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Abstract: This paper presents the modeling and simulation of gas turbine aero-
engine for fuel control system design in steady state and transient modes. In 
this study, for the generation of the compressor map, two different methods 
including generalized and designed methods are used. In addition, the effects 
of the climatic and flight conditions on the engine performance parameters 
including engine thrust, fuel consumption and inlet turbine temperature are 
modeled. The objective of the engine performance analysis is to investigate the 
critical parameters for engine control during different climatic and flight 
conditions. For this purpose, a computer simulation is developed using Matlab 
Simulink, and the engine steady state and transient performance are obtained. 
The results are then compared with the experimental data for a turbojet engine 
at standard condition where a good agreement are seen. Moreover, the results 
show how some of the engine parameters exceed their allowable limits as the 
climatic and flight conditions change. These results confirm the need for a 
control system to avoid such malfunctions. Finally, the fuel control system 
functions are classified based on the climatic and flight conditions.  
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(Quasi-Steady)��ƹ�ƵŶƃ�ƉźƟ�ƽƹŚƀƯ�ƾūƹźų�Śŝ�ƽŵƹŹƹ�ƱŚƿźū�
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Ţſř�ƵŶƃ�ƵŵŹƹō�ŢſŶŝ�ƾůřźƏ�šŚŞſŚŰƯ���ƵŶƯō�Ţſŵ�ƶŝ�ŪƿŚŤƳ�ƵŚĮƳō
ƵŶƿŵźĭ� ƶƀƿŚƤƯ� ƾŝźŬţ� ŪƿŚŤƳ� Śŝ� ŚƸƃƹŹ�Ʋƿř� Żř�ŶƳř� ��ŢŞƀƳ� ƲŤƃřŵ� Śŝ

�ƶŞſŚŰƯ� źƿŻ� ƶƐŝřŹ� Żř� ŹƺſźĜưƧ� Źŵ� ŚƯŵ� ƂƿřżƟř� �ŹƺſźĜưƧ� ŹŚƄƟ
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ŵƺƃ�ƾƯ�ƆŴƄƯ���
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Ò�Ï�ƲǀŝŹƺţ��

�Ţſŵ� ƶŝ� źƿŻ� šŹƺƇ� ƶŝ� ƽĥźƳř� ƽŚƤŝ� ƱƺƳŚƣ� Żř� żǀƳ� ƲǀŝŹƺţ� Źŵ� Ʊřƺţ
ƾƯ��Ŷƿō���
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�Ʊō�Źŵ�ƶƧtŚƯŵ�ŢŞƀƳ�ƽŢſř�ƲǀŝŹƺţ�.��
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ë�ç��ƾūƹźų�ƩŻŚƳ��

�Źŵ�ƾūƹźų�ƩŻŚƳƾƯ�ƂƿřżƟř�ƲǀŝŹƺţ�Żř�ƾūƹźų�ƽŚƷŻŚĭ�ŢƗźſ��ŶŝŚƿ�
ƹŚų�Ţſřźţ��ŹƺţƺƯ�Ɔƫ�ƶĩ�ŚƷŻŚĭ�ũƹźų�Żř�ƪƇŚů�ŶƃŚŝ�ƾƯ�ƶŞſŚŰƯ�

ŵƺƃ�ƾƯ���ƶŝ�ƶūƺţ�Śŝ�ŹƺţƺƯ�Ţſřźţ�ƽƹźǀƳ�řŸƫƩŻŚƳ�ƽŵƹŹƹ�Ǝƿřźƃ�ƶĩ�
ƱŚưƷƲǀŝŹƺţ�ƾūƹźų�Ǝƿřźƃ�ŶƃŚŝ�ƾƯ���źƿŻ�ƶƐŝřŹ�Żř�ƶŝ��Ţſŵ�ƵŵŹƹō

ŵƺƃ�ƾƯ���
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�Ʊō�Źŵ�ƶĩnV�ŻŚĭ�ŢƗźſ�Ţſř�ƩŻŚƳ�Żř�ƾūƹźų�@æå> 
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Ð�ř�ŹƺţƺƯ�ŵźƨƬưƗ�ƍŚƤƳ�ƶŞſŚŰƯ�ƮŤƿŹƺĮƫ��

�ƽŚƷ�ƮŤƿŹƺĮƫř� ŹƺţƺƯ�ŵźƨƬưƗ�ƽŻŚſ�ƶǀŞƃ�ŹƺƔƴƯ�ƶŝ�Ţưƀƣ�Ʋƿř�Źŵ
ŶƳř�ƵŶƃ�ƶŗřŹř�řŹŸĭ�ƹ�ŚƿŚě�ƽŚƷ�ŢƫŚů�Źŵ�ƶŞſŚŰƯ���

Śě� ŢƫŚů� Źŵ� ŹƺţƺƯ� ŵźĪƬưƗƿŚřźŝ�ƽƘƋƹ� ƶſ�ǀŢƯ�ƾſŹźŝ� ŶƳřƺţ�ƾ�
ŵŵźĭ���

Î�Śě� ŢƫŚů� ŵźĪƬưƗ�ƿŚřźŝ�ƽřźǀǀƜţ�� šŻŚĭ� ƶŤſŵ��������������
�Throttling performance�řźƃ�Źŵ�ƿƎ�ŵŹřŶƳŚŤſř���
Ï�Śě� ŢƫŚů� ŵźĪƬưƗ�ƿŚřźƃ� ŌřŻř� ƶŝ�ƿƎřƺƷ� ƹ� śř�ƾƿ�������������
�Climatic performance���
Ð�Śě� ŢƫŚů� ŵźĪƬưƗ�ƿŚ�� ŹŵřźƃƿƎŻřƹźě�ƽ��������������������������
�Flight condition performance���

ŚƿŚě� ŢƫŚůŹŵŹƺţƺƯ� ƽŻŚƀƫŶƯ�Steady state�� ��ƾůřźƏ� ƶƐƤƳ� Żř
ŹƺţƺƯ�Design point���ƕƹźƃ�ŶƴŤƀƷ�ƭƺƬƘƯ�Ʊō�ƽŚƷźŤƯřŹŚě�ƶưƷ�ƶƧ
ƾƯ�ŵƺƃ��źŝřźŝ� źĮƿŶƨƿ� Śŝ� ƲǀŝŹƺţ� ƹ� ŹƺſźĜưƧ� ŹŚƧ� �ŚƿŚě� ŢƫŚů� Źŵ�
ƾƯ��ƽřƺƷ�ƾŝŵ� ƕƺưŬƯ� Śŝ� źŝřźŝ�ƲǀŝŹƺţ� ƶŝ� ŵƹŹƹ� ŻŚĭ� ƱŚƿźū� ƹ� ŶƴƃŚŝ

ƾƯ�Ţųƺſ�ƾŝŵ�ƹ�ŹƺſźĜưƧ�ƃŚŝŶ��ƽŵźƨƬưƗ�šŚƈŴƄƯ�ŢƫŚů�Ʋƿř�Źŵ�
ŭźƏ� Żř� ũŹŚų� ƩŵŚƘţ� ƍŚƤƳ� ƾƯŚưţ�Off-Design� ��ƵŵŹƹō� Ţſŵ� ƶŝ

ƾƯ�ŶƳƺƃ���ŢŞƀƳ��řƺƷ�ƾƯźū�ƾŝŵ�ƶŞſŚŰƯ�ƽřźŝ�ŚƿŚě�ŢƫŚů�ŵźƨƬưƗ�Źŵ
�ƽŚƸǀƴŰƴƯ� Żř� �ƞƬŤŴƯ�ƾƳřŹƹŵ�ƽŚƸŤƗźſ�Źŵ� ŹƺſźĜưƧ�ƵŵŻŚŝ� ƹ� ŹŚƄƟ

ƾƯ�ƵŵŚƠŤſř�ŹƺſźĜưƧ�ƶƈŴƄƯ�ŵƺƃ��ƲƿřŹŵ�ƲǀƴĤưƷ�ŝ�ƉźƟ�ŢƫŚů��ź
� ƾĮƠų�ŢƫŚůŹŵ� ƲǀŝŹƺţ� ƶƧ� Ţſř� Ʋƿř�(Choke�ƾƯ� ŹŚƧ��Śŝ� ƹ� ŶƴƧ

ŮǀŰƈţ�ƾŝŵ� ŹřŶƤƯ�ƲǀŝŹƺţ� ŹŚƄƟ�ŢŞƀƳ�šřźǀǀƜţ��Ʊō� Żř�ƽŹƺŞƗ� ƵŶƃ
ƾƯ�ŢŝŚŧ�ľŚŞƿźƤţ�ŶƳŚƯ]ÎÍ[���

�źǀŧŚţ�ƶƧ�ŶƴŤƀƷ�ƽŵŹřƺƯ�ƾūƹźų�ƶƳŚƷŵ�ƹ�ƽŵƹŹƹ�ƶƳŚƷŵ�Źŵ�ŹŚƄƟ�ŢƟř
ƾƯ�ƮƧ� ŚƸƳō��šŚŞſŚŰƯ�ƹ�ŶƃŚŝOff-design�ƾƯ�ǀģŚƳ�ƉźƟ� Śŝ�ŶƳřƺţ�ż

ŵźǀĭ�ƭŚŬƳř�ŹŚƄƟ�ŢƟř�Ʊŵƺŝ]ÎÎ[� ��ŹƺţƺƯ��Ŷƃ�ƵŹŚƃř� ľǈŞƣ�ƶƧŹƺƐƳŚưƷ
ŚƿŚě�ŢƫŚů� Źŵ�ƾŤƣƹ(Steady state) ƾƯ� ŹŚƧ���Ʊřƺţ�ƾƯŚưţ� ƶƧ� ŶƴƧ

�ƲǀŝŹƺţ�Źŵ�ƵŶƃ�Ŷǀƫƺţ �ƹ�ŵƺƃ�śŸū�ŹƺſźĜưƧ�Ǝſƺţ��ƶŬǀŤƳ�Źŵ�ŹŚƧ
ŵŵźĭ�źƠƇ�ƾūƹźų�ƆƫŚų�Ʊřƺţ�ƹ�ƵŶƃ�ŹƺſźĜưƧŹŚƧ�Śŝ�źŝřźŝ�ƲǀŝŹƺţ��

ŬƳř�Śŝ�ƾŤƀƿŚŝ�řŸƫƶƐƤƳ�ƾƳřŹƹŵ�ŢƗźſ�źƷ�Źŵ�ŚƐų�ƹ�ƾƘſ�ƭŚ��ƽƹŹ�ƽř
� ƵŵŹƹō�ŢſŶŝ� ƶƈŴƄƯ�ƾƴŰƴƯ��ƆƫŚų�šŹŶƣ� ƶƐƤƳ�Ʊō� Źŵ� ƶƧ� ŵƺƃ

ŶƃŚŝ� źƠƇ�ƾūƹźų.�ƍŚƤƳ�Ʋƿř� ƱŵźƧ�ƪƇƹ� �ƶŬǀŤƳ� řŹ� ƩŵŚƘţ�Ǝų�
ŶƷřƺų�� Ʊō� ƶŝ� ƶƧ� ŵřŵ���Equilibrium running line� ��ƶŤƠĭ
ƾƯ�ŵƺƃ]ÎÏ[���

ƸƯ�źǀŧŚţ�ƽŵƹŹƹ�ƽřƺƷ�ŹŚƄƟ�ƹ�ŚƯŵ�ƶƨǀŗŚŬƳō�Żř�ŵźƨƬưƗ�źŝ�ƾưŞƃ�ƹǀ�ƶ
ŻŚſƽ�ŵŹřŵ� ŹƺţƺƯƴĤưƷ� ƹ� ƲŤƟźĭ� ƕŚƠţŹř� Śŝ� ƶĪƳō� ƶŝ� ƶūƺţ� Śŝ� ƹ�ǀ�Ʋ

ů�Źŵ�ŢƗźſǀřźƃ�Żřƹźě�ƲƿŵƹŹƹ�ŹŚƄƟ�ƹ�ŚƯŵ�ƎƽƜţ�ŹƺţƺƯ�ǀǀ�ŶƴƷřƺų�ź
ſŹźŝ�ƶŝ�ŶƘŝ�ƶƬůźƯ�Źŵ�ŵźĩƾŧŚţ�ǀřźƃ�źƿŻřƹźě�Ǝƽ�ŹƺţƺƯ�ŵźĪƬưƗ�źŝ�

Ư� ƶŤųřŵźěƾŵƺƃ�ƴĤưƷ� �ǀ�ŹŚƄƟ� ƹ� ŚƯŵ� Ţſř� ƲĪưƯ� ƶĩ� ŚŬƳō� Żř� Ʋ
Źƹŵƹƽŵ�ƶŝ���ŶƃŚŞƳ�ŵŹřŶƳŚŤſř�ŢƫŚů�Źŵ�ƵŹřƺưƷ�ƿŝ�źĮǀ�Ţſř�ƲĪưƯ�ƱŚ

� Źŵ� ŹƺţƺƯ� ŵźĪƬưƗƿ� ƹ� ƭźĭ� ŻƹŹ�Ĩƿĭ� ƵŻřŶƳř� ŵźſ� ŚǀźƽŧŚţ� � ŵƺƃ�ǀ�ź
řźƃƿřƺƷ�ƹ�śō�ƎƾƿƳ�ŹƺţƺƯ�ŵźĪƬưƗ�źŝ�ǀſŹźŝ�żƾŶƃ�ŶƷřƺų����

�Ʊō� Źŵ� ƶƧ� Ţſř� ŹƺţƺƯ� ŵźƧŹŚƧ� Żř� ƾŤƫŚů� ŹƺţƺƯ� ƽřŹŸĭ� ŵźƨƬưƗ
�źǀǀƜţ�ƱŚƯŻ�Śŝ�ŹƺţƺƯ�ƽŚƷźŤƯřŹŚěƾƯ�ŶƴƴƧ���Źŵ�ŢūƺŝŹƺţ�ŹƺţƺƯ�Ʀƿ�źĭř

�Ţųƺſ� ƾŝŵ� �ƩźŤƴƧ� ƮŤƀǀſ� ƹ� ŶƃŚŝ� ŹŚƧ� ƩŚů� Źŵ� ŚƿŚě� ƶƐƤƳ� Ʀƿ
ƶŬǀŤƳ� Źŵ� �ŶƷŵ�ƂƿřżƟř� řŹ�ơřźŤůř� ƶƔƠŰƯ�ƶŝ�ƽŵƹŹƹ��ƲǀŝŹƺţ�Ʊřƺţ� �

ƾƯ�řŶǀě�ƂƿřżƟř�ƩŚů�Ʋƿř�Źŵ�ƹ�ŶƴƧ��ŵŹƺƯ�Ʊřƺţ�Żř�źŤƄǀŝ�ŵƺūƺƯ�Ʊřƺţ�
Ŷƃ� ŶƷřƺų� ƾƨǀƳŚƨƯ� šŚƠƬţ� ƹ� ŹƺſźĜưƧ�Ƃųźģ� ƽřźŝ� ŻŚǀƳ� ��ƾŤƣƹ

��řƺƷ� ƾŝŵ� ƹ� ƶŤƟźĭ� śŚŤƃ� ŹƺţƺƯ� ŹƺŰƯ� ŶƃŚŞƳ� źƠƇ� ƾƟŚƋř� ŹƹŚŤƄĭ
ŹŚƄƟ�ƾƯ�řŶǀě�ƂƿřżƟř�Ţſřźţ�ƲƿřźŝŚƴŝ�ƹ�ŚƯŵ���ŶƴƧ���ƾƳŚƯŻ�Śţ�śŚŤƃ�Ʋƿř

�ƶƧ�ŵŹřŵ�ƶƯřŵř�ƶŝ�ŹƺţƺƯ�ƩŵŚƘţ�ƶƐƤƳ�Ʀƿ�ƶĩ�Ŷſźŝ�ŶƿŶū�ƾŝŵ�ŹřŶƤƯ�Śŝ
� ŢųƺſŶƿŶūŶƃŚŝ� ƶŤƃřŵ� ŢƤŝŚƐƯ�� ��ƾŝŵ� ƂƷŚƧ� �źĮƿŵ� ƝźƏ� Żř

Ťƃ�ŜūƺƯ��ŢųƺſƾƯ�ƾƠƴƯ�śŚ��Ʊřƺţ�ŹřŶƤƯ�ŢƫŚů�Ʋƿř�Źŵ�ƶƧ�ŵŵźĭ
ƾƯ�ƾƠƴƯ�ƽŶǀƫƺţ�ƆƫŚų��ŢƸū� Źŵ� ŹƺţƺƯ�ƽřŹŸĭ� ŲſŚě� řŸƫ� ƹ� ŵƺƃ

ŵƺŝ�ŶƷřƺų�ŶƿŶū�ƩŵŚƘţ�ƶƐƤƳ�Ʀƿ�ƶŝ�ƱŶǀſŹ�ƹ�ŢƗźſ�ƂƷŚƧ����
�řŹŸĭ�ŢƫŚů� Źŵ� �ŚƿŚě� ŢƫŚů�Ɲǈų� źŝ �ŵŚŬƿř� ƽřźŝ� ƎƤƟ� šŚŞſŚŰƯ�

Ʊřƺţ�Śƿ�ŹŚƧ�ƶƳ�ƹ�ƱŚƿźū�ƢŝŚƐţ�ƽŚƸƿŶƴƯŻŚǀƳ��żūř�Ʋǀŝ���šŹƺƇ�ŹƺţƺƯ�Ōř
ƾƯ�ŵźǀĭ� ��ƶƧ�Ţſř� ŹƺſźĜưƧ� ƹ�ƲǀŝŹƺţ� ŹŚƧ�ƝǈŤųř�źĮƿŵ�šŹŚŞƗ�ƶŝ

ŹƺţƺƯ�ŹƺŰƯ�ƾƠƴƯ�śŚŤƃ�Śƿ�ƹ�ŢŞŨƯ�śŚŤƃ�ƾƯ�ŜŞſ�řŹ��ŵƺƃ���śŚŤƃ
ŹƹŚŤƄĭ�ƹ�ŹƺţƺƯ�ŹƺŰƯG�šŹƺƇ�ƶŝ�ƲţƺǀƳ�ƭƹŵ�ƱƺƳŚƣ�Ǝſƺţ�ƾƟŚƋř�
ŶƳŹřŵ�ƍŚŞţŹř�ƮƷŚŝ�źƿŻ���
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Ñ�ŪƿŚŤƳ�ƪǀƬŰţƯ�ŵźƨƬưƗ��Śŝ�ƶƀƿŚƤƯ�ƹ�ŢūƺŝŹƺţ�Źƺţƺ

ƂƿŚƯŻō�ŪƿŚŤƳ��
�ŹřżƟř�ƭźƳ� Żř� ƵŵŚƠŤſř� Śŝ�ǇŚŝ� Źŵ� ƵŶƃ�ƭŚŬƳř�ƽŻŚƀƫŶƯMATLAB��ƹ

�Źřżŝř�ƶŞƘūSIMULINK��ƵŶƿŵźĭ�ƽŻŚſ�ƶǀŞƃ��ƪƨƃ�Ï����ŪƿŚŤƳ�ƹ
� Źŵ�Ţū� ƺŝŹƺţ� ŹƺţƺƯ�Ʀƿ�ƽřźŝ� ƵŶƯō�Ţſŵ� ƶŝř�Ţưƀƣ�Ʋƿř� Źŵ�ƶŗřŹ

Ţſř�ƵŶƿŵźĭ����

��
�ƪƨƃÏ�ŹƺţƺƯ�ƽŻŚſ�ƶǀŞƃ�ƩŶƯ�ǀŰƯ�Źŵ��ƎSimulink��
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Î�Ñ��ŚƿŚě�ŵźƨƬưƗ�ŢƫŚů�Źŵ�ŪƿŚŤƳ�ƪǀƬŰţ��

�ŢƫŚů� ƶſ� Źŵ� ŹƺţƺƯ� ƽŚƿŚě� ŢƫŚů� ŵźƨƬưƗ� Ŷƃ� źƧŷ� ƶƧ� ŹƺƐƳŚưƷ
�ƹ�ƞƬŤŴƯ�ƾƿřƺƷ�ƹ�śō�Ǝƿřźƃ��ŵŹřŶƳŚŤſř�ŢƫŚů�Źŵ�ŻŚĭ�ƶŤſŵ�ŵźƨƬưƗ

ŵƺƃ�ƾƯ�ƶŗřŹř�ƽŻřƹźě�Ǝƿřźƃ���
��
Î�Î�Ñ��ŵŹřŶƳŚŤſř�Ǝƿřźƃ�Źŵ�ŚƿŚě�ŢƫŚů�ŵźƨƬưƗ��

ƪƨƃ�Ð�� ƩŵŚƘţ� Ǝų� ŹřŵƺưƳźŝ� řŹ� ŹƺţƺƯ�ŽŚſř� ��ƾƴŰƴƯ� ƕƺƳ� ƹŵ�
ƾƯ�ƱŚƄƳ�ŹƺſźĜưƧ�ƶƈŴƄƯ�ŶƷŵ��ƾƯ�ƵŶƷŚƄƯ�ƶƧ�ŹƺƐƳŚưƷ��Źŵ�ŵŵźĭ

�ƽŚƴŞƯ�źŝ�ŚƿŚě�ŢƫŚů�ŵźƨƬưƗ�ŪƿŚŤƳ�Źŵ�ƾŗżū�ƝǈŤųř��ƲǀŗŚě�ƽŚƸŤƗźſ
�ƶƔůǈƯ�ƶƈŴƄƯ�ƾƴŰƴƯ�ƕƺƳ�ƹŵ�ƾƯ�ŵŵźĭ�ř�ƶĩ�ƿƯ�ƶƫŚƀƯ�Ʋƾ�ŶƳřƺţ�

ƫŵ� ƶŝǀ� ƉźƟ� ƪchoke�ŝŹƺţ� Ʊŵƺŝǀō� ŵƺūƺŝ� ƲƿŞƏ� ƶĩ� ŶǀŤƘ�Źŵ� Ś
ŚƷŹƹŵƽŚě�ǀƿŤſŹŵ�ƉźƟ�ƲƾƳ�ǀŢƀ��ǇŚŝ�ƽŚƸŤƗźſ�Źŵ�ƶƧ�ƾţŹƺƇ�Źŵ�

�ƁƹŹ�ƹŵ�źƷ�Żř�ƵŵŚƠŤſřƹ�ƶŤƟŚƿ�ƮǀưƘţ�ƶŝ�ƦƿŵżƳ�ŹŚǀƀŝ�ŪƿŚŤƳ�ƾůřźƏ�

Ţſř� ƵŵƺưƳ� ƶŗřŹř� řŹ� ƮƷ� �ŹŚƨŝ� ƵŶƴƴƧ� ŶǀƿŚţ� ŪƿŚŤƳ� Ʋƿř��ƁƹŹ� ƽźǀĭ
�ƶŤƟŚƿ�ƮǀưƘţ�ŜƿźƤţ�Śŝ�ŹƺţƺƯ�ƽŚƿŚě�ŢƫŚů�ŵźƨƬưƗ�ƶǀƫƹř�ƽŚƸƴǀưŴţ�Źŵ

ƾƯ�śƺų�ƃŚŝŶ����
ƪƨƃ�Źŵ��Ñ���ŪƿŚŤƳŹƺţƺƯ�ŵźĪƬưƗ�ƽŻŚſ�ƶǀŞƃ�Śě�ŢƫŚů�ŹŵƿŚŤƳ�Śŝ�Śƿ�Ū
ƬưƗ�ŢƀţƾŢſř� ƵŶƃ�ƶƀƿŚƤƯ�� �ŹƺƐƳŚưƷ�ƾƯ�ƶƔůǈƯ�ƶƧ�ŵƺƃ��ŪƿŚŤƳ�

ƽŻŚƀƫŶƯ� ƹ�ƾŝźŬţŤƫŚů� Źŵ�ƾƴŰƴƯ� Żř� ƶĩ�ƾ�Źŵ� ŹƺſźĜưĩ�ƶƈŴƄƯ�
ůřźƏ� ŢƫŚůƾƯ� ƵŵŚƠŤſř�ƾŵƺƃ���ƱŚƄƳ� ƮƷŚŝ� ƾŝƺų� ƾƳřƺŴưƷ�

ƾƯ�ŶƴƷŵ�ŚƷ�ŢƗźſ� Źŵ�ƲĪƫ�ƽřŹƹŵ�ƳƾŚě�ǀƿŚŤƳ�Ʋƿ�Żř� ƵŶƯō�ŢſŶŝ�Ū
ŞƃǀŻŚſ� ƶƽŚě�ŢƫŚů� ŵźĪƬưƗ�ƿŚƽƴŰƴƯ� Śŝ� ŹƺţƺƯ�ƾ�ƁƹŹ� ƶƈŴƄƯ�
ưƘţǀ�ƮƿŚŤƳ�Żř�ƶŤƟŚƿŵŹřŶƳ�řŹ�ƭŻǇ�Ţƣŵ�ƹ�ƶŤƟźĭ�ƶƬƇŚƟ�Ţƀţ�Ū���
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�ƪƨƃÑ�ŚƿŚě�ŢƫŚů�Źŵ�ƽŻŚƀƫŶƯ�ŪƿŚŤƳ�Śŝ�Ţƀţ�ŪƿŚŤƳ�ƶƀƿŚƤƯ�  
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� ƭŻǇŚŤƳ� ƶĩ�Ţſř� źĩŷ� ƶŝƿŚƷ�Ţƀţ� Ūƽ�ƭŚŬƳř� Żř� ƪƇŚů� ƵŶƃ� ƶŗřŹř�
ŚƯŻōƿ� Źŵ� ƶŤƟźĭ� šŹƺƇ� šŚƄƿĪƾŚƴƇ� Żř�ƿřƺƷ� ƖƾƿƹŹ� źŝ�ƽ�ƱŚưƷ�

řźƃ�Źŵ�ƶƘƫŚƐƯ�ŵŹƺƯ�ŹƺţƺƯƿƯ�ŵŹřŶƳŚŤſř�ƎƾŶƃŚŝ����
��
ç�æ�é�ſŹźŝƾŧŚţ�ǀřźƃ�źƿřƺƷ�ƹ�śō�ƎƿŚě�ŢƫŚů�ŵźĪƬưƗ�źŝ�ƾƿŚ��

Ɛſ�ƕŚƠţŹř�Źŵ�ŹƺţƺƯ�ƽŚƿŚě�ŢƫŚů�ŵźƨƬưƗ�Ţưƀƣ�Ʋƿř�Źŵ�ŌřŻŚŝ�ŚƿŹŵ�Ů
�ŪƿŚŤƳ�ƹ�ƵŶƃ�ƽŻŚſ�ƶǀŞƃ�ƭźĭ�ƹ�ŵźſ�ƽŚƷŻƹŹ�ƽřźŝ�šƹŚƠŤƯ�ƽŚƷŚƯŵ

�ƪĪƃ�Źŵ�ƱōÒŢſř�ƵŶƿŵźĭ�ƶŗřŹř����ƪĪƃ�Źŵ�ƶƧ�ŹƺƐƳŚưƷÒ�ƶƔůǈƯ�
ŵŵźĭ�ƾƯ�Ʊō�źŨƧřŶů�Żř�ŹƺţƺƯ�Źƹŵ�źĭř��ƭźĭ�ƾƿřƺƷ�ƹ�śō�Ǝƿřźƃ�Źŵ��
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�ƪƨƃê���ŢƗźſ�Ŝƀů�źŝ�ƲǀŝŹƺţ�ƶŝ�ŵƹŹƹ�ƽŚƯŵ�šřźǀǀƜţ

ƞƬŤŴƯ�ƽŚƷŚƯŵ�Źŵ�ƾƳřŹƹŵ��
��

è�æ�é��řźƃ�ƾſŹźŝƿŻřƹźě�ƞƬŤŴƯ�Ǝƽ��
řźŝ�Ţưƀƣ�Ʋƿř�ŹŵƽſŹźŝ�ƾŧŚţ�ǀřźƃ�źƿŻřƹźě�ƎƽƃŚƳ�ƶĩ�ƾƜţ�Żř�ǀǀ�šřź

ţŹř�ƹ�ƕŚƠƿěřƺƷ�ŢƗźſ�Śǀ�ƹ�ƞƬŤŴƯ�šŚƗŚƠţŹř�Źŵ�řŹ�ŹƺţƺƯ�ƩŶƯ��Ţſř�Śư
Şƃ�ƞƬŤŴƯ�űŚƯ�ŵřŶƗř�ŽŚſř�źŝǀŻŚſ�ƶƽŚŤƳ�ƹ�Ƶŵźĩ�ƿ�ƵŶƯō�ŢſŶŝ�Ū

Ư� ƶŗřŹřƾŵŵźĭ�� �ƫźŤƴĩ� źŤƯřŹŚě� Ʃƹř� ŢƫŚů� Źŵƾŝŵ� ŹřŶƤƯ� ŹƺţƺƯ�ƾ�
ř� Źŵ� �Ţſř�Ţųƺſƿŝŵ�ŢƫŚŰƴƾŵƹŹƹ�Ţųƺſ�ƽ�ŹřŶƤƯ� řŹ� ŹƺţƺƯ� ƶŝ�

ƾůřźƏ�ƶƐƤƳ� ŹřŶƤƯ�źŝřźŝ�ŢŝŚŧŢſř� ƵŶƃ�ƶŤƟźĭ�źƔƳ� Źŵ�� �řƿ�ƱřŶŝ�Ʋ
ƴƘƯƾŚƷ�űŚƯ�ƹ�ŚƷ�ƕŚƠţŹř�Źŵ�ƶĩ�Ţſř�ƽŤŝŚŧ�Ţųƺſ�ŹřŶƤƯ�ƞƬŤŴƯ�ƾ�

Śſ�ƹ�Ƶŵřŵ�ŹƺţƺƯ�ƶŝ�řŹƿŶƳř�ƵŶƃ�ƶŤƃřŸĭ�ŵřŻō�ŚƷźŤƯřŹŚě�ź��ŚŤƳƿ�ƪƇŚů�Ū
ř�ŻřƿŻŚƀƫŶƯ�Ʋƽ�ƽŚƷ�ƪƨƃ�Źŵ�źƿŻ�ƽŚƷ�ƕŚƠţŹř�ŌřŻř�ƶŝ�ëƹì�Ƶŵřŵ�ƱŚƄƳ�

Ţſř�ƵŶƃ��Ŷƿŵ�ŚƷ�ƪƨƃ�Ʋƿř�Źŵ�ƶƧ�ŹƺƐƳŚưƷ�Źŵ�ƶĤƳŚƴģ��ŵƺƃ�ƾƯ�Ƶ
�ƾůřźƏ�ƶƐƤƳ�Ţųƺſ�ƾŝŵ�ŹřŶƤƯ�ƱŚưƷ�Żř�ŚƿŹŵ�ŮƐſ�Żř�źţǇŚŝ�ƕŚƠţŹř

ŚƯŵ� ƹ� ŹŚƄƟ�ŢŞƀƳ� �ŵƺƃ�ƵŵŚƠŤſřƽŝŹƺţ�ƶŝ�ŵƹŹƹ�ǀ�ŻŚŬƯ�źƿŵŚƤƯ� Żř�Ʋ
�ƞƬŤŴƯ�Ǝƿřźƃ�Źŵ�Ţųƺſ�ƾŝŵ�ŹřŶƤƯ�ƮǀƔƴţ�řŸƫ�ƹ�ŢƟŹ�ŶƷřƺų�źţřźƟ

ŶƃŚŝ�ƾƯ�ƽŹƹźƋ�ŹƺţƺƯ�ƽŚƷ�ŢƿŵƹŶŰƯ�ŽŚſř�źŝ�ƽŻřƹźě����
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�ƪƨƃë���Ŝƀů�źŝ�ƲǀŝŹƺţ�ƶŝ�ŵƹŹƹ�ƽŚƯŵ�šřźǀǀƜţ

ƞƬŤŴƯ�ƽŚƷ�ƕŚƠţŹř�Źŵ�űŚƯ�ŵŶƗ�šřźǀǀƜţ��

��
�ƪƨƃì���űŚƯ�ŵŶƗ�Ŝƀů�źŝ�ŹƺţƺƯ�ƾƳřŹƹŵ�Źƹŵ�šřźǀǀƜţ

ƞƬŤŴƯ�ƽŚƷ�ƕŚƠţŹř�Źŵ��
��

ƫźŤƴĩ�źŤƯřŹŚě� �ƭƹŵ�ŢƫŚů�ŹŵƾŚƯŵ�ƽŝŹƺţ�ƶŝ�ŵƹŹƹ�ǀ�ƶŤƟźĭ�źƔƳ�Źŵ�Ʋ
Ţſř�ƵŶƃ� �ŚƷ�űŚƯ�ƹ� ŚƷ�ƕŚƠţŹř� Źŵ�ƶĩ�ŢſŚƴƘƯ�ƱřŶŝ�ƲƿřƽŴƯ��ƞƬŤ

ŚƯŵƽŝŹƺţ�ƶŝ�ŵƹŹƹ�ǀŚſ�ƹ�ƶŤƃřŵ�ƶĮƳ�ŢŝŚŧ�řŹ�Ʋƿ�ƶŞſŚŰƯ�řŹ�ŚƷźŤƯřŹŚě�ź
Ưƾƴĩ�ǀƮ��ŚŤƳƿř�Żř�ƪƇŚů�Ūƿ�ƪƨƃ�Źŵ�ŢƫŚů�ƲíŢſř�ƵŶƃ�ƶŗřŹř����

�ƪƨƃ�Źŵ�ƶƧ�ŹƺƐƳŚưƷí�Źŵ�ŹƺţƺƯ�ŵźƨƬưƗ�ƽŚƷźŤƯřŹŚě�ŵƺƃ�ƾƯ�ƵŶƿŵ�
�ƽŚƯŵ�ƩźŤƴƧ�ŚƯř�ŶƳř�ƶŤƟźĭ�Źřźƣ�ƩźŤƴƧ�ŢŰţ�ƽŵŚƿŻ�Ŷů�Śţ�ŢƫŚů�Ʋƿř

Źƺţ�ƶŝ�ŵƹŹƹ�ŹƺţƺƯ�Ʋƿř�ŵźƨƬưƗ�ƽŻřƹźě�Ǝƿřźƃ�ƭŚưţ�Źŵ�ƾƿŚƸƴţ�ƶŝ�Ʋǀŝ
Ţſř� ƵŵƺưƴƳ� ƲǀƯŚţ� řŹ� ��ŢƗźſ� Żřƹźě� Ǝƿřźƃ� Żř� ƾƌƘŝ� Źŵ� Ɩƣřƹ� Źŵ

Ţſř� ƶŤƟŹ� źţřźƟ� ŻŚŬƯ� ŢƗźſ� ƮưƿżƧŚƯ� Żř� ŹƺţƺƯ� ��ƱŚƄƳ� ŪƿŚŤƳ� Ʋƿř
�ƩźŤƴƧ�ƶŝ�ŹŵŚƣ�ƾƿŚƸƴţ�ƶŝ�żǀƳ�ƲǀŝŹƺţ�ƶŝ�ŵƹŹƹ�ƽŚƯŵ�ƩźŤƴƧ�ƶƧ�ŶƷŶǀƯ

Ƴ�Ǝƿřźƃ�ƭŚưţ�Źŵ�ŹƺţƺƯ�ƲưƿřŶƃŚŝ�ƾư���
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�ƪƨƃ�í��ŵŶƗ�šřźǀǀƜţ�Ŝƀů�źŝ�ŹƺţƺƯ�Ţſřźţ�šřźǀǀƜţ�
ƞƬŤŴƯ�ƽŚƷ�ƕŚƠţŹř�Źŵ�űŚƯ��

��
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ř�ƭŚŬƳřƿŚƤƯ�ƲƿƘƣřƹ�ƖŝŚţ� řŶŤŝř�ƶƀƾƘƣƺƯ�ǀ�ƭŚĮƴƷ�Źŵ�ƶĩ�ŻŚĭ�ƶŤſŵ�Ţ
Ź�šŹƺƇ�ƶŝ�ƵŶƃ�ƩŚưƗř�ŹƺţƺƯ�ƶŝ�ŢƀţƿƋŚƾř�žĜſ�ƹ�ƵŶƃ�ƩŶƯ�ƿ�Ʋ

Ź�ƩŶƯ�ƶŝ�ƖŝŚţƿƋŚƾŢſř�ƵŶƃ�ƩŚưƗř�ŹƺţƺƯ���ŚƸƳ�ŹŵƿŚŤƳ�Ţƿūƹźų�Ūƾ�
Ź�ƩŶƯ�ŻřƿƋŚƾŹřŵźŝ�Ƶŵřŵ�Śŝ�ƽŚƷ�ƽƬưƗ�ƾŚƤƯ�ŵŹƺƯ�ƿ�ƶŤƟźĭ�Źřźƣ�ƶƀ

Ţſř���ƪƨƃ�Źŵ�ƶƧ�ŹƺƐƳŚưƷÖ�Ʋǀŝ�ƩƺŞƣ�ƪŝŚƣ�ŢƤŝŚƐƯ�ŵƺƃ�ƾƯ�ƵŶƿŵ�
�ŵŵźĭ�ƾƯ�ƶƔůǈƯ� řŹŸĭ�ŢƫŚů�Źŵ�Ţƀţ�ŪƿŚŤƳ� ƹ�ƽŻŚſ�ƶǀŞƃ�ŪƿŚŤƳ
�ƱŚƯŻ� ƶŞſŚŰƯ� ƽřźŝ� ƵŶƃ� ƭŚŬƳř� ƽřŹŸĭ� ŢƫŚů� ƽŻŚſ� ƶǀŞƃ� ƶŝ� ƶƧ

ƴƯ�śŚŤƃ�ƹ�ƽźǀĭ�śŚŤƃŶƄŴŝ�ƾƯ�ŹŚŞŤƗř�ƾƠ���
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��
�ƪĪƃÖ��ŚƤƯƿŚŤƳ�ƶƀƿŝ�řŹŸĭ�ŢƫŚů�ŪǀƬưƗ�Ţƀţ�Ʋƾ�ƹ�������

ŞƃǀŻŚſ�ƶƽ��ūƹźų�ŹŚƄƟƾŹƺſźĜưĩ�Żř����
��

Ó��Ŷƴŝ�ƶŤſŵƽŚƓƹ�ƿſ�ƞǀřźƃ�Źŵ�Ţųƺſ�ƩźŤƴĩ�ƮŤƀƿ�Ǝ
ƞƬŤŴƯ��

�ƩźŤƴƧ�ƽŚƷŵƺƯ�ƾƿřƺƷ�ŻŚĭ�ƲǀŝŹƺţ�ŹƺţƺƯ�ƾƫźŤƴƧ�ƽŚƷŵƺƯ�ƶƧ�ŚŬƳō�Żř
ŤƴƧ� ƹ� ƾƨƿżǀƟ� ƽŚƷ�ŢƿŵƹŶŰƯ� ƩźŤƴƧ� �Ţſřźţ�ƾƯ� řŹŸĭ�ŢƫŚů� Ʃź

ŚŤƳ� ƶŝ� ƶūƺţ� Śŝ� Ţưƀƣ� Ʋƿř� Źŵ� �ŶƃŚŝƿŻŚƀƫŶƯ� ŪƽŚƷ� ŢƫŚů� Źŵ�ƽ�
řƺƷ�ƹ�śō�ƞƬŤŴƯƾƿŻřƹźě�ƹ�ƽƯ�ƾƳ�Ʊřƺţ�ǀŶƴƯŻŚƽŚƷ�ƽƫźŤƴĩ�ƾ�ŹƺţƺƯ�

řźƃ�Źŵ�řŹƿŻ�šŹƺƇ�ƶŝ�ƞƬŤŴƯ�ƎƿŶƴŝ�ƶŤſŵ�źƽŵƺưƳ�����
 ŧŚţǀűŚƯ�ŵŶƗ�ƹ�ƕŚƠţŹř�ź��řżƟř�Śŝƿƫŵ�ƶŝ�ƕŚƠţŹř�Ƃǀ�ƹ�ŚƯŵ�ƂƷŚĩ�ƪ

ŤƳ� Źŵ� ƹ� ŹŚƄƟǀŚĩ�ƶŬŚƷźŤƯřŹŚě�ƂƷƽ�, �Ţųƺſ�ƱŚưƷ� řŻř�ƶŝ�
ŵŚƤƯ�ŵŹřŶƳŚŤſř�ŢƫŚůƿŚƯŵ�źƽŝŹƺţ�ƶŝ�ŵƹŹƹ�ǀřżƟř�ŹƺţƺƯ�Źƹŵ�ƹ�Ʋƿ�Ƃ

Ưƾ�ƿřżƟř�Ŷƴģ�źƷ�ŶŝŚƿŶů�Śţ�űŚƯ�ŵŶƗ�Ƃƽř�ƿŧŚţ�ƲǀƯ�ƱřźŞū�řŹ�źƾ�
Ŷƴĩ��ƫǀƳ�ƲĪǀĭƺƬū�ŢƸū�ŹƺţƺƯ�Ţųƺſ�ƩźŤƴĩ�ƶŝ�ŻŚǀźƽ�ŢƟŹřźƟ�Żř�

ƳřŹƹŵ�ŢƗźſƾŚƯŵ�ƹ�ƽ�ŵƹŹƹ�ŝŹƺţ�ƶŝǀŹƹźƋ�ƲƽŢſř����
 ŧŚţǀƎǀŰƯ� ƽŚƯŵ� ź� �� źŤƯřŹŚě� ŚƯŵ� ƂƷŚĩ� Śŝ�šǇŵŚƘƯ� Źŵ�

Űƈţǀ�ƂƷŚĩ�ŹƺţƺƯ�ƵŶƃ�ŮƿŤƳ�Źŵ�ƹ�ƶŤƟŚǀƳ�ƹ�ŹƺţƺƯ�Źƹŵ�ƶŬǀŚƯŵ�żƽ�
ŝŹƺţ�ƶŝ�ŵƹŹƹǀŝ�ƲǀŶƃ�ŶƷřƺų�ŻŚŬƯ�Ŷů�Żř�źŤƄ��ř�Źŵƿ�ƶƐƤƳ�ŢƫŚů�Ʋ

ůřźƏƾźŤưĩ�Ţųƺſ� ŌřŻř� ƶŝ� ŹƺţƺƯ�ƽƯ� ƪƇŚů�ƾŵƺƃ�� �ŝřźŝŚƴƿ�Ʋ
ř�Źŵ�ŹƺţƺƯ�Ţųƺſ�źƫźŤƴĩƿŚŝ�ŢƫŚů�ƲƿŚƷźŤƯřŹŚě�ƩźŤƴĩ�ŢƸū�Ŷƽ�

ŚƯŵ�ƹ�ŹƺţƺƯ�ŹƹŵƽŝŹƺţ�ƶŝ�ŵƹŹƹ�ǀŵƺƃ�ƩŚƘƟ�Ʋ����
�ƪĪƃÎÍř�ƶƳƺưƳ�ƽůřźƏ�ŢƸū�ŹƺţƺƯ�ŵźƨƬưƗ�ŢƿŵƹŶŰƯ�Żř�ƾ�źƫźŤƴĩ�

ŚưƳ� řŹ�ŢųƺſƿƯ�ƂƾŶƷŵ�� �řźŝƽƯ� ƶƔůǈƯ� ƶƳƺưƳ�ƾ�Źŵ� ƶĩ� ŵƺƃ�
� Ʋǀů� Źŵ� ƮƸƯ� ƶƬŘƀƯ� ƲǀƿŚě� ƾƳřŹƹŵ� ƽŚƷ� ŢƗźſ�ŹƺţƺƯ� ƽźǀĮŝŚŤƃ

ŶƃŚŝ� ƾƯ� ŹƺſźĜưƧ� ũźſ� ƶƬŘƀƯ� ��ƩźŤƴƧ� ƮŤƀǀſ� źĮƿŵ� šŹŚŞƘŝ

�ƶƧ�ŶƿŚưƳ�ƮǀƔƴţ�ƱŚƴģ�řŹ�ŹƺţƺƯ�ƽźǀĭ�śŚŤƃ�ƾŤƀƿŚŝ�ŹƺţƺƯ�Ţųƺſ
ŶŤƠǀƳ�ơŚƠţř�ũźſ�ƵŶƿŶě�ŹƺţƺƯ�ƾƳřŹƹŵ�ŢƗźſ�ƾƳŚƸĭŚƳ�źǀǀƜţ�źŧř�Źŵ��

ŚƷ�ŢƗźſ�Źŵ�ƲƨƫƽƳřŹƹŵ�ƾě�ǇŚŝ�ǀŵƹŶŰƯ�ƶĪƳō�Żř�Ƃƿ�ƮƸƯ�ũźſ�Ţ
ŚƯŵ�ŶƃŚŝƽ�ŵƹŹƹ�ŝŹƺţ�ƶŝǀŚŝ�Ʋƿŵƺƃ�ƩźŤƴĩ�Ŷ����
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��
�ƪƨƃæå���ŢƿŵƹŶŰƯ�ƍƺƐų�ƵřźưƷ�ƶŝ�ŹƺţƺƯ�ŵźĪƬưƗ�ƾƴŰƴƯ

Ţſřźţ�ƹ�Ţųƺſ�ƹ�ƲǀŝŹƺţ�ƶŝ�ŵƹŹƹ�ƽŚƯŵ�ƹ�ũźſ�ƽŚƷ��
��

Ô��ƽźǀĭ�ƶŬǀŤƳ��
� ƽŻŚƀƫŶƯ� ƶƫŚƤƯ� Ʋƿř� Źŵ� ƹƶǀŞƃ��ŢƫŚů� ƹ� ŚƿŚě� ŢƫŚů� ŵźƨƬưƗ� ƽŻŚſ

� ƶŗřŹř� ƾŗřƺƷ� ŻŚĭ� ƲǀŝŹƺţ� ŹƺţƺƯ� ƽřŹŸĭŶƿŵźĭ� ��ƽŻŚƀƫŶƯ� ƽřźŝ
ǀƴŰƴƯ� ƁƹŹ� ƹŵ� Żř� ŹƺſźĜưƧ� ƶƈŴƄƯ� ƽŚƸƶŤƟŚƿ� ƮǀưƘţ�

�generalized� ��ƾůřźƏ�ƹ�designed� �Ţſř�ƵŶƿŵźĭ�ƵŵŚƠŤſř� ��Ʋƿř
�ƁƹŹ� Żř� ŹƺſźĜưƧ� ƶƈŴƄƯ�ƾƴŰƴƯ�ƽźǀĭŹŚƨŝ� ƶƧ� ŵřŵ� ƱŚƄƳ� ŪƿŚŤƳ

ƾƯ� ŜſŚƴƯ� ŚƿŚě� ŢƫŚů� ŵźƨƬưƗ� ƽŚƸƴǀưŴţ� ƽřźŝ� ƾƯƺưƗ�ŶƃŚŝ��
�ƽŚƸƃƹŹ�ŹƺţƺƯ�ƽźǀĮŝŚŤƃ�ƱŚƯŻ�ƲǀưŴţ�ƽřźŝ�ƲǀƴĤưƷŚƿ�ƮǀưƘţƶŤƟ�
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