆȁǾȎ, ȂǿȊŮŰŬȆ Ȅ ŬɸȕɸŮȆȍŬ ŬɸȌŰǿȉȄůȄȎ 

ȇŬȆ ůȏȂȇȍȆŰȆȇǾȎ ŬȋȆȌȈȕȂȄůȄȎ ŮɸȆȈŮȂȉǽȊȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ 

ȇȈǿȉŬŰȌȎ ɸȌȏ ɸŬȍȌȏůȆǼůŰȄȇŬȊ ůŰŬ ɸȍȌȄȂȌȖȉŮȊŬ ŮŭǼűȆŬ ȉŮ ŭȆŬȅǽůȆȉŮȎ ȉŮŰȍǾůŮȆȎ 

ɸŮŭǿȌȏ ȁŬȅȏȉŮŰȍǿŬȎ ůŰȄȊ ɸŮȍȆȌȐǾ ŰȄȎ ǴȇǼȈŬȎ ǨȍŮůȌȖ ůŰȌ ȊȄůǿ ŰȄȎ ǭǽůȁȌȏ.  

6.1. ǲŮȍȆȌȐǾ ȉŮȈǽŰȄȎ ȇŬȆ ŭȆŬȅǽůȆȉŬ ŭŮŭȌȉǽȊŬ 
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Ǫ ɸŬȍŬȈǿŬ ŰȄȎ ǨȍŮůȌȖ ǽȐŮȆ ȉǾȇȌȎ ɸŮȍǿ ŰŬ 1.7 km. ǴŰŬ ŬȊŬŰȌȈȆȇǼ ȌȍȆȌȅŮŰŮǿŰŬȆ Ŭɸȕ ŰȌ 

ŬȈȆŮȏŰȆȇȕ ȇŬŰŬűȏȂǿȌȏ ŰȄȎ ǴȇǼȈŬȎ ǨȍŮůȌȖ, ŮȊȗ ůŰŬ ŭȏŰȆȇǼ Ŭɸȕ ŰȌ ŬȇȍȒŰǾȍȆ ŰȌȏ ǬȌűȆȊǼ 

(ǴȐǾȉŬ 15). ǴŰȌ ȇǽȊŰȍȌ ŰȄȎ ŬȇŰǾȎ ŮȊŰȌɸǿȃŮŰŬȆ Ȍ ȐŮǿȉŬȍȍȌȎ çǷŬȈǼȊŭȍŬè, Ȅ 

ůŰŮȍŮȌŬɸȌȍȍȌǾ ŰȌȏ ȌɸȌǿȌȏ ɸȍŬȇŰȆȇǼ ǽȐŮȆ ŮȇȉȄŭŮȊȆůŰŮǿ ŰȄȊ ŰŮȈŮȏŰŬǿŬ ŭŮȇŬŮŰǿŬ ȉŮŰǼ ŰȄȊ 

ȇŬŰŬůȇŮȏǾ űȍǼȂȉŬŰȌȎ ȁȕȍŮȆŬ ŰȄȎ ŬȇŰǾȎ. Ǫ ɸŬȍŬȈǿŬ ŬɸȌŰŮȈŮǿ ǽȊŬȊ Ŭɸȕ ŰȌȏȎ 

ȇȏȍȆȕŰŮȍȌȏȎ ŰȌȏȍȆůŰȆȇȌȖȎ ɸȍȌȌȍȆůȉȌȖȎ ŰȄȎ ǭǽůȁȌȏ, ŬȈȈǼ ȐŬȍŬȇŰȄȍǿȃŮŰŬȆ Ŭɸȕ ǽȊŰȌȊŬ 

űŬȆȊȕȉŮȊŬ ŭȆǼȁȍȒůȄȎ ůŰȌ ŬȊŬŰȌȈȆȇȕ ŰȄȎ ŰȉǾȉŬ ɸȌȏ ǽȐŮȆ ŮȊŰŬȅŮǿ ȉŮ ŰȄȊ ȇŬŰŬůȇŮȏǾ 

ȇŬŰŬȇȕȍȏűȒȊ ɸȍȌűȏȈŬȇŰǾȍȆȒȊ ŰȌǿȐȒȊ (Karambas, 2010). 

 
ǴȐǾȉŬ 15. ǲŮȍȆȌȐǾ ȉŮȈǽŰȄȎ ůŰȄȊ ǴȇǼȈŬ ǨȍŮůȌȖ ȇŬȆ ůȐŮŰȆȇǾ ȅǽůȄ ŰȄȎ ůŮ ůȐǽůȄ ȉŮ ŰȌ ȊȄůǿ ŰȄȎ 

ǭǽůȁȌȏ. 

ǴŮ ȕȈȄ ŰȄȊ ǽȇŰŬůȄ ŰȄȎ ɸŮȍȆȌȐǾȎ ȉŮȈǽŰȄȎ ǽȐȌȏȊ ŭȆŮȊŮȍȂȄȅŮǿ ŰŬȇŰȆȇǽȎ ȁȏȅȌȉŮŰȍǾůŮȆȎ ȇŬȆ 

ůȏȂȇŮȇȍȆȉǽȊŬ ůŰȆȎ ŮȋǾȎ ȄȉŮȍȌȉȄȊǿŮȎ: 03/11/2013, 26/04/2014, 14/02/2015, 

19/11/2015, 29/12/2015 (Andreadis, 2021). ǨɸǿůȄȎ, ůŰȄȊ ɸŮȍȆȌȐǾ ǽȐȌȏȊ 

ɸȍŬȂȉŬŰȌɸȌȆȄȅŮǿ ȆȃȄȉŬŰȌȉŮŰȍǾůŮȆȎ, ȌȆ ȌɸȌǿŮȎ ŮɸȆȁŮȁŬǿȒůŬȊ ȕŰȆ ŰŬ ȆȃǾȉŬŰŬ ŰȄȎ 

ɸŬȍŬȈǿŬȎ ŮǿȊŬȆ ȇŬŰǼ ȇȖȍȆȌ ȈȕȂȌ ŬȉȉȗŭȄ, ȉŮ ŰȌ ɸȌůȌůŰȕ ŰȒȊ ŬȍȂȆȈȌ-ȆȈȏȗŭȒȊ ŬɸȌȅǽůŮȒȊ 

ȊŬ ŬȏȋǼȊŮŰŬȆ ŮȇŬŰǽȍȒȅŮȊ ŰȄȎ ŮȇȁȌȈǾȎ ŰȌȏ ȍǽȉŬŰȌȎ ǷŬȈǼȊŭȍŬ. ũȆŬ ŰȄȊ ŮɸŬȈǾȅŮȏůȄ ŰȒȊ 

ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ŮɸȆȈǽȐȅȄȇŮ ȊŬ ɸȍȌůȌȉȌȆȒȅŮǿ ȉȆŬ ɸŮȍǿȌŭȌȎ 9 ȉȄȊȗȊ ȉŮŰŬȋȖ 

ŰȒȊ 14/02/2015 ȇŬȆ 19/11/2015, ȉŮ ŰȄȊ ȐȍȌȊȆȇǾ ǽȇŰŬůȄ ŰȄȎ ɸȍȌůȌȉȌǿȒůȄȎ ȊŬ ȇȍǿȊŮŰŬȆ 

ȆȇŬȊȌɸȌȆȄŰȆȇǾ ȂȆŬ ŰȄȊ ŮɸŬȈǾȅŮȏůȄ ŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ. 

ǭȕȂȒ ŰȄȎ ǽȈȈŮȆȑȄȎ ȉŮŰȍǾůŮȒȊ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ůŰŬ ŬȊȌȆȐŰǼ, 

ŬɸȌȇŰǾȅȄȇŬȊ ŭŮŭȌȉǽȊŬ ȂȆŬ ŰȄȊ ɸȍȌŬȊŬűŮȍȅŮǿůŬ ȐȍȌȊȆȇǾ ɸŮȍǿȌŭȌ Ŭɸȕ ŰȄȊ ǨȏȍȒɸŬȓȇǾ 

ȁǼůȄ ŰȌȏ ǬȌɸǽȍȊȆȇȌȏ. ǵȌ ȇȏȉŬŰȆȇȕ ȍȌŭȕȂȍŬȉȉŬ ɸŬȍȌȏůȆǼȃŮŰŬȆ ůŰȌ ǴȐǾȉŬ 16, Ŭɸȕ ȕɸȌȏ 
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ŭȆŬűŬǿȊŮŰŬȆ ȕŰȆ ȌȆ ȇȖȍȆȌȆ ȇȏȉŬŰȆůȉȌǿ ůŰȄȊ ɸŮȍȆȌȐǾ ȉŮȈǽŰȄȎ ɸȍȌǽȍȐȌȊŰŬȆ Ŭɸȕ ŰȌ ǯȕŰȆȌ 

ŰȌȉǽŬ.  

 

ǴȐǾȉŬ 16. ǬȏȉŬŰȆȇȕ ȍȌŭȕȂȍŬȉȉŬ ůŰŬ ŬȊȌȆȐŰǼ ŰȄȎ ɸŮȍȆȌȐǾȎ ŰȄȎ ǴȇǼȈŬȎ ǨȍŮůȌȖ ůŰȄ ǭǽůȁȌ. 

ǱȆ ȉȌȍűȌȈȌȂȆȇǽȎ ɸȍȌůȌȉȌȆȗůŮȆȎ ɸȍŬȂȉŬŰȌɸȌȆǾȅȄȇŬȊ ȉŮ ŰȌ ȉȌȊŰǽȈȌ MIKE 21 CM FM, 

ŮȊȗ Ȅ ŬɸȌŰǿȉȄůȄ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ǽȂȆȊŮ ůŮ 4 ŭȆŬȇȍȆŰǼ ɸŬȍǼȇŰȆŬ ɸȍȌűǿȈ ůŰȌ ŭȏŰȆȇȕ 

ŰȉǾȉŬ ŰȄȎ ɸŮȍȆȌȐǾȎ ȉŮȈǽŰȄȎ, ɸȌȏ ȐŬȍŬȇŰȄȍǿȃŮŰŬȆ Ŭɸȕ ȉŮȂŬȈȖŰŮȍȌ ȉǾȇȌȎ ɸŬȍŬȈǿŬȎ ȇŬȆ 

ŭŮȊ ŮȉűŬȊǿȃŮȆ ǽȊŰȌȊŬ űŬȆȊȕȉŮȊŬ ŭȆǼȁȍȒůȄȎ ŭȆŬȐȍȌȊȆȇǼ. Ǳ ȇǼȊȊŬȁȌȎ ɸŮɸŮȍŬůȉǽȊȒȊ 

ůŰȌȆȐŮǿȒȊ ȇŬȆ ȌȆ ŭȆŬŰȌȉǽȎ ɸȌȏ ȅŬ ȂǿȊŮȆ ȉŮŰǽɸŮȆŰŬ Ȅ ŬɸȌŰǿȉȄůȄ ŰȄȎ ŬɸȕŭȌůȄȎ ŰȒȊ 

ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ɸŬȍȌȏůȆǼȃŮŰŬȆ ůŰȌ ǴȐǾȉŬ 17. 

 

ǴȐǾȉŬ 17. ǬǼȊȊŬȁȌȎ ɸŮɸŮȍŬůȉǽȊȒȊ ůŰȌȆȐŮǿȒȊ ȇŬȆ ɸȍȌűǿȈ ŬɸȌŰǿȉȄůȄȎ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ 

ŰȌȏ ŰȒȊ ŬȍȆȅȉȄŰȆȇȗȊ ɸȍȌůȌȉȌȆȗůŮȒȊ. 
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6.2. ǨɸȆȈȌȂǾ ȁǽȈŰȆůŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ 

ǮŮ ȁǼůȄ ŰŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůŰȄȊ ɸŮȍȆȌȐǾ ŰȌȏ ǳŮȅȖȉȊȌȏ 

ȅŬ ŮɸȆȈŮȂŮǿ ȂȆŬ ȇǼȅŮ ȉȆŬ Ŭɸȕ ŰȆȎ ȁŬůȆȇǽȎ ȇŬŰȄȂȌȍǿŮȎ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ 

(ȆůȌŭȖȊŬȉȌȆ ȇȏȉŬŰȆůȉȌǿ, ȉǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůŮ ȇȈǼůŮȆȎ, ŬȈȂȕȍȆȅȉȌȆ 

ȌȉŬŭȌɸȌǿȄůȄȎ) ȉȆŬ ȉǽȅȌŭȌȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ Ȅ ȌɸȌǿŬ ȇȍǿȊŮŰŬȆ ȒȎ ȁǽȈŰȆůŰȄ ŰȕůȌ ȒȎ ɸȍȌȎ 

ŰȄȊ ŬȇȍǿȁŮȆŬ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ȕůȌ ȇŬȆ ȒȎ ɸȍȌȎ ŰȄȊ ŮȏȇȌȈǿŬ ŮűŬȍȉȌȂǾȎ ȇŬȆ 

ŮȋȌȆȇȌȊȕȉȄůȄ ȏɸȌȈȌȂȆůŰȆȇȌȖ űȕȍŰȌȏ. ǴȄȉŮȆȗȊŮŰŬȆ ȕŰȆ Ȅ ůȏȂȇȍȆŰȆȇǾ ŬȋȆȌȈȕȂȄůȄ ȅŬ ȂǿȊŮȆ 

ȂȆŬ ŰȄȊ çǮȌȍűȌůŰŬŰȆȇǾè ɸȍȌůǽȂȂȆůȄ ůŰȆȎ ɸȍȌůȌȉȌȆȗůŮȆȎ ŰȌȏ ȉȌȊŰǽȈȌȏ ɸŬȍǼȇŰȆŬȎ 

ɸŮȍȆȌȐǾȎ. 

ǹȎ ɸȍȌȎ ŰȆȎ ȉŮȅȕŭȌȏȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȐȒȍȆůȉȌȖ ůŮ ȇȈǼůŮȆȎ, Ȅ ȉǽȅȌŭȌȎ ȍȌǾȎ 

ŮȊǽȍȂŮȆŬȎ ŮǿȐŮ ŬɸȌŭȗůŮȆ ŰŬ ȇŬȈȖŰŮȍŬ ŬɸȌŰŮȈǽůȉŬŰŬ ůŮ ůȐǽůȄ ȉŮ ŰȆȎ ȉŮȅȕŭȌȏȎ Pick-up 

rate ȇŬȆ Threshold Current  Speed. ǱȆ ŰŮȈŮȏŰŬǿŮȎ ɸȍȌůǽűŮȍŬȊ ůȄȉŬȊŰȆȇǾ ŮȋȌȆȇȌȊȕȉȄůȄ 

ȐȍȕȊȌȏ Ȅ ȌɸȌǿŬ ȕȉȒȎ ŮǿȊŬȆ ůȄȉŬȊŰȆȇǾ ůŰȄ çǮȌȍűȌŭȏȊŬȉȆȇǾè ɸȍȌůǽȂȂȆůȄ, ŮȊȗ ůŰȄ 

çǮȌȍűȌůŰŬŰȆȇǾè ɸȍȌůǽȂȂȆůȄ Ȅ ŮȆůŬȂȒȂǾ ŮȊȕȎ ŬȇȕȉŬ ȉŬȅȄȉŬŰȆȇȌȖ ȉȌȊŰǽȈȌȏ ȉɸȌȍŮǿ ȊŬ 

ȅŮȒȍȄȅŮǿ ȒȎ ȉŮȆȌȊǽȇŰȄȉŬ ȂȆŬ ŰȄȊ ŮȏȇȌȈǿŬ ŮűŬȍȉȌȂǾȎ. ǴȏȊŮɸȗȎ ŮɸȆȈǽȂŮŰŬȆ ůŰȄȊ ɸŮȍȆȌȐǾ 

ŰȄȎ ǨȍŮůȌȖ ȊŬ ȐȍȄůȆȉȌɸȌȆȄȅŮǿ Ȅ ȉǽȅȌŭȌȎ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ. 

ũȆŬ ŰȆȎ ŮȊŬȈȈŬȇŰȆȇǽȎ ɸŮȍȆɸŰȗůŮȆȎ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ K-Means, ȌȆ ŭȆŬűȌȍǽȎ ŰȒȊ ŭŮȆȇŰȗȊ 

BSS ǾŰŬȊ ůȐŮŰȆȇǼ ȉȆȇȍǽȎ ȉŮŰŬȋȖ ŰȒȊ ŮȊŬȈȈŬȇŰȆȇȗȊ ɸŮȍȆɸŰȗůŮȒȊ, ȉŮ ŰȄ ȉǽȅȌŭȌ KM-05 

ȊŬ ɸŬȍȌȏůȆǼȃŮȆ ŰȄȊ ȇŬȈȖŰŮȍȄ ŬɸȕŭȌůȄ. ǹůŰȕůȌ ȌȆ ŰȍȌɸȌɸȌȆǾůŮȆȎ ɸȌȏ ŮȋŮŰǼůŰȄȇŬȊ 

ɸǽȍŬȊ ŰȄȎ ȁŬůȆȇǾȎ ŮűŬȍȉȌȂǾȎ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ K-Means (KM-01) ŮȆůǼȂȌȏȊ ŬȍȇŮŰǼ 

ůȄȉŬȊŰȆȇǾ ɸȌȈȏɸȈȌȇȕŰȄŰŬ ȂȆŬ ɸȍŬȇŰȆȇǽȎ ŮűŬȍȉȌȂǽȎ. ǴȏȊŬȋȆȌȈȌȂȗȊŰŬȎ ŰȄȊ ŮȏȇȌȈǿŬ 

ŮűŬȍȉȌȂǾȎ ȇŬȆ ŰŬ ȆȇŬȊȌɸȌȆȄŰȆȇǼ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȄȎ ȉŮȅȕŭȌȏ KM -01, ŮɸȆȈǽȂŮŰŬȆ ŬȏŰǾ 

ȒȎ ȁǽȈŰȆůŰȄ Ŭɸȕ ŰȄȊ ȇŬŰȄȂȌȍǿŬ ŰȒȊ ŬȈȂȌȍǿȅȉȒȊ ȌȉŬŭȌɸȌǿȄůȄȎ. 

ǵǽȈȌȎ, Ŭɸȕ ŰȆȎ ȉŮȅȕŭȌȏȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ŰȒȊ ȆůȌŭȖȊŬȉȒȊ ȇȏȉŬŰȆůȉȗȊ, Ȅ ȉǽȅȌŭȌȎ 

RMWH -04 , ɸȌȏ ŮȊůȒȉŬŰȗȊŮȆ ȇŬŰǼȈȈȄȈŬ ŮȇɸŬȆŭŮȏȉǽȊȌ ŰŮȐȊȄŰȕ ȊŮȏȍȒȊȆȇȕ ŭǿȇŰȏȌ ȂȆŬ 

ŰȄȊ ŬɸŬȈȌȆűǾ ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ ɸȌȏ ŭŮȊ ȇȍǿȊȌȊŰŬȆ ȇŬȅȌȍȆůŰȆȇǽȎ ȂȆŬ ŰȄȊ ŮȋǽȈȆȋȄ 

ŰȄȎ ɸŬȍǼȇŰȆŬȎ ȉȌȍűȌȈȌȂǿŬȎ, ŮǿȊŬȆ Ȅ ȁǽȈŰȆůŰȄ ŰȕůȌ ȒȎ ɸȍȌȎ ŰȄȊ ŬɸȕŭȌůȄ ȉŮ ȁǼůȄ ŰȌ 

ŭŮǿȇŰȄ BSS, ȕůȌ ȇŬȆ ȒȎ ɸȍȌȎ ŰȄȊ ŮȋȌȆȇȌȊȕȉȄůȄ ȏɸȌȈȌȂȆůŰȆȇȌȖ űȕȍŰȌȏ. 

ǴŰȌ ǴȐǾȉŬ 18 ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ȌȆ ȇȏȉŬŰȆȇȌǿ ŬȊŰȆɸȍȕůȒɸȌȆ ȂȆŬ ŰȆȎ ȉŮȅȕŭȌȏȎ ȍȌǾȎ 

ŮȊǽȍȂŮȆŬȎ, KM-01 ȇŬȆ RMWH -04 ŬȊŰǿůŰȌȆȐŬ ůŰŬ ŬȊȌȆȐŰǼ ŰȄȎ ŬȇŰǾȎ ŰȄȎ ǨȍŮůȌȖ. 

ǴȄȉŮȆȗȊŮŰŬȆ ȕŰȆ ŮɸȆȈǽȐȅȄȇŬȊ 12 ŬȊŰȆɸȍȕůȒɸȌȆ ȇŬȆ ȂȆŬ ŰȆȎ 3 ȉŮȅȕŭȌȏȎ ȇŬȆ ȌȆ 

ɸȍȌůȌȉȌȆȗůŮȆȎ ɸȍŬȂȉŬŰȌɸȌȆǾȅȄȇŬȊ ȉŮ ŰȄ çǮȌȍűȌůŰŬŰȆȇǾè ɸȍȌůǽȂȂȆůȄ. 
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ǴȐǾȉŬ 18 . ǬȏȉŬŰȆȇȌǿ ŬȊŰȆɸȍȕůȒɸȌȆ ȇŬȆ ȇȈǼůŮȆȎ/ůȏůŰǼŭŮȎ ȉŮ ŰȄȊ ŮűŬȍȉȌȂǾ ŰȒȊ ȉŮȅȕŭȒȊ (a) 

ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ, (b) KM-01 ȇŬȆ (c) RMWH -04. 
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6.3. ǥɸȌŰŮȈǽůȉŬŰŬ ȇŬȆ ůȏȂȇȍȆŰȆȇǾ ŬȋȆȌȈȕȂȄůȄ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ 

Ǫ ŰŮȈȆȇǾ ȁŬȅȏȉŮŰȍǿŬ ɸȌȏ ɸȍȌȇȖɸŰŮȆ Ŭɸȕ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ȇǼȅŮ ȉŮȅȕŭȌȏ 

ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůȏȂȇȍǿȊŮŰŬȆ ȉŮ ŰȆȎ ŰȆȉǽȎ ȂȆŬ ȇǼȅŮ ɸȍȌűǿȈ ŬȇŰǾȎ, ȕɸȒȎ ŬȏŰǽȎ 

ɸȍȌǽȇȏȑŬȊ Ŭɸȕ ŰȄȊ ŰȌɸȌ-ȁŬȅȏȉŮŰȍȆȇǾ ŬɸȌŰȖɸȒůȄ, ȇŬȆ ɸŬȍȌȏůȆǼȃȌȊŰŬȆ ůŰŬ ǴȐǾȉŬŰŬ 

19 ȇŬȆ 20.  

 

 

 

ǴȐǾȉŬ 18 . ǴȖȂȇȍȆůȄ ȉŮŰȍǾůŮȒȊ ɸŮŭǿȌȏ ȂȆŬ ŰȄȊ ŰŮȈȆȇǾ ȁŬȅȏȉŮŰȍǿŬ (ȇȕȇȇȆȊȄ ȂȍŬȉȉǾ) ȇŬȆ 

ɸȍȌȁȈǽȑŮȆȎ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȂȆŬ ŰŬ ɸŬȍǼȇŰȆŬ ǲȍȌűǿȈ 1 ȇŬȆ 2. 
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ǴȐǾȉŬ 19. ǴȖȂȇȍȆůȄ ȉŮŰȍǾůŮȒȊ ɸŮŭǿȌȏ ȂȆŬ ŰȄȊ ŰŮȈȆȇǾ ȁŬȅȏȉŮŰȍǿŬ (ȇȕȇȇȆȊȄ ȂȍŬȉȉǾ) ȇŬȆ 

ɸȍȌȁȈǽȑŮȆȎ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȂȆŬ ŰŬ ɸŬȍǼȇŰȆŬ ǲȍȌűǿȈ 3 ȇŬȆ 4. 

ǴȄȉŬȊŰȆȇȌǿ ȕȂȇȌȆ ŬɸȕȅŮůȄȎ ȆȃǾȉŬŰȌȎ ɸŬȍŬŰȄȍȌȖȊŰŬȆ Ŭɸȕ ŰȄȊ ŬȇŰȌȂȍŬȉȉǾ ǽȒȎ ȇŬȆ 

ȁǼȅȌȎ ŰȒȊ -4 m, ȉŮ ŰȄ ůȏůůȗȍŮȏůȄ ǼȉȉȌȏ ȊŬ ŮǿȊŬȆ ɸȆȌ ŮȉűŬȊǾȎ ůŮ ȁǼȅȌȎ ɸŮȍǿ ŰŬ -2.5 

m, ȏɸȌŭŮȆȇȊȖȌȊŰŬȎ ȕŰȆ ȌȆ ɸŬȍǼȇŰȆŮȎ ŭȆŮȍȂŬůǿŮȎ ůȏȊŰŮȈȌȖȊŰŬȆ ȇȏȍǿȒȎ ůŮ ŬȏŰȕ ŰȌ ŮȖȍȌȎ 

ȁǼȅȌȏȎ. ǴȏȊȌȈȆȇǼ, ȌȆ ŰȍŮȆȎ ȉǽȅȌŭȌȆ ŮǿȊŬȆ ȆȇŬȊǽȎ ȊŬ ŬȊŬɸŬȍǼȂȌȏȊ ŰŬ ɸŬȍŬŰȄȍȌȖȉŮȊŬ 

ȉȌŰǿȁŬ ŬɸȕȅŮůȄȎ ȉŮŰŬȋȖ ŰȌȏ ȁǼȅȌȏȎ -1.0 ȇŬȆ -2.5 m ůŮ ȕȈŬ ŰŬ ŮȋŮŰŬȃȕȉŮȊŬ ɸȍȌűǿȈ. 

ǹůŰȕůȌ, ŰŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȒȊ ɸȍȌůȌȉȌȆȗůŮȒȊ ŭŮȊ ɸŮȍȆȂȍǼűȌȏȊ ŰȄ ůȏůůȗȍŮȏůȄ 
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ȆȃǾȉŬŰȌȎ ůŰȌ ȉǽŰȒɸȌ ŰȄȎ ŬȇŰǾȎ (ůŮ ȁǼȅȄ ȉȆȇȍȕŰŮȍŬ Ŭɸȕ 0.5 m) ȇŬȅȗȎ ȇŬȆ ůŮ ȁǼȅȄ 

ȉŮȂŬȈȖŰŮȍŬ Ŭɸȕ 3.0 m ůŰŬ ɸŮȍȆůůȕŰŮȍŬ ŰȉǾȉŬŰŬ.  

ũȆŬ ŰȌ ǲȍȌűǿȈ 1, ɸŬȍŬŰȄȍȌȖȊŰŬȆ ůȄȉŬȊŰȆȇǽȎ ŬɸȌȇȈǿůŮȆȎ ȉŮŰŬȋȖ ŰȌȏ ŰŮȈȆȇǾȎ 

ȁŬȅȏȉŮŰȍǿŬȎ ŰȒȊ ɸȍȌůȌȉȌǿȒůŮȒȊ ȇŬȆ ŰȄȎ ŬȊŰǿůŰȌȆȐȄȎ ɸȌȏ ɸȍȌǽȇȏȑŮ Ŭɸȕ ŰȆȎ ŮɸȆŰȕɸȌȏ 

ȉŮŰȍǾůŮȆȎ. ǴȏȊŮɸȗȎ, ŭŮȊ ŮǿȊŬȆ ŭȏȊŬŰǾ Ȅ ȌɸŰȆȇǾ ŮɸȆȈȌȂǾ ŰȄȎ ȁǽȈŰȆůŰȄȎ ȉŮȅȕŭȌȏ. ǵȌ 

ɸȍȌűǿȈ 2 ŭǿȊŮȆ ɸŬȍȕȉȌȆŮȎ ɸȍȌȁȈǽȑŮȆȎ ŰŮȈȆȇǾȎ ȁŬȅȏȉŮŰȍǿŬȎ ȉŮŰŬȋȖ RMWH -04 ȇŬȆ 

ȉŮȅȕŭȌȏ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ (EFM), ŮȊȗ Ȅ ȉǽȅȌŭȌȎ KM-01 ŬɸȌȇȈǿȊŮȆ ɸŮȍȆůůȕŰŮȍȌ Ŭɸȕ ŰȆȎ 

ȉŮŰȍȌȖȉŮȊŮȎ ŰȆȉǽȎ. Ǫ ȉǽȅȌŭȌȎ RMWH -04 ǽȐŮȆ ȇŬȈȖŰŮȍȄ ŬɸȕŭȌůȄ, ɸȍȌȁȈǽɸȌȊŰŬȎ ŰȄȎ 

ȉŮŰȍȌȖȉŮȊŮȎ ɸȌůȕŰȄŰŬȎ ŬɸȕȅŮůȄȎ ůŰŬ ȉŮȂŬȈȖŰŮȍŬ ȁǼȅȄ.  

ǴŰȌ ǲȍȌűǿȈ 3, ȇŬȆ ȌȆ ŰȍŮȆȎ ȉǽȅȌŭȌȆ ȇŬŰŬȂȍǼűȌȏȊ ŰȄ ůȒůŰǾ ŰǼȋȄ ȉŮȂǽȅȌȏȎ ůŰȄ 

ȉŮŰŬȁȌȈǾ ŰȄȎ ȁŬȅȏȉŮŰȍǿŬȎ. ǹůŰȕůȌ, ȇŬȉǿŬ Ŭɸȕ ŰȆȎ ȉŮȅȕŭȌȏȎ ŭŮȊ ŬȊŬɸŬȍǼȂŮȆ ŰȄȊ 

ŭȄȉȆȌȏȍȂǿŬ ŰȌȏ ȖűŬȈȌȏ ŬȊŬȁŬȅȉȌȖ ɸȌȏ ŮȊŰȌɸǿȃŮŰŬȆ ůŮ ȁǼȅȄ ȉŮȂŬȈȖŰŮȍŬ Ŭɸȕ ŰŬ -4 m. 

ǴŰȌ ǲȍȌűǿȈ 4, Ȅ ȉǽȅȌŭȌȎ RMWH -04 ŬȊŬɸŬȍǼȂŮȆ ɸȆȌ ŬɸȌŰŮȈŮůȉŬŰȆȇǼ ŰȆȎ 

ɸŬȍŬŰȄȍȌȖȉŮȊŮȎ ȉŮŰŬȁȌȈȗȊ ŰȄȎ ůŰǼȅȉȄȎ ŰȌȏ ɸȏȅȉǽȊŬ, ŮȆŭȆȇǼ ůŮ ȁǼȅȄ ȉŮȂŬȈȖŰŮȍŬ ŰȒȊ 

2.5 m.  

Ǫ ůȏȂȇȍȆŰȆȇǾ ŬȋȆȌȈȕȂȄůȄ ŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȒȎ ɸȍȌȎ ŰȌ ŭŮǿȇŰȄ BSS 

ɸŬȍȌȏůȆǼȃŮŰŬȆ ůŰȌȊ ǲǿȊŬȇŬ 5, ȉŮ ŰȄ ȉǽȅȌŭȌ RMWH -04 ȊŬ ŮɸȆŰȏȂȐǼȊŮȆ ŰȆȎ ȏȑȄȈȕŰŮȍŮȎ 

ŰȆȉǽȎ BSS ůŰŬ ǲȍȌűǿȈ 2 ȇŬȆ 4, (ɸȌȏ ŰŬȋȆȊȌȉȌȖȊŰŬȆ ȒȎ "ǨȋŬȆȍŮŰȆȇǼ"), ŬȇȌȈȌȏȅȌȖȉŮȊȄ 

Ŭɸȕ ŰȄ ȉǽȅȌŭȌ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ. Ǫ ȉǽȅȌŭȌȎ KM-01 ǽȐŮȆ ůŰŬȅŮȍǼ ȐŮȆȍȕŰŮȍȄ ŬɸȕŭȌůȄ, ȉŮ 

ŮȖȍȌȎ ŬɸȕŭȌůȄȎ Ŭɸȕ "ǭȌȂȆȇȕ/ǮǽŰȍȆȌ" ǽȒȎ "ǬŬȈȕ", ŬȊ ȇŬȆ ŮɸȆŰȏȂȐǼȊŮȆ ȌȍȆŬȇǼ ŰȄȊ 

ȏȑȄȈȕŰŮȍȄ ŰȆȉǾ ŰȌȏ ŭŮǿȇŰȄ BSS ůŰȌ ǲȍȌűǿȈ 1.  

ǲǿȊŬȇŬȎ 5. ǶɸȌȈȌȂȆůȅŮǿůŮȎ ŰȆȉǽȎ ŰȌȏ BSS ȂȆŬ ŰȆȎ ȉŮȅȕŭȌȏȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇŬȆ 

ȇŬŰȄȂȌȍȆȌɸȌǿȄůȄ, Ǩ: ǨȋŬȆȍŮŰȆȇȕ, Ǭ: ǬŬȈȕ, ǭ/Ǯ: ǭȌȂȆȇȕ/ǮǽŰȍȆȌ 

  EFM KM-01 RMWH -04 

ǲȍȌűǿȈ 1 0.25 (K) 0.29 (K) 0.28 (K) 

ǲȍȌűǿȈ 2 0.54 (E) 0.19 (K) 0.69 (E) 

ǲȍȌűǿȈ 3 0.23  (K) 0.2 (ǭ/Ǯ) 0.22 (Ǭ) 

ǲȍȌűǿȈ 4 0.66 (E) 0.42 (Ǭ) 0.68 (E) 

 

ǴȏȊȌȑǿȃȌȊŰŬȎ, ȉŮ ȁǼůȄ ŰȄ ůȏȂȇȍȆŰȆȇǾ ŬȋȆȌȈȕȂȄůȄ ɸȌȏ ɸȍŬȂȉŬŰȌɸȌȆǾȅȄȇŮ, ŭȆŬűŬǿȊŮŰŬȆ 

ɸȒȎ ȇŬȆ ȌȆ ŰȍŮȆȎ ȉǽȅȌŭȌȆ ȉɸȌȍȌȖȊ ȊŬ ɸȍȌȁȈǽȑȌȏȊ ůŮ ȆȇŬȊȌɸȌȆȄŰȆȇȕ ȁŬȅȉȕ ŰȄȊ ŮȋǽȈȆȋȄ 

ŰȌȏ ɸȏȅȉǽȊŬ ůŰȄȊ ɸŮȍȆȌȐǾ ŰȄȎ ǨȍŮůȌȖ, ȉŮ ŰȄ ȉǽȅȌŭȌ RMWH -04 ȊŬ ǽȐŮȆ ůŰŬȅŮȍǼ ŰȄȊ 

ɸȆȌ ȆȇŬȊȌɸȌȆȄŰȆȇǾ ŬɸȕŭȌůȄ ȇŬȆ ȊŬ ȁȍǿůȇŮŰŬȆ ůŮ ȉŮȂŬȈȖŰŮȍȄ ůȏȉűȒȊǿŬ ȉŮ ŰȆȎ 

ɸŮȆȍŬȉŬŰȆȇǽȎ ȉŮŰȍǾůŮȆȎ. 

 

7. ǴȏȉɸŮȍǼůȉŬŰŬ 

ǭȕȂȒ ŰȌȏ ȆŭȆŬǿŰŮȍŬ ȉŮȂǼȈȌȏ ȕȂȇȌȏ ŰȒȊ ŭȆŬȅǽůȆȉȒȊ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ, ȇŬȅȗȎ 

ȇŬȆ ŰȒȊ ŬȏȋȄȉǽȊȒȊ ȏɸȌȈȌȂȆůŰȆȇȗȊ ŬɸŬȆŰǾůŮȒȊ ŰȒȊ ȉŬȅȄȉŬŰȆȇȗȊ ȉȌȊŰǽȈȒȊ 

ɸȍȌůȌȉȌǿȒůȄȎ, ȌȆ ȉǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ ȁȍǿůȇȌȊŰŬȆ ůŰȌ 

ŮɸǿȇŮȊŰȍȌ ŰȄȎ ǽȍŮȏȊŬȎ ŰȄȎ ɸŬȍǼȇŰȆŬȎ ȉȄȐŬȊȆȇǾȎ. Ǫ ɸŬȍȌȖůŬ ŭȆŬŰȍȆȁǾ ŮǿȐŮ ȒȎ ůŰȕȐȌ ŰȄȊ 

ɸŮȍŬȆŰǽȍȒ ŬȊǼɸŰȏȋȄ ȇŬȆ ŬȋȆȌȈȕȂȄůȄ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ, ȉŮ ůȇȌɸȕ ŰȕůȌ ŰȄȊ 

ŮȊǿůȐȏůȄ ŰȄȎ ŬȇȍǿȁŮȆŬȎ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ, ȕůȌ ȇŬȆ ŰȄ ȉŮǿȒůȄ ŰȌȏ ŬɸŬȆŰȌȖȉŮȊȌȏ 

ȐȍȕȊȌȏ ŰȒȊ ɸȍȌůȌȉȌȆȗůŮȒȊ. 
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ǥȍȇŮŰǽȎ ȉǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ŮȊŰȌɸǿȃȌȊŰŬȆ ůŰȄ ŭȆŮȅȊǾ ȁȆȁȈȆȌȂȍŬűǿŬ ȇŬȆ ȉŮ ȁǼůȄ ŰŬ 

ȐŬȍŬȇŰȄȍȆůŰȆȇǼ ŰȌȏȎ ŭȆŬȇȍǿȊȌȊŰŬȆ ůŰȆȎ ŬȇȕȈȌȏȅŮȎ ȇŬŰȄȂȌȍǿŮȎ: 

¶ ǫůȌŭȖȊŬȉȌȆ ȇȏȉŬŰȆůȉȌǿ 

¶ ǮǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůŮ ȇȈǼůŮȆȎ 

¶ ǥȈȂȕȍȆȅȉȌȆ ȌȉŬŭȌɸȌǿȄůȄȎ 

ǮŮ ȁǼůȄ ŰȌȏȎ ŮȍŮȏȊȄŰȆȇȌȖȎ ůŰȕȐȌȏȎ ɸȌȏ ŰǽȅȄȇŬȊ ůŰȄȊ ɸŬȍȌȖůŬ ŭȆŬŰȍȆȁǾ, ŮɸŮŰŮȖȐȅȄ Ȅ 

ȁŮȈŰǿȒůȄ ŰȄȎ ŬɸȕŭȌůȄȎ ŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ, ȉŮ ůȏȊŮɸŬȇȕȈȌȏȅȄ ȉŮǿȒůȄ ŰȌȏ 

ȏɸȌȈȌȂȆůŰȆȇȌȖ űȕȍŰȌȏ. ǥȏŰȕ ȇŬŰǽůŰȄ ŭȏȊŬŰȕ ȉŮ ŰȄȊ ŬɸŬȈȌȆűǾ ŭŮŭȌȉǽȊȒȊ ȇȏȉŬŰȆȇȗȊ 

ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ɸȌȏ ȅŮȒȍŮǿŰŬȆ ȕŰȆ ŭŮȊ ŮǿȊŬȆ ȆȇŬȊǼ ȊŬ ɸȍȌȇŬȈǽůȌȏȊ ǽȊŬȍȋȄ ȇǿȊȄůȄȎ 

ȆȃǾȉŬŰȌȎ. ǴȄȉŬȊŰȆȇǾ ȇȍǿȊŮŰŬȆ Ȅ ůȏȉȁȌȈǾ ŰŮȐȊȆȇȗȊ ȉȄȐŬȊȆȇǾȎ ȉǼȅȄůȄȎ (ŰȕůȌ ȉŮ ŰȌȏȎ 

ŬȈȂȌȍǿȅȉȌȏȎ ȌȉŬŭȌɸȌǿȄůȄȎ ȕůȌ ȇŬȆ ȉŮ ŰȄȊ ŬȊǼɸŰȏȋȄ ŰŮȐȊȆȇȗȊ ȊŮȏȍȒȊȆȇȗȊ ŭȆȇŰȖȒȊ) ŰŬ 

ɸȌȏ ȏɸȌȁȌȄȅȌȖȊ ŰȆȎ ȉŮȅȕŭȌȏȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇŬȆ ɸŬȍȌȏůȆǼȃȌȏȊ ȏɸȌůȐȕȉŮȊŬ 

ŬɸȌŰŮȈǽůȉŬŰŬ. ǴŰȌ ɸȈŬǿůȆȌ ŰȄȎ ŭȆŬŰȍȆȁǾȎ ŬȋȆȌȈȌȂǾȅȄȇŬȊ ȉǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇŬȆ 

Ŭɸȕ ŰȆȎ ŰȍŮȆȎ ȇȖȍȆŮȎ ȇŬŰȄȂȌȍǿŮȎ, ŮȊȗ ŰŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŮɸȆȈŮȂȉǽȊȒȊ ȉǽȅȌŭȒȊ 

ŮɸŬȈȄȅŮȖȅȄȇŬȊ ȉŮ ŭȆŬȅǽůȆȉŮȎ ȉŮŰȍǾůŮȆȎ ɸŮŭǿȌȏ. 

ǹȎ ɸȍȌȎ ŰȆȎ ȉŮȅȕŭȌȏȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůŮ ȇȈǼůŮȆȎ ŬȊŬɸŰȖȐȅȄȇŬȊ 2 ȊǽŮȎ ȉǽȅȌŭȌȆ ɸȌȏ 

ŮɸȆȇŮȊŰȍȗȅȄȇŬȊ ůŰȄȊ ŬɸŬȈȌȆűǾ ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ ɸȌȏ ŭŮȊ ɸȍȌȇŬȈȌȖȊ ǽȊŬȍȋȄ 

ȇǿȊȄůȄȎ ȆȃǾȉŬŰȌȎ ůŰŬ ȍȄȐǼ. ǴȏȂȇŮȊŰȍȒŰȆȇǼ, ŰŬ ȁŬůȆȇǼ ůȏȉɸŮȍǼůȉŬŰŬ Ŭɸȕ ŰȄȊ 

ŬȋȆȌȈȕȂȄůȄ ŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůŮ ȇȈǼůŮȆȎ ŮǿȊŬȆ ŰŬ ŬȇȕȈȌȏȅŬ: 

¶ Ǫ ȊǽŬ ȉǽȅȌŭȌȎ Pick-up rate ȌŭǾȂȄůŮ ůŰȄȊ ŬɸŬȈȌȆűǾ ŰȌȏ 57,2% ŰȒȊ ȇŬŰŬȂȍŬűȗȊ 

ŰȄȎ ȐȍȌȊȌůŮȆȍǼȎ ȇȏȉŬŰȆȇȗȊ ȐŬȍŬȇŰȄȍȆůŰȆȇȗȊ ȇŬȆ ŮɸȆŰȏȂȐǼȊȌȊŰŬȎ ŰȌ ǿŭȆȌ 

ɸȌůȌůŰȕ ȉŮǿȒůȄȎ ŰȌȏ ȐȍȕȊȌȏ ŮȇŰǽȈŮůȄȎ ŰȌȏ ȉŬȅȄȉŬŰȆȇȌȖ ȉȌȊŰǽȈȌȏ, ůŮ ůȖȂȇȍȆůȄ 

ȉŮ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ ɸȌȏ ɸŮȍȆȈŬȉȁǼȊŮȆ ŰȄȊ ɸȈǾȍȄ ȐȍȌȊȌůŮȆȍǼ. 

ǨɸȆŰŮȖȐȅȄȇŮ ŰȆȉǾ ŰȌȏ ŭŮǿȇŰȄ BSS 0.74 ŰŬȋȆȊȌȉȗȊŰŬȎ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ȒȎ 

«ǨȋŬȆȍŮŰȆȇǾ». 

¶ Ǫ ȉǽȅȌŭȌȎ Threshold Current  speed ȌŭǾȂȄůŮ ůŰȄȊ ŬɸŬȈȌȆűǾ ŰȌȏ 62% ŰȒȊ 

ŭŮŭȌȉǽȊȒȊ ŰȄȎ ɸȈǾȍȌȏȎ ȐȍȌȊȌůŮȆȍǼȎ, ȉŮ ŰȄȊ ŰȆȉǾ ŰȌȏ BSS ȊŬ ŮǿȊŬȆ ůŮ ŬȏŰǾ ŰȄȊ 

ɸŮȍǿɸŰȒůȄ 0.72. 

¶ Ǫ ȉǽȅȌŭȌȎ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ (EFM) ǽŭȒůŮ ŰȄȊ ȉŮȂŬȈȖŰŮȍȄ ŰȆȉǾ ŰȌȏ ŭŮǿȇŰȄ BSS 

(0.85) ȉŮ ȉȆŬ ȉŮǿȒůȄ ŰȌȏ ȐȍȕȊȌȏ ɸȍȌůȌȉȌǿȒůȄȎ ȉȕȈȆȎ 11% ůŮ ůȐǽůȄ ȉŮ ŰȄȊ 

ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ. 

¶ Ǫ ŮűŬȍȉȌȂǾ ŰŮȐȊȆȇȗȊ űȆȈŰȍŬȍǿůȉŬŰȌȎ ȇŬȆ ŬɸŬȈȌȆűǾȎ ȇȏȉŬŰȆȇȗȊ ŭŮŭȌȉǽȊȒȊ 

ȉŮȆȗȊŮȆ ůȄȉŬȊŰȆȇǼ ŰȌ ȐȍȕȊȌ ɸȍȌůȌȉȌǿȒůȄȎ ȉŮ ȉȆŬ ȉȆȇȍǾ ȉŮǿȒůȄ ŰȄȎ ŰȆȉǾȎ ŰȌȏ 

ŭŮǿȇŰȄ BSS. 

ǴŰȄ ůȏȊǽȐŮȆŬ ŮȋŮŰǼůŰȄȇŮ Ȅ ȆȇŬȊȕŰȄŰŬ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ ȌȉŬŭȌɸȌǿȄůȄȎ K-Means ȊŬ 

ŬɸȌŰŮȈǽůŮȆ ȉȆŬ ȆȇŬȊȌɸȌȆȄŰȆȇǾ ȉǽȅȌŭȌ ůȐȄȉŬŰȌɸȌǿůȄȎ ŮȊȗ ŬȋȆȌȈȌȂǾȅȄȇŬȊ ůȏȊȌȈȆȇǼ 6 

ɸŮȍȆɸŰȗůŮȆȎ ŮűŬȍȉȌȂǾȎ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ, ȉŮ ůȇȌɸȕ ŰȄ ȁŮȈŰǿȒůȄ ŰȄȎ ŬɸȕŭȌůǾȎ ŰȌȏ. ǵŬ 

ȁŬůȆȇǼ ůȏȉɸŮȍǼůȉŬŰŬ Ŭɸȕ ŰȄȊ ŮűŬȍȉȌȂǾ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ K-Means ǾŰŬȊ ŰŬ ŬȇȕȈȌȏȅŬ: 

¶ ǡȈŮȎ ȌȆ ɸȍȌůȌȉȌȆȗůŮȆȎ ȂȆŬ ŰȆȎ ŭȆǼűȌȍŮȎ ɸŮȍȆɸŰȗůŮȆȎ (KM-01 ǽȒȎ KM-06) 

ŰŬȋȆȊȌȉȌȖȊŰŬȆ ȒȎ çǨȋŬȆȍŮŰȆȇǽȎè ůȖȉűȒȊŬ ȉŮ ŰȄȊ ȇŬŰȄȂȌȍȆȌɸȌǿȄůȄ ŰȌȏ BSS. 

ǬǼȅŮ ŮȋŮŰŬȃȕȉŮȊȄ ɸŮȍǿɸŰȒůȄ ɸǽȍŬ ŰȄȎ ȁŬůȆȇǾȎ ɸŬȍŬȉŮŰȍȌɸȌǿȄůȄȎ ŰȌȏ 
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ŬȈȂȌȍǿȅȉȌȏ (KM-01) ȁŮȈŰȆȗȊŮȆ ȌȍȆŬȇǼ ŰȆȎ ŰȌȏȎ ŭŮǿȇŰŮȎ BSS, ŮɸȆȇȏȍȗȊȌȊŰŬȎ ŰȄȊ 

ȇŬȈȖŰŮȍȄ ŬɸȕŭȌůȄ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ ȕŰŬȊ ŮȆůǼȂȌȊŰŬȆ ɸȌůȕŰȄŰŮȎ ɸȌȏ ŮǿȊŬȆ 

ȇŬȅȌȍȆůŰȆȇǽȎ ȂȆŬ ŰȄ ȉŮŰŬűȌȍǼ ȆȃȄȉǼŰȒȊ ůŰȄȊ ɸŬȍǼȇŰȆŬ ȃȗȊȄ ůŰȄȊ ŬȈȂȌȍȆȅȉȆȇǾ 

ŭȆŬŭȆȇŬůǿŬ. 

¶ ũȆŬ ŰȄȊ ɸŮȍȆȌȐǾ ȉŮȈǽŰȄȎ ɸȌȏ ŮȋŮŰǼůŰȄȇŮ, Ȍ ŬȈȂȕȍȆȅȉȌȎ ȌȉŬŭȌɸȌǿȄůȄȎ K-Means 

ŬɸȌŭǿŭŮȆ ŮȈŬűȍȗȎ ȐŮȆȍȕŰŮȍŬ Ŭɸȕ ŰȆȎ ȉŮȅȕŭȌȏȎ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ůŮ ȇȈǼůŮȆȎ. 

ǨɸȆɸȈǽȌȊ, ȌȆ ɸŮȍȆůůȕŰŮȍŮȎ ŭȌȇȆȉǽȎ ŮǿȊŬȆ ŮȂȂŮȊȗȎ ɸȌȈȖɸȈȌȇŮȎ ȇŬȆ ŬɸŬȆŰȌȖȊ ŮǿŰŮ 

ŰȌȊ ŬȍȐȆȇȕ ɸȍȌůŭȆȌȍȆůȉȕ ŬȊŰȆɸȍȌůȒɸŮȏŰȆȇȗȊ ůȏȊȅȄȇȗȊ ȉǽůȒ ǼȈȈȒȊ ȉŮȅȕŭȒȊ 

ůȐȄȉŬŰȌɸȌǿȄůȄȎ ŮǿŰŮ ŰȄȊ ŬȋȆȌɸȌǿȄůȄ ŮȊȕȎ ŮɸȆɸȈǽȌȊ ȇȏȉŬŰȆȇȌȖ ȉȌȊŰǽȈȌȏ, ɸȌȏ 

ŬȊŬɸŰȖȐȅȄȇŮ ůŰȌ ɸȈŬǿůȆȌ ŰȄȎ ɸŬȍȌȖůŬȎ ŭȆŬŰȍȆȁǾȎ. 

¶ Ǫ ȁŬůȆȇǾ ɸŬȍŬȉŮŰȍȌɸȌǿȄůȄ ŰȌȏ ŬȈȂȌȍǿȅȉȌȏ K-Means (ɸŮȍǿɸŰȒůȄ KM-01) ŭǿȊŮȆ 

ȆȇŬȊȌɸȌȆȄŰȆȇǼ ŬɸȌŰŮȈǽůȉŬŰŬ ȉŮ ȁǼůȄ ŰȄȊ ȇŬŰȄȂȌȍȆȌɸȌǿȄůȄ BSS ȇŬȆ ŬɸŬȆŰŮǿ 

ŮȈǼȐȆůŰȄ ɸŬȍǽȉȁŬůȄ Ŭɸȕ ŰȌ ȐȍǾůŰȄ. ǴȏȊŮɸȗȎ, ȉɸȌȍŮǿ ȊŬ ȐȍȄůȆȉȌɸȌȆŮǿŰŬȆ ůŬȊ 

ŮȊŬȈȈŬȇŰȆȇǾ ŰȒȊ ɸȆȌ ŭȆŬŭŮŭȌȉǽȊȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ. 

ǵǽȈȌȎ ŬȋȆȌȈȌȂǾȅȄȇŬȊ ȌȆ ȉǽȅȌŭȌȆ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ŰȒȊ ȆůȌŭȖȊŬȉȒȊ ȇȏȉŬŰȆůȉȗȊ ȇŬȆ 

ɸȍȌŰǼȅȄȇŬȊ 3 ŮɸȆɸȈǽȌȊ ȁŮȈŰȆȒŰȆȇǽȎ ŰȍȌɸȌɸȌȆǾůŮȆȎ. ǵŬ ůȏȉɸŮȍǼůȉŬŰŬ Ŭɸȕ ŰȄȊ 

ŮűŬȍȉȌȂǾ ŰȒȊ ȉŮȅȕŭȒȊ ůȐȄȉŬŰȌɸȌǿȄůȄȎ ŰȒȊ ȆůȌŭȖȊŬȉȒȊ ȇȏȉŬŰȆůȉȗȊ ŮǿȊŬȆ ŰŬ 

ŬȇȕȈȌȏȅŬ: 

¶ Ǫ çǮȌȍűȌůŰŬŰȆȇǾè ɸȍȌůǽȂȂȆůȄ ŮǿȊŬȆ ůȄȉŬȊŰȆȇǼ ŰŬȐȖŰŮȍȄ Ŭɸȕ ŰȄȊ 

çǮȌȍűȌŭȏȊŬȉȆȇǾè ȈȕȂȒ ŰȄȎ ȉŮǿȒůȄȎ ŰȌȏ ŬɸŬȆŰȌȖȉŮȊȌȏ ŬȍȆȅȉȌȖ ŰȒȊ ȅŬȈǼůůȆȒȊ 

ȇŬŰŬůŰǼůŮȒȊ ɸȌȏ ɸȍǽɸŮȆ ȊŬ ɸȍȌůȌȉȌȆȒȅȌȖȊ. ũȆŬ ŰȄ ůȏȂȇŮȇȍȆȉǽȊȄ ȉŮȈǽŰȄ 

ɸŮȍǿɸŰȒůȄȎ ȇŬȆ ŰȌ ȉȌȊŰǽȈȌ ɸŬȍǼȇŰȆŬȎ ɸŮȍȆȌȐǾȎ ɸȌȏ ŮűŬȍȉȕůŰȄȇŮ, ȌȆ ȐȍȕȊȌȆ 

ɸȍȌůȌȉȌǿȒůȄȎ ȉŮȆȗȅȄȇŬȊ ȇŬŰǼ ɸŮȍǿɸȌȏ 400-450% ůŮ ůȐǽůȄ ȉŮ ŰȌȏȎ 

ŬȊŰǿůŰȌȆȐȌȏȎ ɸȌȏ ŬɸŬȆŰȌȖȊŰŬȆ ȂȆŬ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ŬȊŬűȌȍǼȎ. 

¶ Ǫ ȇȈŬůůȆȇǾ ȉǽȅȌŭȌȎ ȏɸȌȈȌȂȆůȉȌȖ ŰȒȊ ȆůȌŭȖȊŬȉȒȊ ȇȏȉŬŰȆůȉȗȊ (ɸŮȍǿɸŰȒůȄ 

RMWH -01) ŮǿȐŮ ŰȄ ȐŮȆȍȕŰŮȍȄ ŬɸȕŭȌůȄ ůŮ ůȖȂȇȍȆůȄ ȉŮ ŰȆȎ ǼȈȈŮȎ ŭȌȇȆȉǽȎ ȉŮ ŰȆȉǾ 

BSS 0.24, ŰŬȋȆȊȌȉȗȊŰŬȎ ŰŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȄȎ ɸȍȌůȌȉȌǿȒůȄȎ ȒȎ "ǬŬȈǼ". 

¶ Ǫ ɸŮȍŬȆŰǽȍȒ ȏɸȌŭȆŬǿȍŮůȄ ůŮ ŭȖȌ ȇȈǼůŮȆȎ ȖȑȌȏȎ ȇȖȉŬŰȌȎ ŬȊǼ ȇȈǼůȄ ȂȒȊǿŬȎ 

ɸȍȕůɸŰȒůȄȎ (ɸŮȍǿɸŰȒůȄ RMWH -02) ŮǿȊŬȆ ůȐŮŰȆȇǼ ŬɸȈǾ ůŰȄ ůȖȈȈȄȑȄ, ŬȈȈǼ 

ȁŮȈŰǿȒůŮ ůȄȉŬȊŰȆȇǼ ŰŬ ŬɸȌŰŮȈǽůȉŬŰŬ ŰȌȏ ȉȌȊŰǽȈȌȏ ůŮ ůȐǽůȄ ȉŮ ŰȄȊ ȉǽȅȌŭȌ 

RMWH -01, ŰŬȋȆȊȌȉȗȊŰŬȎ ŰȄȊ ɸȍȌůȌȉȌǿȒůȄ ȒȎ çǨȋŬȆȍŮŰȆȇǾè. 

¶ Ǫ ȉǽȅȌŭȌȎ RMWH -04 ɸŬȍȌȏůǿŬůŮ ŰȄȊ ȇŬȈȖŰŮȍȄ ŬɸȕŭȌůȄ ȇŬȆ ŭŮŭȌȉǽȊȌȏ ȕŰȆ 

ŮȊůȒȉŬŰȗȊŮȆ ǽȊŬ ŰŮȐȊȄŰȕ ȊŮȏȍȒȊȆȇȕ ŭǿȇŰȏȌ ŬɸŬȆŰŮǿ ŮȈǼȐȆůŰȌȏȎ ȏɸȌȈȌȂȆůŰȆȇȌȖȎ 

ɸȕȍȌȏȎ. Ǫ ȏɸȌŭŮȆȂȉŬŰȆȇǾ ŬɸȕŭȌůȄ ŰȄȎ ŮȊ ȈȕȂȒ ȉŮȅȕŭȌȏ, ŮɸŬȈȄȅŮȖŰȄȇŮ ŰȕůȌ ȂȆŬ 

ŰȄ "ǮȌȍűȌůŰŬŰȆȇǾ" ȕůȌ ȇŬȆ ŰȄ "ǮȌȍűȌŭȏȊŬȉȆȇǾ" ɸȍȌůǽȂȂȆůȄ, ŬɸȌŭŮȆȇȊȖȌȊŰŬȎ 

ɸȒȎ Ȅ ŬɸŬȈȌȆűǾ ȅŬȈǼůůȆȒȊ ȇŬŰŬůŰǼůŮȒȊ ȐŬȉȄȈǾȎ ŮȊǽȍȂŮȆŬȎ ȉɸȌȍŮǿ ȊŬ ȌŭȄȂǾůŮȆ 

ůŮ ȁŮȈŰȆȒȉǽȊŬ ŬɸȌŰŮȈǽůȉŬŰŬ ȉŮ ŰŬȏŰȕȐȍȌȊȄ ȉŮǿȒůȄ ŰȌȏ ȏɸȌȈȌȂȆůŰȆȇȌȖ űȕȍŰȌȏ. 

TŮȈȆȇǼ, ȉŮ ȁǼůȄ ŰȆȎ ȈȄűȅŮǿůŮȎ ŰȆȉǽȎ ŰȌȏ ŭŮǿȇŰȄ BSS ȇŬȆ ŮɸǿůȄȎ ůȏȊȏɸȌȈȌȂǿȃȌȊŰŬȎ ŰȄȊ 

ŮȏȇȌȈǿŬ ŮűŬȍȉȌȂǾȎ ȇŬȆ ȏɸȌȈȌȂȆůŰȆȇǾ ŬɸȌŭȌŰȆȇȕŰȄŰŬ ȕȈȒȊ ŰȒȊ ŮȊŬȈȈŬȇŰȆȇȗȊ ȉŮȅȕŭȒȊ 

ɸȌȏ ŮȋŮŰǼůŰȄȇŬȊ ůŮ ŬȏŰǾ ŰȄ ŭȆŬŰȍȆȁǾ, ŮɸȆȈǽȐȅȄȇŮ ȉǿŬ ȉǽȅȌŭȌȎ ȒȎ Ȅ ȁǽȈŰȆůŰȄ ȂȆŬ ȇǼȅŮ 

ȇȈǼŭȌ ůȐȄȉŬŰȌɸȌǿȄůȄȎ. ǴȏȂȇŮȇȍȆȉǽȊŬ ŮɸȆȈǽȐȅȄȇŬȊ ȒȎ ȁǽȈŰȆůŰŮȎ ŮɸȆȈȌȂǽȎ Ȅ ȉǽȅȌŭȌȎ 

ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ, Ȅ ǬǮ-01 ȇŬȆ Ȅ RMWH -04. ǱȆ ŰȍŮȆȎ ŬȏŰǽȎ ȉǽȅȌŭȌȆ ŮűŬȍȉȕůŰȄȇŬȊ ůŰȄȊ 
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ɸŬȍǼȇŰȆŬ ɸŮȍȆȌȐǾ ŰȄȎ ǨȍŮůȌȖ ůŰȄ ǭǽůȁȌ ȇŬȆ ůȏȂȇȍǿȅȄȇŬȊ ȉŮ ŭȆŬȅǽůȆȉŮȎ ȉŮŰȍǾůŮȆȎ 

ɸŮŭǿȌȏ. ǵŬ ŮɸȆȉǽȍȌȏȎ ůȏȉɸŮȍǼůȉŬŰŬ Ŭɸȕ ŬȏŰǾ ŰȄȊ ůȏȂȇȍȆŰȆȇǾ ŬȋȆȌȈȕȂȄůȄ ǾŰŬȊ ŰŬ ŮȋǾȎ: 

¶ ǧŮŭȌȉǽȊȄȎ ŰȄȎ ɸȌȈȏɸȈȌȇȕŰȄŰŬȎ ŰȄȎ ȁŬȅȉȌȊȕȉȄůȄȎ ŰȒȊ ȉȌȊŰǽȈȒȊ ŰȄȎ ɸŬȍǼȇŰȆŬȎ 

ɸŮȍȆȌȐǾȎ ȂȆŬ ŰȄ ɸȍȕȁȈŮȑȄ ŰȄȎ ŮȋǽȈȆȋȄȎ ŰȌȏ ɸȏȅȉǽȊŬ, ȇŬȆ ȌȆ ŰȍŮȆȎ ȉǽȅȌŭȌȆ 

ŬɸȌŭǿŭȌȏȊ ȉŮ ȆȇŬȊȌɸȌȆȄŰȆȇȕ ŰȍȕɸȌ, ŬɸȌŭǿŭȌȊŰŬȎ ŰȆȉǽȎ BSS ɸȌȏ ȇȏȉŬǿȊȌȊŰŬȆ Ŭɸȕ 

"ǬŬȈǽȎ" ǽȒȎ "ǨȋŬȆȍŮŰȆȇǽȎ". 

¶ Ǫ ȉǽȅȌŭȌȎ RMWH -04 ŮǿȐŮ ůŰŬȅŮȍǼ ŰȄȊ ɸȆȌ ȆȇŬȊȌɸȌȆȄŰȆȇǾ ŬɸȕŭȌůȄ, 

ŬȇȌȈȌȏȅȌȖȉŮȊȄ Ŭɸȕ ŰȄ ȉǽȅȌŭȌ ȍȌǾȎ ŮȊǽȍȂŮȆŬȎ. ǥȊŰǿȅŮŰŬ, Ȅ ȉǽȅȌŭȌȎ KM-01 ŮǿȐŮ 

ŰȄ ȐŮȆȍȕŰŮȍȄ ůȏȂȇȍȆŰȆȇǾ ŬɸȕŭȌůȄ. 

¶ ǱȆ ŬɸȌȇȈǿůŮȆȎ ȉŮŰŬȋȖ ŰȒȊ ȉŮŰȍǾůŮȒȊ ȇŬȆ ŰȒȊ ŬɸȌŰŮȈŮůȉǼŰȒȊ ŰȌȏ ȉŬȅȄȉŬŰȆȇȌȖ 

ȉȌȊŰǽȈȌȏ ȉɸȌȍȌȖȊ ȊŬ ŬɸȌŭȌȅȌȖȊ ůŮ ǽȊŬ ŮȏȍȖ űǼůȉŬ ɸŬȍŬȂȕȊŰȒȊ, ȕɸȒȎ Ȅ 

ǽȈȈŮȆȑȄ ŰŬȏŰȕȐȍȌȊȒȊ ȉŮŰȍǾůŮȒȊ ȇȏȉǼŰȒȊ ȇŬȆ ȍŮȖȉŬŰȌȎ ȂȆŬ ŰȄ ȁŬȅȉȌȊȕȉȄůȄ ŰȒȊ 

ȉȌȊŰǽȈȒȊ, Ȅ ɸȆȅŬȊǾ ŮȆůȍȌǾ ȆȃǾȉŬŰȌȎ Ŭɸȕ ŮȋȒŰŮȍȆȇǽȎ ɸȄȂǽȎ ȇŬȆ Ȅ ǽȈȈŮȆȑȄ 

ȉŮŰȍǾůŮȒȊ ȇȏȉŬŰȆůȉȗȊ Ŭɸȕ ɸȈȒŰǾȍŮȎ ůŰŬ ŬȊȌȆȐŰǼ ŰȄȎ ɸŮȍȆȌȐǾȎ ȉŮȈǽŰȄȎ. 

ǴȏȊȌȑǿȃȌȊŰŬȎ, ɸȍȌŰŮǿȊŮŰŬȆ Ȅ ȐȍǾůȄ ŰȄȎ ȉŮȅȕŭȌȏ RMWH -04 ȉŮ 12 ȇȏȉŬŰȆȇȌȖȎ 

ŬȊŰȆɸȍȌůȗɸȌȏȎ ȂȆŬ ɸȍŬȇŰȆȇǽȎ ŮűŬȍȉȌȂǽȎ, ȇŬȅȗȎ ŮɸǽŭŮȆȋŮ ŰȄȊ ȇŬȈȖŰŮȍȄ ůȏȊȌȈȆȇǼ 

ŬɸȕŭȌůȄ ȇŬȆ ůŰȆȎ ŭȖȌ ɸŮȍȆɸŰȗůŮȆȎ ȉŮȈǽŰȄȎ ɸȌȏ ŮȋŮŰǼůŰȄȇŬȊ ůŰȌ ɸȈŬǿůȆȌ ŰȄȎ ŭȆŬŰȍȆȁǾȎ. 

Ǫ ȌȏůȆŬůŰȆȇǾ ůȏȉȁȌȈǾ ŰȒȊ ŰŮȐȊȆȇȗȊ ȉȄȐŬȊȆȇǾȎ ȉǼȅȄůȄȎ ůŰȄ ȁŮȈŰǿȒůȄ ȉŮȅȕŭȒȊ 

ůȐȄȉŬŰȌɸȌǿȄůȄȎ ȇȏȉŬŰȆȇȌȖ ȇȈǿȉŬŰȌȎ ŬȋǿȃŮȆ ŰȌ ŮȊŭȆŬűǽȍȌȊ ŰȄȎ ŮɸȆůŰȄȉȌȊȆȇǾȎ 

ȇȌȆȊȕŰȄŰŬȎ, ɸȍȌȎ ŰȄȊ ȇŬŰŮȖȅȏȊůȄ ŰȄȎ ɸŮȍŬȆŰǽȍȒ ŮɸȆŰǼȐȏȊůȄȎ ŰȒȊ ŬɸŬȆŰȄŰȆȇȗȊ 

ɸȍȌůȌȉȌȆȗůŮȒȊ ɸȍȕȁȈŮȑȄȎ ŰȄȎ ŮȋǽȈȆȋȄȎ ŰȌȏ ɸŬȍǼȇŰȆȌȏ ɸȏȅȉǽȊŬ. 
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Chapter 1 | Introduction  

Figure 1. 1. Outline of the overall structure of the thesis including research objectives, 

approach, data and outcome 

Chapter 2 | Numerical modelling of coastal bed evolution & wave Input Reduction 

principles  

Figure 2. 2 Relationship between the spatial and temporal scales of interest of various 

types of coastal features  

Figure 2. 3 Flow chart of the operation of the RAM approach 

Figure 2. 3 Records of offshore sea state timeseries (lightblue dots) and obtained 12 

representative wave conditions (red markers). The red boundaries denote the 

equidistant directional bins 

Figu re 2.4 Procedure to define classes through the EFM  

Figure 2. 5 Obtained classes (bounded by the red rectangles) and 12 representative 

wave conditions (red markers) for an arbitrary dataset of offshore sea-state wave 

characteristics (light blue markers) using the (a) FBM and (b) EFM 

Figure 2. 6 Records of offshore sea-state timeseries, corresponding clusters and 

obtained 12 representative wave conditions (large pentagon markers). The different 

colors of the data points denote separate clusters  

Chapter 3 | A novel approach to Binning Input Reduction methods  

Figure 3.1  Flow chart indicating the implementation of the Pick-up rate method 

Figure 3. 2 Bathymetry of the Vincent and Briggs, 1989 experiments and control sections 

where wave characteristics were measured 

Figure 3.3 Simulated (solid line) and measured (points) normalized wave heights results 

for (a) case U3 and (b) case U4 of the Vincent and Briggs, 1989 experiments 

Figure 3. 4 Bathymetry of the Mase and Kirby, 1992 experiments and wave gages where 

wave characteristics were measured 

Figure 3. 5 Simulated (solid line) and measured (points) significant wave heights results 

for case A and case B of the Mase and Kirby, 1992 experiments 

Figure 3. 6 The island of Crete (bottom left), the municipality of Rethymno (bottom right) 

and the study area showing the port and the adjacent coastline 

Figure 3. 7 Wave rose for the year 2012 from the Copernicus database offshore the port 

of Retmymno 

Figure 3. 8 Finite element mesh showcasing the area (within the closed polygon) where 

the morphological model results will be evaluated 

Figure 3. 9 Obtained 12 representative wave conditions (red markers) by implementing 

the Pick-up rate wave IR method. The light blue markers denote wave records 

eliminated from the dataset 

Figure 3. 10 Obtained 12 representative wave conditions (red markers) by implementing 

the Threshold Current wave IR method. The light blue markers denote wave records 

eliminated from the dataset 

Figure 3. 11 Obtained 12 representative wave conditions (red markers) by implementing 

the Energy Flux wave IR method 
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Figure 3.1 2 Bed level change obtained by the Brute Force simulation with MIKE21 CM 

FM 

Chapter 4 |  Evaluation and enhancement of the K-Means clustering algorithm  

Figure 4.1  Flow chart of the methodological procedure applied in KM-06 to obtain the 

representative wave conditions 

Figure 4.2  Obtained clusters and representative wave conditions for the (a):KM-01, 

(b):KM-02, (c):KM-03, (d):KM-04, (e):KM-05, (f):KM-06 test cases 

Figure 4.3  Relative bed level change obtained from the Brute force simulation containing 

the full dataset of wave records 

Figure 4.4 Morphological bed evolution simulation results for tests (a) KM-01, (b) KM-

02, (c) KM-03, (d) KM-04, (e) KM-05, (f) KM-06 

Chapter 5 |  Revisiting the concept of Representative Morphological Wave Height s 

Figure 5.1 Error and performance metrics of the training procedure of the ANN: (a) 

Evolution of the MSE during the training and validation of the generalization dataset (b) 

ANN predicted values against the respective targets of the generalization dataset 

(normalized values) 

Figure 5.2  Finite element mesh with circular open boundary, showcasing the area (within 

the closed polygon) where the morphological model results will be evaluated for the 

RMWH tests 

Figure 5. 3 Obtained 12 representative wave conditions (red markers) by implementing 

the RMWH-01 test. The boundaries of the rectangles denote the constant directional 

bins 

Figure 5. 4 Obtained 12 representative wave conditions (red markers) by implementing 

the RMWH-02 test. The boundaries of the rectangles denote the defined bins 

Figure 5. 5 ñTransition zonesò of interchangeable dominance of the alongshore (blue line) 

and cross-shore (red line) component of the wave energy flux (defined by the 

perpendicular dashed lines). 

Figure 5. 6 Obtained 12 representative wave conditions (red markers) by implementing 

the RMWH-03 test. The boundaries of the rectangles denote the defined bins 

corresponding to the ñtransition zonesò.  

Figure 5. 7 Obtained 12 representative wave conditions (red markers) by implementing 

the RMWH-04 test. The light blue markers denote sea-states eliminated by the ANN 

whereas dark blue markers denote those retained in the dataset 

Figure 5. 8 Obtained wave (a) and hydrodynamic field (b) for a sea-state with Ὄ=3.06m, 

Ὕ=5.81s and ὓὡὈ=15.27° 

Figure 5. 9 Bed level changes obtained by the Brute force simulation 

Figure 5.10 Bed level change simulation results for tests (a) RMWH-01, (b) RMWH-02, 

(c) RMWH-03 and (d) RMWH-04 

Chapter 6 |  Comparative analysis of Input Reduction  methods with field 

measurements  

Figure 6.1  The study area of Skala Eresou and its relative position in Lesvos Island 

(within the red rectangle at the top right picture) 

Figure 6.2  Sampling positions where sediment characteristics were obtained 

(Andreadis, 2022, reproduced with permission from the author) 
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Figure 6.3  Extraction point (a) of wave characteristics and (b) wave rose plot offshore 

the study area of Skala Eresou, Lesvos Island 

Figure 6.4  Computational mesh and initial bathymetry of the study area for the date of 

14/2/2015 

Figure 6.5  Computational mesh and measured bathymetry of the study area for the date 

of 19/11/2015 and control sections where model results were evaluated 

Figure 6.6 Obtained 12 representative wave conditions (red markers) by implementing 

the Energy Flux wave schematization method 

Figure 6.7  Obtained 12 representative conditions (larger pentagon markers) and 

respective clusters, by implementing the KM-01 wave schematization method 

Figure 6.8  Obtained 12 representative conditions (red markers) and bin boundaries (red 

rectangles) by implementing the RMWH-04 method. The light blue markers denote sea-

states eliminated by the ANN whereas dark blue markers denote those retained in the 

dataset 

Figure 6.9 Measured and simulated bed elevation at Profile 1 (top) and Profile 2 (bottom) 

by implementing the EFM, KM-01 and RMWH-04 wave input reduction methods 

Figure 6.10 Measured and simulated bed elevation at Profile 3 (top) and Profile 4 

(bottom) by implementing the EFM, KM-01 and RMWH-04 wave input reduction methods  
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principles  25 

Table 2.1 Main characteristics of available coastal area models, adapted and updated 
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ANN Artificial Neural Network 

BIR Binning Input Reduction 

BSS Brier Skill Score 

EFM Energy Flux Method 

FBM Fixed Bins Method 

EFMEE Energy Flux Method with Extreme Events 

KM K-Means 

Morfac Morphological acceleration factor 

MIKE21 CM FM MIKE 21 Coupled Model Flexible Mesh 

IR Input Reduction 

PMS-SP Parabolic Mild Slope - Spectral 

RMSE Root Mean Square Error 

RMWH 
Representative Morphological Wave 

Height 
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Symbol  Definition  Units  

A Complex wave amplitude m 

C Wave phase celerity m/s 

c f Bed skin friction factor - 

Cg Wave group velocity m/s 

D Mild slope equation parameter  

D* Dimensionless sediment grain size diameter  

d50 Median sediment grain size diameter m 

d90 Characteristic grain diameter exceeding 90% of the grain 

sizes 

m 

Ef Wave energy flux kgĀm/s3 

f i Frequency of occurrence - 

fw Wave skin friction factor - 

Fy Counterforce restoring equilibrium acting of sediment N 

g Gravity acceleration m/s2 

h Still water depth m 

Hb Significant wave height at breaking m 

h in Inner depth of closure m 

Hmax Maximum wave height m 

Hs Significant wave height m 

Hs,e Equivalent significant wave height m 

Hs,norm  Normalized significant wave height m 

Hs,r  Representative significant wave height m 

k Wavenumber rad/m 

ks Nikuradse equivalent sand grain roughness - 

MWD Mean wave direction rad 

n Sediment porosity - 

Po Non-dimensional cross-shore parameter - 
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P Sediment pick-up rate function kg/m2/s 

R Relative bed roughness - 

S Longshore sediment transport rate kgĀm2/s 

s Relative sediment density - 

Sxy Radiation stress component in xy plane kgĀm2/s  

tb,y Bed shear stress N/m2 

Tp Peak wave period s 

Tp,e Equivalent peak wave period s 

Tp,norm  Normalized peak wave period s 

U Current speed m/s 

Ucr Critical current speed m/s 

Urms  Root mean squared wave orbital velocity m/s 

Uw Wave orbital velocity m/s 

Uw,cr  Threshold wave orbital velocity m/s 

wb Wave breaking energy dissipation factor s-1 

ȷ Wave incidence angle rad 

Ŭb Wave incidence angle at breaking rad 

Ŭe Equivalent wave incidence angle ę 

Ŭnorm  Normalized wave incidence angle rad 

ɔ Breaker index - 

ɗ Shields parameter - 

ɗcr Critical Shields parameter - 

vh Kinematic viscosity of saltwater m2/s 

ɟ Saltwater density kg/m3 

ɟS Sand density kg/m3 
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1.1. Background , motivation and research objectives  

The prediction of the coastal bed evolution and ultimately the shift of the shoreline 

position, due to the impact of the waves has been at the forefront of coastal engineering 

research efforts for several decades, dating as far back as the 1950ôs (Pelnard-

Considère, 1957). With the ever-increasing human interventions in the coastal area, the 

erosion of the coastal bed poses a significant threat, with strong implications to the 

economy, environment and community safety. Therefore, accurate predictions of the 

coastal bed evolution at an annual scale are mandatory to identify imminent risks and 

design measures to remedy the erosion problem through the form of ñhardò coastal 

protection structures or nature-based solutions (Luijendijk et al., 2018). 

With the increase of computing power in the last decades, a plethora of numerical 

models are available, each with different advantages and shortcomings, but all 

concentrating at simulating the coastal bed evolution at the engineering scales of 

interest, i.e. for coastal areas extending a few kilometers and timescales of 1-10 years. 

When dealing with coastal areas characterized by complex bathymetries with the 

presence of manmade structures (e.g. harbours) coastal area models (Roelvink and 

Reniers, 2011) are almost exclusively applied due to their ability to describe in great 

detail the wave, hydrodynamic and sediment transport field. However, these models are 

associated with a staggering computational burden rendering the morphological 

simulations at an annual scale a tedious task.  

In addition, engineers are usually in possession of large amounts of variable offshore 

sea-state wave characteristics, which further increase the computational effort and 

render the assessment of the morphological bed evolution rather difficult due to the sheer 

number of simulations that have to be performed. To combat this, wave Input Reduction 

methods are generally employed to accelerate the demanding morphological modelling 

simulations, all based on the notion of selected a reduced (order of 8-24) representative 

wave conditions that should produce similar bed level evolution predictions compared to 

the full timeseries. Several wave Input Reduction methods have been developed and 

utilized in literature and can be vaguely divided in three branches: (a) Representative 

Morphological Wave Height selection methods (Borah and Balloffet, 1985; Brown and 

Davies, 2009; Chondros et al., 2022; Chonwattana et al., 2005; Karambas et al., 2013; 
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Papadimitriou et al., 2022a; Pletcha et al., 2007)  (b) Binning wave Input Reduction 

methods (Benedet et al., 2016; de Queiroz et al., 2019; Papadimitriou et al., 2020; Van 

Duin et al., 2004; Walstra et al., 2013), (c) Clustering algorithms (de Queiroz et al., 2019; 

Papadimitriou and Tsoukala, 2022).  

Despite their widespread usage, it should be noted that wave Input Reduction 

methods are influenced by a multitude of parameters (e.g. the number of representatives, 

the duration of the wave climate). Most importantly, their redeeming qualities are not so 

visible when the coastal area models operated by directly coupling the wave, 

hydrodynamic and morphodynamic modules. Consequently, a concise effort to 

introducing enhancements to all branches of the wave Input Reduction methods with the 

ultimate goal of further reducing the computational burden without compromising the 

reliability of the results and provide practical guidelines to the engineering community, to 

the best of the authorôs knowledge, has not been undertaken yet. 

Based on the above, the specific research objectives of this thesis are: 

Å To expand on the concept of the wave Input Reduction methods, by 

introducing elimination of sea-states considered unable to initiate sediment 

motion in the calculation procedure, with the ultimate goal to further alleviate 

the required computational effort. 

Å To assess clustering algorithms as a viable wave input reduction method and 

examine possible enhancements by counterbalancing the ñunsupervisedò 

learning aspect of said algorithms.  

Å To incorporate machine learning in wave Input Reduction, by introducing a 

properly and thoroughly trained Artificial Neural Network which can further 

speed-up the demanding numerical simulations. 

Å To apply and intercompare several instances of wave Input Reduction 

methods in two coastal areas, to ultimately provide initial recommendations 

and guidelines for practical applications. 

1. 2. Innova tive points and highlights   

This thesis is based on the investigation and most notably expansion of the concept of 

wave Input Reduction for the acceleration morphological modelling simulations, by 

simultaneously aiming to retain the reliability of the model results. The following 

innovative aspects are highlighted:  

¶ A novel approach is introduced to the classical Binning Input Reduction 

methods, concentrating on the reduction of the length of the timeseries of 

offshore sea-state wave characteristics by eliminating wave records that are 

considered unable to initiate sediment motion. The outcome of this approach 

is the considerable alleviation of computational effort achieved by the 

reduction of the numerical model run-time.  

¶ Clustering algorithms are for the first time assessed as viable Input Reduction 

methods in a coastal area characterized with considerable alongshore 

variability. Six alternative configurations of the widely used K-Means clustering 
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algorithm were evaluated aiming to introduce vital aspects influencing the 

annual morphological bed evolution to the algorithmôs procedure to calculate 

the representative wave conditions.  

¶ The concept of Representative Morphological Wave Height (or Equivalent 

Wave Height) selection methods is revisited and further enhanced. The 

highlight of this investigation is the incorporation of an Artificial Neural Network 

tasked with eliminating lowly-energetic wave records that are considered to 

have inconsequential impact to the annual morphological bed evolution. The 

trained Artificial Neural Network was deemed capable of systematically 

produce reliable results and further accelerate the morphological simulations. 

¶ A robust Parabolic Mild Slope wave model based on the work of Chondros et 

al., 2021, is enhanced and expanded in the framework of this thesis to treat 

the generation and propagation of uni-directional irregular waves. The 

aforementioned model is an integral part of several of the tested wave Input 

Reduction methods evaluated in the framework of this thesis.  

¶ Performance evaluation of all the examined wave Input Reduction methods is 

undertaken in the framework of this thesis to provide practical guidelines and 

recommendations for coastal modellers. A sole method is also selected for 

each distinct branch of Input Reduction, and a comparative analysis is carried 

out assessing model results with available field measurements of bed 

elevation in a coastal area affected mostly by the impact of the waves. 

Comparison of coastal morphological model results with field measurements 

of bed elevation is in itself an innovative aspect since only a handful of 

research efforts have been realized on this topic.  

1. 3. Thesis structure  

The thesis is assembled in seven distinct chapters, including the present introductory 

one and a brief overview of each chapter will be subsequently provided. The central 

focus of this thesis is the utilization of wave Input Reduction methods for the efficient 

numerical modelling of the morphological coastal bed evolution. The primary aspects of 

the morphological modelling under the combined effect of waves and currents, 

highlighting the ever-prevailing importance of wave Input Reduction methods is 

showcased by the literature review and the description of key research issues in Chapter 

2.  

In Chapter 3, a novel approach is realised and implemented to the widely used 

Binning Input Reduction methods (Benedet et al., 2016). The centerpiece of this 

approach is the elimination of lowly-energetic sea states which are unable to initiate 

sediment motion in the surf zone and are thus have a negligible effect in shaping the 

morphological bed evolution. Two methods developed in the framework of this 

dissertation are implemented. The first one is based on the calculation of the sediment 

Pick-up rate as a proxy quantity dictating the calculation of the wave representatives 

(Papadimitriou et al., 2020). The second one concentrates on the elimination of wave 
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records unable to initiate sediment motion based on the Threshold Current Speed 

concept and utilizing the wave energy flux as the main driving quantity to estimate the 

representative sea-states. This Chapter also presents the background of the numerical 

model utilized for the morphological simulations (DHI, 2014), along with the validation of 

an enhanced model, developed in the framework of this work (Papadimitriou et al., 2020) 

and considered integral to the methodologies. 

In Chapter 4, the capability of the K-Means clustering algorithm in predicting the 

annual bed evolution is investigated. Apart from the performance evaluation of the 

clustering algorithm, several modifications are also examined aimed at coercing the 

algorithm to utilize quantities that are vital in shaping the morphological bed evolution, 

hence bringing the gap between the unsupervised clustering algorithm and the Binning 

Input Reduction methods.  

In Chapter 5, performance evaluation is carried out for another widely used category 

of Input Reduction methods, entitled Representative Morphological Wave Height 

selection methods. The highlights of this Chapter concern the training and validation of 

an ANN, which can readily eliminate lowly-energetic sea-states that are considered to 

have a negligible effect on the morphological bed evolution at an annual scale. 

Chapter 6 builds on the previous Chapters 3,4 and 5 and contains a comparative 

analysis and selection of a singular optimal method out of those examined per Chapter, 

based on the model performance (i.e. capability of each method to predict the 

morphological bed evolution reliably) and ease of implementation (i.e. computational 

efficiency). Then each of the selected three methods (one for each chapter) was 

implemented in the coastal area of Skala Eresou in Lesvos Island, Greece, to compare 

and evaluate model results with available field measurements, to verify the capabilities 

of wave Input Reduction methods in predicting coastal bed evolution in real-field cases. 

Finally, Chapter 7 encapsulates the general conclusions of this thesis. In addition, 

suggestions for future research are also laid out. An outline of the thesis structure, 

showcasing the innovative points and main research objectives of each Chapter is shown 

in Figure 1.1. 
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Figure 1. 1. Outline of the overall structure of the thesis including research objectives, approach, data and outcome 
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2.1 . Process -based modelling of coastal bed evolution  

Coastal areas are dynamic, ever-evolving systems constituting a home for various 

lifeforms while also concentrating a multitude of human activities. Approximately three 

billion people ï half the worldôs population ï live and work within a couple of hundred 

kilometers of a coastline. The morphological bed and shape of the coasts is altered 

continuously being subject to several -and often contradicting- forcing factors. Ultimately 

the shift of shoreline position gathers vast amounts of interest from both the public and 

the research community, since it has serious implications to the economy, community 

safety and the environment. 

Of the forcing factors responsible for the morphodynamic processes, surface gravity 

waves are a key component since they are responsible for stirring sediments through 

the orbital motion observed under the wave crest and trough. As waves propagate from 

deep to shallower depths, they start interacting with the bottom with increased non-linear 

characteristics and dissipate energy mostly due to bottom friction and bathymetric 

breaking. Wave energy dissipation within the surf zone in turn leads to the generation of 

currents which are responsible for the transport of sediments in the nearshore both in 

the longshore (for the case of obliquely incident waves related to the shore-normal) and 

cross-shore (for direct wave incidence) direction. Furthermore, wave set-up gradients 

induced by the spatial variation in wave energy, can generate strong alongshore and 

cross-shore flows such as a rip-current circulations (Roelvink and Reniers, 2011). These 

littoral flows are notoriously capable of transporting large amounts of sediment (Komar 

and Miller, 1975). Obstruction of the littoral drift leads to areas of accretion followed by 

to beach erosion to the down-drift end, a phenomenon often observed in the vicinity of 

harbours and coastal protection structures. Consequently, numerical modelling of wave 

propagation and transformation in the nearshore, wave-generated currents, the 

corresponding sediment transport rates and ultimately the coastal bed evolution is of the 

utmost importance and has been at the forefront of research efforts of coastal engineers 

and scientists for the past decades (Afentoulis et al., 2019; Chondros et al., 2022; de 
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Vriend et al., 1993; Karambas and Samaras, 2017; Papadimitriou et al., 2020; Roelvink 

and Reniers, 2011). 

The behaviour and response of a coastal system is dynamic and occurs on a variety 

of spatial and temporal scales. The spatial scale is generally determined by the 

dimensions (in meters) of a particular morphological element, usually indicating its 

extend. Similarly, a timescale is generally interpreted as the period of time (e.g. in years) 

required for the characteristic morphological development to take place. This timescale 

often refers to the total duration that a morphological system needs to reach a new 

equilibrium state once it has been disturbed by nature or by the humans (Roelvink and 

Reniers, 2011). Equilibrium in this sense denotes that the overall sediment balance of 

the morphological unit is maintained (no erosion and no accretion is observed). The 

spatial and temporal scales of a morphological feature are closely coupled, the larger 

the spatial scale of a specific feature the larger the corresponding timescale. Indicatively, 

as showcased in Figure 2.2, the timescales of interest range from a few hours for the 

evolution of small bedforms like bottom dunes and ripples but can reach up to decades 

or centuries for morphological evolution of a large tidal inlet system (Bosboom and Stive, 

2022). For most practical applications, the timescale of interest (hereafter denoted as 

engineering timescale), usually correspond to the evolution of littoral systems at an 

interannual scale up to a few years (typically 1-10 years). This timescale is usually of 

particular interest to assess the effect of human interventions (e.g. shore protection 

works, construction of a harbour) to the morphological bed evolution. 

Consequently, coastal engineers would generally not be interested in dynamics on 

very small scales (morphological changes of few meters occurring in a few hours), like 

the evolution of wave ripples or even breaker bars in the surf zone. The complex 

dynamics on these scales are mostly oscillatory, and therefore have no net effect on the 

engineering timescales. In contrast, the natural behaviour on these larger engineering 

scales generally shows a net trend. Examples are the downdrift erosion due to the 

construction of a harbour, the erosion or accretion of a delta, and the migration of a tidal 

inlet. Human interventions have timescales of years to decades and spatial scales of 1 

km to 100 km. The coastal behaviour due to human intervention (harbours, coastal 

protection structures, land reclamation) interferes with the natural behaviour of the 

coastal system on these particular temporal and spatial scales. Coastal modellers often 

refer to morphological changes occurring on the aforementioned scales as ñmedium-

termò coastal bed evolution (de Vriend et al., 1993; Lesser, 2009), in order to loosely 

distinguish it from the short-term (hours to days) and long-term (decades to centuries) 

changes. 
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Figure 2. 2. Relationship between the spatial and temporal scales of interest of various types of 

coastal features (Bosboom and Stive, 2022) 

The complex prediction of the evolution of littoral systems to identify possible areas of 

erosion and establish mitigation measures is generally carried out by means of numerical 

simulation. Traditionally, the numerical models developed and tasked with the prediction 

of coastal bed evolution under the combined effect of waves and currents focus on 

resolving the relevant coastal processes. They are often referred to as ñprocess-basedò 

or ñdeterministicò models and can be divided in the following three large categories, each 

with different characteristics and based on different assumptions (Roelvink and Reniers, 

2011). 

¶ Coastal profile models , where the longshore variability is neglected, and the 

main driving factor is the cross-shore transport and the subsequent profile 

evolution (Roelvink and Brøker, 1993). 

¶ Coastline models , where the cross-shore profiles are considered to retain 

their shape, whether the shoreline advances or retreats (Szmytkiewicz et al., 

2000). 

¶ Coastal area models  (de Vriend et al., 1993), where flow variations and 

sediment transport gradients are resolved in both the horizontal dimensions. 

They can be further subdivided into two-dimensional horizontal (2DH) models 

which solve depth-averaged equations or three-dimensional (3D) models 

which resolve the vertical variations in both flow and sediment transport. 

In the following subsections, the main characteristics of each category of process based 

numerical models will be briefly outlined. It is noted that coastal area models will be 

analysed in more detail, since a coastal area model was utilized to perform all the 
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necessary simulations in this thesis due to the alongshore and cross-shore variability of 

the study areas. 

2.1.1. Coastal profile models  

Coastal profile models  are typically implemented in two types of applications: 

evaluation of storm eventsô impact on a coastal profile, with or without the presence of 

coastal structures, and evaluation of longer-term behaviour of sandbars and nourishment 

schemes, both on the beach and on the shoreface. The first profile models were 

essentially driven by offshore directed suspended sediment transport induced by return 

flows (Dally and Dean, 1984; Steetzel, 1990; Stive and Battjes, 1985). A detailed profile 

model for the modelling of beach erosion under a storm event was proposed by 

(Leontôyev, 1996), considering two distinct components of sediment transport rates 

contributing in the profile development and evolution, the first one caused by the wave-

current interaction shoreward the surf-zone and the second one induced by run-up flow. 

When examining more moderate sea-states, which reshape the coastal profile, 

additional and more detailed transport mechanisms (e.g. aeolian transport, phase lag 

effects) should be considered. Watanabe and Dibajnia, 1988, utilized various empirical 

formulations for onshore and offshore directed sediment transport as a function of the 

bed shear stress. Stive and Battjes, 1985, considered contributions from wave 

asymmetry terms applying the energetics model of Bailard, 1981. Roelvink and Stive, 

1989 introduced spatial lag effects in the prescription of the return flow, while also 

considering additional stirring due to wave breaking induced turbulence while also 

accounting for long wave effects, a concept latter expanded upon by Sato and 

Mitsunobu, 1991. Although profile models do not take into account alongshore variation, 

they capture an important part of the processes that shape the coasts and hence provide 

significant insights when used in conjunction with the more detailed coastline or coastal 

area models. 

2.1.2. Coastline models  

Coastline models  have their origins on the ñsingle-lineò or ñone-lineò shoreline 

evolution theory, the foundation of which has been laid out by Pelnard-Considère, 1957. 

The main assumption of this theory is that cross-shore processes are relatively fast-

evolving and are therefore able to maintain the shape of the coastal profile over a certain 

profile height, which runs from the so-called depth of closure (i.e. the depth shoreward 

which no significant bottom changes can be observed) to the top of the active profile, 

usually taken as the first dune landward. Hence the beach profile is considered to move 

parallel to itself seaward or landward depending on if the coast erodes or accretes. Due 

to the constant profile shape one contour-line can be used to describe changes in the 

beach plan shape and volume under wave forcing. Typically, in these models the 

computation is divided into two parts. Firstly, a profile model computes the longshore 

transport rates as a function of the angle of wave incidence relative to the shore-normal. 

Then, the coastline model updates the coastline positions and recomputes the wave 

incidence angles taking into account the longshore sediment transport rates calculated 
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previously in the profile model. Various commercial or open-source coastline models 

have been established with the main characteristics briefly outlined below: 

¶ GENESIS (Hanson, 1989) which is based on the extended CERC formula 

(Ozasa and Brampton, 1980), including the effect of longshore gradients in 

wave height and has the capability of describing the impact of coastal 

structures on the local wave climate and shoreline evolution. 

¶ LITPACK (DHI, 2023) which utilizes a process-based model to estimate 

sediment transport rates which are then used to simulate coastal response 

arising from the effect of natural features and considering a wide variety of 

coastal structures 

¶ UNIBEST-LT/CL (Tonnon et al., 2018) which combines longshore transport 

(LT) calculations combining a coastal profile model approach with coastline 

computations on a curvilinear coastline (CL) 

¶ UnaLinea (Stripling and Panzeri, 2015) which is based on the extended CERC 

formula (Ozasa and Brampton, 1980) and has special features for wave 

transmission through structures, bypassing of groynes and breakwaters and 

is capable of reproducing the effect of seawalls on sediment transport 

¶ CEM (Ashton and Murray, 2006a, 2006b) model provides a different approach 

which allows the plan-view shoreline to take on arbitrary local orientations, and 

even fold back upon itself. This is particularly important since under certain 

sea-states, i.e., when waves approach the coast with certain wave incidence 

angles (>45ę, a phenomenon known as ñhigh-angle instabilityò), complex 

shapes such as capes and spits are formed and can be reproduced using this 

model. 

Coastline models assume gradually varying flow conditions and approximately parallel 

depth contours. Under such circumstances the longshore transport can locally be treated 

as if it has fully adapted to the local incident wave conditions relative to the coast 

orientation. Since it typically takes hundreds of meters for the longshore current to spin 

up, coastline models should in principle be applied for large-scale applications, over 

alongshore distances of many kilometers in order to satisfy the assumptions associated 

with the ñsingle-lineò theoretical approach. 

2.1.3. Coastal area models  

Coastal area models  have been developed since the early 1980s (see Nicholson et al., 

1997 for a comprehensive review). They are applied when a separation between 

longshore and cross-shore scales and processes is not feasible, for instance in the 

vicinity of a tidal inlet, in the vicinity of a harbour, and in coastal zones with complex 

bathymetric features, rip channels and shoals forming varying angles with respect to the 

undisturbed coast orientation. The first instances of these models were essentially wave, 

hydrodynamic and sediment transport/morphology codes operating usually 

independently as a batch process and exchanging output files constantly. In the late 

1980s and early 1990s, the large European institutes (Deltares, Danish Hydraulic 
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Institute) combined their research efforts within the EU MaST-G6M and G8M projects 

and carried out major developments and restructuring of their coastal area models, which 

led to the development of much more robust and flexible codes that are still successfully 

operated and used by several coastal engineers to this day, such as Delft3D (Deltares, 

Netherlands), Mike21 (Danish Hydraulic Institute) and Telemac (Laboratoire Nationale 

dôHydraulique, France). All coastal area models consist of a wave driver model, providing 

the forcing input for the subsequent members of the modelling toolchain, which are a 

hydrodynamic model and a sediment transport/morphology model.  

Wave driver models can either be based on the ñphase-averagedò approach, where 

the wave field is averaged at the scales of over both individual waves or wave groups. 

The most notorious wave propagation models are based on the phase-averaged 

approach are the 3rd generation spectral wave models (Benoit et al., 1997; Hasselmann 

et al., 1988) and model the evolution of the two-dimensional wave spectrum based on 

the conservation of the wave-action balance. These models neglect information about 

the phase of the waves hence are not well-equipped for the detailed resolution of the 

processes of wave diffraction, despite efforts to reproduce diffraction effects behind 

obstacles such as detached breakwaters (Holthuijsen et al., 2003; Ilic et al., 2007; Mase 

et al., 2001), or wave reflection from obstacles. When wave reflection and diffraction 

cannot be neglected, then ñphase-resolvingò models are employed which can in great 

detail represent the wave transformation in the nearshore. To this day, few coastal-area 

models employ phase-resolving wave drivers (Afentoulis et al., 2022; Karambas and 

Samaras, 2017; Klonaris et al., 2018; Long et al., 2008; Papadimitriou et al., 2022b) due 

to the sheer number of elements required to resolve the wavelength, however they are 

gaining increasing popularity in the last decade due to the increase in computing power. 

Hydrodynamic (or flow) models can either be 2DH or 3D. In the first case, the 

computations are based on the solution of the depth-averaged shallow water equations. 

This generally implies that the sediment transport direction follows that of the depth-

averaged flow, although sometimes the mean return flow is taken into account. Full 3D 

flow models in the context of coastal area models, where horizontal scales are much 

larger than vertical scales, are normally based on the 3D shallow water equations. They 

offer a very satisfactory representation of the effects of breaking waves on the current 

profiles and at the same time deal with density-driven flows and deviations of the vertical 

due to strong curvatures. Most 3D models apply kī ʁ turbulence models or similar, 2-

equation turbulence models, which can deal with simultaneous sources of turbulence 

due to e.g. wave breaking, bed shear stress, horizontal shear, buoyancy effects. 

In most sediment transport/morphological models, sediment transport is split up into 

bed load transport and suspended load transport. Bed load transport is always treated 

as a direct function of the near-bed velocity or bed shear stress; in 2DH the bed shear 

stress follows the depth-averaged flow, whereas in 3D it follows the near-bed flow. 

Suspended sediment concentration in some models is only a function of the local flow 

and wave conditions, but in most it is solved using the advection-diffusion equation in 

2DH or 3D. The largest differences between 2DH and 3D sediment transports can be 
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observed in the surf zone and in strongly curved areas, as well as in areas with strong 

density gradients in the horizontal and/or vertical. Depending on the discretization 

scheme of the governing equations these models can be operated in a regular grid or 

flexible finite element mesh. A large number of coastal area models are available in 

various suites either as open-source codes or as commercial software. The main 

characteristics of well-known and widely-used coastal area models are compiled and 

shown in Table 2.1 . 

The general setup and procedure to perform morphological bed evolution simulations 

with coastal area models is briefly outlined below. 

1. An initial 2D bathymetry of the study area is constructed. 

2. Given certain forcing sea-states for the wave driver and boundary conditions for 

the hydrodynamic model, simulations are executed for both models operating in 

a two-way or one-way coupled mode. 

3. The sediment transport field is computed based on the hydrodynamic flow field, 

the wave orbital motion, the sediment characteristics and the bathymetry. 

4. The bathymetry is updated based on the sediment transport gradients. 

5. Return to step 2 for a full update of waves, flow and sediment transport field or to 

step 3 for an intermediate update of the sediment transport field. 

6. The model execution is terminated when all the forcing sea-states have been 

simulated and the final predicted bed levels are obtained. 

To expand on the above, it is noteworthy to highlight two approaches of morphological 

modelling, one where waves, currents and morphology exchange feedback constantly 

and the second one where it is considered that the sediment transport and morphology 

evolve in a slower scale than the hydrodynamics, hence, only the sediment transport 

field is recomputed after the bathymetry update. The first and more detailed approach is 

based on the constant interaction and feedback exchange between waves 

hydrodynamics and sediment transport morphology. This approach is called 

ñMorphodynamicò (Olij, 2015). On the other hand, when the wave, hydrodynamic and 

sediment transport/morphology simulations for each sea-state are executed considering 

the same initial bathymetry without updating the bed levels at each model time-step and 

then the final bed is obtained as a weighted average of each morphological simulation, 

then the approach is called ñMorphostaticò. It can be deduced that considering the 

interaction of all the feedback mechanisms between waves-currents and the sediment 

transport, leads to more time-consuming simulations, but is necessary when modelling 

complex phenomena such as the migration of a sandbar. 

Coastal area models are capable of resolving most coastal processes (depending on 

the type of wave driver, flow and sediment transport model) and can therefore be 

implemented in a variety of scales and applications, from small-scale coastal engineering 

problems to macro-scale evolution of tidal basins. Considering the basic aspects and 

features of the three categories of coastal modelling tools, Table 2.2 provides an 

overview of the scales and typical applications where each model category is best suited 

to be implemented. 
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Table 2.1  
Main characteristics of available coastal area models, adapted and updated from (Roelvink and Reniers, 2011). 

Model Wave driver Hydrodynamic model Sediment transport Bed composition Grid system Availability 

DELFT 3D 

(structured) 

spectral wave 

averaged 
2DH/3D 2DH/3D sand & mud 3D 

structured or curvilinear 

grid 
open source 

DELFT 3D FM 
spectral wave 

averaged 
2DH/3D 2DH/3D sand & mud 3D unstructured mesh commercial 

MIKE 21  
spectral wave 

averaged 
2DH/3D 2DH/3D sand & mud 3D unstructured mesh commercial 

Telemac 
spectral wave 

averaged 
2DH/3D 2DH/Q3D sand & mud 3D unstructured mesh open source 

CMS 
spectral wave 

averaged 
2DH 2DH/3D sand  2DH structured grid 

commercial (through 

SMS) 

ROMS-SED 
spectral wave 

averaged 
3D 2DH/3D sand 3D 

structured or curvilinear 

grid 
open source 

MOHID 
spectral wave 

averaged 
2DH 2DH/3D sand 2DH 

structured or curvilinear 

grid 
commercial 

XBeach 

phase-

resolving or 

short-wave 

averaged 

2DH Q3D sand or gravel 2DH 
structured or curvilinear 

grid 
open source 

FUNWAVE-

TVD 

phase-

resolving 
2DH Q3D sand or mud 2DH structured grid open source 

COAWST 
spectral wave 

averaged 
3D 2DH/3D sand 3D unstructured mesh open source 

SCIENTIA 

MARIS 

phase-

resolving 
2DH 2DH/Q3D sand 2DH structured grid commercial 
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Table 2.2  
Spatial and temporal timescales of typical coastal engineering applications: profile models (red 
font), coastline models (green font), coastal area models (blue font) 

Timescale/Spatial 

scale 
1m ï 1km 10m ï 10km 100m ï 100km 

1hour ï 10days 

Dune erosion, bar 

formation due to 

extreme events 

Reset events 

  

1day ï 10years 

Effect of shoreface 

nourishments 

Impact of harbour 

extensions 

 

Longshore 

spreading of 

nourishments 

Evolution of beach 

states 

Impact of coastal 

structures 

Mega 

nourishments 

Coastal response 

to wave climate 

variability 

1year ï 1000years 

Climate change 

impact on profile 

behaviour 

Evolution of tidal 

inlets & climate 

change impact 

assessment 

Evolution of tidal 

basins 

  Large scale 

coastline evolution 

Observing Table 2.2, it can be deduced that coastal area models are usually applied in 

the most practical applications of coastal engineering, especially spanning from coastal 

areas of a few meters up to large 2D areas with alongshore variability with or without the 

presence of coastal structures. However, at spatial scales of a few hundred meters, it is 

desirable to model in great detail the wave transformation and wave-driven flow patterns 

and the corresponding morphology changes around small structures such as groynes 

and detached breakwaters. This implies that small grid cell sizes are required to resolve 

the main processes in turn leading to small time steps to satisfy stability restrictions 

imposed by the hydrodynamic models. Consequently, simulating these applications is 

computationally intensive, especially when predictions over longer time periods than a 

storm event are required. Hence, although coastal area models can accurately resolve 

the dominant processes driving coastal bed evolution in turn they are associated with 

staggering computational burden, especially when desiring to obtain coastal bed 

evolution predictions in the medium term (1-10 years). 

2.2. Morphological upscaling and  acceleration techniques  

To combat the excessive computational effort and time constraints of the coastal area 

models when simulating medium to long term changes for larger scale applications 

several acceleration techniques have been realized (Lesser, 2009; Jimenez & Mayerle, 

2010). Most approaches take advantage of the fact that the morphological evolution of 

coastal features for practical engineering applications usually occurs at timescales 
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several order of magnitude larger than the hydrodynamic fluctuations driving sediment 

transport. Indicatively, de Vriend et al., 1993, highlight three distinct approaches to 

accelerate morphological modelling simulations. 

¶ Model reduction , in which smaller-scaler processes are not described in 

great detail allowing for the coastal model to be reformulated. 

¶ Behaviour oriented modelling , which attempts to model the phenomenon 

of interest without attempting to describe the underlying processes. 

¶ Input reduction , which is based on the premise that the residual (long-term) 

effects of smaller-scale processes can be obtained by applying models of 

those smaller-scale processes forced with reduced ñrepresentativeò inputs 

Regarding model reduction, several methods have been utilized in literature and are 

discussed thoroughly in Cayocca, 2001, Dodd et al., 2003 and Roelvink, 2006.  

The first method entitled ñtide averagingò or ñelongated tideò (Latteux, 1995)  is based 

on the premise that morphological changes within a single tidal cycle are usually very 

small compared to the trends over a longer period, and such small changes do not affect 

the hydrodynamics or sediment transport patterns significantly. It is then acceptable to 

consider the bottom fixed during the computation of hydrodynamics and sediment 

transport over a tidal cycle. The rate of bed level changes is then computed from the 

gradients in the tidally averaged transport. Starting from an initial bathymetry, the waveï

current interaction is solved over a tidal cycle, using an iterative approach. The resulting 

hydrodynamic and wave fields are then provided as input into a sediment transport 

model, which computes bed load and suspended load transports over the tidal cycle. 

The averaged result is then utilized to compute bed changes. The updated bathymetry 

is finally fed back to the hydrodynamic module and the method is repeated. The 

morphological time step is numerically restricted (for explicit schemes) by the Courant 

number and additionally the accuracy of this method depends on the time integration 

discretization scheme (usually an explicit Euler scheme). Because of these limitations 

on the morphological time step, it is necessary to update the transport rates regularly. 

An improved version of the ñtide-averagedò approach is the ñcontinuity correctionò 

method (Roelvink, 2006). It is a frequently applied method to adjust the flow field after 

small changes in the bathymetry given that the sediment transport rates Ὓ is a function 

of the current speed ό and the wave orbital velocity ό : 

Ὓᴆ Ὢόᴆȟό  (2.1) 

Since the flow pattern is assumed to not vary for small bottom changes, the local flow 

rate ή can be assumed to be constant: 

ήᴆ Ὤόᴆ (2.2) 

where Ὤ is the still-water depth and όᴆ the current speed. 

The same assumption can be adopted for the wave field, the significant wave height 

Ὄ, peak wave period Ὕ and angle of wave incidence ‌, are kept constant and only the 

wave orbital velocity has to be readjusted to the local water depth. 
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Adaptation of the sediment transport field is hence decomposed on merely adjusting 

the flow-velocity and orbital velocity and recomputing the sediment transport using Eq. 

(2.1). The main limitation of the ñcontinuity correctionò approach is the assumption that 

the flow rates and patterns remain constant over time. In the case of a shallow area 

becoming even shallower (e.g. due to the formation of bars or increased accretion), the 

flow velocity keeps increasing under this approach, whereas in reality, the flow will adjust 

around the shallow area subject to the increasing dissipation due to bottom friction. 

The need to often interpret the outcome of initial sediment transport computations 

without resorting to the full morphodynamic simulations led to the development of the 

ñRAMò (Rapid Assessment of Morphology) approach. With the same assumptions as the 

ñcontinuity correctionò approach as a basis, i.e. that no significant changes to the flow 

and wave field are expected when the bottom changes are small, the tide-averaged 

transport rates are a function of flow and wave patterns which do not vary on the 

morphological time-scale, while the local depth does. Essentially, given a certain set of 

nearshore currents and wave characteristics, the sediment transport at a given location 

is only a function of the water depth. 

In dynamic areas, such as estuaries and outer deltas, the RAM method may work well 

enough to be applied as a quick updating scheme. As soon as bottom changes become 

significant, a full simulation of the hydrodynamics and sediment transport is carried out 

for a predefined number of input conditions. A weighted average sediment transport field 

is then determined, which is the basis for the next RAM computation over, say, a year of 

morphological time. The updated bathymetry is then fed back into the detailed 

hydrodynamic and transport model. A flow chart indicating the operation of the ñRAMò 

approach is given in Figure 2.3. 

 
Figure 2. 3. Flow chart of the operation of the RAM approach 
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The most widely used method of model reduction is the Morphological acceleration factor 

(Morfac) approach (Lesser, 2009; Lesser et al., 2004). This approach multiplies the bed 

level change rates, obtained in each morphological timestep by a constant factor ὲ. 

Effectively, by taking advantage of the difference in the timescales of the morphological 

evolution of coastal features compared to the hydrodynamic fluctuations, if simulations 

are performed for instance for one tidal cycle, the use of the Morfac allows to simulate 

morphological changes after ὲ tidal cycles. An advantage of the aforementioned method 

is, that short-term processes are coupled at each flow time-step level, which makes it 

easy to include various interactions between flow, sediment transport and morphology, 

and also renders the need to store large amounts of data between processes redundant 

(Roelvink, 2006). What clearly distinguishes this method from other model reduction 

techniques is that the bottom evolution is computed in much smaller time steps, even 

when relatively large values of ὲ are used.  

The use of Morfac has effectively overshadowed all other model reduction techniques 

and is offered exclusively as an option to all commercial or open-source software 

showcased in Table 2.1 due to its simplicity, ease of implementation and achieved model 

run-time reduction. However, the use of large Morfac values introduces errors in the 

simulations due to the non-linear response of the sediment transport to the wave forcing 

(Lesser, 2009). Clearly defined limits about the allowable values of the Morfac do not 

exist in the literature since Morfac depends upon a wide array of parameters. Lesser, 

2009, stated that for the DELFT3D model and for coasts under wave attack a maximum 

value of 100 can be utilized for the morphodynamic simulations and argued that for 

extreme sea-states Morfac values should be close to unity, hence a hybrid model 

reduction approach should be considered. Knaapen and Joustra, 2012, assessed Morfac 

values in the Sisyphe model of the Telemac suite for three separate cases, a laboratory 

trench case, a river floodplain and an estuary and concluded that large factors can be 

used in stationary situations however for the more complex cases (as an estuary) using 

values higher than 20 introduces error in the simulations, in the form of increasing the 

RMSE compared to the benchmark prediction (Morfac = 1). Ranasinghe et al., 2011, 

extensively examined the dependencies of the Morfac and concluded that it a function 

of the grid cell size, the hydrodynamic time step, Froude number and the bed-level 

update solution scheme. They then defined a preliminary criterion to estimate a priori 

critical values of Morfac based on the hydrodynamic Courant number. However, in cases 

where waves are the main factor dricing the nearshore sediment transport it is inherently 

difficult to predict the critical value of Morfac. Taking the above into consideration, Morfac 

is a widely used morphodynamic upscaling technique, but care should be taken not to 

use excessively large values for energetic sea-states that may introduce errors in the 

morphological bed evolution predictions. 

Behaviour-oriented modelling acceleration techniques essentially encompass the 

treatment of complex processes in a simplified manner, such as the shift of the shoreline 

position or computation of the sediment transport rates in the swash zone. The most 

commonly used methods of this kind revolve around moving shoreline boundary 
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conditions (Balzano, 1998; Lynett et al., 2002; Prasad and Svendsen, 2003) and erosion 

of dry cells (Lesser, 2009). 

Input Reduction or Input Schematization methods have been utilized in the coastal 

engineering practice since the 1980ôs (Borah and Balloffet, 1985), aiming to reduce the 

sheer amount of input forcing conditions required to obtain a medium-term prediction of 

the morphological bed evolution. In essence, all Input Reduction methods lead to the 

selection of a few ñrepresentativeò wave conditions which are deemed capable of 

reproducing the bed level changes induced by the full wave climate. Nowadays wave 

characteristics are readily available through oceanographic databases (e.g. Copernicus 

Marine Service, Copernicus Climate Data Store, AVISO) for the global ocean at 1 or 3-

hour intervals. It can be deduced that simulations with coastal area models considering 

hourly changing boundary conditions is prohibitive for practical applications. 

Consequently, considering this rapid increase of the available sea-state wave 

characteristics, exploring ways to further speed up the demanding morphological 

simulations by further enhancing the Input Reduction Methods is especially important. 

Hence, this dissertation aims to systematically evaluate and develop new wave Input 

Reduction methods, able to reduce the required computational effort while maintaining 

reasonable accuracy in model results. In the following subsection the basic theoretical 

aspects and main branches of Input Reduction methods are briefly presented and 

analysed.    

2.3. Basic aspects of Input Reduction  

When desiring to obtain a reduced set of representative conditions from a timeseries of 

offshore wave characteristics or a wave climate obtained from empirical methods, it is 

important to define the dominant forcing/input parameters for the area of application. A 

typical list of input parameters for coastal area models is given below (Roelvink and 

Reniers, 2011): 

1. tidal amplitude or phase within the spring-neap cycle 

2. offshore sea-state wave characteristics (significant wave height Ὄ, peak wave 

period Ὕ and mean wave direction ὓὡὈ) 

3. wind speed and direction 

4. surge level 

5. river & sediment discharges 

Considering microtidal coastal areas with dimensions of a few km (hence the wind effect 

and surge levels can be considered to have small variations along the domain) and no 

significant point discharges are present, it can be deduced that the main input parameter 

driving the sediment transport and subsequent bed evolution is the offshore sea state 

wave characteristics. Based on this observation, thereafter the wave Input Reduction 

(IR) methods which in a general sense derive a set of predefined representative wave 

conditions using a quantity driving the medium-term morphological evolution as a proxy, 

will be presented and analyzed. Many parameters affect the performance of IR methods 
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(Benedet et al., 2016; de Queiroz et al., 2019; Walstra et al., 2013) with the following 

parameters having the most prominent effect: 

¶ method & proxy quantities to select the representative wave conditions 

¶ number of representatives 

¶ sequencing of the wave climate 

¶ desired duration to be simulated 

To evaluate the performance of IR methods various error statistics aiming to measure 

the modelôs accuracy or skill are commonly utilized. The usual approach (Benedet et al., 

2016; de Queiroz et al., 2019; Luijendijk et al., 2019; Papadimitriou et al., 2020; Walstra 

et al., 2013) is to compare the results obtained by implementing an IR method to a 

ñbenchmarkò simulation, containing the full set offshore sea-state characteristics or a 

robust wave climate (i.e. >50 cases). This benchmark simulation is often called ñBrute 

forceò or ñreferenceò and is commonly used in practice, since in most cases no detailed 

field measurements of coastal bed elevation are readily available, especially in tandem 

with buoy measurements of wave characteristics.  

The most common measures of a morphological modelôs accuracy are the Mean 

Absolute Error (MAE), Mean Square Error (MSE) and Root Mean Square Error (RMSE). 

Given a set ὣ of ὐ forecast predictions (the results obtained by implementing the IR 

methods in this context) and X a set of observations (the results of the Brute force 

simulation) the MSE is calculated as (Sutherland et al., 2004a): 

ὓὛὉὣȟὢ
ρ

ὐ
ώ ὼ ộὣ ὢ Ớ (2.3) 

where the angular brackets denote averaged quantities. 

The morphological modelôs skill is a non-dimensional measure of the accuracy of a 

prediction relative to the accuracy of a baseline prediction (Sutherland et al., 2004a), 

which could, for example, be the initial bathymetry, a random choice (from the possible 

range of outcomes) or a simple empirical predictor (such an equilibrium coastal profile). 

The most commonly used measure of skill for morphological bed evolution applications 

is the Brier Skill Score (BSS) which has been employed in numerous studies (de Queiroz 

et al., 2019; Papadimitriou et al., 2022b, 2020; Sutherland et al., 2004a, 2004b; van Rijn 

et al., 2003; Vousdoukas et al., 2011). The BSS is calculated as follows: 

ὄὛὛρ
ὓὛὉὣȟὢ

ὓὛὉὄȟὢ
ρ
ộὣ ὢ Ớ

ộὄ ὢ Ớ
 (2.4) 

where ὄ is a baseline prediction, usually taken as the initial bathymetry. 

Perfect agreement with measurements gives a BSS of 1 whereas modeling the 

baseline condition gives a score of 0. If the model prediction is further away from the final 

measured condition compared to the baseline prediction, the skill score is negative. As 

shown in Eq. (2.4) these skill scores are unbounded at the lower limit. Therefore, they 

can be extremely sensitive to small changes when the denominator is small, as is the 

case with other non-dimensional skill scores derived from the ratio of two numbers. 
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Additionally, large negative values can be obtained even from models which a change 

of the correct order of magnitude when the measured change is very small. The following 

classification of the BSS (Sutherland et al., 2004a) is widely utilized to evaluate the 

performance of morphological models as shown in Table 2.3: 

          Table 2.3  
Classification for the BSS (Sutherland et al., 2004a) 

Classification BSS 

Excellent 0.5 - 1.0 

Good 0.2 - 0.5 

Reasonable/Fair 0.1 - 0.2 

Poor 0.0 ï 0.1 

Bad <0.0 

Based on the methodology followed and corresponding proxy quantities used to select 

the representative wave conditions, various wave IR methods have been realised and 

can be divided into the following categories: 

¶ Representative morphological wave height (RMWH) selection methods (Borah 

and Balloffet, 1985; Brown and Davies, 2009; Chondros et al., 2022; 

Chonwattana et al., 2005; Karambas et al., 2013; Karambas and Samaras, 2017; 

Papadimitriou et al., 2022a; Pletcha et al., 2007) 

¶ Binning Input Reduction (BIR) methods (Benedet et al., 2016; de Queiroz et al., 

2019; Papadimitriou et al., 2020; Roelvink and Reniers, 2011; Walstra et al., 

2013) 

¶ Clustering Algorithms (CA) wave schematization methods (de Queiroz et al., 

2019; Papadimitriou and Tsoukala, 2022) 

In the following subsections the background and methodology of the three branches of 

wave Input Reduction will be presented. 

2.3.1. Representative morphological wave height selection methods  

The oldest -but still widely used- RMWH methods divide the bivariate wave climate 

(significant wave height and angle of wave incidence) into directional bins of fixed size, 

and then for each bin a representative wave condition is obtained using a quantity 

considered vital in driving longshore sediment transport as a proxy. Based on this 

concept, Borah and Balloffet, 1985, presented a method to select annual ñequivalent 

wave heightsò based on the conservation of the alongshore component of wave power 

as shown below: 

Ὢ
Ὥ
ὌίȟὩ
ςὝȟὩÃÏÓὥὩÓÉÎὥὩȟὦ Ὢ

Ὥ
ὌίȟὭ
ςὝὴȟὭÃÏÓὥὭÓÉÎὥὭȟὦ  (2.5) 

where: Ὄȟ denotes the yearly ñequivalentò significant wave height, Ὕȟ the yearly 

equivalent peak wave period, ‌ the yearly equivalent wave incidence angle, with the 
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subscript ὦ denoting the value at the breaker line. In the right-hand side of the Eq. (2.5) 

the subscript ñὭò denotes individual wave events, with Ὢ being the frequency of 

occurrence of each event. 

Considering identical angles of wave incidence, Eq. (2.5) can be rewritten in the 

following form (Karambas et al., 2013): 

ὝὴȟὩ
ВὪ

Ὥ
ὝὴȟὭ

ВὪ
Ὥ

 (2.6) 

Ὄȟ
ВὪ

Ὥ
ὝὴȟὭὌίȟὭ

ς

ὝȟВὪὭ
 (2.7) 

The frequency of occurrence of each representative condition is the sum of the 

individual frequencies of occurrence Ὢ of the members of each directional bin. This 

method has been used in many studies (Karambas et al., 2013; Karambas and Samaras, 

2017; Tsiaras et al., 2020) and practical applications, taking advantage of its relative 

ease of implementation (since calculations can be usually carried out within a single 

spreadsheet). However, calculation of a representative incidence wave angle is not 

clearly defined and often can be taken as the mean value of each directional bin.  

Chonwattana et al., 2005, followed a similar approach aiming to expand on the 

concept of representative morphological wave heights using the conservation of wave 

energy flux along a wave ray and coupling it with either bulk longshore or cross-shore 

transport formulations. Hence, conservation of wave energy flux along a wave ray orders 

that: 

Ὄȟὅ Ὄȟὅ  (2.8) 

where Ὄ is the significant wave height and ὅis the wave group velocity. The subscripts 

ñ1ò and ñ2ò denote two sequential positions along the wave ray.  

Substituting the value of wave group velocity for the deep water (ὅ ) in Eq. (2.6) 

and eliminating constants we obtain the following relationship. 

ὌȟὝȟ ὌȟὝȟ (2.9) 

Taking the component of the wave energy flux in the longshore direction one obtains: 

ὌὝίὭὲὥ ὅ (2.10) 

where ὥ is the deepwater wave incidence angle relative to the shore-normal and ὅ a 

constant. 

Similarly, for the cross-shore direction Eq. 2.7 takes the following form: 

ὌὝὧέίὥ ὅ (2.11) 

where ὅ is a constant.  

With the assumption that longshore sediment transport rates (Ὓ) depend on the 

longshore component of the wave energy flux in the surf-zone (USACE, 1984), and 

utilizing the formula of Vongvisessomjai et al., 1993, one obtains: 
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Ὓ πȢπφτςπψὌȢὧέίὥȢ ίὭὲςὥ  (2.12) 

If the longshore sediment transport is conserved, Eq. (2.12) yields: 

ὌȢὧέίὥȢ ίὭὲςὥ ὅ (2.13) 

where ὅ is a constant. 

Solving Eq. (2.10), (2.11) and (2.13) for each wave record of a given timeseries of 

offshore sea state characteristics the representative or ñequivalentò values of the 

constants ὅ, ὅ, ὅ can be obtained as follows:  

ừ
ỬỬ
Ừ

ỬỬ
ứὅȟ

ВὪὅȟ
ВὪ

ὅȟ
ВὪὅȟ
ВὪ

ὅȟ
ВὪὅȟ
ВὪ

 (2.14) 

with Ὢ being the frequency of occurrence of each wave record. 

After computing the equivalent values of the constants, the system of equations 

shown in Eq. (2.14) is inverted to obtain ñequivalentò values of the wave characteristics 

(ὌȟȟὝȟȟὥ) as shown below. 
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ὧέίὥȢ  ÓÉÎ ςὥȟ

Ⱦ

Ὕȟ
ὅȟ
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 (2.15) 

Chonwattana et al., 2005 also examined an alternative approach, one based on the 

conservation of the cross-shore sediment transport component throughout the beach 

profile. The authors argued that the calculation of a reduced set of representative wave 

conditions should preferably be linked to offshore wave characteristics to further abet 

simplicity and speed. Hence, they selected the formula for offshore bar migration 

proposed by Kraus et al., 1991 and later modified by Dalrymple, 1992 who defined a 

non-dimensional parameter P directly linked to offshore wave characteristics. 

ὖ Ὣ
Ὄ

ύὝ
 (2.16) 

where ύ  is the sediment settling or fall velocity. 

If the cross-shore sediment transport is conserved and the sediment characteristics 

are considered constant throughout the beach profile, Eq. (2.16) yields: 

Ὄ

Ὕ
ὅ (2.17) 

where ὅ is a constant. 
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Solving once again Eq. (2.10), (2.11) and (2.17) for each wave record of a given 

timeseries of offshore sea state characteristics and calculating the constants ὅȟ, ὅȟ, 

ὅȟ based on the conservation of the cross-shore sediment transport the corresponding 

values of the ñequivalentò wave characteristics can be obtaining: 

ừ
Ử
Ử
Ừ

Ử
Ử
ứ ὥȟ ÔÁÎ

ὅȟ

ὅȟ

Ὄȟ
ὅȟ  ὅȟ
 ÓÉÎ ὥȟ

Ⱦ

Ὕȟ
ὅȟ

Ὄȟ ὧέίὥȟ

 (2.18) 

An indicative bivariate plot of ῷ and ‌ indicating the equidistant directional bins and 

obtained representatives wave conditions utilizing the approach of Chonwattana et al., 

2005 is showcased in Figure 2.3. 

 
Figure 2. 3. Records of offshore sea state timeseries (lightblue dots) and obtained 12 

representative wave conditions (red markers). The red boundaries denote the equidistant 

directional bins. 

Chonwattana et al., 2005 applied a coastal area model in a groyne compartment to 

assess the morphological evolution of the coastal bed and assess model performance. 

By applying either the system of Eq. (2.15) or (2.18) for a varying number of 

representative conditions (ranging from 1 to 16 representative inputs) they concluded 

that the required computational effort is reduced significantly, by a factor of 200 with a 

small reduction of model efficiency (order of 5%). The two alternative approaches 

produced similar representatives and results, with the ones calculated based on the 

longshore sediment transport having a slight edge. By increasing the number of 

representatives, the root-mean square error (RMSE) of model predictions decreased, 

albeit with a proportional increase in computational time. Since the wave climate is 

divided in directional bins of fixed size, if the wave energy is concentrated around one 
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dominant direction, this method can add more weight in waves generated from directions 

that are not so vital in shaping the morphological evolution of the specific study area. 

Pletcha et al., 2007, intercompared alternative formulations for the calculation of the 

sediment transport rates and obtained different ñequivalentò values of wave 

characteristics at a coastal lagoon in the Iberian Peninsula. The authors stated that a 

number of 8 representatives is adequate to describe the annual morphological evolution 

for the particular case. They concluded that the performance of the representative waves 

is case specific and sensitive to the longshore sediment transport formulation 

considered, implying that a thorough calibration of the morphological model should be 

undertaken. 

Brown and Davies, 2009, introduced a RMWH method with the goal of maintaining 

the statistical properties of the wave characteristics while simultaneously retaining 

somewhat the chronology of the events. For that purpose, they divided the annual wave 

climate at 4 separate seasons and 4 directional sectors. For each directional sector and 

season, a mean value for the significant wave height was selected as the representative 

wave condition. 

Ὄȟ
ВὪὌȟ
ВὪ

 (2.19) 

The corresponding representative peak wave periods were obtained by applying the 

correlation of Jonswap wave prediction method. Ultimately 16 representative wave 

conditions were obtained, superimposed with two additional extreme sea-states 

introduced in the autumn and winter seasons. This RMWH selection method is the only 

one attempting to retain a form of wave chronology, since information about the 

sequencing of individual sea-states is inherently lost by grouping and then schematizing 

an annual wave climate. However, this method usually requires a higher number of wave 

representatives compared to the methods of Borah and Balloffet, 1985 and Chonwattana 

et al., 2005, and does not take into account the non-linear relationship between the wave 

height and the longshore sediment transport rates. 

2.3.2. Binning Input Reduction  methods       

Binning Input Reduction methods have been used in numerous studies of medium-term 

coastal area morphological modelling (Antolínez et al., 2016; Benedet et al., 2016; de 

Queiroz et al., 2019; Hendrickx et al., 2023; Lesser, 2009; Papadimitriou et al., 2020; 

Van Duin et al., 2004; Walstra et al., 2013). The main distinction from RMWH methods 

is that the directional bins are not predefined and are also characterized by an uneven 

size. In general, the bivariate wave climate of wave height and mean wave direction (or 

angle of wave incidence) is divided in a predefined number of ὔ bins containing an equal 

portion of a proxy quantity considered vital in driving the medium-term coastal bed 

evolution (such as the wave energy flux, or longshore sediment transport). The most 

widely-used BIR methods are the following (Benedet et al., 2016): 

¶ the Fixed Bins Method (FBM), where the number of directional intervals and 

height intervals arbitrarily defined. Initially a given number of directional bins with 
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fixed degree intervals is used to divide the offshore sea-state time series and 

subsequently, a pre-defined number of wave height intervals is applied to each 

wave directional bin. It can be deduced that the wave height intervals of the 

subdivisions are fixed, but do not necessarily have the same range between the 

directional classes.  

¶ the Energy Flux Method (EFM), in which instead of arbitrarily defining the wave 

directional bins with fixed intervals like in the FBM, the EFM directional bins are 

calculated as óequal wave energy fluxô intervals, calculating the energy flux of 

each sea-state as follows: 

ῴȟ
ρ

ρφ
”ὫὌȟὅȟ (2.20) 

Where ” is the seawater density and Ὣ is the acceleration of gravity. 

For instance, if 15 wave representatives are selected a priori, with 5 subdivisions 

in the wave direction and 3 in the wave heights, each bin ultimately contains 1/15 

of the total wave energy flux. 

¶ the Energy Flux Method with Extreme Events (EFMEE) is similar to the EFM, 

however, an extreme wave condition is added to the wave climate in order to 

provide a representation of a óstorm conditionô in an averaged wave climate. a 

representation of a óstorm conditionô in an averaged wave climate. The extreme 

wave class contains the 12 wave records with the highest wave energy in each 

wave directional bin (probability of yearly exceedance of 0.137%), therefore there 

is always one extreme wave case per directional bin in this method. 

¶ the CERC Method is similar to the EFM however instead of the wave energy flux 

it uses sediment transport rates to define the wave direction and height bins. 

Sediment transport rates are calculated with the empirical CERC formula 

(USACE, 1984). 

Ὓ ὑ
” Ὣ

ρφ‎Ȣ ” ” ρ ὲ
ὌȢÓÉÎ ςὥ  (2.21) 

The main principle of the method is the definition of wave classes that represent 

similar accumulated potential longshore sediment transport. The directional and 

wave height bins are calculated considering óequal transportô intervals. Compared 

to the EFM the CERC Method yields somewhat similar wave classes with small 

differences (Benedet et al., 2016; de Queiroz et al., 2019) with the biggest 

difference between these two methods is that the wave direction is explicitly 

considered in the CERC Method.  

Having laid the foundations of each of the 4 BIR methods, the following steps are 

generally undertaken to schematize timeseries of offshore sea-state wave 

characteristics and obtain ὔ  representative conditions (Benedet et al., 2016): 

1. A scatter plot of significant wave height (Ὄ) vs mean wave direction (ὓὡὈ) or 

wave incidence angle relative to the shore normal (ὥ) is prepared. 
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2. The time series of offshore sea-state characteristics is divided into a pre-

determined number of wave directional bins (ὔ ).  

3. The number of wave height subdivisions (ὔ ) that each wave direction will be 

further divided into is defined. 

4. Wave classes then defined as a result of ὔ *ὔ  intersections among the wave 

height and directional bins using a proxy quantity depending on the BIR method. 

At first (Figure 2.4b), the boundaries of the directional bins are defined since each 

bin contained an equal portion of the proxy quantity of choice (e.g. ὉȾὔ , for the 

wave energy flux). Then (Figure 2.4c), each directional bin is further subdivided 

in ὔ wave height bins (e.g. each bin contains a portion of ὉȾὔ *ὔ  for the 

wave energy flux input reduction method). 

5. A set of ὔ representative wave characteristics, taken as the mean value of each 

class and the corresponding frequency of occurrence are obtained. 

The procedure to define 20 classes and representative wave conditions, with 5 

directional and 4 wave height bins is showcased in Figure 2.4 for the EFM. 

 
Figu re 2.4. Procedure to define classes through the EFM (Benedet et al., 2016) 

The difference between the classes and obtained 12 representative wave conditions 

obtained by implementing the FBM and the EFM for a given set of offshore sea-state 

characteristics is illustrated in Figure 2.5. The difference is the bin definition for the two 

methods is notable, since those obtained through the EFM are characterized by an 

uneven size and thus can better capture the concentration of wave energy around the 

perpendicular angle of wave incidence for the particular wave climate. 
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Figure 2. 5. Obtained classes (bounded by the red rectangles) and 12 representative wave 

conditions (red markers) for an arbitrary dataset of offshore sea-state wave characteristics (light 

blue markers) using the (a) FBM and (b) EFM. 

A more sophisticated BIR method, called the ñOpti-Routineò (Roelvink and Reniers, 

2011) attempts to reproduce more accurately the complete accretion/erosion patterns 

utilizing sequential numerical model simulations. The general outline of this method is to 

perform short-term simulations for each record of the full offshore sea-state wave 

characteristics to obtain the target sedimentation/erosion patterns and then through an 

automatic trial and error approach reducing the number of wave representatives by 

keeping sea-states with largest contribution in shaping the sediment transport regime 

(Roelvink and Reniers, 2011). The general steps of the ñOpti-Routineò are as follows: 

1. Simulations to obtain initial sedimentation/erosion patterns for the full wave 

climate (usually > 50 sea-states) are executed and the results are added based 

on the frequency of occurrence of each sea-state to obtain the weighted average 

target pattern. 

2. A large number of ñmutationsò are created (usually at the order of 1000) where 

the frequencies of occurrence of each mutation varies within a certain range. For 

each of these mutations the weighted average pattern is computed and error 

statistics in this pattern compared to the target pattern are also kept track off. 

3. The ñmutationò with the smallest error is kept. 

4. The ñmutationò with the smallest contribution to the average pattern is removed. 

5. Return to step 2 and repeat the procedure until a predefined number of 

representatives ὔ  is obtained.  

By repeating this procedure, it can be deduced that the frequencies of occurrence 

gradually grow or reduce until they become either dominant or extinct, and that the 

overall pattern remains almost unchanged until a number between 5-10 representative 

conditions are selected. Selecting fewer representatives than 5 usually sharply increases 

the error and should be avoided. The ñOpti routineò has a strong theoretical basis and 

can be applied for any coast configuration, however it is associated with significant 

additional computational burden compared to the other BIR methods since it requires the 

sequential execution of a large number of numerical simulations. 
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As has been previously mentioned, while the main theoretical aspects that drive the 

medium-term morphological bed evolution are generally universally acknowledged, in 

turn the unique morphological and metocean conditions of each coastal area greatly 

influences the performance of wave Input Reduction methods. Motivated by this, several 

researchers have attempted to systematically evaluate the performance of wave Input 

Reduction methods for interannual morphological bed evolution aiming to provide 

practical recommendations and guidelines about the best IR method and optimal 

configuration. 

Walstra et al., 2013 examined in two study sites various aspects affecting the 

performance of the FB and EFM methods of input reductiom, i.e. the wave climate 

duration Ὕ , the method to select representative wave conditions, testing the Fixed Bins 

and the Energy Flux method, as well as the sequencing of wave conditions. The 

performance of the BIR methods was compared to Brute force simulations of 3 years 

with wave conditions measured at 3-hour intervals. They concluded that BIR methods 

inherently introduce error in model predictions which are influenced by all the 

abovementioned parameters. They stated that the Energy Flux method performs better 

than the Fixed Bins method while a random ordering of wave conditions (i.e. 

interchanging lowly and highly energetic sea-states) also gives the best results since it 

resembles the variability and stochastic nature of the wave conditions in field sites. In a 

similar manner, Benedet et al., 2016, performed a comprehensive evaluation of the 

different types of BIR methods for a beach nourishment project in Florida, USA. They 

performed sensitivity analysis on the number of representatives performing simulations 

with 6,12, 20 and 30 conditions respectively, utilizing upscaling with Morfac. The 

performance of the BIR methods was compared to a Brute force simulation containing a 

detailed wave climate of 62 cases by calculating the corresponding RMSE. They 

concluded that the best performing methods were the Energy Flux method followed by 

the ñOpti-Routineò when a number of 12 representatives is selected. The Energy Flux 

method with Extreme Events performed well when a high number of representatives is 

considered (>20), with a rapid deterioration of results for a lesser number. Ultimately, the 

authors stated that a number of 12 representatives is adequate to reproduce 

morphological bed evolution at an annual scale.  

A disadvantage of performing simulations through the ñMorphodynamicò approach 

(considering constant feedback between wave, hydrodynamics and morphology) is that 

the simulation duration has to be the same as the full wave climate (Benedet et al., 2016; 

Papadimitriou et al., 2020) and the biggest reduction of model run-time is due to the 

lower spin-up times required for the reduced amount of input conditions. de Queiroz et 

al., 2019 evaluated the performance of BIR methods and the RMWH method of Brown 

and Davies, 2009, in reproducing sandbar dynamics for the same study sites as the ones 

shown in Walstra et al., 2013. The main focus of the research was the evaluation of the 

effect of the number of representatives and the sequencing of wave conditions utilizing 

the coastline model UNIBEST-CL. As far as the sequencing of the wave conditions is 

concerned, they tested four different settings, (a) Random sequencing, (b) Markov chain, 
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(c) Monte Carlo Markov chain and (d) Monte Carlo Markov chain with repetition. From 

their evaluation for the specific study sites the authors concluded that the best performing 

was the CERC method followed by the EFM, while the RMWH method was the worst 

performing one. Despite retaining some form of the original chronology with the Markov 

chain & Monte Carlo methods ultimately the Random ordering of wave representatives 

was the best performing one. In accordance to Benedet et al., 2016, a number of 10 

representatives was considered adequate to emulate inter-annual migration of a 

sandbar. Despite the aforementioned research efforts that focused on evaluating the 

performance of BIR on various study sites, clear practical guidelines about the best 

performing BIR methods depending on the approach followed (ñMorphostaticò vs 

ñMorphodynamicò) have not been provided yet.  

2.3.3. Clustering Algorithms  

Cluster analysis is a machine learning method for data processing. It centers around 

grouping a set of objects in a way that objects in the same group (cluster) are more 

similar to each other than to those in other clusters. These groups may reveal 

underlaying patterns related to the phenomenon under investigation. Cluster analysis 

has many applications in psychology, biology, computer graphics, image processing & 

pattern recognition and machine learning. Lately, cluster analysis has been employed in 

various studies in ocean and coastal engineering such as storm classification (Martzikos 

et al., 2018), wave energy resource (Fairley et al., 2020), longshore transport rates 

(Splinter et al., 2011), cross-shore profile morphological evolution (Kelpġaitǟ-Rimkienǟ 

et al., 2021) and multivariate wave climate classification (Camus et al., 2011). Since for 

most of the aforementioned applications no direct relationship between the data to be 

grouped is available, the clustering algorithms tasked with performing the analysis 

belong in the branch of ñunsupervised learningò. Consequently, no labels and directions 

are given to the algorithm which is left on its own to identify the structure in the input 

data. Most clustering algorithms are based on the general principle of computing a 

distance metric as a similarity measure for a large number of variables, to ultimately 

assign data to different clusters. Various clustering algorithms have been developed to 

efficiently handle large quantities of data such as K-Means (c), Fuzzy C-Means (Bezdek, 

1981) and CURE (Guha et al., 1998) among others. Particularly, K-Means is one of the 

most used and notorious algorithms for multivariate cluster analysis that has been proven 

efficient in handling wave climate datasets (Camus et al., 2011) and sediment transport 

gradients (Splinter et al., 2011). It belongs in the category of centroid-based partitioning 

clustering since it identifies the presence and boundaries of clusters by finding their 

centroids (the mean point of each cluster). 

The K-Means (KM) clustering algorithm divides a multi-dimensional data space into a 

pre-determined number of clusters, each one defined by an arbitrary centroid and formed 

by the data for which the centroid is located the nearest to (Camus et al., 2011). 

Essentially, given a dataset of d-dimensional vectors ὢ= {ὼ,ὼ,é, ὼ} the KM algorithm 

allocates each observation to the closest cluster, using the Euclidean distance between 
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an observation and a cluster centroid as a metric to minimize the sum of errors obtained 

by the following objective function:  

Ὁ ὼ ά  (2.22) 

where Ὁ is the sum of the errors for all objects in the dataset, ὼ is a point in cluster Ὦ, 

and ά  the mean of each cluster (Kelpġaitǟ-Rimkienǟ et al., 2021).  

By selecting Ὦ initial centroids, usually obtained through the fast-converging K-

Means++ initialization algorithm (Arthur and Vassilvitskii, 2007), each point is assigned 

iteratively to the cluster it is located closest to in order to effectively minimize the objective 

function Ὁ until a user-defined convergence criterion is satisfied and the centroids are no 

longer reassigned. A distinctive characteristic of the KM algorithm is that each data point 

belongs uniquely in each cluster. 

Various alternatives to the K-Means algorithm can be utilized with the most widely-

used being the following: 

¶ K-Medians, where instead of the mean of each cluster the median is taken as the 

centroid of each cluster. 

¶ K-Medoids, where the centroid of each cluster is a point belonging to the original 

dataset of observations. 

¶ Fuzzy C-Means or Soft K-Means, in which each data point can belong to more 

than one cluster by using a soft membership function. 

The a priori determination of the number of clusters and the centroid-based definition of 

the cluster boundaries is alluring for the purpose of schematizing a dataset of offshore 

sea-state wave characteristics. As in several other machine learning techniques, the data 

used as input to the algorithm (a multivariate wave climate of Ὄ, Ὕ, ὥ for coastal 

engineering applications) have to be normalized.  

Significant wave height values (Ὄȟ), are normalized utilizing a min-max normalization 

as follows: 

Ὄȟ
Ὄȟ Ὄȟȟ
Ὄȟȟ Ὄȟȟ

 (2.23) 

where Ὄȟȟ , Ὄȟȟ  are the maximum and minimum recorded values of the significant 

wave height encountered in the dataset respectively. 

Similarly for the wave periods the normalized value is given through the following 

relationship: 

Ὕȟ
Ὕȟ Ὕȟȟ
Ὕȟȟ Ὕȟȟ

 (2.24) 

where Ὕȟȟ , Ὕȟȟ  are the maximum and minimum recorded values of the peak wave 

period encountered in the dataset respectively. 

The angle of wave incidence is a circular variable, since the distance between two 

given values can be measured clockwise and counterclockwise. This implies that the 

maximum difference between two radial directions is ˊ. Therefore, the distances 
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between two angles are normalized between [0,1] and the absolute values of the angle 

will be normalized between [0,2]. It is assumed that the angles are measured in radians 

or that sexadecimal degrees are converted to radians by multiplying them with a factor 

of ˊ/180. The normalized angle ‌ȟ  is found by converting each observed angle ‌ 

of the dataset: 

‌ȟ
ὥ

“
 (2.25) 

Utilizing the corresponding inverse transform function, the obtained centroids are de-

normalized and a set of representative wave conditions ὌȟȟὝȟȟὥ are obtained. Twelve 

obtained centroids and the corresponding clusters (denoted with different colors) are 

showcased as a bivariate scatter plot of Ὄ vs ‌ in Figure 2.6 for an arbitrary annual 

dataset of offshore sea-state characteristics. 

 
Figure 2. 6. Records of offshore sea-state timeseries, corresponding clusters and obtained 12 

representative wave conditions (large pentagon markers). The different colors of the data points 

denote separate clusters  

Few research efforts which utilize and evaluate the performance of clustering algorithms 

as wave IR methods have been realized (de Queiroz et al., 2019; Papadimitriou and 

Tsoukala, 2022). In particular, de Queiroz et al., 2019, tested various clustering 

algorithms with different settings (K-Means, Fuzzy C-Means, Maximum Dissimilarity 

Algorithm, K-Harmonic Means) for the case of a sandbar migration for two field sites 

using the profile model UNIBEST-TC. Their investigation showed that clustering 

algorithms perform generally worse than the best Binning Input Reduction methods, 

which was attributed to the over-representation of lowly energetic sea-states in the 

clustering framework. The best performing CA was found to be the K-Means. However, 

a more detailed evaluation of clustering algorithmsô performance as an alternative to the 

more classical Binning Input Reduction Methods for an alongshore variable 2D domain, 

aiming to enhance the coastal area model results by introducing proxy quantities 

important to the medium-term morphological bed evolution has not been undertaken yet. 
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Binning wave Input Reduction methods have been utilized extensively in coastal 

engineering studies (Benedet et al., 2016; de Queiroz et al., 2019; Walstra et al., 2013) 

due to their proven capability to reduce the computational burden of morphological 

coastal bed evolution simulations. However, when performing simulations through the 

ñMorphodynamicò approach, it is usual to combine them with model reduction techniques 

to further reduce the computational effort, since the total simulation time forced with the 

reduced input has to be identical to that of the full set of conditions ((Benedet et al., 2016; 

Papadimitriou et al., 2020)). This chapter proposes a novel approach and further 

expands upon the concept of binning IR methods, introducing criteria for the elimination 

of lowly energetic sea-states, aiming to further alleviate the computational burden 

associated with coastal area modelling simulations. 

Two different IR methods will be presented in this chapter, one based on the 

calculation of the sediment Pick-up rate, and one based on elimination of wave 

conditions based on the non-exceedance of a threshold current speed (Soulsby, 1997). 

The common trait of both methods is the elimination of lowly energetic sea-states 

considered unable to initiate sediment motion, albeit utilizing a different approach, which 

in turn leads to an effective reduction of the length of the dataset and subsequently the 

model run-time reduction.   

The innovative aspects in this chapter revolve around concerting Input Reduction 

techniques with model reduction aspects achieving a significant model run-time 

reduction. A robust wave propagation numerical model based on the Parobolic Mild 

Slope equation (Chondros et al., 2021) has been extended and enhanced in the 

framework of this research and is considered an integral part of the methodologies 

presented herein due to complexity of the present approach.  

Implementation of the developed methods is undertaken in the coastal area in the 

vicinity of Rethymno Port, Crete, Greece utilizing the coastal area model MIKE21 CM 

FM. An extensive and comprehensive evaluation of the obtained results is then carried 

 
 
1 Parts of this Chapter have been published in Papadimitriou et al., 2020. 
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out and along with the estimation of CPU times clearly highlight the advantages of the 

proposed methods. 

 

3.1. Theoretical background and methodology  

For flows with very low velocity over a sandy bed the sand layer generally tends to stay 

immovable. However, if the flow velocity slowly increases some grains begin to move. 

This process is called the initiation of sediment motion or incipient motion (Soulsby, 

1997). A similar process occurs beneath waves, and beneath combined waves and 

currents. Waves are responsible for stirring sediment while the mean flow is responsible 

for transporting it. It follows, that when no significant movement of sediment occurs in a 

coastal area, the wave field is usually mild, leading to low current velocities and sediment 

transport rates.   

For the case of a steady current, the threshold (or critical) depth-averaged speed Ὗ  

required to set a grain of mean sediment diameter Ὠ  into motion on an un-rippled bed 

with still water depth Ὤ can be predicted by a number of methods.  

Van Rijn, 1984, proposed the following formula valid for freshwater at 15ę C and sand 

of density ” = 2650 kg/m3. 

Ὗ

ừ
Ừ

ứπȢρωὨȢÌÏÇ
τὬ

Ὠ
     Ὢέὶ ρππὨ υππ ‘ά

ψȢυπὨȢÌÏÇ
τὬ

Ὠ
     Ὢέὶ υππὨ ς άά

 (3.1) 

with Ὠ  being the characteristic grain diameter exceeding 90% of the grain sizes.  

Soulsby, 1997, proposed the following formula, valid for any non-cohesive sediment 

having a dimensionless grain diameter Ὀz > 0.1. 

Ὗ χȢπ
Ὤ

Ὠ

Ⱦ

Ὣί ρὨ
πȢσπ

ρ ρȢςὈz
πȢπυυρ Ὡ Ȣ ᶻ

Ⱦ

 (3.2) 

where ί is the ratio of densities of sediment grains and water and Ὀzis the dimensionless 

grain diameter given by the following relationship. 

Ὀz
Ὣί ρ

’

Ⱦ

Ὠ  (3.3) 

where ’ is the kinematic viscosity of saltwater. 

In the alongshore direction, the transfer of momentum from the wave motion to the 

mean flow generates longshore currents which are mostly responsible for the transport 

of sediments. Considering stationary conditions for a straight coastline and depth parallel 

bottom contours, the shear component of the radiation stress tensor Ὓ  acts as a driving 

force. The counter-force restoring equilibrium Ὂ  must in turn be supplied by the bed 

shear stresses that develop when a longshore current is generated. The alongshore 

component of the momentum balance for a steady state and considering alongshore 

uniformity can be written as:  

Ὂ
ὨὛ

Ὠὼ
†Ӷ (3.4) 

where †Ӷ is the time-averaged bed shear stress in the alongshore direction. 
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Considering a quadratic friction law for the bed shear stress due to the combined 

action of waves and currents leads to the following expression: 

†ᴆ ”ὧȿόᴆȿόᴆ (3.5) 

where ὧ is the bed friction factor and όᴆ is the total velocity due to the combined effect of 

waves and currents. 

Making a number of assumptions, namely the validity of the shallow water wave 

theory, small angles of wave incidence and also that the longshore component of the 

current velocity Ὗ is significantly smaller than the amplitude of the near bed wave orbital 

velocity signal Ὗ , the time-averaged bed-shear stress in the alongshore direction is 

given by: 

†Ӷ
ς

“
”ὧὟὟ (3.6) 

with Ὗ being the longshore current speed velocity magnitude. 

The amplitude of the wave orbital velocity above the bed for the case of a 

monochromatic wave of height Ὄ and period Ὕ can be approximated through the linear 

wave theory as: 

Ὗ
“Ὄ

ὝÓÉÎÈὯὬ
 (3.7) 

For random waves, the wave field is represented by a sea-state spectrum composed of 

different frequencies, amplitudes and directions, the root-mean square wave orbital 

velocity signal near the bed (denoted as Ὗ ) can be computed by summing the velocity 

contributions from each district frequency component (derived from the linear wave 

theory) over the whole frequency range. Soulsby and Smallman, 1986, proposed the 

following approximate formula to compute Ὗ  : 

Ὗ
πȢςυὌ

Ὕ ρ ὃὸ
 (3.8) 

where Ὕ ὬὫϳ  is the natural wave period, Ὄ is the significant wave height, and ὃ and 

ὸ are non-dimensional parameters defined as:  

ὃ φυπππȢυφρυȢυτὸ Ⱦ (3.9) 

ὸ
Ὕ

Ὕ

Ὤ

Ὣ

ρ

Ὕ
 (3.10) 

where Ὕ is the zero-crossing wave period, taken usually as Ὕ Ὕ ρȢςψϳ  with Ὕ being 

the peak wave period of a Jonswap spectrum.  

Thereafter, combining Eq. (3.4) and (3.6) one can obtain the value of longshore 

current speed as follows:  

5
ὨὛ

Ὠὼ

“

ς”ὧὟ
 (3.11) 

For regular waves, the maximum value of the longshore current speed occurs at the 

breaking point, i.e. the point where initiation of wave breaking takes place. Irregular 

waves exhibit a more saturated surf zone and the maximum value is not encountered 

specifically at the point where initiation of breaking occurs, but still lies within the surf 
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zone. If the values of the longshore current speed obtained through Eq. (3.11) at a given 

still water depth Ὤ exceed the threshold current speed calculated through Eq. (3.2) then 

initiation of sediment motion is considered to take place.   

The most precise and commonly used measure of the threshold of motion is 

expressed in terms of the ratio of the force exerted by the bed shear stress acting to 

move the sediment grains on the bed layer, to the submerged weight of the grain resisting 

to this action. This theory was initially developed by Shields, 1936 giving birth to the 

homonymous threshold Shields parameter —  which can be calculated by the following 

expression proposed by Soulsby & Whitehouse 1997. 

—
πȢςτ

Ὀz
πȢπυυρ Ὡ Ȣ ᶻ  (3.12) 

Near the bed, due to turbulence and friction effects, an oscillatory wave boundary layer 

is generated in which the wave orbital velocity rapidly increases from zero at the sea-

bottom to the value of Ὗ  at the top of the boundary layer. As has been previously 

mentioned the most important hydrodynamic property of waves contributing to sediment 

transport is the bed shear stress they produce. This stress is usually dependent on the 

wave orbital velocity signal near the bed Ὗ  and the wave friction factor Ὢ and is 

computed via the following relationship: 

†ȟ
ρ

ς
”ὪὟ  (3.13) 

The wave friction factor depends on the status of the flow, namely if it is laminar, smooth-

turbulent or rough-turbulent, which in turn is related to the wave Reynolds number Ὑ  

and the relative roughness ὶ. The latter quantity is calculated through: 

ὶ
ὟὝ

ς“Ὧ
 (3.14) 

where Ὧ is the Nikuradse equivalent sand grain roughness.  

For rough-turbulent flows, as is generally the case for a coastal bed under wave 

attack, the wave friction factor depends on the relative roughness r and the wave orbital 

velocity excursion near the seabed. The formulation of Swart, 1974, reads: 

Ὢ
πȢσ                                                  Ὢέὶ ὶ ρȢυχ

πȢππςυρὩȢ
Ȣ
                     Ὢέὶ ὶ ρȢυχ

 (3.15) 

The non-dimensional Shields parameter — is then obtained through the following 

relationship: 

—
†ȟ

ὫὨ ” ”
 (3.16) 

It can be deduced that initiation of sediment motion occurs when the values of the Shields 

parameter — exceed the threshold values of —  obtained through Eq. (3.12).  

A quantification of the eroding capacity of individual sea-states can be achieved by 

calculating the sediment Pick-up rate ὖ. Van Rijn, 1986, defined the pick-up process for 

various flow velocities (in the range of 0.5ï1.5 m/s) and sand diameters (100ï1500 µm). 

Thereafter, van Rijn et al., 2019, extended the Pick-up rate function for high flow 

velocities (in the range of 2ï6 m/s) by introducing a damping factor Ὢ incorporating all 

the additional effects on sediment movement in high velocities, such as the damping of 
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turbulence (turbulence collapse) in the near-bed area where sediment concentrations 

are larger. Ultimately, the Pick-up rate function reads: 

ὖ πȢπππσσʍÓ ÓȤρÇÄυπ
ρȾς$ɕ

πȢσÆ$
ʃȤʃÃÒ
ʃ

ρȢυ

 (3.17) 

It can be derived from Eq. (3.17) that the Pick-up rate function becomes zero if —<— .  

Having laid the foundations of the criteria for initiation of sediment motion, two distinct 

methodologies of Binning IR methods were developed in the framework of this thesis 

and will be presented hereafter. The first method eliminates waves conditions based on 

the Shields criterion of incipient sediment motion (solely for the impact of waves) and 

calculates the wave representative conditions based on the Pick-up rate function (Pick-

up rate method). The second method eliminates waves conditions by calculating the 

longshore current speed potential of each sea state (Threshold Current method) and 

comparing it to the threshold current speed obtained from Eq. (3.2) and obtains the 

representatives using the wave energy flux as a proxy. The distinct steps to obtain 

representative wave conditions through each method are presented in the following 

subsections. 

3.1.1. Pick -up rate  wave schematization method  

In this subsection the steps to determine the representative wave conditions, utilizing the 

Pick-up rate wave input reduction method are presented. The larger portion of this 

method is rather simple in conceptualization and execution and can be reproduced either 

by employing a simple computer code or performing calculations in a spreadsheet. The 

distinct steps of this method are as follows: 

1. Timeseries of offshore sea-state wave characteristics (e.g. either by buoy 

measurements, or hindcast simulations from oceanographic databases) are 

obtained for a desirable time range Ὕ . The wave characteristics that are usually 

required by the binning input reduction methods are ὌȟὝ (or another 

characteristic wave period) and ὓὡὈ (Mean Wave Direction). 

2. The timeseries are then filtered by disposing off records that do not contribute in 

shaping the bed evolution, namely sea-states exiting the computational domain.  

3. The critical Shields parameter —  through Eq. (3.12) is calculated. 

4. Wave characteristics at a characteristic depth (at around h=8-10 m) are obtained. 

For this purpose, either a wave ray model (OôReilly and Guza, 1991), a spectral 

wave model (Benoit et al., 1996), or a Mild Slope wave model (Chondros et al., 

2021; Karambas and Samaras, 2017) can be used. For this implementation, a 

Parabolic Mild Slope model with non-linear dispersion characteristics, able to 

treat unidirectional random wave propagation enhanced during the scope of this 

thesis, entitled PMS-SP was used. The reason for utilizing this model is the 

accuracy in prescribing the wave field in mildly sloping beaches due to 

incorporation of non-linearity and the saving of considerable computational time 

relative to the time-dependent formulations of the hyperbolic mild slope equation. 

After obtaining the wave climate in the nearshore area a ñ1-1ò correspondence 
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between the wave characteristics of each sea-state offshore (Ὄ, Ὕ, ὓὡὈ) and 

the wave characteristics at the characteristic depth (Ὄȟ , Ὕȟ , ὓὡὈ ), is 

established. 

5. Calculation of the inner depth of closure (hin) which is defined as the seaward 

limit of the littoral zone for the given timeseries through the following equation 

(Houston, 1995):  

Ὤ ψȢωὌȟ  
(3.18) 

where hin is the depth of closure and Ὄȟ  is the mean significant wave height at 

a characteristic depth h=8-10 m, utilizing the wave characteristics calculated at 

step 4. The depth of closure was considered for the purpose of this research the 

critical depth after which no net sediment movement takes places. Consequently, 

this depth will be later set for the calculation of the wave orbital velocity since the 

larger portion of sediment transport takes place between Ὤ  and the shoreline. 

6. Calculation of the wave orbital velocity signal near the bed through Eq. (3.7) for 

monochromatic or Eq. (3.8) for irregular waves setting Ὤ=Ὤ . 

7. For each wave record (Ὄȟ , Ὕȟ , ὓὡὈ ) the friction factor Ὢ (Eq. 3.15), the 

bed shear stress due to waves †ȟ (Eq. 3.13) and ultimately the Shields 

parameter — (Eq. 3.16), are calculated 

8. If the — < — the wave record is eliminated since it does not contribute in setting 

sediments into motion. Through the ñ1-1ò correspondence established at step 4, 

the respective wave record of the offshore timeseries is disposed. The total 

number of wave records offshore ὔ is thus reduced using the criterion of the 

initiation of motion at a total of ὔ (with ὔ Ò ὔ) 

9. Calculation of the sediment Pick-up rate ὖ through Eq. (3.17) for each wave 

record at the depth of closure. Also, the cumulative Pick-up rate P for the reduced 

time-series is determined. 

10. The number of representative wave conditions Nr that will replace the full wave 

climate (e.g. 12 representative conditions) are determined. The number of 

representative conditions is based on discretion; however it is advised that a 

number between 6 and 30 conditions is chosen for sufficiently reproducing annual 

timeseries of offshore sea-state wave characteristics (Benedet et al., 2016). 

Then, the wave records are divided in classes with respect to the angle of wave 

incidence (or mean wave direction alternatively) and wave height. The 

boundaries of each class in both direction and wave heights are determined the 

same wave as the other commonly used wave schematization methods (see 

section 2.3.2 for details). Each representative class is characterized by an equal 

fraction of the cumulative Pick-up rate ὖ (ὖ/ὔ) and can be described by a set of 

wave characteristics (Ὄȟ , Ὕȟ , ὓὡὈ ). Thus, it can be derived that each class 

is comprised of a different number of wave components, ὔ . 
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11. Utilizing again the ñ1-1ò correspondence of wave characteristics offshore and 

nearshore, a set of representative conditions (Ὄȟ, Ὕȟ, ὓὡὈ) can be obtained 

in the offshore wave boundary by considering that the bounding limits of each 

representative class in the depth of closure coincide with the respective ones in 

deep water. A small numerical extrapolation error stems from the fact that each 

representative class in the offshore boundary might not be characterized by 

exactly equal fraction of sediment Pick-up rate, since the Pick-up rate was 

calculated for the corresponding wave conditions at shallower water. However, 

since the proposed input reduction method concerns medium to long term 

morphological bed changes, this error is considered to have a very small effect 

in shaping the ultimate bed evolution and can consequently be neglected.  

12. The frequency of occurrence Ὢ  for each representative class is calculated, 

frequency of occurrence Ὢ  for each representative class is calculated, 

based on the number of wave records of each class relative to the reduced 

dataset. Since ὔ is the number of the reduced set of wave records, the 

frequencies of occurrence are rescaled, and the more energetic sea-states are 

associated with higher weights. 

13. Finally, a simulation is executed with a 2D morphological area model using the 

representative wave conditions as forcing input. The total model run-time 4 ȟ is 

a fraction of the full time series, denoted as 4 ȟ 4 , since sea-states 

unable to initiate sediment movement are eliminated in step 8 and have little to 

no contribution in shaping the bed evolution. 

The distinct steps of the methodology are also showcased as a flow chart in Figure 3.1.  

Conversely to other widely used Binning IR methods, which are subject to a number 

of simplistic assumptions (i.e. straight coastline with depth-parallel contours) the Pick-up 

rate method incorporates numerical modelling to obtain nearshore wave characteristics 

and perform the binning procedure in the bi-variate wave climate of Ὄ and ὓὡὈ. The 

utilization of a PMS wave model is better suited for use in the framework of this 

methodology since it provides accurate and robust solutions in the nearshore while 

minimizing the required computational effort. It is worth mentioning that the depth of 

closure (see step 5 of the above methodology), provides a rather strict criterion to 

eliminate wave conditions since at this depth the cross-shore component of sediment 

transport is considered by definition almost null. However, initiation of sediment motion 

is highly dependent on a multitude of parameters apart from the wave characteristics, 

such as the beach slope, sediment properties and bottom friction among others. While 

some sea-states considered unable to initiate sediment motion in the depth of closure 

may be able to set sediment into motion in shallower depths it is considered that 

calculation of the near bed wave orbital velocity at the depth of closure is a valid 

approximation within the scope of the Pick-up rate method since it depends only on the 

annual wave climate and is hence easy to compute for the purpose of reducing a set of 

offshore sea-state wave characteristics. 
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Figure 3.1.  Flow chart indicating the implementation of the Pick-up rate method. 

3.1.2. Threshold Current wave schematization method  

The Threshold Current binning wave IR method is a slight modification to the Pick-up 

rate method, utilizing the calculation of longshore current velocities within the surf zone 

and comparing them to the value of Ὗ  as calculated through Eq. (3.2). Similarly, to the 

Pick-up rate method, a Parabolic Mild Slope wave model is utilized to extract wave 

characteristics in the nearshore in order to perform the necessary calculations. The steps 

undertaken to implement the Threshold Current method are the following:  

1. Timeseries of offshore sea-state wave characteristics (ὌȟὝȟὓὡὈ are obtained 

for a desirable time range Ὕ .  

2. The timeseries are then filtered by disposing records that do not contribute in 

shaping the bed evolution, i.e. sea-states exiting the computational domain.  
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3. For each sea state, a simulation with a modified version of a Spectral Parabolic 

Mild Slope wave model (PMS-SP) is executed.  

4. A profile cross-section considered representative of the beach geomorphology is 

specified. This cross-section corresponds to a particular row/column of PMS-SP 

model computational domain. 

5. At the specified cross-section the point where initiation of breaking occurs is 

identified shoreward the surf-zone  

6. For each wave record calculation of the maximum value of the longshore current 

speed Ὗ encountered in the surf-zone through Eq. (3.11) follows at the pre-

determined cross section. 

7. At the specific cell where the maximum value of the longshore current speed is 

encountered the critical value of the current speed Ὗ  is calculated  

8. If Ὗ < Ὗ the wave record is eliminated since it does not contribute in setting 

sediments into motion. The total number of wave records offshore ὔ is thus 

reduced using the threshold current criterion of incipient sediment motion at a 

total of ὔ (with ὔ Ò ὔ) 

9. Calculation of the wave Energy Flux through Eq. (3.17) for each wave record 

offshore is carried out along with the cumulative Energy flux Ὁ ȟ  for the reduced 

dataset. 

10. The number of representative wave conditions Nr that will replace the full dataset 

of offshore sea-state characteristics is specified. Then, the wave records are 

divided in classes with respect to wave direction and wave height containing an 

equal portion of cumulative wave Energy Flux. Each class is comprised of a 

different number of wave components, ὔ . 

11. The frequency of occurrence Ὢ  for each representative class is calculated, 

based on the number of wave records of each class relative to the reduced 

dataset. Since ὔ is the number of the reduced set of wave records, the 

frequencies of occurrence are rescaled, and the more energetic sea-states are 

associated with higher weights. 

12. Finally, a simulation is executed with a 2D morphological area model using the 

representative wave conditions as forcing input. The total model run-time 4 ȟ is 

a fraction of the full time series, denoted as 4 ȟ 4 , since wave sea-states 

considered unable to initiate sediment movement and induce significant 

morphological changes are eliminated in step 8. 

Since the Threshold Current wave schematization method eliminates sea-states based 

on longshore current gradients, it is expected to lead to elimination of sea-states with an 

almost perpendicular angle of wave incidence with respect to the shore normal, since 

those generally generate cross-shore currents, even if those sea-states are 

characterized by large Ὄ or Ὕ values. 
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3.2. Numerical modelling tools  

In this section the numerical models utilized in the framework of this thesis, i.e. a 

parabolic mild slope wave model extended and enhanced in the framework of this thesis 

as well as a widely used coastal area model tasked with the 2D morphological bed 

evolution simulations are presented. For each model the main features, capabilities and 

governing equations are outlined. 

3.2.1. The PMS-SP wave model  

Governing Equations 

An integral part of the methodologies presented in Section 3.1 is the utilization of a 

Parabolic Mild Slope wave model, taking advantage of its accuracy in prescribing the 

wave field in mildly sloping beds and its computational efficiency. In particular, the initial 

version of the model (Chondros et al., 2021), hereafter denoted as PMS-NL is based on 

the work of Kirby and Dalrymple, 1983, who derived a parabolic equation, in the form of 

a cubic Schrödinger differential equation, governing the complex amplitude, ὃ , of the 

fundamental frequency component of a Stokes wave. Dalrymple and Kirby, 1988, 

improved the parabolic equation and its range of validity by developing approximations 

based on minimax principles in order to allow for large-angle propagation and rendering 

the approximation suitable for large scale applications, thus proposing the following 

governing equation: 
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(3.19) 

where the parameter Ὀ is given by Ὀ , the complex amplitude ὃ is 

related to the water surface displacement by – ὃὩ , Ὧ the local wave number 

related to the angular frequency of the waves, and the water depth, Ὤ. The symbol Ὧ ,‫ 

denotes a reference wave number taken as the average wave number along the y-axis, 

ὅ is the phase celerity, ὅ is the group celerity and ύ is a dissipation factor. 

Finally, ÃÏÅÆÆÉÃÉÅÎÔÓ ὥ, ‌ and ὦ depend on the aperture width chosen to specify the 

minimax approximation. In the model, the combination of a0 πȢωωτχσσ, Ŭ1

πȢψωππφυ, and b1 πȢτυρφτρ produces reasonable results for a maximum angular 

range of 70o (Kirby, 1986) and is ultimately applied in the PMS-NL wave model. 

The governing equation, Eq. 3.19, is solved in finite difference form and approximated 

according to a Crank-Nicholson implicit scheme for parabolic differential equations. The 

resulting tridiagonal system of equations is solved utilizing the Thomas algorithm. The 

solution of the governing equation is carried out in two steps. During the first step Eq. 1 

is solved excluding the dissipation term assuming factor ύ π) and thereafter in the 

next step the dissipation term is included. 

Chondros et al., 2021, incorporated non-linear dispersion characteristics, in order to 

improve model results in the nearshore, by introducing an approximate non-linear 



 Chapter 3. A novel approach to Binning Input Reduction methods  
 

 
101 

 

amplitude dispersion relationship, designated to mimic the effect of amplitude dispersion 

in shallow water. Several approximate non-linear dispersion relationships have been 

proposed (Hedges, 1987; Kirby and Dalrymple, 1986; Zhao and Anastasiou, 1993). 

During this thesis, the formulation of Kirby & Dalrymple, 1986 was utilized since it 

produces consistent results and provides a smooth transition and prediction of wave 

characteristics over the entire range of water depths.  The non-linear dispersion 

relationship adopted in the PMS-NL wave model reads:  

‫ ὫὯρ ὪὯὬ‐ὈὸὥὲὬὯὬ ὪὯὬ‐  (3.20) 

where Ὢ
ρ
ὯὬ ὸὥὲὬυὯὬ, Ὢ

ς
ὯὬ ὯὬȾίὭὲὬὯὬτ, ʀ Ëȿ!ȿ. 

Incorporation of non-linear dispersion characteristics is of paramount importance for 

the accurate prediction of wave characteristics in the nearshore and especially the point 

where initiation of breaking occurs which is integral for the implementation of the 

Threshold Current wave schematization method. 

Enhancements and developments 

In the scope of this dissertation, the PMS-SP model has been extended to account for 

generation and propagation of irregular uni-directional waves to further improve model 

results and enhance the accuracy of the solutions. Irregular wave generation in the wave 

model is treated by performing separate simulations of several regular wave components 

and ultimately performing linear superposition to obtain the spectral wave characteristics. 

The spectral energy density ὛὪ of the wave spectrum can be interpreted by using either 

a Jonswap, TMA, or Pierson-Moskowitz source function. The source function for the 

widely used Jonswap spectrum reads: 
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(3.21) 

where Ὄ  is the spectral wave height, Ὢ is the peak frequency of the wave spectrum, 

Ὢ is the frequency of each individual wave component, ‎ is a peak factor with values 

ranging typically from 1-7, „ is a dimensionless parameter adopting the value 0.07 if Ὢ

Ὢ or 0.09 if Ὢ Ὢ  and ὥ
Ȣ

Ȣ Ȣ
Ȣ

Ȣ

  is a scaling factor. 

The wave energy spectrum is decomposed into a predefined number of discrete 

frequency bins at equal wave energy intervals. Then the central frequency of each bin is 

selected, while the wave height is the same since each bin is characterized by an equal 

amount of incident wave energy. Then as previously stated, a regular wave computation 

for each discrete wave component is carried out and through linear superposition the 

irregular wave characteristics are obtained. The methodology of dividing the incident 

wave spectrum into equal energy bands has been incorporated in other wave 

propagation models solving the mild slope wave equation such as ARTEMIS (EDF-R&D, 

2009) or MIKE21-PMS (DHI, 2017). 

Of particular importance is the estimation of wave energy dissipation due to 

bathymetric breaking in the wave model since apart from significantly altering wave 
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characteristics, the excess radiation stress gradients inside the surf-zone in the 

longshore direction generate longshore currents. Due to the inherent connection 

between wave breaking and the radiation stresses the accurate prediction of wave 

energy dissipation of mild sloping beds is mandatory especially in the scope of the 

Threshold Current wave IR method.  

In the initial version of the PMS-NL model wave energy dissipation due to bathymetric 

breaking ύ  is calculated through the bore model of Battjes and Janssen, 1979.  

ύ

ρ
τ
ὗ
Ὕ Ὄ

ρ
ψ
Ὄ

 (3.22) 

where Ὄ  is the root mean square wave height, ὗ  is the ratio of breaking waves, Ὕ  

is the mean period of the wave energy spectrum and Ὄ  is the maximum wave height 

calculated through the criterion of Miche, 1951, as follows: 

Ὄάὥὼ ‎ρὯ
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ρ
 (3.23) 

where ‎and ‎ are parameters equal to 1.0 and 0.8 by default. 

In the enhanced version PMS-SP of the wave model, an alternative formulation to 

calculate wave energy dissipation due to wave breaking proposed by Janssen and 

Battjes, 2007, which reads: 
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where ὄ is a calibration coefficient, Ὑ Ὄ Ὄϳ  and Ὤ is the still water depth.  

The model of Janssen and Battjes, 2007 is based on the work of Baldock et al., 1998, 

improving the latter criterionôs behaviour at the coastline by achieving the elimination of 

singularities after the point of saturation. 

The code has also been parallelized using OPEN-MP and auto-parallelization 

directives (valid for Intel and IFX fortran compilers) to further reduce the levels of 

computational resources required by the model simulations. 

Model Validation 

To validate the performance of the PMS-SP model in simulating the transformation of 

waves from deep water to the nearshore, two experimental validation cases will be 

presented. Both cases focus mostly on the new developments of the model carried out 

in the framework of this thesis, with special attention given to the combined effect of 

refraction diffraction and the bathymetric breaking of irregular unidirectional waves. 

The first validation case concerns the propagation and transformation of irregular uni-

directional waves over a submerged elliptical shoal. Vincent and Briggs, 1989, conducted 

experiments in the U.S. Army Coastal Engineering Research Centerôs 29 m long by 35 

m wide directional wave basin located in Vicksburg, MS, USA. The shoal was 

characterized by a major radius of 3.96 m, a minor radius of 3.05 m with a minimum 

water depth of approximately 0.15 m at the top, while the depth at the region outside the 
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shoal was kept constant at 0.457 m. Several tests were performed, including the 

generation of unidirectional and multidirectional irregular waves utilizing a TMA spectrum 

source function. The temporal evolution of the surface elevation was measured using an 

array of nine parallel-wire resistance-type sensors. The layout of the bathymetry inserted 

in the numerical model along with the control sections where wave characteristics were 

measured is depicted in Figure 3.2. This experiment is crucial in assessing the modelôs 

performance to simulate the transformation of irregular uni-directional waves in cases 

where the combined refraction-diffraction dominates the wave field. 

A regular grid was constructed with an equal grid spacing of dx=dy=0.05 m in each 

direction. Hence the grid was constituted by a total of 660 cells in the y and 500 cells in 

the x-direction respectively.  

 
Figure 3. 2. Bathymetry of the Vincent and Briggs, 1989 experiments and control sections where 

wave characteristics were measured. 

Two uni-directional wave propagation cases were simulated with the PMS-SP wave 

model, case U3, corresponding to a broad frequency spectrum and case U4, 

corresponding to a narrow-banded frequency spectrum. The incident wave conditions of 

the simulated cases are shown in Table 3.1.  
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Table 3.1  
Incident wave conditions of the Vincent and Briggs, 1989 experiments simulated with the PMS-
SP  

Case Ὄ  (cm) Ὕ (s) ὥ ɔ 

U3 2.54 1.30 0.00155 2 

U4 2.54 1.30 0.00047 20 

ɬhe significant wave height results stemming from the simulations with the PMS-SP 

model extracted along control section S4 are divided by the incident wave height Ὄ  in 

order to obtain normalized wave height results. The particular transect is located in the 

lee of the mound where the combined effect of refraction and diffraction significantly 

affects the wave field. Model results are plotted and compared to the experimental 

measurements in Figure 3.3.  

 
Figure 3.3. Simulated (solid line) and measured (points) normalized wave heights results for (a) 

case U3 and (b) case U4 of the Vincent and Briggs, 1989 experiments. 

 

From Figure 3.3 it can be deduced that PMS-SP can very satisfactorily capture the 

focusing of the wave energy due to the combined effect of refraction-diffraction for uni-

directional waves with a broad and narrow banded frequency spectrum respectively. The 

exemplary performance of the model is attributed in the inclusion of the non-linear 

dispersion relationship which significantly improve results for the cases where bottom 

irregularities are present compared to models incorporating linear dispersion 

characteristics. Ultimately the PMS-SP model is deemed capable of simulating wave 
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transformation due to the combined refraction-diffraction which dominates the shaping 

of the wave field in most real-field cases.  

The next validation case concerns an experiment on wave transformation and 

breaking on a plane sloping beach of an impermeable slope of 1:20 conducted by Mase 

and Kirby, 1992. In the experimental layout, shown in Figure 3.4, waves propagate for 

10 m on a bed with constant water depth of 0.47 m, before propagating up a sloped 

beach starting at x = 0 m. The free surface was measured by 12 probes located at 0, 2.4, 

3.4, 4.4, 5.4, 5.9, 6.4, 6.9, 7.4, 7.9, 8.4, 8.9 m respectively. Waves were generated 

through a Pierson-Moskowitz source function Two irregular unidirectional wave breaking 

cases entitled A & B respectively were tested with a peak frequency of Ὢ=0.6 Hz and 

Ὢ=1.0 Hz respectively. 

 
Figure 3. 4. Bathymetry of the Mase and Kirby, 1992 experiments and wave gages where wave 

characteristics were measured 

The bathymetry was discretized with an equal spatial step in both directions dx=dy=0.1 

m and the spectrum divided in 50 discrete frequencies ranging from 0.2-2.0 Hz. The 

incident wave conditions as well as the breaking dissipation parameters are shown in 

Table 3.2. 

Table 3.2  
Incident wave conditions of the Mase and Kirby, 1992 experiments simulated with the PMS-SP  

Case Ὄ (m) Ὕ (s) ὥ ‎ ‎ 

A 0.068 1.67 1.0 1.0 0.70 

B 0.06 1.00 1.0 1.0 0.70 

 

The obtained results of significant wave height obtained by the PMS-SP simulations are 

compared to the measurements at the 12 placed wave gauges at the Mase and Kirby, 

1992, experiment and are showcased in Figure 3.5.  
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Figure 3. 5. Simulated (solid line) and measured (points) significant wave heights results for case 

A and case B of the Mase and Kirby, 1992 experiments. 

Overall, results are in excellent agreement with the experimental measurements and the 

model is capable of simulating wave shoaling and the subsequent decay of the waves 

due to bathymetric breaking. A discrepancy between measurements and model results 

at the last gauge for Case A is due to the presence of wave setup which is not 

incorporated in the model. Ultimately, the model is deemed capable of simulating 

irregular wave breaking in plane sloping beds and capturing the wave energy dissipation 

intensity. This is a particularly important feature of the model since the accurate 

prediction of the width of the surf zone is an integral part of the methodologies presented 

in this Chapter. 

 

3.2.2. The MIKE-21 CM FM suite  

The coastal area model utilized for the morphological bed evolution simulations deducted 

in this Chapter and throughout the thesis is the MIKE21 CM FM suite developed by DHI 

(DHI, 2014). The model has been used extensively in a variety of coastal engineering 

applications, with and without the presence of coastal protection structures (Afentoulis 

et al., 2017; Gad et al., 2018; Papadimitriou et al., 2020). 

The MIKE21 Coupled model FM suite includes several complementary numerical 

models and tools three of which were used for the purpose of this research: 

¶ MIKE21 SW, a 3rd generation spectral wave model based on the conservation of 

the wave action balance, suited for the propagation and transformation of waves 

in the coastal zone. 

¶ MIKE21 HD, a depth-averaged hydrodynamic model based on the Reynolds 

averaged Navier-Stokes equations of motion (RANS), for the description of the 

nearshore current field. 
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¶ MIKE21 ST, a sand transport and morphology updating model, used to calculate 

sediment transport rates and the morphological bed evolution. 

The models are directly coupled, allowing for the interaction between waves and currents 

and the effect of bed level changes in waves and hydrodynamics. The calculations are 

performed in an unstructured finite element mesh, allowing for flexibility in calculations 

and a more precise representation of the coastline and complex topography features. 

MIKE 21 SW model is a 3rd generation spectral wave model suited for the propagation 

of waves in the oceanic scale and in nearshore areas. The governing equation of the 

model is based on the principle of conservation of the wave action-balance which reads 

in Cartesian coordinates: 
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where N(x,y,ů,ɗ,t) is the wave action density, cx, cy are the propagation wave celerities 

in the spatial domain, ců is the propagation celerity in the frequency domain and ὧ is the 

propagation celerity in the directional domain. All the transfer celerities are computed 

according to the linear wave theory. In the right-hand-side of Eq. (3.23) the term S 

denotes the source and sink terms of the wave action balance equation (e.g. generation 

due to wind, white-capping dissipation, non-linear wave interactions, depth-induced 

breaking, wave blocking due to a strong opposing current etc).  

The discretization in the geographical and spectral domain is carried out using a finite 

volume cell-centered method. In frequency space, a logarithmic discretization is used, 

whereas in the directional space an equidistant division is used (DHI, 2009a). The time 

integration is performed based on a fractional step approach. The propagation step is at 

the first level solved without taking the source terms into account, utilizing an explicit 

Euler scheme. To loosen stability restrictions, a multi-sequence integration scheme is 

implemented based on the principles presented in Vilsmeier and Hänel, 1996, allowing 

for the use of large time steps for the wave propagation and spectrum evolution. On the 

second level the source term integration step is solved using an implicit Euler scheme. 

The hydrodynamic and transport model MIKE21 HD is based on the solution of the 

depth-integrated shallow water equations, expressed by the continuity and momentum 

equations in the x and y directions in the Cartesian space: 
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(3.26) 

where Ὤ is the total depth of the water column, u and v are the depth-averaged current 

velocity components in the x and y direction respectively, ɖ  is the free surface elevation, 

f is the Coriolis parameter, ɟ is the water density, Sxx, Syy, Sxy, are components of the 

radiation stress tensor, p
a
 is the atmospheric pressure, S the magnitude of point sources, 

with us, vs [m/s] being the velocity vectors of the point discharge and Txx, Tyy, Txy  

denoting lateral stresses including viscous, turbulent friction and differential advection. 

A first or a second order solution scheme can be applied for the solution of the above 

equations in the spatial domain using a finite-volume approach. The time integration is 

carried out by implementing either a low order explicit Euler scheme or a 4th order Runge-

Kutta scheme. An approximate Riemann solver is applied to calculate the convective 

fluxes at the cell faces. Second-order accuracy is achieved by employing a linear 

gradient-reconstruction technique.  

The MIKE 21 ST model calculates the sediment transport rates and the morphological 

bed evolution either in a pure current case, or under the combined effect of waves and 

currents. The model is valid for sand grains and often overestimates shingle-sized 

material transport rates (DHI, 2009b). For the case of sediment transport induced by the 

combined effect of waves and currents, the sediment transport rates are calculated by 

linear interpolation on an externally formed sediment transport table. The core of this 

utility is a quasi-three-dimensional sediment transport model (STPQ3D). The model 

ultimately calculates the instantaneous and time-averaged hydrodynamics and sediment 

transport in the two horizontal directions. The bed level updating is carried out by 

implementing an explicit first order Lax-Wendroff scheme. 

 

3.3. Methodology implementation  

3.3.1. Study area and model setup  
The developed methodologies presented in Section 3.1, were implemented in the coastal 

area near the port of Rethymno in Crete, Greece. The area of interest, shown in Figure 

3.6, includes the aforementioned port, located in the northern end of Crete within the 

homonymous bay and the adjacent coastal area eastward, with a coastline of 

approximately 4 km in length. Being a highly urbanized area, commercial, administrative, 

cultural and tourist activities are concentrated along the coastal zone where the city is 

located. The coastline of interest consists mainly of fine sand sediment, and due to the 

sediment transport and hydrodynamic patterns, sediment is periodically accumulated in 

the entrance of the port hindering navigational procedures. 
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Figure 3. 6. The island of Crete (bottom left), the municipality of Rethymno (bottom right) and the 

study area showing the port and the adjacent coastline. 

An unstructured triangular finite element mesh was constructed for the purpose of 

performing the morphological bed evolution simulations with the MIKE21 CM FM coastal 

area model. Waves enter the computational domain through the north, east and west 

offshore boundaries. Three density levels were used for the discretization of the domain, 

with the finer area being near the offshore wave boundaries, and the denser one covering 

an extend of 3.5 km long and 10.0 km wide. A third density level was established 

extending at about 250 m offshore the eastern coastline of interest. For the solid 

boundaries, a vertice-adaptive mesh generation scheme allowed the construction of 

relatively small finite elements in this area, allowing for the more detailed description of 

the bathymetric variations in shallow waters. Regarding the dimensions of the interior 

triangular elements, they are comprised of a mean nominal length of about 100 m, with 

the largest element size being 293 m and the minimum 0.71 m. Bathymetric data in the 

port basin were obtained from topographical surveys conducted during the EU funded 

research project Preparing for Extreme And Rare events in coastal regions (PEARL) and 

were further populated offshore by data available in the NAVIONICS database 

(https://webapp.navionics.com/). After interpolating the bathymetric data, the maximum 

depth of the numerical domain reaches up to 180 m.  

To force the 3rd generation spectral wave model MIKE21 SW and perform the wave 

schematization, time series of offshore sea-state characteristics, namely spectral wave 

height Ὄ , peak wave period Ὕ and mean wave direction ὓὡὈ were obtained from the 

Copernicus Marine Service (https://marine.copernicus.eu/) database for a time range 

covering 01/1993 - 01/2020. For the particular case, the regional package 

MEDSEA_MULTIYEAR_WAV_006_012 (Korres et al., 2019), a multi-year wave 

hindcast product composed of hourly wave parameters at 1/24° horizontal grid resolution 

was utilized. The corresponding modelling system is based on the widely used 3rd 

https://webapp.navionics.com/
https://marine.copernicus.eu/
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generation spectral wave model WAM 4.6.2 and consists of a nested sequence of two 

computational grids (coarse and fine) to ensure that swell propagating from the North 

Atlantic towards the strait of Gibraltar is correctly entering the Mediterranean Sea. The 

offshore sea-state characteristics were extracted at a point coinciding with the center of 

the north offshore boundary of the computational mesh, and specifically at coordinates 

with a longitude of 24.5043ę and a latitude of 35.4038ę. A full year of wave records, 

selected arbitrarily to be the year 2012, was extracted for the execution of the numerical 

simulations. In Table 3.3, the mean values of the offshore sea-state characteristics for 

the year 2012 are compared to those from the period of 1993-2020 indicating that the 

year 2012 is valid representation of the annual wave climate at the study area.  

Table 3.3  
Mean values comparison for the offshore sea-state wave characteristics between the year 2012 
and the period of 1993-2020  

Time span Ὄ  (m) Ὕ (s) ὓὡὈ 

2012 1.05 5.75 335.19 

1993-2020 0.98 5.60 334.39 

The mean annual wave climate at the study area for the year 2012 is showcased as a 

rose plot in Figure 3.7. As can be seen from the wave rose and the orientation of the 

coastline, wave records propagating from the west, southwest, south, southeast and east 

sectors (with ωπȍὓὡὈ ςχπȍ) do not contribute to the morphological bed evolution 

and were eliminated. Consequently, the 8761 hourly changing wave records were 

reduced to a total of 8219 by records. 

 
Figure 3. 7. Wave rose for the year 2012 from the Copernicus database offshore the port of 

Retmymno. 
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The simulations of the MIKE21 CM FM model were conducted through the 

ñMorphodynamicò approach allowing for the direct feedback between waves, 

hydrodynamics and sediment transport/morphology updating. Hence a morphological 

scale factor (Morfac) of 50 was utilized to keep the computational model run-time at 

reasonable levels. Additionally, a constant mean sediment diameter of 0.15 mm was 

considered throughout the numerical domain for the morphological modelling 

simulations. 

Model performance evaluation will be carried out in an area of interest extending up 

to a close of 450 m offshore the eastern coastline adjacent to the port and reaching a 

maximum depth of about 9 m. It should be noted, that for the particular dataset the depth 

of closure calculated through Eq. (3.18) is about 5.5 m signifying that the largest portion 

of the sediment transport occurs shoreward of this depth. This area (enclosed by the 

polygon shown in Figure 3.8 was the main focus of the evaluations, since it consists 

mostly of a sandy uniform bed and is of high interest to the public due to the 

concatenation of tourist and economical activities at this location. The coastline of 

interest is relatively straight with an orientation of West to East, implying the beach is 

under direct wave attack (angle of incidence ‌  0ę) from waves approaching from the 

north sector. 

 
Figure 3. 8. Finite element mesh showcasing the area (within the closed polygon) where the 

morphological model results will be evaluated 

In the absence of bed level elevation measurements, the results of the simulations 

utilizing the Pickup Rate and the Threshold Current wave schematization method will 

respectively be compared to a Brute force simulation acting as a benchmark and 

containing the full set of 8219 hourly changing wave records. The obtained results from 

both the wave IR methods developed in the framework of this research will be also 

compared to those stemming from the widely used Energy Flux method, which as stated 

in numerous studies (Benedet et al., 2016; de Queiroz et al., 2019; Walstra et al., 2013) 

is considered to be among the best performing IR methods. For the evaluation of model 

skill, the commonly used in coastal morphological modelling Brier Skill Score metric 

(Sutherland et al., 2004a) will be calculated for the area of interest shown in Figure 3.8. 

For the purpose of calculating the BSS, the Brute force simulation results will be 
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considered as the measurement values acting as a benchmark, while the baseline 

condition will be the initial bathymetry. The model predictions of each simulation carried 

out via the IR methods tested in this Chapter will then be used to calculate the BSS 

values, with a value of unity declaring perfect agreement between model results and 

measurements. 

3.3.2. Representative wave conditions  

In this subsection the representative wave conditions obtained by implementing the 

newly developed Pick-up rate and Threshold Current wave IR methods will be presented. 

As has been previously stated, the methodologies presented in section 3.1, incorporate 

the PMS-SP model in the simulations to estimate wave characteristics at a nearshore 

depth of 9 m for the Pick-up rate method and estimate longshore current velocity in the 

Threshold Current method respectively.  

Out of the 8219 wave records implementing the Shields criterion of incipient motion 

led to the elimination of 4699 sea-states that are considered unable to induce significant 

morphological changes by implementing the Pick-up rate IR method effectively reducing 

the input dataset. A bivariate plot of Ὄ and ὥ presenting the obtained representative 

wave conditions and their respective boundaries is showcased in Figure 3.9. It should 

be stated that the blue scatter data denote wave records that are considered in the 

calculation of the representative wave conditions whereas the light blue transparent 

scatter data are those eliminated from the dataset.  

 
Figure 3. 9. Obtained 12 representative wave conditions (red markers) by implementing the Pick-

up rate wave IR method. The light blue markers denote wave records eliminated from the dataset. 



 Chapter 3. A novel approach to Binning Input Reduction methods  
 

 
113 

 

Observing the obtained representative conditions and their respective bins it can be 

deduced that the more ñenergeticò sea-states are present in the north sector (at angles 

of wave incidence ὥ  ʂ ρυЈȟυЈ) hence 8 bins out of the total of 12 are defined in this 

range. Implementing the Shields criterion of incipient motion strictly for the bed-shear 

stress induced by the exclusive action of waves, leads to a universal threshold for the 

significant wave heights under which no sediment motion takes place which is about 

Ὄ=0.52 m.  

By implementing the Threshold Current wave IR method 5082 sea-states were 

eliminated reducing the full dataset of wave records to a total of 3137. In the same vein, 

Figure 3.10 shows the representative wave conditions obtained through the Threshold 

Current method with the light blue transparent scatter data denoting those eliminated 

from the dataset. 

 
Figure 3. 10. Obtained 12 representative wave conditions (red markers) by implementing the 

Threshold Current wave IR method. The light blue markers denote wave records eliminated from 

the dataset. 

Similarly, to the Pick-up rate wave IR method, the more energetic representative wave 

conditions are concentrated in the north sector albeit the width of the respective bins is 

a bit wider than those formed in the Pick-up rate method (at angles of wave incidence 

ὥ  ʂ ρφЈȟρπЈ). It can be observed that once again for most cases, sea-states with 

Ὄ  0.5 m are eliminated from the full dataset. Exceptions to this rule are wave 

approaching at angles of ὥ τυЈ or ὥ τυЈ which are coincidentally the angles 

where the maximum value of longshore current speed is obtained considering the case 

of a straight coastline and depth parallel contours. Supporting this fact, waves 
































































































































































