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ůŰɞɡɠ ɞˊɞɑɞɡɠ ɓŬůɑɕŮŰŬɘ ɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ŮəɎůŰɞŰŮ ůɡůŰɐɛŬŰɞɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮəŰŮɚŮůŰɞɨɜ 

ůɡɔəŮəɟɘɛɏɜŮɠ ŮűŬɟɛɞɔɏɠ.  

ȷɜ ŬɜŰɘɛŮŰɤˊɑůɞɡɛŮ ŰɏŰɞɘŮɠ ŮűŬɟɛɞɔɏɠ ɤɠ ɏɜŬ ɎɗɟɞɘůɛŬ ŬɚɚɖɚŮɝŬɟŰɩɛŮɜɤɜ 

ŭɟŬůŰɖɟɘɞŰɐŰɤɜ (interdependent tasks), ɗŬ ˊŬɟŬŰɖɟɐůɞɡɛŮ ˊɤɠ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ŮɝŬůűŬɚɑůɞɡɛŮ Űɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰŮɟɖ əŬɘ çɞɛŬɚɧŰŮɟɖè ŮəŰɏɚŮůɐ Űɞɡɠ ˊŬɟɎɚɚɖɚŬ ɛŮ Űɖɜ 

ɓɏɚŰɘůŰɖ Ŭɝɘɞˊɞɑɖůɖ Űɤɜ ˊɧɟɤɜ ɛŬɠ, ŮűŬɟɛɧɕɞɜŰŬɘ ɞɟɘůɛɏɜŮɠ Ŭɟɢɏɠ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖɠ ˊɞɡ 

əŬŰŮɡɗɨɜɞɡɜ Űɖɜ əɎɗŮ ŬɟɛɞŭɘɧŰɖŰŬ Űɖɠ ŮűŬɟɛɞɔɐɠ , ɛŮ ůəɞˊɧ Űɖɜ ɓɏɚŰɘůŰɖ ŬɡŰɐ Ŭˊɧŭɞůɖ. 

ȸɏɓŬɘŬ, ɔɘŬ əɎˊɞɘŮɠ űɡůɘəɏɠ ŮűŬɟɛɞɔɏɠ ˊɞɡ ŰɑɗŮɜŰŬɘ ˊɟɞɠ ɏɚŮɔɢɞ, ŮɑɜŬɘ ˊɞɚɨ ˊɘɗŬɜɧ ɜŬ 

ŬˊŬɘŰɞɨɜŰŬɘ ˊɟɞɗŮůɛɑŮɠ ɢɟɞɜɘůɛɞɨ (timing deadlines) ŮɑŰŮ ɔɘŬ ɞɚɧəɚɖɟɖ Űɖɜ ŮűŬɟɛɞɔɐ 

(əŬɗɞɚɘəɎ) ŮɑŰŮ ɔɘŬ əɎɗŮ interdepend task ɝŮɢɤɟɘůŰɎ. ȼ ˊɟɧəɚɖůɖ ɚɞɘˊɧɜ ɏɔəŮɘŰŬɘ ůŰɖ ůɤůŰɐ 

ŮűŬɟɛɞɔɐ Űɤɜ scheduling principles ɩůŰŮ ɜŬ ŮɝŬůűŬɚɑɕɞɡɜ ɧŰɘ ˊɚɖɟɞɨɜŰŬɘ ɧɚŮɠ ɞɘ 

ˊɟɞɗŮůɛɑŮɠ ɢɟɞɜɘůɛɞɨ Űɖɠ əɎɗŮ ŭɘŮɟɔŬůɑŬɠ ˊɟɞɠ ŬɜɎɚɡůɖ (schedulability analysis). 

Ɇəɞˊɧɠ ɚɞɘˊɧɜ ŬɡŰɐɠ Űɖɠ ŮɟɔŬůɑŬɠ ŬˊɞŰŮɚŮɑ ŬɟɢɘəɎ ɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ ŰɏŰɞɘɤɜ 

ˊŮɟɘˊŰɩůŮɤɜ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ ůŮ əŬŰɎɚɚɖɚɞ simulation tool. ȼ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɤɜ 

ŭɘŬűɧɟɤɜ scheduling scenarios ˊɟŬɔɛŬŰɞˊɞɘɐɗɖəŮ ůŰɞ UPPAAL (4.15) [12,24] , Űɞ ɞˊɞɑɞ 

ŬˊɞŰŮɚŮɑ ɏɜŬ ŮɟɔŬɚŮɑɞ ɔɘŬ modelling, validation əŬɘ verification [4,21] ůŮ ůɡůŰɐɛŬŰŬ 

ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ ɛŮ Űɖɜ ɢɟɐůɖ ɢɟɞɜɘůɛɏɜɤɜ ŬɡŰɞɛɎŰɤɜ [əŮű3]. ɆɡɔəŮəɟɘɛɏɜŬ ůŰŬ 

ɛɞɜŰɏɚŬ ůɡɛˊŮɟɘɚɐűɗɖəŬɜ ˊɞɘəɑɚŬ scheduling policies [əŮű1], ˊɚɖɗɩɟŬ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ 

əŬɘ ŮɝŬɟŰɐůŮɤɜ ɔɘŬ Űɞ əɎɗŮ interdependent task, ŭɡɜŬŰɧŰɖŰŬ ŬɜɎɗŮůɖɠ ůɡɔəŮəɟɘɛɏɜɤɜ 

resource ůŮ ůɡɔəŮəɟɘɛɏɜŬ tasks (bus, processor) ŬɚɚɎ əŬɘ ŭɡɜŬŰɧŰɖŰŬ ŭɘŬəɞˊŰɧɛŮɜɖɠ 

ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ.  

  ɆŰɖ ůɡɜɏɢŮɘŬ ŮˊɐɚɗŮ ˊŮɘɟŬɛŬŰɘůɛɧɠ əŬɘ ɛŮɚɏŰɖ ˊɎɜɤ ůŰŬ ɔŮɜɘəɎ ɛɞɜŰɏɚŬ 

ɛŮŰŬɓɎɚɚɞɜŰŬɠ Űɘɠ Ŭɟɢɘəɏɠ Űɘɛɏɠ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ, ɩůŰŮ ɜŬ ˊɟɞəɨɣɞɡɜ ɝŮɢɤɟɘůŰɎ əŬɘ 

ŭɘŬűɞɟŮŰɘəɎ ůŮɜɎɟɘŬ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ Űɤɜ ɞˊɞɑɤɜ ɖ ŮɔəɡɟɧŰɖŰŬ ŮɚɏɔɢɗɖəŮ ɛɏůɤ Űɞɡ 

verifier Űɞɡ UPPAAL [12,24]. ɇŬ ůɡɛˊŮɟɎůɛŬŰŬ ŬɚɚɎ əŬɘ ɛɘŬ ˊɘɗŬɜɐ ɛŮɚɚɞɜŰɘəɐ ŮɟɔŬůɑŬ ɗŬ 

ˊŬɟŬŰŮɗɞɨɜ ůŰɞ Űɏɚɞɠ.  

 

ȿȺɂȺȽɆ ȾȿȺȽȹȽȷ: ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖ, ŭɘŮɟɔŬůɑŬ, ɛɞɜŰŮɚɞˊɞɘɐůɖ, ŬɚɚɖɚɞŮɝɎɟŰɖůɖ 

ŭɘŮɟɔŬůɘɩɜ, ˊɧɟɞɘ, ˊɟɞɗŮůɛɑŮɠ ɢɟɞɜɘůɛɞɨ, ɛɞɜŰŮɚɞˊɞɘɐůɖ, ŮˊŬɚɐɗŮɡůɖ, Ůˊɘəɨɟɤůɖ 
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ABSTRACT 

Scheduling problems nowadays are encountered in a wide range of cases and in 

various branches of occupation, while being applicable in fields such as production 

scheduling or even task distribution of computer systems. Axis of these is the optimal use of 

a series of limited resources on which the operation of each system is based in order to run 

specific applications. 

If we treat such applications as a sum of interdependent tasks, it is easily observable 

that in order to ensure their most efficient and smooth execution, along with the optimal 

utilization of our resources, various timing principles must be applied in order to guide the 

competence of each implementation of applications, with an ultimate goal being 

performance optimization. However, certain physical applications that are about to be 

controlled may require timing deadlines for either the entire application, as a whole, or for 

each interdependent task separately. The final challenge constitutes the correct appliance of 

scheduling principles, to ensure that all scheduling timelines of each process are met. 

Initial goal of this thesis is the modelling of scheduling scenarios in an appropriate 

simulation tool. Although there are many alternative methods, the implementation of 

scheduling scenarios took place in UPPAAL (4.15) [12,24], which is a fine modelling, 

validation and verification [4,21] tool for Real-Time Systems using Timed Automata [Chapter 

3]. Notably, the models included a variety of scheduling policies [Chapter 1], a variety of 

features and dependencies for each interdependent task, the ability to assign specific 

resources to specific tasks (bus, processor) and the possibility of pre-emptive and non-pre-

emptive scheduling. 

Subsequently, we performed many case studies and experiments on the generic 

models by alternating and substituting the intial values of certain parameters, in order to 

obtain separate and unalike scheduling scenarios, whose validity was checked through 

UPPAAL verifier [12,24]. The conclusions as well as a possible future work of this thesis will 

be presented at the end. 

 

KEYWORDS: scheduling, process, modelling, interdependent tasks, resources, timing 

deadlines, validation, verification 
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ȹɃɀȼ 

ȼ ŭɞɛɐ ˊɞɡ ŮűŬɟɛɧůŰɖəŮ ɔɘŬ Űɖɜ ɞɟɔɎɜɤůɖ əŬɘ Ůəˊɧɜɖůɖ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘˊɚɤɛŬŰɘəɐɠ 

ŮɟɔŬůɑŬɠ  ɏɢŮɘ ɤɠ Ůɝɐɠ: 

ɆŰɞ ˊɟɩŰɞ əŮűɎɚŬɘɞ ɔɑɜŮŰŬɘ ɞɟɘůɛɧɠ Űɞɡ ɗŮɤɟɖŰɘəɞɨ ɡˊɞɓɎɗɟɞɡ Űɖɠ ɏɜɜɞɘŬɠ Űɖɠ 

ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ. ȷɟɢɘəɎ , ˊŬɟɞɡůɘɎɕŮŰŬɘ ɞ ɞɟɘůɛɧɠ Űɖɠ ŭɘŮɟɔŬůɑŬɠ əŬɗɩɠ əŬɘ ɖ ŮəŰŮɜɐɠ 

ŬɜɎɚɡůɖ əŬɘ ˊŮɟɘɔɟŬűɐ Űɖɠ əɎɗŮ ŭɡɜŬŰɐɠ əŬŰɎůŰŬůɖɠ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɛŮŰŬɓŮɑ. ȺˊɧɛŮɜɞ 

ɓɐɛŬ ŬˊɞŰŮɚŮɑ ɖ ˊŬɟɞɡůɑŬůɖ Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ ɛɑŬɠ ŭɘŮɟɔŬůɑŬɠ ˊɞɡ ŮɛŮɑɠ ɏɢɞɡɛŮ ɞɟɑůŮɘ 

ɎɝɘŬ ˊɟɞɠ ɛŮɚɏŰɖ ɔɘŬ ŰŬ ˊŮɘɟɎɛŬŰɎ ɛŬɠ Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ŮɝɖɔɞɨɛŮ Űɖ ɢɟɖůŰɘəɧŰɖŰŬ ŬɡŰɩɜ 

Űɤɜ ɢŬɟŬəŰɖɟɘůŰɘəɩɜ. ɆŰɖ ůɡɜɏɢŮɘŬ Űɞɡ əŮűŬɚŬɑɞɡ ŮɘůɎɔɞɡɛŮ Űɖɜ ɏɜɜɞɘŬ Űɖɠ 

ŬɚɚɖɚŮɝɎɟŰɖůɖɠ ŭɘŮɟɔŬůɘɩɜ, ŭɖɚŬŭɐ ˊɤɠ ɖ ŮəŰɏɚŮůɖ ɛɑŬɠ ŭɘŮɟɔŬůɑŬɠ ŮˊɖɟŮɎɕŮŰŬɘ Ŭˊɧ Űɖɜ 

ɨˊŬɟɝɖ ŮɝŬɟŰɐůŮɤɜ ɛŮ ɛɑŬ ŭɘŬűɞɟŮŰɘəɐ ŭɘŮɟɔŬůɑŬ, ŬɚɚɎ əŬɘ ˊŬɟɞɡůɘɎɕɞɡɛŮ Űɖɜ ɏɜɜɞɘŬ Űɞɡ 

ˊɧɟɞɡ əŬɗɩɠ ɖ ůɡɛɓɞɚɐ Űɞɡɠ ŮɑɜŬɘ əŬŰŬɚɡŰɘəɐ ɔɘŬ Űɖɜ ŮəŰɏɚŮůɖ Űɤɜ ŭɟɞɛɞɚɞɔɖɛɏɜɤɜ 

ŭɘŮɟɔŬůɘɩɜ. ɇɏɚɞɠ, ˊŬɟɞɡůɘɎɕɞɡɛŮ Űɞɡɠ ŭɘɎűɞɟɞɡɠ Ŭɚɔɞɟɑɗɛɞɡɠ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ ˊɟɞɠ 

ŮɝɏŰŬůɖ ůɡɜɞŭŮɡɧɛŮɜɞɡɠ ɛŮ ɏɜŬ ˊŬɟɎŭŮɘɔɛŬ ɔɘŬ Űɞɜ əŬɗɏɜŬ ɔɘŬ Űɖɜ ɞɟɗɐ ŮˊŮɝɐɔɖůɐ Űɞɡɠ. 

Ƀɘ Ŭɚɔɧɟɘɗɛɞɘ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŮɑɜŬɘ ɞɘ FIFO, SJF+SRTF, FPS, RRəŬɘ EDFɛŮ Űɖɜ 

ˊŬɟŬˊɎɜɤ Ŭəɟɘɓɩɠ ůŮɘɟɎ. 

ɆŰɞ ŭŮɨŰŮɟɞ əŮűɎɚŬɘɞ ŮɘůŬɔɎɔɞɡɛŮ Űɞ ɛŬɗɖɛŬŰɘəɧ ɡˊɧɓŬɗɟɞ ˊɞɡ ɢɟŮɘɎůŰɖəŮ ɔɘŬ Űɖɜ 

ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɤɜ ˊɟɞɓɚɖɛɎŰɤɜ. ȷɟɢɘəɎ ŭɑɜɞɡɛŮ ɏɜŬɜ Ůɨɟɖ ɞɟɘůɛɧ Ůɜɧɠ ɢɟɞɜɘůɛɏɜɞɡ 

ŬɡŰɞɛɎŰɞɡ əŬɗɩɠ əŬɘ ɛɘŬ ůɡɜɞˊŰɘəɐ ˊŮɟɘɔɟŬűɐ Űɤɜ ŮűŬɟɛɞɔɩɜ Űɞɡ. ȼ ŮˊɧɛŮɜɖ 

ɡˊɞŮɜɧŰɖŰŬ ˊŬɟɏɢŮɘ ɏɜŬɜ ɛŬɗɖɛŬŰɘəɧ ɞɟɘůɛɧ Űɞɡ ɔɟɎűɞɡ ŬɚɚɖɚŮɝŬɟŰɐůŮɤɜ, ɏɜŬ ˊɞɚɨ 

ůɖɛŬɜŰɘəɧ çůɢɖɛŬŰɘəɧè ŮɟɔŬɚŮɑɞ ɔɘŬ Űɖɜ ŬɚɚɖɚŮˊɑŭɟŬůɖ əŬɘ ŮəŰɏɚŮůɖ Űɤɜ ŭɘŮɟɔŬůɘɩɜ ůŮ 

ˊɟɞɓɚɐɛŬŰŬ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ. ɆŰɞ Űɏɚɞɠ Űɞɡ əŮűŬɚŬɑɞɡ ŭɑɜɞɜŰŬɘ ŰɟŮɑɠ ŬəɟɘɓŮɑɠ 

ɛŬɗɖɛŬŰɘəɞɑ ɞɟɘůɛɞɑ , Űɞɡ ɢɟɞɜɘůɛɏɜɞɡ ŬɡŰɞɛɎŰɞɡ ,Űɖɠ ŮəŰɑɛɖůɖɠ ɢɟɧɜɞɡ ŬɚɚɎ əŬɘ Űɖɠ 

ůɡɜɨˊŬɟɝɖɠ ɢɟɞɜɘůɛɏɜɤɜ ŬɡŰɞɛɎŰɤɜ əŬɘ ŭɘŮɟɔŬůɘɩɜ. 

ɇɞ ŰɟɑŰɞ əŮűɎɚŬɘɞ ˊŬɟɏɢŮɘ ɛɘŬ ŮɘůŬɔɤɔɐ ůŰɞ ŮɟɔŬɚŮɑɞ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ Űɞɡ 

ˊɟɞɓɚɐɛŬŰɞɠ ŬɚɚɎ əŬɘ ůŰɖɜ ŮűŬɟɛɞɔɐ Űɤɜ ɐŭɖ ɞɟɘůɛɏɜɤɜ ɗŮɤɟɖŰɘəɩɜ Ůɜɜɞɘɩɜ Űɤɜ 

ˊɟɞɖɔɞɨɛŮɜɤɜ əŮűŬɚŬɑɤɜ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ ůŰɖɜ Ŭɟɢɐ Űɞɡ əŮűŬɚŬɑɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɞɘ 

ɛɏɗɞŭɞɘ Ůɚɏɔɢɞɡ ɛɞɜŰɏɚɞɡ əŬɘ Űɡˊɘəɐɠ ŮˊŬɚɐɗŮɡůɖɠ Ůɜɩ ůŰɖ ůɡɜɏɢŮɘŬ ˊŬɟŬŰɑɗŮŰŬɘ Űɞ 

ŮɟɔŬɚŮɑɞ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ UPPAAL[12,24] ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐůŬɛŮ ɔɘŬ Űɖɜ ˊŬɟɞɨůŬ 

ŭɘˊɚɤɛŬŰɘəɐ. ɆŰɞ ɡˊɞəŮűɎɚŬɘɞ ŬɡŰɧ ˊŮɟɘɔɟɎűŮŰŬɘ ůɡɜɞˊŰɘəɎ ɞ ɔŮɜɘəŮɡɛɏɜɞɠ Űɟɧˊɞɠ 

ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡ Ůɜɩ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ əɎˊɞɘŬ Ŭˊɧ ŰŬ əɨɟɘŬ ɛɏɟɖ Űɞɡ, ɖ ɔɚɩůůŬ ˊŮɟɘɔɟŬűɐɠ , 

Űɞɜ ˊɟɞůɞɛɞɘɤŰɐ əŬɘ Űɞɜ ɏɚŮɔɢɞ ɛɞɜŰɏɚɞɡ. ȰˊŮɘŰŬ ŮɘůŬɔɎɔɞɡɛŮ Űɘɠ ɏɜɜɞɘŮɠ Űɤɜ 

ɢɟɞɜɘůɛɏɜɤɜ ŬɡŰɞɛɎŰɤɜ ůŰɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ UPPAAL, əŬɗɩɠ ɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɏůɤ ŬɡŰɩɜ, Ůɜɩ ůŰɖ ůɡɜɏɢŮɘŬ ˊŬɟŬɗɏŰɞɡɛŮ ŰŬ ůɡůŰŬŰɘəɎ əŬɘ ŰŬ ɓŬůɘəɎ 

ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡ ŮɟɔŬɚŮɑɞɡ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐůŬɛŮ ɔɘŬ Űɖɜ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɤɜ 

ˊɟɞɓɚɖɛɎŰɤɜ ɛŬɠ. ɇɏɚɞɠ ɞ Űɟɧˊɞɠ ˊɞɡ Űɞ ŮɟɔŬɚŮɑɞ ŮɚɏɔɢŮɘ əŬɘ ŮˊŬɚɖɗŮɨŮɘ ŰŬ ɛɞɜŰɏɚŬ ˊɞɡ 

ɏɢɞɡɜ ŭɖɛɘɞɡɟɔɖɗŮɑ. 

ɆŰɞ ŰɏŰŬɟŰɞ əŮűɎɚŬɘɞ ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ůɡɚɚɞɔɘůŰɘəɐ ˊɞɟŮɑŬ Űɖɠ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ 

ŭɖɚŬŭɐ ɖ ˊŮɟɘɔɟŬűɐ Űɞɡ əɎɗŮ ɛɞɜŰɏɚɞɡ ˊɞɡ ɡɚɞˊɞɘɐɗɖəŮ əŬɘ ŮűŬɟɛɧůŰɖəŮ. ȷɟɢɘəɎ 

ŬɜŬɚɨŮŰŬɘ ɛɘŬ ˊɟɤŰŬɟɢɘəɐ Ŭˊɚɞɥəɐ ɘŭɏŬ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ Űɖɠ ŭɘŮɟɔŬůɑŬɠ əŬɘ Űɤɜ ˊɧɟɤɜ ˊɞɡ 

ŬˊɞŰɏɚŮůŮ ɓɎůɖ ɔɘŬ Űɞɜ ůɢŮŭɘŬůɛɧ əŬɘ Űɖɜ ŮˊɏəŰŬůɖ Űɞɡɠ. Ⱥűɧůɞɜ ˊŬɟŬɗɏůɞɡɛŮ Űɘɠ ŭɞɛɏɠ 

ŭŮŭɞɛɏɜɤɜ ˊɞɡ ŭɖɛɘɞɡɟɔɐůŬɛŮ, Űɘɠ ŮűŬɟɛɧɕɞɡɛŮ ůŬɜ ŮɟɔŬɚŮɑɞ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɤɜ 

ɛɞɜŰɏɚɤɜ Űɖɠ ŭɘŮɟɔŬůɑŬɠ, Űɞɡ ɔɟɎűɞɡ ŮɝŬɟŰɐůŮɤɜ ɛŮŰŬɝɨ Űɤɜ ŭɘŮɟɔŬůɘɩɜ ŬɚɚɎ əŬɘ Űɤɜ 
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ˊɧɟɤɜ. ȺəŰɧɠ Űɤɜ ˊŬɟŬˊɎɜɤ ɛɞɜŰɏɚɤɜ ˊɞɡ ŬˊɞŰŮɚɞɨɜ Űɖɜ ɓɎůɖ ɔɘŬ Űɞ əɎɗŮ ˊɟɧɓɚɖɛŬ 

ˊɞɡ ɗŬ ɡɚɞˊɞɘɐůɞɡɛŮ, ɏɢɞɡɛŮ ŭɖɛɘɞɡɟɔɐůŮɘ əŬɘ ɛɞɜŰɏɚŬ 3ɤɜ Ŭɚɔɞɟɑɗɛɤɜ 

ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ, Űɞɡ FIFO, Űɞɡ FPS, əŬɘ Űɞɡ EDF, ŰŬ ɞˊɞɑŬ ˊŮɟɘɔɟɎűɞɡɛŮ ŬɜŬɚɡŰɘəɎ 

Űɧůɞ ɤɠ ˊɟɞɠ Űɖɜ əŬŰŬůəŮɡɐ ŬɚɚŬ əŬɘ ɤɠ ˊɟɞɠ Űɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ. ɇŬ ŭɨɞ ŰŮɚŮɡŰŬɑŬ 

ɡˊɞəŮűɎɚŬɘŬ Ŭűɞɟɞɨɜ Űɞɜ Űɟɧˊɞ Űɖɠ ˊŮɘɟŬɛŬŰɘəɐɠ ŮɔəŬŰɎůŰŬůɖɠ, ŭɖɚŬŭɐ Űɖɜ ŮɘůŬɔɤɔɐ 

ŮˊɘɗɡɛɖŰɩɜ Űɘɛɩɜ ůŰŬ ɛɞɜŰɏɚŬ ɛɏůɤ Űɤɜ ŭɞɛɩɜ ˊɞɡ ŭɖɛɘɞɡɟɔɐůŬɛŮ, ŬɚɚɎ əŬɘ Űɖɜ 

ŭɘŬŭɘəŬůɑŬ Ůɚɏɔɢɞɡ Űɞɡ ŬˊɞŰŮɚɏůɛŬŰɞɠ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɞɡ ŮɟɔŬɚŮɑɞɡ 

ɛɞɜŰŮɚɞˊɞɑɖůɖɠ UPPAAL. 

ɇɞ ˊɏɛˊŰɞ əŮűɎɚŬɘɞ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ ŮˊŮɝɐɔɖůɖ ɧɚɤɜ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ˊɞɡ 

ŮəŰŮɚɏůŬɛŮ ɛɏůɤ Űɤɜ ɛɞɜŰɏɚɤɜ ˊɞɡ ŭɖɛɘɞɡɟɔɐɗɖəŬɜ. ɇɞ ˊɟɩŰɞ ůəɏɚɞɠ ŬűɞɟɎ 

ˊŬɟŬŭŮɑɔɛŬŰŬ ˊɞɡ ˊŮɟɘŮɔɟɎűɖəŬɜ ůŰɞ əŮűɎɚŬɘɞ 1 əŬɘ Űɞ ŭŮɨŰŮɟɞ ŬűɞɟɎ ˊɘɞ ůɨɜɗŮŰŬ 

ˊŬɟŬŭŮɑɔɛŬŰŬ.  

ɇɏɚɞɠ Űɞ ɏəŰɞ əŮűɎɚŬɘɞ ˊŬɟɞɡůɘɎɕŮɘ ɞɚɞəɚɖɟɤɛɏɜŬ ŰŬ ůɡɛˊŮɟɎůɛŬŰŬ Űɖɠ 

ŭɘˊɚɤɛŬŰɘəɐɠ ŬɚɚɎ əŬɘ Űɘɠ ˊɟɞɞˊŰɘəɏɠ ŮˊɏəŰŬůɖɠ ˊɞɡ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘɖɗɞɨɜ. 
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1 ɉɅɃɁɃȹɅɃɀɃȿɃũȼɆȼ ȾȷȽ ȷȿũɃɅȽŪɀɃȽ 
ɉɅɃɁɃȹɅɃɀɃȿɃũȼɆȼɆ 

 

1.1 ȺɘůŬɔɤɔɐ 

 
ȼ ɏɜɜɞɘŬ Űɖɠ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ ŮɑɜŬɘ ɎɟɟɖəŰŬ ůɡɜŭŮŭŮɛɏɜɖ ɛŮ Űɘɠ ɏɜɜɞɘŮɠ ˊɧɟɞɘ 

əŬɘ ŭɘŮɟɔŬůɑŮɠ (resource and tasks). ɆŮ ɔŮɜɘəɧŰŮɟɞ ˊɚŬɑůɘɞ ɖ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖ, ŬˊɞŰŮɚŮɑ 

Űɖɜ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɞɡ ȹɘŬɛɞɘɟŬůɛɞɨ ɢɟɧɜɞɡ ɛɏůɤ Űɞɡ ɢɟɞɜɞŭɟɞɛɞɚɞɔɖŰɐ, Ůɜɩ 

ˊŬɟɎɚɚɖɚŬ ɞɘ ŭɘŮɟɔŬůɑŮɠ ɏɢɞɡɜ Űɖɜ (ɣŮɡŭ-)Ŭɑůɗɖůɖ ɧŰɘ ɢɟɖůɘɛɞˊɞɘɞɨɜ ŬˊɞəɚŮɘůŰɘəɎ Űɞɜ 

ŮˊŮɝŮɟɔŬůŰɐ, ŭɖɚŬŭɐ əŬŰŬɜŬɚɩɜɞɡɜ ˊɧɟɞɡɠ-resources, ɔɘŬ ůɡɔəŮəɟɘɛɏɜɞ ɢɟɞɜɘəɧ 

ŭɘɎůŰɖɛŬ. Ƀ ɢɟɞɜɞŭɟɞɛɞɚɞɔɖŰɐɠ ŬɜŬɚŬɛɓɎɜŮɘ Űɖɜ Ůˊɘɚɞɔɐ Űɖɠ ŭɘŮɟɔŬůɑŬɠ ˊɞɡ ɗŬ 

ɢɟɖůɘɛɞˊɞɘɐůŮɘ Űɞɜ ŮˊŮɝŮɟɔŬůŰɐ ŬɚɚɎ əŬɘ Űɖɜ ŬɚɚŬɔɐ Űɖɠ (ŭɘŮɟɔŬůɑŬɠ) ɩůŰŮ ɜŬ Űɞɜ 

ɢɟɖůɘɛɞˊɞɘɐůŮɘ əɎˊɞɘŬ Ɏɚɚɖ (context switch). ɆŰɧɢɞɠ Űɞɡ ɢɟɞɜɞŭɟɞɛɞɚɞɔɖŰɐ ɚɞɘˊɧɜ 

ŬˊɞŰŮɚŮɑ ɖ ŬɜɎɗŮůɖ Űɤɜ ŭɘŮɟɔŬůɘɩɜ ůŰɞɜ ŮˊŮɝŮɟɔŬůŰɐ ɩůŰŮ ɜŬ ɛɖɜ ɢɎɜŮŰŬɘ ɢɟɧɜɞɠ Ůɜ 

ŬɜŬɛɞɜɐ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ ɚŮɘŰɞɡɟɔŮɘɩɜ ŬɚɚɎ əŬɘ ɞ ŭɘŬɛɞɘɟŬůɛɧɠ Űɞɡ ŮˊŮɝŮɟɔŬůŰɐ ůŰɘɠ 

ŭɘŮɟɔŬůɑŮɠ ɩůŰŮ ɖ Ŭˊɧəɟɘůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ ɜŬ ŮɑɜŬɘ ŮˊɘɗɡɛɖŰɐ. ȼ ˊɟɞůɗɐəɖ ˊŮɟŬɘŰɏɟɤ 

ˊŮɟɘɞɟɘůɛɩɜ ŬɡɝɎɜɞɜŰŬɠ Űɖɜ ˊŮɟɘˊɚɞəɧŰɖŰŬ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ ɞɟɑɕŮɘ ɏɜŬ çˊɟɧɓɚɖɛŬ 

ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠè. 

ɄɟɞəŮɑɛŮɜɞɡ ɜŬ ɏɢɞɡɛŮ ɓɏɚŰɘůŰɖ ˊŬɟŬɔɤɔɘəɧŰɖŰŬ əŬɘ ŬˊɞŭɞŰɘəɧŰɖŰŬ ůŮ ɏɜŬ 

ůɨɛˊɚŮɔɛŬ ŮɟɔŬůɘɩɜ əɟɑɜŮŰŬɘ ŬɜŬɔəŬɑŬ ɖ Ůˊɘɚɞɔɐ Ůɜɧɠ Ŭɚɔɞɟɑɗɛɞɡ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ 

ɏŰůɘ ɩůŰŮ ɜŬ (ɢɟɞɜɞ-)ˊɟɞɔɟŬɛɛŬŰɑůŮɘ Űɖɜ əɎɗŮ ŮɟɔŬůɑŬ (job) ůŰɖɜ ɞɡɟɎ ŮɟɔŬůɘɩɜ. ɇɞ 

ˊŬɟŬəɎŰɤ ŰɛɐɛŬ Űɖɠ ɛŮɚɏŰɖɠ ˊŬɟɏɢŮɘ Űɞɜ Ůɨɟɖ ɞɟɘůɛɧ Űɖɠ ŭɘŮɟɔŬůɑŬɠ (job/process),Űɖɜ 

ɗŮɛŮɚɑɤůɖ əɎˊɞɘɤɜ ɓŬůɘəɩɜ Ůɜɜɞɘɩɜ ɔɘŬ Űɖɜ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖ, Űɖɜ ŭɘŬűɞɟɎ ɛŮŰŬɝɨ Űɤɜ 

Ŭɚɔɞɟɑɗɛɤɜ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ, Űɖɜ Ŭɝɘɞɚɧɔɖůɖ Űɞɡ əɎɗŮ Ŭɚɔɞɟɑɗɛɞɡ ŬɚɚɎ əŬɘ əɎˊɞɘŬ 

ɔɜɤůŰɎ ɗŮŰɘəɎ əŬɘ ŬɟɜɖŰɘəɎ Űɞɡ əɎɗŮ Ŭɚɔɞɟɑɗɛɞɡ. 

 
 

1.2 Ƀɟɘůɛɧɠ ȹɘŮɟɔŬůɑŬɠ 

 
 ɆɨɛűɤɜŬ ɛŮ Űɞ ɓɘɓɚɑɞ Operating System Concepts with Java ɛɑŬ ŭɘŮɟɔŬůɑŬ ɞɟɑɕŮŰŬɘ ɤɠ ɏɜŬ 

ˊɟɧɔɟŬɛɛŬ ɡˊɧ ŮəŰɏɚŮůɖ (Ŭˊɧ Űɞɜ ŮˊŮɝŮɟɔŬůŰɐ) ɐ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ ɧŰŬɜ ɏɜŬ ŮəŰŮɚɏůɘɛɞ 

ˊɟɧɔɟŬɛɛŬ űɞɟŰɩɜŮŰŬɘ ůŰɖ ɛɜɐɛɖ, ŰɧŰŮ ŬˊɞŰŮɚŮɑ ɛɘŬ ŭɘŮɟɔŬůɑŬ. ȼ ŭɘŮɟɔŬůɑŬ ˊŮɟɘɏɢŮɘ 

ˊɞɚɚɏɠ ˊɚɖɟɞűɞɟɑŮɠ ɔɘŬ Űɖɜ əŬŰɎůŰŬůɖ ˊɞɡ ɓɟɑůəŮŰŬɘ ɏɜŬ ˊɟɧɔɟŬɛɛŬ ɡˊɧ ŮəŰɏɚŮůɖ, ɧˊɤɠ 

Űɞɜ program counter ɐ ɎɚɚŮɠ ɛŮŰŬɓɚɖŰɏɠ ɧˊɤɠ ɞɘ ŭŮɑəŰŮɠ Űɞɡ ůɤɟɞɨ ɖ Űɖɠ ůŰɞɑɓŬɠ (heap, 

stack)əŬɘ ŰŬ ŰɛɐɛŬŰŬ ŭŮŭɞɛɏɜɤɜ ɐ Űɘɠ ɛŮŰŬɓɚɖŰɏɠ (data segment, variables) [28]. ȾŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ ŮəŰɏɚŮůɖɠ ɛɘŬ ŭɘŮɟɔŬůɑŬ ɛˊɞɟŮɑ ɜŬ ɓɟɑůəŮŰŬɘ ůŮ ˊɞɚɚɏɠ əŬŰŬůŰɎůŮɘɠ ɧˊɤɠ űŬɑɜŮŰŬɘ 

ˊŬɟŬəɎŰɤ: 
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ȾŬŰŬůŰɎůŮɘɠ ȹɘŮɟɔŬůɑŬɠ 

 
 

 ȾɎɗŮ əŬŰɎůŰŬůɖ Űɖɠ əɎɗŮ ŭɘŮɟɔŬůɑŬɠ ŮɑɜŬɘ ɝŮɢɤɟɘůŰɐ. ȳŰŬɜ ɛɑŬ ŭɘŮɟɔŬůɑŬ ɔŮɜɜɘɏŰŬɘ 

ŰɧŰŮ ˊŮɟɜɎ ůŰɖɜ əŬŰɎůŰŬůɖ ñnewò əŬɗɩɠ ˊŬɟɎɚɚɖɚŬ ůɖɛŬŰɞŭɞŰŮɑ ˊɤɠ ŮɑɜŬɘ ɏŰɞɘɛɖ ɜŬ 

ˊŮɟɎůŮɘ ůŰɖɜ ɞɡɟɎ ɏŰɞɘɛɤɜ ŭɘŮɟɔŬůɘɩɜ, ɩůŰŮ ůŰɖɜ ůɡɜɏɢŮɘŬ ɜŬ Űɖɠ ˊŬɟŬɢɤɟɖɗɞɨɜ ˊɧɟɞɘ 

(resources) ɔɘŬ ɜŬ ɛˊɞɟɏůŮɘ ɜŬ ŮəŰŮɚɏůŮɘ Űɘɠ ŮɜŰɞɚɏɠ Űɖɠ. ɀɑŬ ŭɘŮɟɔŬůɑŬ ɓɟɑůəŮŰŬɘ ůŰɖɜ 

əŬŰɎůŰŬůɖ ñrunningò Ŭəɟɘɓɩɠ Űɖ ůŰɘɔɛɐ ˊɞɡ ɝŮəɘɜɎ ɜŬ ŮəŰŮɚŮɑŰŬɘ ůŰɖ CPU (Central 

Processing Unit). ɀˊɞɟŮɑ ɜŬ ɓɟŮɗŮɑ ůŮ əŬŰɎůŰŬůɖ ñwaitingò ɛɧɜɞ ɧŰŬɜ ůɡɛɓŮɑ əɎˊɞɘɞ 

interrupt, əŬɘ ɗŬ ɛŮɑɜŮɘ ůŮ ŬɡŰɐ Űɖɜ əŬŰɎůŰŬůɖ ˊŮɟɘɛɏɜɞɜŰŬɠ ɜŬ ɞɚɞəɚɖɟɤɗŮɑ əɎˊɞɘɞ ůɡɛɓŬɜ 

,ɧˊɤɠ Input/Output completion, əŬɗɩɠ ŮəŮɑɜɖ Űɖ ůŰɘɔɛɐ ŭŮɜ ŮɑɜŬɘ ɡˊɞɣɐűɘŬ ɔɘŬ ŮəŰɏɚŮůɖ ůŰɖ 

CPU. ɀɑŬ ŭɘŮɟɔŬůɑŬ ɓɟɑůəŮŰŬɘ ůŮ əŬŰɎůŰŬůɖ ñreadyò ɧŰŬɜ ŮɑɜŬɘ ɏŰɞɘɛɖ ˊɟɞɠ ŮəŰɏɚŮůɖ ɐ 

ŮɑɜŬɘ ɏŰɞɘɛɖ ɜŬ ɔɑɜŮɘ resource allocation ůŰɖ CPU. ɇɏɚɞɠ ɖ əŬŰɎůŰŬůɖ ñterminatedò 

ɡˊɞŭɖɚɩɜŮɘ ɧŰŬɜ ɖ ŮəŰɏɚŮůɐ Űɖɠ ɏɢŮɘ ɞɚɞəɚɖɟɤɗŮɑ [19,28]. 

 

1.3 ɉɟɞɜɞŭɟɞɛɞɚɧɔɖůɖ 

 
ȰɜŬ ˊɟɧɓɚɖɛŬ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ ŬˊɞŰŮɚŮɑŰŬɘ ˊɎɜŰŬ Ŭˊɧ ˊŮˊŮɟŬůɛɏɜɞ Ŭɟɘɗɛɧ 

Ŭˊɧ tasks Űɞ ɞˊɞɑɞ ɗŬ ɞɟɑůɞɡɛŮ ɤɠ T= t1,t2,é,tn. ȾɎɗŮ ŰɏŰɞɘɞ task, ɔɘŬ Űɖɜ ˊŬɟɞɨůŬ 

ŮɟɔŬůɑŬ, ɏɢŮɘ ŰŬ ˊŬɟŬəɎŰɤ ɢŬɟŬəŰɖɟɘůŰɘəɎ [28]: 

 

¶ INITIAL_OFFSET: T Ÿ N 

ȷɟɘɗɛɧɠ ɛɞɜɎŭɤɜ ɢɟɧɜɞɡ ˊɟɘɜ Űɖɜ ˊɟɩŰɖ ŬˊɞůŰɞɚɐ Űɞɡ task 

 

¶ BCET: T Ÿ NÓ0 

ȸɏɚŰɘůŰɞɠ ɢɟɧɜɞɠ ŮəŰɏɚŮůɖɠ Ůɜɧɠ task 

 

¶ WCET: T Ÿ NÓ0 

ɉŮɑɟɘůŰɞɠ ɢɟɧɜɞɠ ŮəŰɏɚŮůɖɠ Ůɜɧɠ task 

 

¶ MIN_PERIOD: T Ÿ N 

ȺɚɎɢɘůŰɞɠ ɢɟɧɜɞɠ ɛŮŰŬɝɨ ŬˊɞůŰɞɚɐɠ Űɞɡ ɘŭɑɞɡ task (ɛɧɜɞ ůŮ periodic tasks) 

 

¶ MAX_PERIOD: T Ÿ N 

ɀɏɔɘůŰɞɠ ɢɟɧɜɞɠ ɛŮŰŬɝɨ ŬˊɞůŰɞɚɐɠ Űɞɡ ɑŭɘɞɡ task (ɛɧɜɞ ůŮ periodic tasks) 

 

¶ OFFSET: ȷɟɘɗɛɧɠ ɛɞɜɎŭɤɜ ɢɟɧɜɞɡ ůŮ əɎɗŮ ˊŮɟɑɞŭɞ ˊɟɘɜ Űɞ task ŬˊɞůŰŬɚŮɑ 
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¶ DEADLINE: T Ÿ NÓ0 

ȷɟɘɗɛɧɠ ɛɞɜɎŭɤɜ ɢɟɧɜɞɡ ůŰɘɠ ɞˊɞɑŮɠ Űɞ əɎɗŮ task ɗŬ ŮˊɘɓɎɚɚŮŰŬɘ ɜŬ ɏɢŮɘ 

ŰŮɚŮɘɩůŮɘ Űɞ execution Űɞɡ 

 

¶ PRIORITY: ȷɟɘɗɛɧɠ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ Űɞɡ task (ůŮ ůɨɔəɟɘůɖ ɛŮ ɎɚɚŬ) 

 
 

ũɘŬ ŰŬ ˊŬɟŬˊɎɜɤ ɢŬɟŬəŰɖɟɑůŰɖəŬ ŮɑɜŬɘ ˊɟɞűŬɜɏɠ ɧŰɘ ɘůɢɨŮɘ ɖ Ůɝɐɠ ŬɜɘůɧŰɖŰŬ: 

 

BCET(t) Ò WCET(t) Ò DEADLINE(t) Ò MIN_PERIOD(t) Ò MAX_PERIOD(t) 

 

Ʉɞɡ ŰŬ MIN_PERIOD əŬɘ MAX_PERIOD ŬɔɜɞɞɨɜŰŬɘ ůŮ ˊŮɟɑˊŰɤůɖ ɛɖ ˊŮɟɘɞŭɘəɩɜ tasks. 

Ʉɘɞ ŬɜŬɚɡŰɘəɎ, ɏɜŬ task ti ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŮəŰŮɚŮůɗŮɑ ɔɘŬ Űɘɠ ˊɟɩŰŮɠ OFFSET(ti) 

ɛɞɜɎŭŮɠ ɢɟɧɜɞɡ, Ůɜɩ ůŰɖɜ ůɡɜɏɢŮɘŬ ɗŬ ŮəŰŮɚŮɑŰŬɘ Ŭəɟɘɓɩɠ ɛɑŬ űɧɟŬ əɎɗŮ PERIOD(ti). ȾɎɗŮ 

ŰɏŰɞɘŬ ŮəŰɏɚŮůɖ ɏɢŮɘ Ůɨɟɞɠ Űɘɛɩɜ ɢɟɧɜɞɡ ɞɚɞəɚɐɟɤůɖɠ [BCET(ti),WCET(ti)] (non- 

deterministic execution time). ȼ ɛɖ ɜŰŮŰŮɟɛɘɜɘůŰɘəɐ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɢɟɧɜɞɡ ŮəŰɏɚŮůɖɠ 

ˊɟɞəɨˊŰŮɘ ɚɧɔɤ Űɖɠ ɘŭɘɞɛɞɟűɑŬɠ Űɤɜ tasks, əŬɗɩɠ ɖ ŮəŰɏɚŮůɐ Űɞɡɠ ɛˊɞɟŮɑ ɜŬ ŮɝŬɟŰɎŰŬɘ Ŭˊɞ 

Űɖɜ ŮəŰɏɚŮůɖ ˊɞɚɨˊɚɞəɤɜ ɚŮɘŰɞɡɟɔɘɩɜ ɧˊɤɠ ˊɢ ɓɟɧɢɞɡɠ , conditionals. 

 ŪŬ ɚɏɛŮ ˊɤɠ ɏɜŬ task t ɓɟɑůəŮŰŬɘ ůŰɞ ñready stateò əŬɘ ŮɑɜŬɘ ɏŰɞɘɛɞɠ ˊɟɞɠ ŮəŰɏɚŮůɖ 

ůŰɞ ɢɟɧɜɞ  Ű Ŭɜ əŬɘ ɛɧɜɞɜ Ŭɜ: 

 

1. Ű Ó INITIAL_OFFSET(t) 

 

2. ɇɞtŭŮɜ ɏɢŮɘ ŮəŰŮɚŮůɗŮɑ ůŰɖɜ ˊŮɟɑɞŭɞ ˊɞɡ ŮˊɘɓɎɚɚŮɘ ɞ ɢɟɧɜɞɠ Ű 

 

3. ɄɚɖɟɞɨɜŰŬɘ ɧɚŮɠ ɞɘ ˊɟɞɦˊɞɗɏůŮɘɠ ŬɚɚɖɚŮɝŬɟŰɐůŮɤɜ ɔɘŬ ɜŬ ŮəŰŮɚŮůɗŮɑ Űɞ t (task 

dependencies complete) 

 

 

1.4 ȷɚɚɖɚŮɝɎɟŰɖůɖ ȹɘŮɟɔŬůɘɩɜ (Task Dependencies): 

 

Ʉɞɚɨ ůɡɢɜɎ ɏɜŬ task ŭŮɜ ɏɢŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ űŰɎůŮɘ ůŰɞ ñready stateò əŬɗɩɠ əŬŰɎ 

Űɖɜ ŮəŰɏɚŮůɖ Űɞɡ ɢɟŮɘɎɕŮŰŬɘ ŭŮŭɞɛɏɜŬ Ŭˊɧ ɏɜŬ ŭŮɨŰŮɟɞ task Űɞ ɞˊɞɑɞ ɧɛɤɠ ŭŮɜ ɏɢŮɘ 

ŮəŰŮɚŮůɗŮɑ. ɇɏŰɞɘŮɠ ŮɝŬɟŰɐůŮɘɠ ɛŮŰŬɝɨ Űɤɜ ůŰɞɘɢŮɑɤɜ Ůɜɧɠ ůɡɜɧɚɞɡ ɇ = t1 , t2, é, tn 

ɛɞɜŰŮɚɞˊɞɘɞɨɜŰŬɘ ɛɏůɞ Ůɜɧɠ Ɏəɡəɚɞɡ ɔɟŬűɐɛŬŰɞɠ ( V , E) ˊɞɡ ŰŬ  tasks ŮɑɜŬɘ ɞɘ əɧɛɓɞɘ Űɞɡ 

ŭɘŬɔɟɎɛɛŬŰɞɠ ( V = T )əŬɘ ɞɘ ŬɚɚɖɚɞŮɝŬɟŰɐůŮɘɠ Űɤɜ tasks ɏɘɜŬɘ ɞɘ ŬˊɞůŰɎůŮɘɠ ɛŮŰŬɝɨ Űɤɜ 

əɧɛɓɤɜ (task graph). ɀŮ ɎɚɚŬ ɚɧɔɘŬ ɖ ŬˊɧůŰŬůɖ ( ti , tj) ú E Ŭˊɧ Űɞ task ti ůŰɞ task tj, 

ɡˊɞŭɖɚɩɜŮɘ ɧŰɘ Űɞ task tj ŭŮɜ ɛˊɞɟŮɑ ɜŬ ɝŮəɘɜɐůŮɘ Űɖɜ ŮəŰɏɚŮůɖ Űɞɡ ˊɟɘɜ ɞɚɞəɚɖɟɤɗŮɑ ɖ 

ŮəŰɏɚŮůɖ Űɞɡ task ti. 
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1.5 Ʉɧɟɞɘ (Resources): 

 

 ȳˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ ɞɘ ˊɧɟɞɘ ŮɑɜŬɘ ŰŬ ůŰɞɘɢŮɑŬ ˊɞɡ űɏɟɜɞɡɜ Ůɘɠ ˊɏɟŬɠ Űɖɜ 

ŮəŰɏɚŮůɖ Űɤɜ ŭɘŮɟɔŬůɘɩɜ (ˊɢ ŮˊŮɝŮɟɔŬůŰɐɠ). ȾɎɗŮ ŰɏŰɞɘɞɠ ˊɧɟɞɠ ɢɟɖůɘɛɞˊɞɘŮɑ ɏɜŬ 

ɢɟɞɜɞŭɟɞɛɞɚɞɔɖŰɐ ɔɘŬ ɜŬ əŬɗɞɟɑůŮɘ ˊɞɘɞ task ɗŬ ŮəŰŮɚŮůŰŮɑ əŬɘ ůŮ ˊɞɘŬ ɢɟɞɜɘəɎ ůŰɘɔɛɐ. Ƀɘ 

ˊɞɟɧɘ ɐ Ŭɚɚɘɩɠ resources ŮɑɜŬɘ ˊŮɟɘɞɟɘůɛŮɜɞɘ əŬɗɩɠ ŮˊɘŰɟɏˊɞɡɜ Űɖɜ ŮəŰɏɚŮůɖ Ůɜɧɠ əŬɘ ɛɧɜɞ 

task/ŭɘŮɟɔŬůɑŬɠ ɔɘŬ Űɖɜ əɎɗŮ ɢɟɞɜɘəɐ ůŰɘɔɛɐ. ɆŮ ɏɜŬ ůɨůŰɖɛŬ ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ ɞɘ ˊɧɟɞɘ 

ŭɟɞɡɜ ůŬɜ ŮˊŮɝŮɟɔŬůŰɏɠ, ŭɑŬɡɚɞɘ ŮˊɘəɞɘɜɤɜɑŬɠ (communication busses) əɚˊ. ˊɞɡ ůŮ 

ůɡɜŭɡŬůɛɧ ɛŮ ŰŬ ɎəɡəɚŬ ɔɟŬűɐɛŬŰŬ ŭɘŮɟɔŬůɘɩɜ, ˊɟɞůɞɛɞɘɎɕɞɡɜ ɛŮ ɛŮɔɎɚɖ ůɡɜɏˊŮɘŬ 

ˊɞɚɨˊɚɞəŬ əŬɘ ˊɞɚɡůɨɜɗŮŰŬ ůɡůŰɐɛŬŰŬ ɛŮ ŬɚɚɖɚŮɝŬɟŰɐůŮɘɠ ŭɘŮɟɔŬůɘɩɜ. ȷɜ ŭɖɚŬŭɐ 

ɗɏɚɞɡɛŮ ɜŬ ɛɞɜŰŮɚɞˊɞɘɐůɞɡɛŮ ŭɨɞ ŭɘŮɟɔŬůɑŮɠ tiəŬɘ tj ɛŮ ŬɚɚɖɚŮɝɎɟŰɖůɖ tiŸtj ŬɚɚŬ ŬɡŰɏɠ ɞɘ 

ŭɨɞ ŭɘŮɟɔŬůɑŮɠ ŮəŰŮɚɞɨɜŰŬɘ ůŮ ŭɘŬűɞɟŮŰɘəɞɨɠ ŮˊŮɝŮɟɔŬůŰɏɠ əŬɘ Űɞ tj ɢɟŮɘɎɕŮŰŬɘ Űɞ 

ŬˊɞŰɏɚŮůɛŬ ŮəŰɏɚŮůɖɠ Űɞɡ tiŰɧŰŮ ɛɏůɞ Ůɜɧɠ ɜɏɞɡ resource əŬɘ ɛɑŬɠ ɓɞɖɗɖŰɘəɐɠ (ɘŭŮŬŰɐɠ) 

əŬŰɎůŰŬůɖɠ ˊɞɡ ɗŬ ɚŮɘŰɞɡɟɔɐůɞɡɜ ůŬɜ ŭɑŬɡɚɞɠ ŮˊɘəɞɘɜɤɜɑŬɠ ɛŮŰŬɝɨ Űɤɜ ŭɘŮɟɔŬůɘɩɜ, 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ.  

 

 

1.6 ȷɚɔɧɟɘɗɛɞɘ ɉɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ (Scheduling Policies): 

 

 ȼ ɗŮɛŮɚɑɤůɖ Űɖɠ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ ŮɑɜŬɘ ůɡɜɡűŬůɛɏɜɖ ɛŮ Űɞɡɠ Ŭɚɔɧɟɘɗɛɞɡɠ 

ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ. ȷɡŰɞɑ ɞɘ Ŭɚɔɧɟɘɗɛɞɘ ŮɑɜŬɘ ɡˊɏɡɗɡɜɞɘ ɔɘŬ Űɞɜ ɞɟɗɧ ŭɘŬɛɞɘɟŬůɛɧ Űɤɜ 

ˊɧɟɤɜ ůŰɘɠ ŭɘŮɟɔŬůɑŮɠ ɞŰŬɜ ŬɡŰɏɠ Űɞɡɠ ɕɖŰɞɨɜ ŰŬɡŰɧɢɟɞɜŬ əŬɘ ŬůɨɔɢɟɞɜŬ [11]. Ƀɘ 

Ŭɚɔɧɟɘɗɛɞɘ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ɏɜŬ ɛŮɔɎɚɞ Ůɨɟɞɠ ŮűŬɟɛɞɔɩɜ əŬɘ 

ŬɜŰɘəŮɘɛɏɜɤɜ ɧˊɤɠ routers( ɔɘŬ packet traffic ) , ɚŮɘŰɞɡɟɔɘəɎ ůɡůŰɐɛŬŰŬ (CPU timesharing 

ɔɘŬ threads əŬɘ processes), ŮɜůɤɛŬŰɤɛɏɜŬ ůɡůŰɐɛŬŰŬ ŬɚɚɎ əŬɘ ŮəŰɡˊɤŰɏɠ. ȸŬůɘəɧ Űɞɡɠ 

ɛɏɚɖɛŬ ŬˊɞŰŮɚŮɑ ɖ ŬűŮɜɧɠ ɖ ŮɚŬɢɘůŰɞˊɞɑɖůɖ Űɞɡ űŬɘɜɞɛɏɜɞɡ Űɖɠ ɚɘɛɞəŰɞɜɑŬɠ Űɤɜ 

ŭɘŮɟɔŬůɘɩɜ ŬɚɚɎ əŬɘ ŬűŮŰɏɟɞɡ ɖ ŮɝŬůűɎɚɘůɖ ñŭɘəŬɘɞůɨɜɖɠò ůŰɖɜ ɢɟɐůɖ Űɤɜ ˊɧɟɤɜ [28]. 

 Ƀɘ Ŭɚɔɧɟɘɗɛɞɘ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ ɏɢɞɡɜ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŮɑɜŬɘ ŮɑŰŮ ŭɘŬəɞˊŰɧɛŮɜɞɘ 

ŮɑŰŮ ɛɖ-ŭɘŬəɞˊŰɧɛŮɜɞɘ. ȳŰŬɜ ɛɑŬ əŬŰɎůŰŬůɖ ɛŮŰŬɓŮɑ ůŮ ŭɘŬŭɘəŬůɑŬ ŬɜŬɛɞɜɐɠ (ɐ ŰŮɟɛŬŰɘůŰŮɑ) 

ŰɧŰŮ ɏɢɞɡɛŮ ɛɖ-ŭɘŬəɞˊŰɧɛŮɜɞ Ŭɚɔɧɟɘɗɛɞ (non-preemptive). ɆŰɞɡɠ ŭɘŬəɞˊŰɧɛŮɜɞɡɠ 

Ŭɚɔɞɟɑɗɛɞɡɠ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖ ɛˊɞɟŮɑ ɜŬ ůɡɛɓŮɑ ŬəɧɛŬ ɧŰŬɜ ɛɑŬ ŭɘŮɟɔŬůɑŬ ɛŮŰŬɓŬɑɜŮɘ 

Ŭˊɞ Űɞ ñrunningòůŰɞ ñreadyò state ɛɏůɞ ɛɑŬɠ ŭɘŬəɞˊɐɠ (interrupt) əŬɘ ɧŰŬɜ ɛɑŬ ŭɘŮɟɔŬůɑŬ 

ɛŮŰŬɓŬɑɜŮɘ Ŭˊɧ Űɞ ñwaitingò ůŰɞ ñreadyò state. ɈˊɎɟɢŮɘ ɏɜŬɠ ˊɞɚɨ ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ Ŭˊɞ 

Ŭɚɔɧɟɘɗɛɞɡɠ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ ɛŮ ˊɞɘəɘɚɑŬ ůŰɖɜ ˊɞɚɡˊɚɞəɧŰɖŰɎ Űɞɡɠ, ŬɜɎɚɞɔŬ ɛŮ Űɘɠ 

ŬˊŬɘŰɐůŮɘɠ əŬɘ Űɞɡɠ ˊŮɟɘɞɟɘůɛɞɨɠ Űɞɡ əɎɗŮ ˊɟɞɓɚɐɛŬŰɞɠ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ ˊɞɡ 

əŬɚɞɨɛŬůŰŮ ɜŬ ɚɨůɞɡɛŮ.  

 ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘˊɚɤɛŬŰɘəɐ ŮɟɔŬůɑŬ ŮɝŮŰɎɕɞɡɛŮ əŬɘ ɛŮɚŮŰɞɨɛŮ ůɡɔəŮəɟɘɛɏɜɞɡɠ 

Ŭɚɔɞɟɑɗɛɞɡɠ ˊɞɡ ˊŬɟŬŰɑɗŮɜŰŬɘ ˊŬɟŬəɎŰɤ. Ƀ əɎɗŮ Ŭɚɔɧɟɘɗɛɞɠ ˊɞɡ ɛŮɚŮŰɐɗɖəŮ, 

ɛɞɜŰŮɚɞˊɞɘɐɗɖəŮ ůŰɞ ŮɟɔŬɚŮɑɞ UPPAAL (4.15) [əŮű 3]. 
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1.6.1 First-In First-Out (FIFO) Ŭɚɚɘɩɠ First Come, First Serve (FCFS) : 

 

 Ƀ Ŭɚɔɧɟɘɗɛɞɠ FIFO (ɐ Ŭɚɚɘɩɠ FCFS) ŮɑɜŬɘ ɛɑŬ Ŭˊɧ Űɑɠ ŬˊɚɧŰŮɟŮɠ ɡɚɞˊɞɘɐůŮɘɠ 

ɢɟɞɜɞŭɟɞɛɞɚɧɔɘůɖɠ ˊɞɡ ɡűɑůŰŬɜŰŬɘ. ȷˊɞŰŮɚŮɑ ɏɜŬɜ ɛɖ-ŭɘŬəɞˊŰɧɛŮɜɞ Ŭɚɔɧɟɘɗɛɞ Űɞ ɞˊɞɑɞ, 

ɧˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, ůɖɛŬɑɜŮɘ ɧŰɘ ɞɘ ŭɘŮɟɔŬůɑŮɠ ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ ŭɘŬəɞˊɞɨɜ Ŭˊɧ Űɖ ůŰɘɔɛɐ 

ˊɞɡ Űɞɡɠ ɏɢŮɘ ŮəɢɤɟɖɗŮɑ əɎˊɞɘɞɠ ˊɧɟɞɠ. ɀŮ ŬˊɚɎ ɚɧɔɘŬ, ŰŬ tasks ůŰɞ ñreadyòstate 

ˊɟɞůŰɑɗŮɜŰŬɘ ůŮ ɛɑŬ ɞɡɟɎ , ɛŮ Ŭəɟɘɓɩɠ Űɖ ůŮɘɟɎ ˊɞɡ ɏɔɘɜŬɜ ready. ȰŰůɘ Űɞ ˊɟɩŰɞ ready task 

ɗŬ ŮɘůɏɚɗŮɘ ˊɟɩŰɞ , ɗŬ Űɞɡ Ůəɢɤɟɖɗɞɨɜ resource əŬɘ ɛɧɚɘɠ ŰŮɚŮɘɩůŮɘ ɖ ŮəŰɏɚŮůɖ Űɞɡ Űɞ 

ŭŮɨŰŮɟɞ ůŰɖɜ ɞɡɟɎ task ɗŬ ŮɑɜŬɘ ɏŰɞɘɛɞ ˊɟɞɠ ŮəŰɏɚŮůɖ. Ƀ Ŭɚɔɧɟɘɗɛɞɠ FIFO ŮɑɜŬɘ çŭɑəŬɘɞɠè 

əŬɘ ŮɨəɞɚŬ ɡɚɞˊɞɘɐůɘɛɞɠ, ˊɟɎɔɛŬ ˊɞɡ ůɖɛŬɑɜŮɘ ɧŰɘ ŭŮɜ ɏɢɞɡɛŮ űŬɘɜɧɛŮɜŬ ɚɘɛɞəŰɞɜɑŬɠ ůŰɘɠ 

ŭɘŮɟɔŬůɑŮɠ. ɋůŰɧůɞ ˊŬɟŬəɎŰɤ ˊŬɟŬŰɑɗŮŰŬɘ ɏɜŬ ˊŬɟɎŭŮɘɔɛŬ FIFO ˊɞɡ ɛŬɠ ˊŬɟɞɡůɘɎɕŮɘ , 

ˊɏɟŬɜ Űɖɠ ŮɡəɞɚɑŬɠ Űɞɡ, əŬɘ Űɞɡɠ ˊŮɟɘɞɟɘůɛɞɨɠ ˊɞɡ ɏɢŮɘ. 

 

 
 

 
 
ɆɢɐɛŬ 1.6.1 ɗŮɤɟɖŰɘəɧ ˊŬɟɎŭŮɘɔɛŬ FIFO 

 
 
 

ɆŰɞ ˊŬɟɎŭŮɘɔɛŬ ŬɡŰɧ, ɗŮɤɟɞɨɛŮ ˊɤɠ Űɞ ůɨůŰɖɛŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬɜ 

ŮˊŮɝŮɟɔŬůŰɐ (Resource) ˊɞɡ ɗŬ ŮəɢɤɟɖɗŮɑ ůŰɞ əɎɗŮ task ɧŰŬɜ ŬɡŰɧ əɟɑɜŮŰŬɘ ŬˊŬɟŬɑŰɖŰɞ. Ƀ 

ɢɟɧɜɞɠ Ɏűɘɝɖɠ Űɤɜ tasks ŬɜɐəŮɘ ůŰɞ ŭɘɎůŰɖɛŬ [0,24]. 

Ƀ ɢɟɧɜɞɠ ŬɜŬɛɞɜɐɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ ŮɝŬɟŰɎŰŬɘ Ůɝɞɚɞəɚɐɟɞɡ Ŭˊɧ Űɖɜ ůŮɘɟɎ Ɏűɘɝɖɠ 

Űɤɜ tasks. Ⱥŭɩ ɖ ůŮɘɟɎ Ɏűɘɝɖɠ ŮɑɜŬɘ P1, P2, P3, ɛŮ ɛɏůɞ ɢɟɧɜɞ ŬɜŬɛɞɜɐɠ Űɤɜ tasks: P1 = 0 + 

P2 = 24 + P3 = 27/3 = 17 ɛɞɜɎŭŮɠ ɢɟɧɜɞɡ. ȷɜ ɤůŰɧůɞ ŰŬ tasks űŰɎůɞɡɜ ɛŮ ŭɘŬűɞɟŮŰɘəɐ 

ůŮɘɟɎ ˊ.ɢ. P2 ,P3 , P1 ɞ ɛɏůɞɠ ɢɟɧɜɞɠ ŬɜŬɛɞɜɐɠ Űɞɡɠ ɛŮɘɩɜŮŰŬɘ əŬŰɎ 3.ɆɡɛˊŮɟŬůɛŬŰɘəɎ, ɞ 

ɛɏůɞɠ ɢɟɧɜɞɠ ŬɜŬɛɞɜɐɠ Űɤɜ tasksˊɞɘəɑɚɚŮɘ əŬɘ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɖɜ ůŮɘɟɎ Ɏűɘɝɖɠ ůŰɖɜ ɞɡɟɎ 

FIFO.  ȰɜŬ ŬəɧɛŬ ŮɛűŬɜɏɠ ˊɟɧɓɚɖɛŬ Űɞɡ Ŭɚɔɞɟɑɗɛɞɡ ŬɡŰɞɨ ŮɛűŬɜɑɕŮŰŬɘ ɧŰŬɜ ɏɜŬ task ˊɞɡ 

ŬˊŬɘŰŮɑ ɛŮɔɎɚɖ ɡˊɞɚɞɔɘůŰɘəɐ ɘůɢɨ (ɎɟŬ ˊŮɟɘůůɧŰŮɟŬ resources, ˊŬɟŬˊɎɜɤ ŮɜŭŮɢɞɛɏɜɤɠ 

Ŭˊɧ ɧůŬ ŭɘŬɗɏŰŮɘ Űɞ ůɨůŰɖɛŬ), űŰɎɜŮɘ ůŰɖɜ əŮűŬɚɐ Űɖɠ ɞɡɟɎɠ Ůɜɩ ˊŬɟɎɚɚɖɚŬ ˊɑůɤ Űɞɡ 

ɓɟɑůəɞɜŰŬɘ tasks ɛŮ ˊɞɚɨ ɛɘəɟɧŰŮɟŮɠ ŬˊŬɘŰɐůŮɘɠ resources ɔɘŬ ɜŬ ŮəŰŮɚŮůɗɞɨɜ. ȰŰůɘ Űɞ 

ˊɟɩŰɞ (ɛŮɔɎɚɞ) task ŮɛˊɞŭɑɕŮɘ ŰŬ ɛɘəɟɧŰŮɟŬ Ŭˊɧ Űɞ ɜŬ ɢɟɖůɘɛɞˊɞɘɐůɞɡɜ ŰŬ resources əŬɘ 

əŬŰô ŮˊɏəŰŬůɖ ɜŬ ŮəŰŮɚŮůɗɞɨɜ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖɜ ɏɢɞɡɛŮ Űɖɜ ɓɏɚŰɘůŰɖ ŬˊɞŭɞŰɘəɧŰɖŰŬ 

ůŰɖɜ ŮəŰɏɚŮůɖ əŬɘ ɞɚɞəɚɐɟɤůɖ Űɤɜ tasks Űɞɡ ˊɟɞɓɚɐɛŬŰɧɠ ɛŬɠ. ȷɡŰɧ Űɞ ˊɟɧɓɚɖɛŬ ɚɨɜŮŰŬɘ 
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ˊɞɚɨ ŮɨəɞɚŬ ŰɟɞˊɞˊɞɘɩɜŰŬɠ Űɞɜ Ŭɚɔɧɟɘɗɛɞ FIFO ɐ ŬɚɚɎɕɞɜŰŬɠ ˊɞɚɘŰɘəɐ 

ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ,  ɏŰůɘ ɩůŰŮ əɎˊɞɘŬ tasks ɜŬ ɏɢɞɡɜ ɛŮɔŬɚɨŰŮɟɖ ˊɟɞŰŮɟŬɘɧŰɖŰŬ ůŮ 

ůɨɔəɟɘůɖ ɛŮ əɎˊɞɘŬ ɎɚɚŬ [28]. ɄŮɟɘůůɧŰŮɟŬ ˊɎɜɤ ůŮ ŬɡŰɧ Űɞ ɗɏɛŬ ɗŬ ŬɜŬɚɡɗɞɨɜ 

ˊŬɟŬəɎŰɤ. 

 
 

1.6.2 Shortest Job First (SJF): 

 

 Ƀ Ŭɚɔɧɟɘɗɛɞɠ SJF ŮɑɜŬɘ ɏɜŬɠ Ůɝɑůɞɡ Ŭˊɚɧɠ Ŭɚɔɧɟɘɗɛɞɠ əŬŰŬ Űɞɜ ɞˊɞɑɞ ŮˊɘɚɏɔŮŰŬɘ Űɞ 

task ɛŮ Űɞ ɛɘəɟɧŰŮɟɞ ɢɟɧɜɞ ɝŮůˊɎůɛŬŰɞɠ ůŰɖ CPU (burst time). Ƀ SJF əŬɗɑůŰŬŰŬɘ ɓɏɚŰɘůŰɞɠ 

əŬɗɩɠ ŮˊɘŰɡɔɢɎɜŮɘ ŮɚɎɢɘůŰɞ ɛɏůɞ ɢɟɧɜɞ ŬɜŬɛɞɜɐɠ, ɤůŰɧůɞ ůɡɜɐɗɤɠ Űɞ ɛɐəɞɠ Űɞɡ 

ŮˊɧɛŮɜɞɡ ɝŮůˊɎůɛŬŰɞɠ ŭŮɜ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰŬ ɔɜɤůŰɧ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ ˊɟɞůɏɔɔɘůɖ ɜŬ 

ɔɑɜŮŰŬɘ ɛŮ ɓɎůɖ Űɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ Űɘɛɏɠ. ɆŮ ˊŮɟɑˊŰɤůɖ ˊɞɡ ŭɨɞ tasks ɏɢɞɡɜ Űɞ ɑŭɘɞ CPU 

burst time ŰɧŰŮ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɞ Ŭɚɔɧɟɘɗɛɞɠ FIFO ɐ FCFS ɔɘŬ ŬɡŰɎ, ŭɖɚŬŭɐ ŮəŰŮɚŮɑŰŬɘ 

ˊɟɩŰɞ ŬɡŰɧ ˊɞɡ ɏűŰŬůŮ ˊɟɩŰɞ Ůə Űɤɜ ŭɨɞ [28].  

 ȰɜŬ ůɡɢɜɧ ůɖɛŬɜŰɘəɧ ˊɟɧɓɚɖɛŬ Űɞɡ Ŭɚɔɞɟɑɗɛɞɡ ɤůŰɧůɞ ŮɛűŬɜɑɕŮŰŬɘ ɧŰŬɜ ˊɞɚɚɎ 

ñɛɘəɟɎò tasks (ɛɘəɟɧ CPU burst time) ŮɘůɏɟɢɞɜŰŬɘ ůŰɖɜ ɞɡɟɎ əŬɘ ŮˊɘɚɏɔɞɜŰŬɘ ˊɟɩŰŬ ɏɜŬɜŰɘ 

Ůɜɧɠ ñɛŮɔɎɚɞɡò task, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ Ůəɢɩɟɖůɖ əŬɘ ŮəŰɏɚŮůɖ Űɞɡ ɜŬ əŬɗɡůŰŮɟŮɑ ŬɘůɗɖŰɎ. 

ɆŮ ɛŮɟɘəɏɠ ɡɚɞˊɞɘɐůŮɘɠ ŬɡŰɞɨ Űɞɡ ůŮɜŬɟɑɞɡ Űɞ ñɛŮɔɎɚɞò task ŭŮɜ ɗŬ űŰɎůŮɘ ˊɞŰɏ ůŮ ůɖɛŮɑɞ 

ɜŬ ŮəŰŮɚŮůŰŮɑ , ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ůɡɜŬɜŰɞɨɛŮ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ñɚɘɛɞəŰɞɜɑŬɠò., Űɞ ɞˊɞɑɞ ŮɑɜŬɘ 

ůɡɢɜɧ űŬɘɜɧɛŮɜɞ ůŮ Ŭˊɚɞɥəɞɨɠ Ŭɚɔɞɟɑɗɛɞɡɠ. 

 ũŮɜɘəɎ , ɧˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, ŭŮɜ ŮɑɜŬɘ ɔɜɤůŰɐ ɖ ŭɘɎɟəŮɘŬ Űɞɡ ŮˊɧɛŮɜɞɡ 

ɝŮůˊɎůɛŬŰɞɠ əɎɗŮ task, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɞ Ŭɚɔɧɟɘɗɛɞɠ ɜŬ ŮəŰŮɚŮɑŰŬɘ ˊɟɞůŮɔɔɘůŰɘəɎ. H 

ˊɟɞůɏɔɔɘůɖ Űɖɠ ŭɘɎɟəŮɘŬɠ Űɞɡ ŮˊɧɛŮɜɞɡ ɝŮůˊɎůɛŬŰɞɠ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ Űɞɜ ŮəɗŮŰɘəɧ ɛɏůɞ 

ɧɟɞ Űn+1 = Ŭ Ĭ tn + (1-Ŭ) Ĭ Űn, ɧˊɞɡ Ű ŮɑɜŬɘ ɖ ˊɟɧɓɚŮɣɖ , t ɖ ˊɟŬɔɛŬŰɘəɐ Űɘɛɐ əŬɘ Ŭ E [0,1] Űɞ 

ůɢŮŰɘəɧ ɓɎɟɞɠ Űɤɜ t əŬɘ Ű , ɛŮ Ŭ=0 ɞɘ ɛŮŰɟɐůŮɘɠ Űɤɜ ˊɟŬɔɛŬŰɘəɩɜ Űɘɛɩɜ əŬɗɡůŰɏɟɖůɖɠ ŭŮɜ 

ŮˊɖɟŮɎɕɞɡɜ əŬɘ ɛŮ Ŭ=1 ɛɧɜɞ ɖ ŰŮɚŮɡŰŬɑŬ ˊɟŬɔɛŬŰɘəɐ əŬɗɡůŰɏɟɖůɖ ɛŮŰɟɎŮɘ. ɄŬɟŬəɎŰɤ 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ɏɜŬ ŭɘɎɔɟŬɛɛŬ (ɤɠ ˊŬɟɎŭŮɘɔɛŬ) ɔɘŬ ˊɟɞůɏɔɔɘůɖ Űɖɠ ŭɘɎɟəŮɘŬɠ Űɞɡ ŮˊɧɛŮɜɞɡ 

ɝŮůˊɎůɛŬŰɞɠ ɛɑŬɠ ŭɘŮɟɔŬůɑŬɠ ɛŮ Űɘɛɏɠ Ŭ = 1/2 əŬɘ Ű = 10: 

 

   
 

ɆɢɐɛŬ 1.6.2a ȹɘɎɔɟŬɛɛŬ CPU burst 

 
 

Ƀ Ŭɚɔɧɟɘɗɛɞɠ SJF ŮɑɜŬɘ ůɡɜɐɗɤɠ ɛɖ-ŭɘŬəɞˊŰɧɠ (non-preemptive), ŭɖɚŬŭɐ ɧŰŬɜ ɖ 

CPU ˊŬɟŬɢɤɟŮɑŰŬɘ ůŮ ɏɜŬ task ˊɟɏˊŮɘ ŬɡŰɧ ɜŬ ɞɚɞəɚɖɟɩůɖ Űɖ ɢɟɐůɖ Űɖɠ CPU ɏɤɠ ɧŰɞɡ 
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ˊŬɟɗŮɑ ɜɏŬ ŬˊɧűŬůɖ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ. ɈˊɎɟɢɞɡɜ ɓɏɓŬɘŬ ˊŮɟɘˊŰɩůŮɘɠ ˊɞɡ ɞ 

Ŭɚɔɧɟɘɗɛɞɠ ŬɡŰɧɠ ɡɚɞˊɞɘŮɑŰŬɘ əŬɘ ɤɠ ŭɘŬəɞˊŰɧɠ (preemptive), ŭɖɚŬŭɐ Ŭɜ ŮɘůɏɚɗŮɘ ůŰɖɜ ɞɡɟɎ 

ɏŰɞɘɛɤɜ ŭɘŮɟɔŬůɘɩɜ ɏɜŬ ɜɏɞ task ɛŮ ɛɘəɟɧŰŮɟɞ ŬɜŬɛŮɜɧɛŮɜɞ ɢɟɧɜɞ ŮəŰɏɚŮůɖɠ Ŭˊɧ Űɞɜ 

ŮɜŬˊɞɛŮɑɜŬɜŰŬ Űɞɡ Űɟɏɢɤɜ, Űɞ Űɟɏɢɤɜ task ɗŬ ŬɜŰɘəŬŰŬůŰŬɗŮɑ. ȼ ŰŮɚŮɡŰŬɑŬ ŬɡŰɐ ˊŮɟɑˊŰɤůɖ 

ɞɜɞɛɎɕŮŰŬɘ SRTF: Shortest Remaining Time First, əŬɘ ŮɑɜŬɘ ɛɑŬ ˊŬɟŬɚɚŬɔɐ Űɞɡ SJF [28,29]. 

ȰůŰɤ ɚɞɘˊɧɜ 4 tasks ɛŮ ŰŬ CPU burst times ˊɞɡ űŬɑɜɞɜŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ŭɘɎɔɟŬɛɛŬ ŰŬ 

ɞˊɞɑŬ ŮɘůɏɟɢɞɜŰŬɘ ůŰɖɜ ɞɡɟɎ ɛɏůŬ ůŰɞ ɢɟɞɜɘəɧ ˊɚŬɑůɘɞ [0,24] əŬɘ ɢɟɖůɘɛɞˊɞɘɞɨɜ ɛɑŬ CPU 

ɔɘŬ Űɖɜ ŮəŰɏɚŮůɐ Űɞɡɠ. ȳˊɤɠ ŮɑɜŬɘ űŬɜŮɟɧ ŰŬ tasks ɛŮ Űɖ ɛɘəɟɧŰŮɟɖ ŭɘɎɟəŮɘŬ CPU burst time 

ŮəɢɤɟɞɨɜŰŬɘ ˊɟɩŰŬ Ŭˊɧ Űɞ ůɨůŰɖɛŬ(əŬɘ Ůˊɞɛɏɜɤɠ ŮɑɜŬɘ ˊɟɩŰŬ ůŰɖɜ ɞɡɟɎ) Ůɜɩ ɞ ɛɏůɞɠ 

ɢɟɧɜɞɠ ŬɜŬɛɞɜɐɠ Űɞɡ Ŭɚɔɞɟɑɗɛɞɡ SJF ŮɑɜŬɘ ŬɘůɗɖŰɎ ɛɘəɟɧŰŮɟɞɠ Ŭˊɧ ŬɡŰɧɜ Űɞɡ FIFO. Ƀ 

Ŭɚɔɧɟɘɗɛɞɠ SJF ɔɑɜŮŰŬɘ ŬəɧɛŬ ˊɘɞ ŬˊɞŭɞŰɘəɧɠ Ŭɜ ůŰɞ ˊɟɧɓɚɖɛɎ ɛŬɠ ˊɟɞůɗɏůɞɡɛŮ 

Ůˊɘˊɚɏɞɜ ůɡůŰɐɛŬŰŬ ɔɘŬ Űɞɜ ˊɟɞůŭɘɞɟɘůɛɧ Űɖɠ ŭɘɎɟəŮɘŬɠ Űɞɡ əɎɗŮ task, əŬɗɩɠ ŬɡŰɧ ɏɢŮɘ ɤɠ 

ŬˊɞŰɏɚŮůɛŬ Űɖɜ ɛŮɑɤůɖ Űɞɡ CPU burst time əŬɘ ɤɠ ůɡɜɏˊŮɘŬ ŬɡŰɞɨ, Űɖɜ ůɡɜŰɞɛɧŰŮɟɖ 

Ůəɢɩɟɖůɖ Űɤɜ tasks ůŰŬ resources. ɄŬɟŬəɎŰɤ ˊŬɟŬŰɑɗŮɜŰŬɘ ŭɨɞ ˊŬɟŬŭŮɑɔɛŬŰŬ, ɏɜŬ ɛŮ SJF 

əŬɘ ɏɜŬ ɛŮ SRTF ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖ: 
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1.6.3 Fixed Priority Scheduling (FPS): 

 

 Ƀ Ŭɚɔɧɟɘɗɛɞɠ ŬɡŰɧɠ ŮɑɜŬɘ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞɠ ůŮ ˊɞɚɚɎ ůɡůŰɐɛŬŰŬ 

ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ. ɆŰɘɠ ˊɘɞ ůɡɜɐɗŮɘɠ ˊŮɟɘˊŰɩůŮɘɠ ŬˊɞŰŮɚŮɑ ŭɘŬəɞˊŰɧɛŮɜɞ Ŭɚɔɧɟɘɗɛɞ 

(preemptive) Ůɜɩ ŰŬ tasks ŬˊɞəŰɞɨɜ ɏɜŬ ˊŮɟŬɘŰɏɟɤ ɢŬɟŬəŰɖɟɘůŰɘəɧ, Űɞ PRIORITY (ɏɔɘɜŮ 

ŬɜŬűɞɟɎ ůŰɞ əŮűɎɚŬɘɞ ...). ɇɞ PRIORITYŮɑɜŬɘ ɏɜŬɠ ŬəɏɟŬɘɞɠ ɗŮŰɘəɧɠ Ŭɟɘɗɛɧɠ ˊɞɡ ŭɘŬɗɏŰɞɡɜ 

ŰŬ task ůŰɖ ŭɞɛɐ Űɞɡɠ , ɛŮ ɓɎůɖ Űɞɜ ɞˊɞɑɞ ɞ ɢɟɞɜɞŭɟɞɛɞɚɞɔɖŰɐɠ əŬɚŮɑŰŬɘ ɜŬ ŮˊɘɚɏɝŮɘ Űɞ 

əŬŰɎɚɚɖɚɞ task ˊɟɞɠ ŮəŰɏɚŮůɖ, ŭɖɚŬŭɐ ŬɡŰɧ ɛŮ Űɞ ɡɣɖɚɧŰŮɟɞ PRIORITY. ȳůɞ ɛŮɔŬɚɨŰŮɟɞɠ 

ŮɑɜŬɘ ŬɡŰɧɠ ɞ Ŭɟɘɗɛɧɠ Űɧůɞ ˊɘɞ ñŬɜŬɔəŬɑɞò ŮɑɜŬɘ ɜŬ ŮəŰŮɚŮůɗŮɑ Űɞ taskɛŮ Űɞɜ ŬɜŰɑůŰɞɘɢɞ 

Ŭɟɘɗɛɧ. Ƀ Ŭɚɔɧɟɘɗɛɞɠ SJF ŬˊɞŰŮɚŮɑ ɛɘŬ Ůɘŭɘəɐ ˊŮɟɑˊŰɤůɖ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ ɛŮ 

ˊɟɞŰŮɟŬɘɧŰɖŰŬ, ɧˊɞɡ ɞ ŬəɏɟŬɘɞɠ PRIORITY ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ ŮɑɜŬɘ ɑůɞɠ ɛŮ Űɞ ɛɏɔŮɗɞɠ 

Űɞɡ CPU burst time. ȰɜŬ ˊɟɧɓɚɖɛŬ ŬɡŰɞɨ Űɞɡ Ŭɚɔɞɟɑɗɛɞɡ ŮɑɜŬɘ ŰŬ űŬɘɜɧɛŮɜŬ ɚɘɛɞəŰɞɜɑŬɠ 

əŬɗɩɠ tasks ɛŮ ŬɟəŮŰɎ ɢŬɛɖɚɐ ˊɟɞŰŮɟŬɘɧŰɖŰŬ ɛˊɞɟŮɑ ɜŬ ɛɖɜ ŮəŰŮɚŮůɗɞɨɜ ˊɞŰɏ, ɧˊɤɠ 

ŮɑŭŬɛŮ əŬɘ ůŰɞ ˊŬɟɎŭŮɘɔɛŬ ɛŮ Űɞɜ SJF Ŭɚɔɧɟɘɗɛɞ ˊɞɡ ɏɜŬ task ɛŮ ɛŮɔɎɚɞ CPU burst time 

ɛˊɞɟŮɑ ɜŬ ɛɖɜ ŮəŰŮɚŮůɗŮɑ ˊɞŰɏ. ɋůŰɧůɞ ŰŬ ˊɟɞɓɚɐɛŬŰŬ ɚɘɛɞəŰɞɜɑŬɠ ŮɑɜŬɘ ŬɜŰɘɛŮŰɤˊɑůɘɛŬ 

ɛɏůɤ ɛɑŬɠ ŭɘŬŭɘəŬůɑŬɠ ˊɞɡ ɞɜɞɛɎɕɞɡɛŮ ñɔɐɟŬɜůɖò, əŬŰɎ Űɖɜ ɞˊɞɑŬ ɖ ˊɟɞŰŮɟŬɘɧŰɖŰŬ Űɞɡ 

əɎɗŮ task ŬɡɝɎɜŮŰŬɘ ɛŮ Űɖɜ ˊɎɟɞŭɞ Űɞɡ waiting time (əŬɘ ɧɢɘ execution time) [10]. 

 

 

1.6.4 Round Robin (RR): 

 

 Ƀ Ŭɚɔɧɟɘɗɛɞɠ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ Round Robin ŮɑɜŬɘ ˊŮɟɑˊɞɡ ɑŭɘɞɠ ɛŮ Űɞɜ 

Ŭɚɔɧɟɘɗɛɞ FCFS. Ƀ ɢɟɞɜɞŭɟɞɛɞɚɞɔɖŰɐɠ əŬɘ ůŮ ŬɡŰɐ Űɖɜ ˊŮɟɑˊŰɤůɖ ŭɘŬɗɏŰŮɘ ɛɘŬ ɞɡɟɎ FIFO 

ɔɘŬ Űɘɠ ɏŰɞɘɛŮɠ ˊɟɞɠ ŮəŰɏɚŮůɖ ŭɘŮɟɔŬůɑŮɠ (ready queue), ɞɘ ɞˊɞɑŮɠ ɧɛɤɠ Ůŭɩ ŮəŰŮɚɞɨɜŰŬɘ ɔɘŬ 

ɏɜŬ ůɡɔəŮəɟɘɛɏɜɞ ˊŬɟɎɗɡɟɞ ɢɟɧɜɞɡ ɐ Ŭɚɚɘɩɠ time slice. ɃɡůɘŬůŰɘəɎ ɚɞɘˊɧɜ ɞ Ŭɚɔɧɟɘɗɛɞɠ 

RR ŭŮɜ ŮɑɜŬɘ ˊŬɟɎ ɞ Ŭɚɔɧɟɘɗɛɞɠ FCFS ŬɚɚɎ ŭɘŬəɞˊŰɧɛŮɜɞɠ (preemptive). Ʉɘɞ ŬɜŬɚɡŰɘəɎ, ŰŬ 

tasks ɚŬɛɓɎɜɞɡɜ ɏɜŬ əɚɎůɛŬ ɢɟɧɜɞɡ əŬŰɎ Űɞ ɞˊɞɑɞ ɖ əɎɗŮ ŭɘŮɟɔŬůɑŬ ɗŬ ɛˊɞɟŮɑ ɜŬ 

ŮəŰŮɚŮůɗŮɑ əŬɗɩɠ ɛɧɜɞ ɔɘŬ ŬɡŰɧ Űɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ŮəɢɤɟɞɨɜŰŬɘ resources. ɀŮ Űɞ ˊɏɟŬɠ 

ŬɡŰɞɨ Űɞɡ əɓɎɜŰɞɡ ɢɟɧɜɞɡ ɖ ŭɘŮɟɔŬůɑŬ (ˊŬɟɧɚɞ ˊɞɡ ɓɟɑůəŮŰŬɘ ůŰɖɜ Ŭɟɢɐ Űɖɠ ɞɡɟɎɠ) 

ŭɘŬəɧˊŰŮŰŬɘ əŬɘ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŰɞ Űɏɚɞɠ Űɖɠ ɞɡɟɎɠ. ȼ ŮˊɧɛŮɜɖ ŭɘŮɟɔŬůɑŬ ˊɞɡ ŮˊɘɚɏɔŮŰŬɘ ɗŬ 

ŮɑɜŬɘ ŬɡŰɐ ˊɞɡ ŮɑɜŬɘ ˊɚɏɞɜ ˊɟɩŰɖ ůŰɖɜ ɞɡɟɎ ɛŮŰɎ Űɞ Űɏɚɞɠ Űɖɠ ˊɟɞɖɔɞɨɛŮɜɖɠ ŭɘŬŭɘəŬůɑŬɠ. 

ȷɡŰɧ ŮˊŬɜŬɚŬɛɓɎɜŮŰŬɘ ŬɏɜŬŬ ɛɏɢɟɘ ɜŬ ŮəŰŮɚŮůɗɞɨɜ (əŬɘ ɜŬ ŰŮɟɛŬŰɘůŰɞɨɜ) ɧɚŮɠ ɞɘ ŭɘŮɟɔŬůɑŮɠ 

ůŰɖɜ ɞɡɟɎ.  
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ɇɞ ˊŬɟŬəɎŰɤ ˊŬɟɎŭŮɘɔɛŬ ŭɘŬɗɏŰŮɘ 4 ŭɘŮɟɔŬůɑŮɠ ɛŮ əɓɎɜŰɞ ɢɟɧɜɞɡ 20 ɔɘŬ Űɖɜ əɎɗŮ ɛɑŬ: 

 
 

    
ɆɢɐɛŬ 1.6.4 ɄŬɟɎŭŮɘɔɛŬ RR 

 
 

 ɇɞ ˊŬɟɎŭŮɘɔɛŬ ŭŮɑɢɜŮɘ ˊɤɠ ˊɟɩŰŬ ŮəŰŮɚŮɑŰŬɘ ɖ ŭɘŮɟɔŬůɑŬ P1 ɔɘŬ 20 ɛɞɜɎŭŮɠ ɢɟɧɜɞɡ 

əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɞ ɢɟɞɜɞŭɟɞɛɞɚɞɔɖŰɐɠ Űɖɜ ŭɘŬəɧˊŰŮɘ ɏŰůɘ ɩůŰŮ ɜŬ ŮəŰŮɚŮůɗŮɑ ɖ ŮˊɧɛŮɜɖ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖɜ ˊɟɞɚɎɓŮɘ ɜŬ ŰŮɚŮɘɩůŮɘ ( ŮəŰŮɚɏůɗɖəŮ ɔɘŬ 20 ɛɞɜɎŭŮɠ ɢɟɧɜɞɡ Ůɜɩ Űɞ 

CPU burst time ŮɑɜŬɘ 53, Ůˊɞɛɏɜɤɠ ɢɟŮɘɎɕŮŰŬɘ ŬəɧɛŬ 33 ɛɞɜɎŭŮɠ ɢɟɧɜɞɡ ɔɘŬ ɜŬ ŰŮɟɛŬŰɘůŰŮɑ). 

ȼ ŮˊɧɛŮɜɖ ŭɘŮɟɔŬůɑŬ ŮɑɜŬɘ ɖ P2 ɖ ɞˊɞɑŬ ɛɎɚɘůŰŬ ˊɟɞɚŬɓŬɑɜŮɘ ɜŬ ŮəŰŮɚŮůɗŮɑ əŬɘ ɜŬ 

ŰŮɟɛŬŰɘůŰŮɑ əŬɗɩɠ Űɞ əɓɎɜŰɞ ɢɟɧɜɞɡ ŮɑɜŬɘ 20 əŬɘ ŬɡŰɐ ɢɟŮɘɎɕŮŰŬɘ ɛɧɜɞ 17 ɛɞɜɎŭŮɠ ɢɟɧɜɞɡ. 

ȰŰůɘ ɞɘ ŭɘŮɟɔŬůɑŮɠ ŮəŰŮɚɞɨɜŰŬɘ əɡəɚɘəɎ, ɔɘŬ Űɞ əɓɎɜŰɞ ɢɟɧɜɞɡ ˊɞɡ Űɞɡɠ ɏɢŮɘ ɞɟɑůŰŮɑ, ɛɏɢɟɘ ɜŬ 

Űɘɠ ŭɘŬəɧɣŮɘ ɞ ɢɟɞɜɞŭɟɞɛɞɚɞɔɖŰɐɠ ɐ ɛɏɢɟɘ ɜŬ ŰŮɟɛŬŰɘůŰɞɨɜ. ɆŰɧ Űɏɚɞɠ ˊŬɟŬŰɖɟɞɨɛŮ ˊɤɠ ɖ 

ɛɧɜɖ ŭɘŮɟɔŬůɑŬ ˊɞɡ ɏɢŮɘ ɛŮɑɜŮɘ ŮɑɜŬɘ ɖ P3 əŬɘ ɖ ŮəŰɏɚŮůɖ Űɖɠ ŭɘŬəɧˊŰŮŰŬɘ əŬɘ ɝŬɜŬɝŮəɘɜɎ. ȷɡŰɧ 

ɞűŮɑɚŮŰŬɘ ůŰɞ ɧŰɘ ŭŮɜ ɡˊɎɟɢŮɘ əŬɛɑŬ ŭɘŮɟɔŬůɑŬ ůŰɖɜ ɞɡɟɎ ˊɏɟŬɜ Űɖɠ P3 əŬɘ Ůˊɞɛɏɜɤɠ 

ɝŬɜŬɝŮəɘɜɎ ɜŬ ŮəŰŮɚŮɑŰŬɘ. (ɇɞ ɛɞŰɑɓɞ ȺəŰɏɚŮůɖ- ȹɘŬəɞˊɐ-ȺəŰɏɚŮůɖ ůŰɖɜ ŰŮɚŮɡŰŬɑŬ ŭɘŮɟɔŬůɑŬ 

ɗŬ ůɡɜɏɓŬɘɜŮ ɛɏɢɟɘ ŬɡŰɐ ɜŬ ɞɚɞəɚɖɟɤɗŮɑ, əŬɗɩɠ ɛŮ Űɞ ˊɞɡ ŮəˊɜɏŮɘ Űɞ əɓɎɜŰɞ ɢɟɧɜɞɡ ɞ 

ɢɟɞɜɞŭɟɞɛɞɚɞɔɖŰɐɠ ŭɘŬəɧˊŰŮɘ Űɖɜ ŭɘŮɟɔŬůɑŬ Ŭˊɧ Űɖɜ ŮəŰɏɚŮůɖ Űɖɠ. Ƀ ɑŭɘɞɠ ŭŮɜ ŬɜŬɔɜɤɟɑɕŮɘ 

ˊɤɠ ɏɢŮɘ ɛŮɑɜŮɘ ɛɑŬ ŭɘŮɟɔŬůɑŬ ůŰɖɜ ɞɡɟɎ) 

 Ƀ ȷɚɔɧɟɘɗɛɞɠ Round Robin ɗŮɤɟŮɑŰŬɘ ŭɑəŬɘɞɠ Ŭɚɔɧɟɘɗɛɞɠ əŬɗɩɠ ɧɚŮɠ ɞɘ 

ŭɘŮɟɔŬůɑŮɠ(tasks) ŭŬˊŬɜɞɨɜ Űɞɜ ɑŭɘɞ ɢɟɧɜɞ ůŰɞ ůɨůŰɖɛŬ. ũŮɜɘəɧŰŮɟŬ ɖ əɎɗŮ ŭɘŮɟɔŬůɑŬ ɏɢŮɘ 

ɛŮɔɎɚɞ waiting time ŬɚɚɎ ŬɡŰɧ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ əɓɎɜŰɞ ɢɟɧɜɞɡ ˊɞɡ ɗŬ ŮˊɘɚŮɢɗŮɑ (ůɡɜɐɗɤɠ 

10-100ms). ȰŰůɘ ɔɘŬ ɛŮɔɎɚŬ əɓɎɜŰŬ ɢɟɧɜɞɡ ˊɟɞůŮɔɔɑɕɞɡɛŮ Űɞɜ Ŭɚɔɧɟɘɗɛɞ FCFS Ůɜɩ ɔɘŬ 

ɛɘəɟɎ əɓɎɜŰŬ Űɞ ůɨůŰɖɛŬ ŬɜŬɚɩɜŮŰŬɘ ůŮ ˊɞɚɚɏɠ ŮɜŬɚɚŬɔɏɠ. 

 

1.6.5 Earliest Deadline First (EDF): 

  

 Ƀ Ŭɚɔɧɟɘɗɛɞɠ EDF ɖ Ŭɚɚɘɩɠ Ŭɚɔɧɟɘɗɛɞɠ ůɡɜŰɞɛɧŰŮɟɖɠ ɢɟɞɜɘəɐɠ ˊɟɞɗŮůɛɑŬɠ 

ŬˊɞŰŮɚŮɑ Ŭɚɔɧɟɘɗɛɞ ɢɟɞɜɞˊɟɞɔɟŬɛɛŬŰɘůɛɞɨ ŭɡɜŬɛɘəɐɠ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŮ ůɡůŰɐɛŬŰŬ ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ ŰɞˊɞɗŮŰɩɜŰŬɠ ŭɘŮɟɔŬůɑŮɠ ůŮ ɛɑŬ ɞɡɟŬ 

ˊɟɞŰŮɟŬɘɞŰɐŰɤɜ. ɆɨɛűɤɜŬ ɛŮ ŬɡŰɧɜ ɖ ŮəŰɏɚŮůɖ əŬɘ ŭɟɞɛɞɚɧɔɖůɖ Űɤɜ ŮɟɔŬůɘɩɜ 

ŬˊɞŭɑŭɞɜŰŬɘ ɛŮ ɓɎůɖ Űɖ ɢɟɞɜɘəɐ Űɞɡɠ ˊɟɞɗŮůɛɑŬ. ȰŰůɘ ɞɘ ŮɟɔŬůɑŮɠ ɛŮ Űɖɜ ɛɘəɟɧŰŮɟɖ ɢɟɞɜɘəɐ 

ˊɟɞɗŮůɛɑŬ ɏɢɞɡɜ ɛŮɔŬɚɨŰŮɟɖ ˊɟɞŰŮɟŬɘɧŰɖŰŬ. ȳŰŬɜ ɛɑŬ ŭɘŮɟɔŬůɑŬ ɓɟɑůəŮŰŬɘ ůŮ əŬŰɎůŰŬůɖ 

Ready ɏŰɞɘɛɖ ˊɟɞɠ ŮəŰɏɚŮůɖ ɔɑɜŮŰŬɘ ŬˊɧˊŮɘɟŬ ŰɞˊɞɗɏŰɖůɐɠ Űɖɠ ůŰɖɜ ɞɡɟɎ EDF. ɆŮ ŬɡŰɧ Űɞ 

ůɖɛŮɑɞ ɞ ɢɟɞɜɞŭɟɞɛɞɚɞɔɖŰɐɠ ŮˊŬɜŬɦˊɞɚɞɔɑɕŮɘ Űɞɡɠ ɢɟɧɜɞɡɠ ˊɟɞɗŮůɛɑŬɠ ɧɚɤɜ Űɤɜ 
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ŭɘŮɟɔŬůɘɩɜ ůŰɖɜ ɞɡɟɎ (ɏŰɞɘɛŮɠ ˊɟɞɠ ŮəŰɏɚŮůɖ) əŬɘ Űɞɡɠ ůɡɔəɟɑɜŮɘ ɛŮ Űɖ ɢɟɞɜɘəɐ ˊɟɞɗŮůɛɑŬ 

Űɖɠ ɜɏŬɠ ŭɘŮɟɔŬůɑŬɠ ˊɞɡ ŮɘůɏɟɢŮŰŬɘ, ŬɜŬŭɘɞɟɔŬɜɩɜɞɜŰŬɠ Űɖ ůŮɘɟɎ ŮˊŮɝŮɟɔŬůɑŬɠ Űɤɜ 

ŭɘŮɟɔŬůɘɩɜ. ɀŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ Ŭɜ ɖ ɜɏŬ ŭɘŮɟɔŬůɑŬ ɏɢŮɘ ɡɣɖɚɧŰŮɟɖ ˊɟɞŰŮɟŬɘɧŰɖŰŬ 

ůɡɔəɟɘŰɘəɎ ɛŮ Űɖɜ ɡˊɧ ŮəŰɏɚŮůɖ ŭɘŮɟɔŬůɑŬ ŰɧŰŮ ɔɑɜŮŰŬɘ ŭɘŬəɞˊɐ Űɖɠ ŮəŰɏɚŮůɐɠ Űɖɠ əŬɘ 

ŮəŰŮɚŮɑŰŬɘ ɖ ɜɏŬ ŭɘŮɟɔŬůɑŬ, Ůɜɩ ɖ ŮɟɔŬůɑŬ ˊɞɡ ŭɘŬəɧˊɖəŮ ɗŬ ůɡɜŮɢɘůŰŮɑ ŬɟɔɧŰŮɟŬ. ɆŮ 

ŭɘŬűɞɟŮŰɘəɐ ˊŮɟɑˊŰɤůɖ, Ŭɜ ɖ ˊɟɞŰŮɟŬɘɧŰɖŰŬ Űɖɠ ɜɏŬɠ Ɏűɘɝɖɠ ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ ŰɞˊɞɗŮŰŮɑŰŬɘ ůŮ 

əŬŰɎɚɚɖɚɖ ɗɏůɖ ůŰɖɜ ɞɡɟɎ [19]. 

 ȰɜŬ ůɨɜɞɚɞ n ˊŮɟɘɞŭɘəɩɜ ŭɘŮɟɔŬůɘɩɜ ɛŮ ɢɟɞɜɘəɏɠ ˊɟɞɗŮůɛɑŮɠ ɑůŮɠ ɛŮ Űɖɜ ˊŮɟɑɞŭɞ 

ŮɑɜŬɘ ɢɟɞɜɞˊɟɞɔɟŬɛɛŬŰɑůɘɛŮɠ ɛɏůɤ Űɞɡ Ŭɚɔɞɟɑɗɛɞɡ EDF Ŭɜ əŬɘ ɛɧɜɞ Ŭɜ ɖ ɢɟɖůɘɛɞˊɞɑɖůɖ 

Űɞɡ ŮˊŮɝŮɟɔŬůŰɐ (Utilization) ŮɑɜŬɘ ɛɘəɟɧŰŮɟɖ ɐ ɑůɖ Űɖɠ ɛɞɜɎŭŬɠ: 

 
 

ɆɢɐɛŬ 1.6.5a Űɨˊɞɠ processor utilization 
 
 

ˊɞɡ Ci ŮɑɜŬɘ ɞ ɢŮɑɟɘůŰɞɠ ɢɟɧɜɞɠ ŮəŰɏɚŮůɖɠ Űɤɜ nŭɘŮɟɔŬůɘɩɜ əŬɘ Ti ɞɘ ŬɜŰɑůŰɞɘɢŮɠ ˊŮɟɑɞŭɞɘ 

Ɏűɘɝɖɠ. ɇŬ ŭɨɞ ůɖɛŬɜŰɘəɧŰŮɟŬ ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɞɡ Ŭɚɔɞɟɑɗɛɞɡ EDF ŮɑɜŬɘ ɖ ŮˊɑŰŮɡɝɖ Ůɤɠ əŬɘ 

100% ɢɟɖůɘɛɞˊɞɑɖůɖɠ Űɞɡ ŮˊŮɝŮɟɔŬůŰɐ ŬɚɚɎ əŬɘ ɖ ɡˊɞůŰɐɟɘɝɖ ɞɡɟɎɠ ŭɡɜŬɛɘəɩɜ 

ˊɟɞŰŮɟŬɘɞŰɐŰɤɜ. ȰɜŬ ŬəɧɛŬ ɛɘəɟɧ əɏɟŭɞɠ Űɞɡ Ŭɚɔɞɟɑɗɛɞɡ ŮɑɜŬɘ ˊɤɠ ŭŮɜ ˊɟɞŬˊŬɘŰŮɑ ɞɘ 

ŭɘŮɟɔŬůɑŮɠ ˊɞɡ ɢɟɞɜɞŭɟɞɛɞɚɞɔɞɨɜŰŬɘ Ŭˊɧ ŬɡŰɧɜ ɜŬ ŮɑɜŬɘ ˊŮɟɘɞŭɘəɏɠ əŬɘ ɎɟŬ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ Űɧůɞ ůŮ ˊŮɟɘɞŭɘəɏɠ ɧůɞ əŬɘ ŬˊŮɟɘɞŭɘəɏɠ ůɡɜŬɟŰɐůŮɘɠ. ɋůŰɧůɞ ɞ Ŭɟɘɗɛɧɠ 

Űɞɡ ůɡɜɧɚɞɡ Űɤɜ ŭɘŮɟɔŬůɘɩɜ ˊɞɡ ɗŬ ɢɎůɞɡɜ Űɞɜ ɢɟɧɜɞ ˊɟɞɗŮůɛɑŬɠ Űɞɡɠ ɧŰŬɜ Űɞ ůɨůŰɖɛŬ 

ɡˊŮɟűɞɟŰɩɜŮŰŬɘ ŮɑɜŬɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ ŬˊɟɧɓɚŮˊŰɞɠ, Ůɜɩ ˊŬɟɎɚɚɖɚŬ ɞ Ŭɚɔɧɟɘɗɛɞɠ ŮɑɜŬɘ 

ŭɨůəɞɚŬ ŮűŬɟɛɧůɘɛɞɠ ůŮ hardware əŬɗɩɠ ŮɑɜŬɘ ŭɨůəɞɚɖ ɖ ŬɜŬˊŬɟɎůŰŬůɖ Űɤɜ ɢɟɞɜɘəɩɜ 

ˊɟɞɗŮůɛɘɩɜ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ ůŮɘɟɏɠ. ũɘŬ ŬɡŰɧ Űɞ ɚɧɔɞ ɡˊɎɟɢɞɡɜ ɛŮɚɏŰŮɠ ˊɞɡ ŮˊŮəŰŮɑɜɞɡɜ 

Űɞɜ Ŭɟɢɘəɧ Ŭɚɔɧɟɘɗɛɞ ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɞ Ŭɚɔɧɟɘɗɛɞɠ ˊɟɧɓɚŮɣɖɠ ɢɟɞɜɘəɐɠ ˊɟɞɗŮůɛɑŬɠ 

(Predictive Deadline Algorithm) ɐ ɞ Ŭɚɔɧɟɘɗɛɞɠ ŮɝɡˊɖɟŮŰɖŰɐ ɞɚɘəɞɨ Ůɨɟɞɡɠ ɕɩɜɖɠ (Total 

Bandwidth Server). ȸɏɓŬɘŬ ɖ ɛŮɚɏŰɖ ɛŬɠ ŮəŰŮɑɜŮŰŮ ɛɧɜɞ ɛɏɢɟɘ Űɞɜ Ŭɚɔɧɟɘɗɛɞ EDF əŬɘ ɧɢɘ ůŰɘɠ 

ŮˊŮəŰɎůŮɘɠ Űɞɡ. 

 ɄŬɟŬəɎŰɤ ˊŬɟŬŰɑɗŮŰŬɘ ɏɜŬ ˊŬɟɎŭŮɘɔɛŬ ɢɟɞɜɞˊɟɞɔɟŬɛɛŬŰɘůɛɞɨ Űɟɘɩɜ ŭɘŮɟɔŬůɘɩɜ 

ɛŮ Űɞɜ Ŭɚɔɧɟɘɗɛɞ EDF: 

 

 
ɆɢɐɛŬ 1.6.5b ɄŬɟɎŭŮɘɔɛŬ EDF 

 

ɇɞ ˊŬɟɎŭŮɘɔɛŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɟŮɑɠ ŭɘŮɟɔŬůɑŮɠ J1 , J2 əŬɘ J3 ɛŮ ɢɟɞɜɘəɏɠ ˊɟɞɗŮůɛɑŮɠ 4, 5 

əŬɘ 7 əŬɘ ɢɟɧɜɞ ŮəŰɏɚŮůɖɠ 1, 2 əŬɘ 2 ŬɜŰɑůŰɞɘɢŬ. ɆŰɞ ůɢɐɛŬ ŬɡŰɧ ŭŮɜ ɡˊɎɟɢɞɡɜ ɢŬɛɏɜŮɠ 

ɢɟɞɜɘəɏɠ ˊɟɞɗŮůɛɑŮɠ. ɆɨɛűɤɜŬ ɛŮ Űɞɜ Ŭɚɔɧɟɘɗɛɞ EDF ɞ ɢɟɞɜɞŭɟɞɛɞɚɞɔɖŰɐɠ ůɤůŰɎ Űɖ 

ɢɟɞɜɘəɐ ůŰɘɔɛɐ 0 ŮˊɘɚɏɔŮɘ Űɖɜ ŭɘŮɟɔŬůɑŬ J1 ɔɘŬ ɜŬ ŮəŰŮɚŮůɗŮɑ əŬɗɩɠ ɏɢŮɘ Űɖɜ ɛɘəɟɧŰŮɟɖ 
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ɢɟɞɜɘəɐ ˊɟɞɗŮůɛɑŬ Ůə Űɤɜ Űɟɘɩɜ ( 4 < 5, 7). ɄŬɟɧɛɞɘŬ ůŰɖ ŭŮɨŰŮɟɖ ɢɟɞɜɘəɐ ůŰɘɔɛɐ ɞ 

ɢɟɞɜɞŭɟɞɛɞɚɞɔɖŰɐɠ ŮˊɘɚɏɔŮɘ Űɖ ŭɘŮɟɔŬůɑŬ J2 əŬɗɩɠ ɖ J1 ɏɢŮɘ ɞɚɞəɚɖɟɩůŮɘ Űɖɜ ŮəŰɏɚŮůɖ Űɖɠ 

əŬɘ ɞ ɢɟɧɜɞɠ ˊɟɞɗŮůɛɑŬɠ Űɖɠ J2 ŮɑɜŬɘ ɛɘəɟɧŰŮɟɞɠ Ŭˊɧ ŬɡŰɧɜ Űɖɠ J3. ɀɑŬ ůɖɛŬɜŰɘəɐ 

ˊŬɟŬŰɐɟɖůɖ ɏɟɢŮŰŬɘ ůŰɖ ɢɟɞɜɘəɐ ůŰɘɔɛɐ 4 ˊɞɡ ɝŮəɘɜɎ ɜɏɞɠ əɨəɚɞɠ ˊŮɟɘɧŭɞɡ ɔɘŬ Űɖɜ J1. 

ȸɚɏˊɞɡɛŮ ɚɞɘˊɧɜ ˊɤɠ ɖ J3 ŭŮɜ ůŰŬɛŬŰɎ Űɖɜ ŮəŰɏɚŮůɖ Űɖɠ ŬɚɚɎ ůɡɜŮɢɑɕŮŰŬɘ əŬɜɞɜɘəɎ əŬɗɩɠ 

ůŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ɖ ˊɟɞɗŮůɛɑŬ Űɖɠ J1 ɏɢŮɘ ɛɘəɟɧŰŮɟɖ ˊɟɞŰŮɟŬɘɧŰɖŰŬ Ŭˊɧ Űɖɜ J3. ȰŰůɘ ɖ J3 

ˊɟɞɚŬɓŬɑɜŮɘ ɜŬ ŮəŰŮɚŮůɗŮɑ ˊɟɘɜ Űɞ ˊɏɟŬɠ Űɖɠ ɢɟɞɜɘəɐɠ ˊɟɞɗŮůɛɑŬɠ əŬɘ ŬɡŰɧ ŮˊɘŰɡɔɢɎɜŮŰŬɘ 

ɛŮ Űɖɜ ŭɡɜŬɛɘəɐ ŬɚɚŬɔɐ ˊɟɞŰŮɟŬɘɧŰɖŰŬɠ. ɆŰɖɜ Ŭɟɢɐ (ɢɟɞɜɘəɐ ůŰɘɔɛɐ 0) ɖ J1 ɏɢŮɘ ɛŮɔŬɚɨŰŮɟɖ 

ˊɟɞŰŮɟŬɘɧŰɖŰŬ Ŭˊɧ Űɖɜ J3 Ůɜɩ ůŰɖɜ ɢɟɞɜɘəɐ ůŰɘɔɛɐ 4 ɏɢŮɘ ɛɘəɟɧŰŮɟɖ.  
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2 ȺȽɆȷũɋũȼ Ɇɇȷ ɉɅɃɁȽɆɀȺɁȷ ȷɈɇɃɀȷɇȷ 

 

2.1 ȺɘůŬɔɤɔɐ 

 

 ɇŬ ɢɟɞɜɘůɛɏɜŬ ŬɡŰɧɛŬŰŬ (TA) ŬɜŬˊŰɨɢɗɖəŬɜ əŬɘ ŮɝŮɚɑɢɗɖəŬɜ Ŭˊɧ Űɞɡɠ 

Y.Abdeddaim əŬɘ O.Maler, ůŬɜ ɛɑŬ ɛɏɗɞŭɞ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ ůɡůŰɖɛɎŰɤɜ ˊɟŬɔɛŬŰɘəɞɨ 

ɢɟɧɜɞɡ[2,21].ɉɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŰɏŰɞɘŬ ɛɞɜŰɏɚŬ ɛŬɠ ŭɑɜŮŰŬɘ ɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŮəűɟɎůɞɡɛŮ 

űɡůɘəɎ ɢɟɞɜɘəɞɨɠ ˊŮɟɘɞɟɘůɛɞɨɠ ɧˊɤɠ ɖ ŭɘɎɟəŮɘŬ ɛɑŬɠ ůɡɔəŮəɟɘɛɏɜɖɠ ŭɘŮɟɔŬůɑŬɠ ɐ Űɖɜ 

ŭɘŬűɞɟɞˊɞɑɖůɖ Űɞɡ ɢɟɧɜɞɡ ɛŮŰŬɝɨ ŭɨɞ ɔŮɔɞɜɧŰɤɜ, Ůɜɩ ůŰɖɜ ɔɟŬűɘəɐ Űɞɡɠ ŬɜŬˊŬɟɎůŰŬůɖ 

Ůəɢɤɟɞɨɜ ˊɧɟɞɡɠ ůŮ əɎɗŮ əɧɛɓɞ ɛɏůɞ ɛŮŰŬɓɎůŮɤɜ ɛŮŰŬɝɨ Űɞɡɠ. ɆŮ ůɡɜŭɡŬůɛɧ ɛŮ ŬɡŰɧ, 

ɏɢɞɡɜ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ɡˊɧəŮɘɜŰŬɘ ůŮ ɛɞɜŰɏɚŬ Ŭɚɔɞɟɘɗɛɘəɐɠ ŮˊŬɚɐɗŮɡůɖɠ, ˊɟɎɔɛŬ ˊɞɡ 

ůɡɜɏɓɖ ůɡɢɜɎ ɧˊɤɠ ůŰŬ ŮɟɔŬɚŮɑŬ Kronos əŬɘ UPPAAL [21]. 

 ɇŬ ɢɟɞɜɘůɛɏɜŬ ŬɡŰɧɛŬŰŬ ŮɑɜŬɘ ŬɡŰɧɛŬŰŬ ɛŮ ɛŮŰŬɓɚɖŰɏɠ ůɡɜŮɢɞɨɠ ɢɟɧɜɞɡ ɟɞɚɞɔɘɩɜ, 

Űɞɡ ůɡůŰɐɛŬŰɞɠ, Űɤɜ ɞˊɞɑɤɜ ɞɘ Űɘɛɏɠ ŬɡɝɎɜɞɜŰŬɘ ůŮ əɎɗŮ ŭɘŬűɞɟŮŰɘəɐ əŬŰɎůŰŬůɖ. ȰɜŬɠ 

ɓŬůɘəɧɠ ɚɧɔɞɠ ɔɘŬ Űɞɜ ɞˊɞɑɞ ŰŬ ɢɟɞɜɘůɛɏɜŬ ŬɡŰɧɛŬŰŬ ŮɑɜŬɘ ɘŭŬɜɘəɎ ɔɘŬ Űɖɜ ˊŮɟɘɔɟŬűɐ 

ŰŬɡŰɧɢɟɞɜɤɜ ɢɟɞɜɞ-ŮɝŬɟŰɩɛŮɜɤɜ ůɡɛˊŮɟɘűɞɟɩɜ ŮɑɜŬɘ ɚɞɘˊɧɜ ɞɘ Űɘɛɏɠ ŬɡŰɩɜ Űɞɜ ɟɞɚɞɔɘɩɜ, 

əŬɗɩɠ ɛˊɞɟɞɨɜ ŮɑŰŮ ɜŬ əŬɗɞɟɑůɞɡɜ ɛŮŰŬɓɎůŮɘɠ ŮɑŰŮ ɜŬ ŮˊŬɜŬűŮɟɗɞɨɜ ůŰɖɜ Ŭɟɢɘəɐ Űɞɡɠ Űɘɛɐ 

[3]. ɄŬɟŬəɎŰɤ ŭɑɜŮŰŬɘ ɞ ˊɚɐɟɖɠ ɛŬɗɖɛŬŰɘəɧɠ ɞɟɘůɛɧɠ Ůɜɧɠ ɢɟɞɜɘůɛɏɜɞɡ ŬɡŰɞɛɎŰɞɡ ŬɚɚɎ əŬɘ 

əɎˊɞɘŮɠ ɓŬůɘəɏɠ ɏɜɜɞɘŮɠ ɢɟɧɜɞɡ ˊɞɡ ɗŬ ɢɟɖůɘɛɞˊɞɘɐůɞɡɛŮ ůŰɖ ůɡɜɏɢŮɘŬ. 

 
 

2.2 ũɟɎűɞɠ ȷɚɚɖɚɞŮɝŬɟŰɐůŮɤɜ ï Task Graph: 

 
ȰɜŬɠ ɔɟɎűɞɠ ŬɚɚɖɚŮɝɎɟŰɖůɖɠ ŬˊɞŰŮɚŮɑ ɏɜŬ Ŭˊɧ ŰŬ ɛŮɔŬɚɨŰŮɟŬ ŮɟɔŬɚŮɑŬ ɔɘŬ Űɖɜ 

Ůˊɑɚɡůɖ ˊɟɞɓɚɖɛɎŰɤɜ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ. ȰɜŬɠ ŰɏŰɞɘɞɠ ɔɟɎűɞɠ ŮɑɜŬɘ ɏɜŬ ůɢŮŭɧɜ 

ŰŬɝɘɜɞɛɖɛɏɜɞ ůɨɜɞɚɞ Ŭˊɧ tasks, ɛŮ ɏɜŬ ŬəɏɟŬɘɞ Ŭɟɘɗɛɧ (task duration) ˊɞɡ ůɡɜŭɏŮŰŬɘ ɛŮ Űɞɜ 

əɎɗŮ əɧɛɓɞ. ɀɑŬ ŭɘŮɟɔŬůɑŬ Űɞɡ ɔɟɎűɞɡ ɛˊɞɟŮɑ ɜŬ ɝŮəɘɜɐůŮɘ ɜŬ ŮəŰŮɚŮɑŰŬɘ ɛɧɜɞ ɧŰŬɜ ɧɚɞɘ ɞɘ 

ˊɟɞəɎŰɞɢɞɘ Űɞɡ ɏɢɞɡɜ ŰŮɚŮɘɩůŮɘ Űɖɜ ŮəŰɏɚŮůɐ Űɞɡɠ [17]. ɆŰɖ ůɡɜɏɢŮɘŬ ŭɑɜŮŰŬɘ ɞ ŬɡůŰɖɟɧɠ 

ɛŬɗɖɛŬŰɘəɧɠ ɞɟɘůɛɧɠ Ůɜɧɠ task graph. 

ȰɜŬ ŭɘɎɔɟŬɛɛŬ ŬɚɚɖɚŮɝɎɟŰɖůɖɠ ɞɟɑɕŮŰŬɘ ɤɠ ɛɑŬ ŰɟɘˊɚɏŰŬ G = ( P , < , d)ŰɏŰɞɘŬ ɩůŰŮ 

Űɞ P = { P1,é,Pm }ɜŬ ŮɑɜŬɘ ɏɜŬ ůɨɜɞɚɞ Ŭˊɧ mŭɘŮɟɔŬůɑŮɠ, Űɞ < ŮɑɜŬɘ ɛɑŬ ůɢɏůɖ ɛŮɟɘəɐɠ ŰɎɝɖɠ 

ůŰɞ PəŬɘ Űɞ d : PŸNŮɑɜŬɘ ɛɑŬ ůɡɜɎɟŰɖůɖ ˊɞɡ ŬɜŬɗɏŰŮɘ çŭɘɎɟəŮɘŬè ůŰɖɜ əɎɗŮ ŭɘŮɟɔŬůɑŬ.  

 ɄŬɟŬəɎŰɤ ˊŬɟŬŰɑɗŮŰŬɘ ɏɜŬɠ ŰɏŰɞɘɞɠ ɔɟɎűɞɠ ŬɚɚɖɚŮɝɎɟŰɖůɖɠ ɛŮŰŬɝɨ ŮˊŰɎ 

ŭɘŮɟɔŬůɘɩɜ. ɆɖɛŮɘɩɜŮŰŬɘ ˊɤɠ ůŰŬ ˊɟɞɓɚɐɛŬŰŬ ɢɟɞɜɞŭɟɞɛɞɚɧɔɖůɖɠ ˊɞɡ ŬɜŰɘɛŮŰɤˊɑɕɞɡɛŮ 

ŭŮɜ ɢɟɖůɘɛɞˊɞɘɞɨɛŮ Űɖɜ ɏɜɜɞɘŬ Űɞɡ ɔɟɎűɞɡ ŬɚɚɖɚŮɝɎɟŰɖůɖɠ ůɢɖɛŬŰɘəɎ, ŬɚɚɎ ůŮ ɛɞɟűɐ 

BooleanˊɘɜɎəɤɜ nxn ˊɞɡ ɖ əɎɗŮ ůŮɘɟɎ Űɞɡ ˊɑɜŬəŬ ŬɜŬˊŬɟɘůŰɎ Űɖɜ əɎɗŮ ŭɘŮɟɔŬůɑŬ Űɞɡ 

ˊɟɞɓɚɐɛŬŰɞɠ ŬɚɚɎ əŬɘ Űɘɠ ŮɝŬɟŰɐůŮɘɠ Űɘɠ Ŭˊɧ Űɘɠ ɡˊɧɚɞɘˊŮɠ (əŮű. 4). 
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ɆɢɐɛŬ 2.2 ũɟɎűɞɠ ŬɚɚɖɚɞŮɝɎɟŰɖůɖɠ 

 
 

2.3 ɃɅȽɆɀɃɆ(ɢɟɞɜɘůɛɏɜɞ ŬɡŰɧɛŬŰɞ-timed automaton): 

 

ɋɠ ɢɟɞɜɘůɛɏɜɞ ŬɡŰɧɛŬŰɞ əŬɗɑůŰŬŰŬɘ ɏɜŬ ŭɘɎɜɡůɛŬ ȷ = (Q,C,s,f,ȹ) , ɧˊɞɡ Q ŮɑɜŬɘ ɏɜŬ 

ˊŮˊŮɟŬůɛɏɜɞ ůɨɜɞɚɞ əŬŰŬůŰɎůŮɤɜ, C ɏɜŬ ˊŮˊŮɟŬůɛɏɜɞ ůɨɜɞɚɞ ɢɟɞɜɘəɩɜ ɛŮŰŬɓɚɖŰɩɜ-

ɟɞɚɞɔɘɩɜ əŬɘ ȹ ŮɑɜŬɘ ɛɑŬ ůɢɏůɖ ɛŮŰŬɓɎůŮɤɜ ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ůŰɞɘɢŮɑŬ Űɖɠ ɛɞɟűɐɠ 

(q,ű,ɟ,qô) ɧˊɞɡ q əŬɘ qô ŮɑɜŬɘ əŬŰŬůŰɎůŮɘɠ, ɟ ɡˊɞůɨɜɞɚɞ Űɞɡ C əŬɘ ű (ůɡɜɗɐəɖ Ůɚɏɔɢɞɡ 

ɛŮŰɎɓŬůɖɠ) ŮɑɜŬɘ ɏɜŬɠ ŬɚɔŮɓɟɘəɧɠ ůɡɜŭɡŬůɛɧɠ Űɨˊɤɜ Űɖɠ ɛɞɟűɐɠ (C Ů I) ɔɘŬ əɎˊɞɘɞ ɟɞɚɧɘ c 

əŬɘ əɎˊɞɘɞ ŭɘɎůŰɖɛŬ ŬəɏɟŬɘŬ ˊŮɟɘɞɟɘůɛɏɜɞ. Ƀɘ əŬŰŬůŰɎůŮɘɠ s əŬɘ f ŬˊɞŰŮɚɞɨɜ Űɖɜ Ŭɟɢɘəɐ əŬɘ 

Űɖɜ ŰŮɚɘəɐ əŬŰɎůŰŬůɖ ŬɜŰɑůŰɞɘɢŬ [17]. 

 
 

2.4 ɃɅȽɆɀɃɆ(ŮəŰɑɛɖůɖ ɢɟɧɜɞɡ-clock valuation): 

 

 ȺəŰɑɛɖůɖ ɢɟɧɜɞɡ ɞɜɞɛɎɕŮŰŬɘ ɛɑŬ ůɡɜɎɟŰɖůɖ ɜ : C Ÿ R+ U {0} ɐ ɘůɞŭɨɜŬɛŬ ɏɜŬ 

ŭɘɎɜɡůɛŬ ɛɐəɞɡɠ |C| Ů R+ [15]. ɃɟɑɕɞɜŰŬɠ Űɞ ůɨɜɞɚɞ Űɤɜ ɢɟɞɜɘəɩɜ ŮəŰɘɛɐůŮɤɜ ɤɠ ȼ 

ˊɟɞəɨˊŰŮɘ ˊɤɠ ɛɑŬ ˊŬɟŬɛŮŰɟɞˊɞɑɖůɖ Űɞɡ  ŬɡŰɧɛŬŰɞɡ ŮɑɜŬɘ Űɞ ɕŮɨɔɞɠ (q , ɜ) Ů Q × H, ˊɞɡ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɑŬ ŭɘŬəŮəɟɘɛɏɜɖ əŬŰɎůŰŬůɖ əŬɘ ɛɑŬ ɢɟɞɜɘəɐ ŮəŰɑɛɖůɖ. ȾɎɗŮ ɟ ˊɞɡ ŮɑɜŬɘ 

ɡˊɞůɨɜɞɚɞ Űɞɡ C ŮɘůɎɔŮɘ ɛɑŬ ůɡɜɎɟŰɖůɖ ɛɖŭŮɜɘůɛɞɨ (ŮˊŬɜŬűɞɟɎɠ): 

 Resetɟ :ȼ Ÿ ȼ , ɞɟɘůɛɏɜɖ ɔɘŬ əɎɗŮ ŮəŰɑɛɖůɖ ɢɟɧɜɞɡ vəŬɘ əɎɗŮ ɛŮŰŬɓɚɖŰɐ ɟɞɚɞɔɘɞɨ 

cŮ C ɤɠ:  

 

 Resetɟv(c)= { 0 Ŭɜ c Ů ɟ }  

 {v(c)Ŭɜ cÍŮ ɟ } 

 

ɀŮ ɎɚɚŬ ɚɧɔɘŬ ɖ Resetɟ ɛɖŭŮɜɑɕŮɘ əŬɘ ŮˊŬɜŬűɏɟŮɘ ɧɚŬ ŰŬ ɟɞɚɧɔɘŬ ůŰɞ ɟ ŬűɐɜɞɜŰŬɠ ŰŬ 

ɡˊɧɚɞɘˊŬ ŬɛŮŰɎɓɚɖŰŬ. ũɘŬ ŭɘəɐ ɛŬɠ ŮɡəɞɚɑŬ ůŰɞɜ ɞɟɘůɛɧ, ɢɟɖůɘɛɞˊɞɘɞɨɛŮ 1 ɔɘŬ Űɞ 

ɛɞɜŬŭɘŬɑɞ ŭɘɎɜɡůɛŬ (1,1,...,1) əŬɘ 0 ɔɘŬ Űɞ ɛɖŭŮɜɘəɧ ŭɘɎɜɡůɛŬ. 

 ȰɜŬ ɓɐɛŬ ůŮ ɏɜŬ ŬɡŰɧɛŬŰɞ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ: 

 

 

¶ ȹɘŬəɟɘŰɧ ɓɐɛŬ: (q, v) Ÿ0 (qô, vô) ɧˊɞɡ ɡˊɎɟɢŮɘ ŭ = (q,ű,ɟ,qô) Ů ȹ, ŰɏŰɞɘɞ ɩůŰŮ 

Űɞ vɜŬ ɘəŬɜɞˊɞɘŮɑ ŰŬ ű əŬɘ  vô= Resetɟ(v) 
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¶ ɉɟɞɜɘəɧ ɓɐɛŬ: (q, v) Ÿt (q, v+ t×1), tŮ R+ 

 

 

ɀɑŬ ŮəŰɏɚŮůɖ Ůɜɧɠ ŬɡŰɞɛɎŰɞɡ ˊɞɡ ɝŮəɘɜɎ Ŭˊɧ ɛɑŬ ˊŬɟŬɛŮŰɟɞˊɞɑɖůɖ (q0, v0) ŬˊɞŰŮɚŮɑ ɛɑŬ 

ˊŮˊŮɟŬůɛɏɜɖ ŬəɞɚɞɡɗɑŬ ɓɖɛɎŰɤɜ: 

  

   ɝ : (q, v) Ÿt1 (q1, v1) Ÿt2 é Ÿtn(qn, vn) 

 

 

ɇɞ ɚɞɔɘəɧ ɛɐəɞɠ ɛɑŬɠ ŰɏŰɞɘŬɠ ŮəŰɏɚŮůɖɠ ŮɑɜŬɘ n əŬɘ Űɞ ɛŮŰɟɘəɧ ɛɐəɞɠ ŮɑɜŬɘ t1 + t2 + ... + tn , 

ɧˊɞɡ ɞɘ ŭɘŬəɟɘŰɏɠ ɛŮŰŬɓɎůŮɘɠ ŭŮɜ ŭŬˊŬɜɞɨɜ ɢɟɧɜɞ. 

 

 Ʉɞɚɚɏɠ űɞɟɏɠ ɛŬɠ ŭɘŮɡəɞɚɨɜŮɘ ɖ ŭɘŮɨɟɡɜůɖ Ůɜɧɠ ŬɡŰɞɛɎŰɞɡ  ȷ ɛŮ ɏɜŬ ŮˊɘˊɟɧůɗŮŰɞ 

ɟɞɚɧɘ tŰɞ ɞˊɞɑɞ ŮɑɜŬɘ ŮɜŮɟɔɧ ůŮ əɎɗŮ əŬŰɎůŰŬůɖ Űɞɡ ŬɡŰɞɛɎŰɞɡ əŬɘ ŭŮɜ ŮˊŬɜŬűɏɟŮŰŬɘ ˊɞŰɏ 

ůŰɖɜ Űɘɛɐ ɛɖŭɏɜ. ɇɞ ˊɟɞəɨˊŰɤɜ ŬɡŰɧɛŬŰɞ ůɡɛɓɞɚɑɕŮŰŬɘ ɛŮ ȷô əŬɘ ɞɜɞɛɎɕŮŰŬɘ ŭɘŮɡɟɡɛɏɜɞ 

ŬɡŰɧɛŬŰɞ, Ůɜɩ ɞɘ ŮəŰŮɚɏůŮɘɠ Űɞɡ ɞɜɞɛɎɕɞɜŰŬɘ ŭɘŮɡɟɡɛɏɜŮɠ ŮəŰŮɚɏůŮɘɠ Űɞɡ ŬɡŰɞɛɎŰɞɡ ȷô . 

Ⱥűɧůɞɜ Űɞ tŮɑɜŬɘ ɛŮŰŬɓɚɖŰɐ ŬˊɧɚɡŰɞɡ ɢɟɧɜɞɡ, Űɞ (q, v, t) ˊɟɞůŮɔɔɑɕŮŰŬɘ ůŰɞ ȷô Ŭɜ əŬɘ ɛɧɜɞ 

Ŭɜ Űɞ (q, v) ˊɟɞůŮɔɔɑɕŮŰŬɘ ůŰɞ ȷ Űɖ ɢɟɞɜɘəɐ ůŰɘɔɛɐ t [17,22]. 

 ɆɖɛŮɘɩɜŮŰŬɘ ŬəɧɛŬ ˊɤɠ ɞɘ ɛŮŰŬɓɎůŮɘɠ ñɏɜŬɟɝɖò əŬɘ ñɚɐɝɖò , ɞɘ ɞˊɞɑŮɠ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰɘɠ ˊɟɞɖɔɞɨɛŮɜŮɠ ˊŬɟŬɔɟɎűɞɡɠ ŭŮɜ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ 

əŬɗɩɠ ůŰɖ ɗɏůɖ Űɞɡɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ ɢɟɞɜɘəɐ Űɞɡɠ ŭɘɎɟəŮɘŬ ɖ ɞˊɞɑŬ ŮɑɜŬɘ ɛɖŭɏɜ. ɄŬɟɧɚɞ 

ˊɞɡ Ŭˊɧ Űɞɜ ɞɟɘůɛɧ Űɤɜ ɟɞɚɞɔɘɩɜ ŮɛűŬɜɑɕŮŰŬɘ ɞɛɞɘɞɛɞɟűɑŬ ůŮ ŬɡŰɎ əŬɗɩɠ ɖ ˊŬɟɎɔɤɔɧɠ 

Űɞɡɠ ŮɑɜŬɘ 1 ˊɎɜŰŬ, ɡˊɎɟɢɞɡɜ əŬŰŬůŰɎůŮɘɠ ˊɞɡ ůɡɔəŮəɟɘɛɏɜŮɠ Űɘɛɏɠ ɟɞɚɞɔɘɩɜ ŭŮɜ ŮɑɜŬɘ Űɧůɞ 

ůɖɛŬɜŰɘəɏɠ əŬɗɩɠ ůŮ əɎɗŮ ɛɞɜɞˊɎŰɘ ɛŮ ŬűŮŰɖɟɑŬ Űɘɠ ůɡɔəŮəɟɘɛɏɜŮɠ əŬŰŬůŰɎůŮɘɠ ɞɘ Űɘɛɏɠ Űɤɜ 

ɟɞɚɞɔɘɩɜ ŭŮɜ ŮɚɏɔɢɞɜŰŬɘ ˊɟɘɜ ŮˊŬɜŬűŮɟɗɞɨɜ ůŰɞ ɛɖŭɏɜ ( ˊ.ɢ. ɟɞɚɧɘ X1 ůŮ əŬŰɎůŰŬůɖ 

(Ėp1,p2)). ŪŬ ɚɏɛŮ ˊɤɠ ɏɜŬ ɟɞɚɧɘ ůŮ ɛɑŬ ŰɏŰɞɘŬ əŬŰɎůŰŬůɖ ŮɑɜŬɘ ŬɜŮɜŮɟɔɧ.  

 
 
 
 

2.5 ɃɅȽɆɀɃɆ(ɢɟɞɜɘůɛɏɜɞ ŬɡŰɧɛŬŰɞ ůŮ ŭɘŮɟɔŬůɑŬ-timed automaton for a 
task) 

 

 ȷɠ ɗŮɤɟɐůɞɡɛŮ ɏůŰɤ G ɏɜŬ ŭɘɎɔɟŬɛɛŬ ŭɘŮɟɔŬůɘɩɜ. ũɘŬ əɎɗŮ ŭɘŮɟɔŬůɑŬ/task P ˊɞɡ 

ŬɜɐəŮɘ ůŮ ŬɡŰɧ Űɞ ŭɘɎɔɟŬɛɛŬ ɏɜŬ ɢɟɞɜɘůɛɏɜɞ ŬɡŰɧɛŬŰɞ ȷ = (Q,{C},s,f,ȹ) ɛŮ Q = { p,pĖ,p-}  

ŮɑɜŬɘ ůɡɜŭŮŭŮɛɏɜɞ ɛŬɕɑ Űɖɠ, ɛŮ pĖ Űɖɜ Ŭɟɢɘəɐ əŬŰɎůŰŬůɖ əŬɘ p- Űɖɜ ŰŮɚɘəɐ. ȼ ůɢɏůɖ 

ɛŮŰɎɓŬůɖɠ ȹ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɘɠ Ůɝɐɠ ŭɨɞ ɛŮŰŬˊŰɩůŮɘɠ: 

 
 

 ȷɟɢɘəɐ:   

   
əŬɘ  

 

 ɇŮɚɘəɐ: 
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ɇɞ əŬɗɞɚɘəɧ ŬɡŰɧɛŬŰɞ ŬɜŰɘˊɟɞůɤˊŮɨŮɘ əɎɗŮ ŮűɘəŰɧ ɢɟɞɜɞŭɘɎɔɟŬɛɛŬ ˊɞɡ ɛˊɞɟŮɑ ɜŬ 

ˊɟɞəɨɣŮɘ ɤɠ ůɨɜɗŮůɖ Űɤɜ Ůˊɘɛɏɟɞɡɠ ŭɘŮɟɔŬůɘɩɜ, ɚŬɛɓɎɜɞɜŰŬɠ ɡˊɧɣɖ ˊɤɠ ɖ Ŭɟɢɘəɐ 

ɛŮŰɎɓŬůɖ ŭŮɜ ˊŬɟŬɓɘɎɕŮɘ Űɖɜ ˊɟɞŰŮɟŬɘɧŰɖŰŬ əŬɘ Űɞɡɠ ˊŮɟɘɞɟɘůɛɞɨ Űɤɜ ˊɧɟɤɜ/resources 

[22]. ȷɡŰɧ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ŮˊɘŰɟɏˊɞɜŰŬɠ ɛɘŬ ŰɏŰɞɘŬ ɛŮŰɎɓŬůɖ ůŮ ɛɑŬ əŬɗɞɚɘəɐ əŬŰɎůŰŬůɖ ɛɧɜɞ 

ɧŰŬɜ ɞ çűɟɞɡɟɧɠè Űɖɠ (ů.ů. guard, ɗŬ ŮɝɖɔɖɗŮɑ ůŰɞ əŮűɎɚŬɘɞ UPPAAL) ɘəŬɜɞˊɞɘŮɑŰŬɘ əŬɘ ɞ 

Ŭɟɘɗɛɧɠ Űɤɜ ŮɜŮɟɔɩɜ ŭɘŮɟɔŬůɘɩɜ ůŰɖɜ ˊɟɞəɨˊŰɞɡůŬ əŬŰɎůŰŬůɖ ŭŮɜ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɞɠ Ŭˊɞ 

Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ɛɖɢŬɜɩɜ ˊɞɡ ŮɑɜŬɘ ŬɟɛɧŭɘŮɠ ɔɘŬ Űɖɜ əɎɗŮ ŭɘŮɟɔŬůɑŬ [15,17]. 

 ɋůŰɧůɞ Ůɜɩ Űɞ əŬɗɞɚɘəɧ ŬɡŰɧɛŬŰɞ ŬɡŰɧ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟɎűŮɘ ˊɚɐɟɤɠ ɧɚŮɠ Űɘɠ 

ˊɟɞůɓɎůɘɛŮɠ əŬɗɞɚɘəɏɠ əŬŰŬůŰɎůŮɘɠ, ŭɘŬɗɏŰŮɘ əɎˊɞɘŬ ɢŬɟŬəŰɖɟɘůŰɘəɎ ˊɞɡ ɛˊɞɟŮɑ ɜŬ 

ɛŮŰŬŰɟɏɣɞɡɜ ɛɑŬ ŬɜɎɚɡůɖ Ůɜɧɠ ˊɟɞɓɚɐɛŬŰɞɠ ůŮ ŬɜɏűɘəŰɖ. ȷɡŰɞ ɞűŮɑɚŮŰŬɘ ůŰɞ ɧŰɘ ɞɘ 

əŬɗɞɚɘəɏɠ əŬŰŬůŰɎůŮɘɠ ˊŮɟɘɔɟɎűɞɜŰŬɘ ɤɠ ŭɘŬɜɨůɛŬŰŬ ɛŮɔɏɗɞɡɠ m, ˊɞɡ Űɞ m ɏɢŮɘ Űɖɜ 

ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŮɑɜŬɘ ɏɜŬɠ ˊɞɚɨ ɛŮɔɎɚɞɠ Ŭɟɘɗɛɧɠ ˊɟɎɔɛŬ ˊɞɡ əɎɜŮɘ Ůɝɑůɞɡ ɛŮɔɎɚɞ əŬɘ Űɞɜ 

Ŭɟɘɗɛɧ Űɤɜ ɟɞɚɞɔɘɩɜ (ɏɢɞɡɜ əŬɘ ŬɡŰɎ Ŭɟɘɗɛɧ m) [17]. 
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3 ɀɃɁɇȺȿɃɄɃȽȼɆȼ ɆɈɆɇȼɀȷɇɋɁ ɉɅɃɁȽɆɀȺɁɋɁ 
ȷɈɇɃɀȷɇɋɁ 

3.1 ȰɚŮɔɢɞɠ ɀɞɜŰɏɚɞɡ ï Model Checking: 

 

ȼ ɛɞɜŰŮɚɞˊɞɑɖůɖ ŮɑɜŬɘ ɛɘŬ ˊɞɚɨ ɘůɢɡɟɐ ɛɏɗɞŭɞɠ ɔɘŬ Űɞɜ ŮɜŰɞˊɘůɛɧ ůűŬɚɛɎŰɤɜ ůŮ 

ˊŮɟɑˊɚɞəŬ ůɡůŰɐɛŬŰŬ ɧˊɤɠ ůŰɞɘɢŮɑŬ hardware, ŮɜůɤɛŬŰɤɛɏɜɞɡɠ ŮɚŮɔəŰɏɠ əŬɘ ˊɟɤŰɧəɞɚɚŬ 

ŮˊɘəɞɘɜɤɜɑŬɠ. ȾŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ Ůɚɏɔɢɞɡ ɛɞɜŰɏɚɞɡ ɞɘ ˊɟɞŭɘŬɔɟŬűɏɠ Ůɜɧɠ ŰɏŰɞɘɞɡ 

ůɡůŰɐɛŬŰɞɠ ŮəűɟɎɕɞɜŰŬɘ ůŬɜ Űɨˊɞɘ ɢɟɞɜɘəɐɠ ɚɞɔɘəɐɠ Ůɜɩ ˊŬɟɎɚɚɖɚŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ŬˊɞŭɞŰɘəɞɑ ůɡɛɓɞɚɘəɞɑ Ŭɚɔɧɟɘɗɛɞɘ ɩůŰŮ ɜŬ çŭɘŬůɢɑůɞɡɜè Űɞ ɛɞɜŰɏɚɞ ˊɞɡ ɞɟɑɕŮɘ Űɞ ůɨůŰɖɛŬ 

əŬɘ ɜŬ Ůɚɏɔɝɞɡɜ ŮɎɜ Ůɜ Űɏɚɖ ɞ ˊɟɞůŭɘɞɟɘůɛɧɠ ɘůɢɨŮɘ. ɇɞ 2007, ɞɘ E.M. Clarke , E.A. Emerson 

əŬɘ J.Sifakis ɓɟŬɓŮɨŰɖəŬɜ ɛŮ Űɞ ACM Turing Award ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ Űɞɡ Ůɚɏɔɢɞɡ ɛɞɜŰɏɚɞɡ 

ůŮ ɛɑŬ ŮɝŬɘɟŮŰɘəɎ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ŰŮɢɜɞɚɞɔɑŬ ŮˊŬɚɐɗŮɡůɖɠ, ˊɞɡ ɞɘəŮɘɞˊɞɘɐɗɖəŮ ɖ 

ɓɘɞɛɖɢŬɜɑŬ.[8] 

Ƀɘ ŮɚŮɔəŰɏɠ ɛɞɜŰɏɚɞɡ ˊŬɟɏɢɞɡɜ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ ŬɜɎɚɡůɖɠ ɛɞɜŰɏɚɤɜ ɛɏůɤ Űɖɠ 

ŭɡɜŬɛɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɤɜ ůɡůŰɖɛɎŰɤɜ. ɇɏŰɞɘŬ ůɡůŰɐɛŬŰŬ ˊɞɘəɑɚɚɞɡɜ ɧˊɤɠ ɏɜŬ ŭɑəŰɡɞ 

ɡˊɞɚɞɔɘůŰɩɜ ɐ ŮəŰɡˊɤŰɩɜ, ɏɜŬ ˊŬɕɚ ɐ ɛɑŬ ŬˊɞɘəɑŬ ɛɡɟɛɖɔəɘɩɜ, ɏɜŬ ŬɡŰɧɜɞɛɞ ɟɞɛˊɧŰ ɐ 

ɏɜŬ ɚɞɔɘůɛɘəɧ Ůɚɏɔɢɞɡ ɔɘŬ ŰɟŬɑɜŬ əɚˊ. ɆŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ əɎɗŮ ůɨůŰɖɛŬ ɛˊɞɟŮɑ ɜŬ 

ŬɜŬɚɡɗŮɑ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ Űɖɜ ŰŮɢɜɘəɐ Űɞɡ Ůɚɏɔɢɞɡ ɛɞɜŰɏɚɞɡ, ŬɟəŮɑ ɜŬ ŭɘŬɗɏŰŮɘ əŬŰŬůŰɎůŮɘɠ 

(states) əŬɘ ɛŮŰŬɓɎůŮɘɠ (transitions) ɛŮŰŬɝɨ Űɤɜ əŬŰŬůŰɎůŮɤɜ.[Frits Vaandrager: A First 

Introduction to Uppaal, 14, 21] 

 

3.2 ɇɡˊɘəɐ ȺˊŬɚɐɗŮɡůɖ 

 

 ɆŰɞ ˊɚŬɑůɘɞ Űɤɜ ůɡůŰɖɛɎŰɤɜ ɡɚɘəɞɨ əŬɘ ɚɞɔɘůɛɘəɞɨ (hardware-software) ɖ Űɡˊɘəɐ 

ŮˊŬɚɐɗŮɡůɖ ŮɑɜŬɘ ɖ ˊɟɎɝɖ Űɖɠ ŬˊɧŭŮɘɝɖɠ ɐ Űɖɠ ŬˊɧŭŮɘɝɖɠ Űɖɠ ɞɟɗɧŰɖŰŬɠ Űɤɜ 

ˊɟɞɓɚŮˊɧɛŮɜɤɜ Ŭɚɔɞɟɑɗɛɤɜ ˊɞɡ ŭɘɏˊɞɡɜ ɏɜŬ ůɨůŰɖɛŬ ůŮ ůɢɏůɖ ɛŮ ɛɑŬ ůɡɔəŮəɟɘɛɏɜɖ 

Űɡˊɘəɐ ˊɟɞŭɘŬɔɟŬűɐ ɖ ɘŭɘɧŰɖŰŬ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŮˊɑůɖɛŮɠ ɛŬɗɖɛŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ [5]. ȾŬŰɎ 

ůɡɜɏˊŮɘŬ, ɖ Űɡˊɘəɐ ŮˊŬɚɐɗŮɡůɖ ůŮ ɏɜŬ ůɨůŰɖɛŬ ŮɑɜŬɘ əŬɗɞɟɘůŰɘəɐ ɔɘŬ Űɖɜ ɞɟɗɧŰɖŰɎ Űɞɡ əŬɘ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ Űɖɜ ˊŬɟɞɢɐ ɛɑŬɠ Ůˊɑůɖɛɖɠ ŬˊɧŭŮɘɝɖɠ ɔɘŬ ɏɜŬ Ŭűɖɟɖɛɏɜɞ ɛŬɗɖɛŬŰɘəɧ 

ɛɞɜŰɏɚɞ Űɞɡ ůɡůŰɐɛŬŰɞɠ, ˊɞɡ ɖ ůɢɏůɖ ɛŮŰŬɝɨ ŬɡŰɞɨ Űɞɡ ɛɞɜŰɏɚɞɡ əŬɘ Űɖɠ űɨůɖɠ Űɞɡ 

ůɡůŰɐɛŬŰɞɠ ŮɑɜŬɘ ɔɜɤůŰɐ Ŭˊɧ Űɖɜ Ŭɟɢɘəɐ əŬŰŬůəŮɡɐ. ɀŮɟɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ɛŬɗɖɛŬŰɘəɩɜ 

ůŰɞɘɢŮɑɤɜ ˊɞɡ ˊŮɟɘɔɟɎűɞɡɜ ŰɏŰɞɘŬ ůɡůŰɐɛŬŰŬ ŮɑɜŬɘ ɞɘ ɛɖɢŬɜɏɠ ˊŮˊŮɟŬůɛɏɜɤɜ 

əŬŰŬůŰɎůŮɤɜ, ŰŬ ɢŬɟŬəŰɖɟɘůɛɏɜŬ ůɡůŰɐɛŬŰŬ ɛŮŰɎɓŬůɖɠ, ŰŬ ůɡůŰɐɛŬŰŬ ˊɟɞůɗɐəɖɠ űɞɟɏŬ, 

ŰŬ ɡɓɟɘŭɘəɎ ŬɚɚɎ əŬɘ ŰŬ ɢɟɞɜɘůɛɏɜŬ ŬɡŰɧɛŬŰŬ. 

 ȼ Űɡˊɘəɐ ŮˊŬɚɐɗŮɡůɖ ŮɝŮɟŮɡɜŮɑ Űɞɜ ˊɚɐɟɖ ɢɩɟɞ Űɤɜ ˊɘɗŬɜɩɜ ůɡɛˊŮɟɘűɞɟɩɜ 

ůɢŮŭɘŬůɛɞɨ Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ, ůŮ ŬɜŰɘŭɘŬůŰɞɚɐ ɛŮ Űɘɠ ŰŮɢɜɘəɏɠ ŭɞəɘɛɩɜ, ˊɟɞůɞɛɞɑɤůɖɠ əŬɘ 

Ůɝɞɛɞɑɤůɖɠ, ɞɘ ɞˊɞɑŮɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ ŮɨɟŮůɖ əŬɘ ŮɝɎɚŮɘɣɖ ůűŬɚɛɎŰɤɜ ŬɚɚɎ ŭŮɜ 

ɏɢɞɡɜ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŬˊɞŭŮɑɝɞɡɜ Űɖɜ ŬˊɞɡůɑŬ ŮɚŬŰŰɤɛɎŰɤɜ ůɢŮŭɑŬůɖɠ. ȸɏɓŬɘŬ, ɖ 

Űɡˊɘəɐ ŮˊŬɚɐɗŮɡůɖ ɚɨɜŮɘ ˊɟɞɓɚɐɛŬŰŬ ˊɞɡ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ˊɤɠ ŮɑɜŬɘ ˊɞɚɡˊɚɞəɧŰɖŰŬɠ NP-

complete(ɐ ɢŮɘɟɧŰŮɟŬ), ˊɟɎɔɛŬ ˊɞɡ ůɖɛŬɑɜŮɘ ˊɤɠ ŮɑɜŬɘ ůɢŮŭɧɜ ŬŭɨɜŬŰɖ ɖ ŮɨɟŮůɖ Ůɜɧɠ 

ɔŮɜɘəŮɡɛɏɜɞɡ ŬˊɞŰŮɚŮůɛŬŰɘəɞɨ Ŭɚɔɞɟɑɗɛɞɡ ˊɞɡ ɗŬ ŮɝŬůűŬɚɑɕŮɘ ůŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ ɛɑŬ 
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ɏɔəŬɘɟɖ ɚɨůɖ. ɋůŰɧůɞ, ɨůŰŮɟŬ Ŭˊɧ ŭŮəŬŮŰɑŮɠ ɏɟŮɡɜŬɠ ɏɢɞɡɛŮ ɞŭɖɔɖɗŮɑ ůŰɖ ůɖɛŮɟɘɜɐ ɔŮɜɘɎ 

Űɤɜ ŮɟɔŬɚŮɑɤɜ Űɡˊɘəɐɠ ŮˊŬɚɐɗŮɡůɖɠ ˊɞɡ ŮɑɜŬɘ ůŮ ɗɏůɖ ɜŬ ŬɜŬɚɨůɞɡɜ ɡˊŬɟəŰɎ ɓɘɞɛɖɢŬɜɘəɎ 

ůɢɏŭɘŬ ůŮ Ůɨɚɞɔɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ. 

 ȼ ŭɘŬŭɘəŬůɑŬ Űɖɠ Űɡˊɘəɐɠ ŮˊŬɚɐɗŮɡůɖɠ ŭɖɛɘɞɡɟɔŮɑŰŬɘ Ŭˊɧ ŬˊɞŭɞŰɘəɏɠ ŭɞɛɏɠ 

ŭŮŭɞɛɏɜɤɜ ˊɞɡ əŬŰŬɔɟɎűɞɡɜ əɎɗŮ ˊɘɗŬɜɐ ůɡɛˊŮɟɘűɞɟɎ Ůɜɧɠ ɛɞɜŰɏɚɞɡ, ůɡɜŭɡŬɕɧɛŮɜŬ ɛŮ 

ŬˊɞŭɞŰɘəɞɨ Ŭɚɔɞɟɑɗɛɞɡɠ ˊɞɡ ŬɜŬɕɖŰɞɨɜ ˊɎɜɤ  Ŭˊɧ Űɞ ɢɩɟɞ ɔɘŬ ɜŬ ɓɟɞɡɜ 

ŬɜŰɘˊŬɟŬŭŮɑɔɛŬŰŬ ůŮ ˊŮɟɑˊŰɤůɖ ˊɞɡ ɞɘ ŬˊŬɘŰɐůŮɘɠ ůɢŮŭɑŬůɖɠ ŭŮɜ ɏɢɞɡɜ ɘəŬɜɞˊɞɘɖɗŮɑ. ɀŮ 

Űɞ ůɡɜŭɡŬůɛɧ ŬˊɞŰŮɚŮůɛŬŰɘəɩɜ ŬɚɚɎ əŬɘ ŮɡɏɚɘəŰɤɜ ŬɜŬˊŬɟŬůŰɎůŮɤɜ Űɖɠ ŭɡŬŭɘəɐɠ ɚɞɔɘəɐɠ 

ɛŮ ɏɜŬ ɏɝɡˊɜɞ ůɨɜɞɚɞ ŭɞɛɩɜ ŭŮŭɞɛɏɜɤɜ əŬɘ ůŰɟŬŰɖɔɘəɩɜ ŬɜŬɕɐŰɖůɖɠ, ŰŬ ůɨɔɢɟɞɜŬ 

ŮɟɔŬɚŮɑŬ Űɡˊɘəɐɠ ŮˊŬɚɐɗŮɡůɖɠ ɛˊɞɟɞɨɜ ɜŬ ɚŮɘŰɞɡɟɔɐůɞɡɜ ŬˊɞŰŮɚŮůɛŬŰɘəɎ ůŮ ˊɞɚɚɏɠ 

ˊɟŬɔɛŬŰɘəɏɠ ŮűŬɟɛɞɔɏɠ ɛŮ ŮəŬŰɞɜŰɎŭŮɠ ɐ ŬəɧɛŬ əŬɘ ɢɘɚɘɎŭŮɠ ɛŮŰŬɓɚɖŰɏɠ.[13,17] 

 

3.3 ɀɞɜŰŮɚɞˊɞɑɖůɖ 

 

 ɇɞ UPPAAL ŬɜŬˊŰɨɢɗɖəŮ əŬɘ ŮɝŮɚɑɢɗɖəŮ ůŮ ůɡɜŮɟɔŬůɑŬ ɛŮŰŬɝɨ Űɞɡ ŰɛɐɛŬŰɞɠ 

Ʉɚɖɟɞűɞɟɘəɐɠ Űɞɡ ˊŬɜŮˊɘůŰɖɛɑɞɡ Uppsala Űɖɠ ɆɞɡɖŭɑŬɠ əŬɘ Űɞɡ ŰɛɐɛŬŰɞɠ ȺˊɘůŰɐɛɖɠ Űɤɜ 

ɡˊɞɚɞɔɘůŰɩɜ Űɞɡ ˊŬɜŮˊɘůŰɖɛɑɞɡ Aalborg Űɖɠ ȹŬɜɑŬɠ [https://www.uppaal.org/]. ȷ́ɞŰŮɚŮɑ ɏɜŬ 

ŮɟɔŬɚŮɑɞ ˊɟɞůɞɛɞɑɤůɖɠ əŬɘ ŮˊŬɚɐɗŮɡůɖɠ Űɖɠ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ ɛɏůɞ ŭɘŬűɧɟɤɜ ŰŮɢɜɘəɩɜ, ůŮ 

ɏɜŬ ůɨůŰɖɛŬ ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ ɓŬůɘůɛɏɜɞ ůŮ ˊɟɞɓɚɐɛŬŰŬ ɛŮŰŬɓŬɚɚɧɛŮɜɤɜ 

ˊŮɟɘɞɟɘůɛɩɜ. ɇɞ UPPAAL ŬˊɞŰŮɚŮɑ ɘŭŬɜɘəɧ ŮɟɔŬɚŮɑɞ ˊŮɟɘɔɟŬűɐɠ ůɡůŰɖɛɎŰɤɜ ˊɞɡ 

ɛɞɜŰŮɚɞˊɞɘɞɨɜŰŬɘ Ŭˊɧ ɏɜŬ ůɨɜɞɚɞ ɛɖ ɜŰŮŰŮɟɛɘɜɘůŰɘəɩɜ ŭɘŮɟɔŬůɘɩɜ ɛŮ ˊŮˊŮɟŬůɛɏɜɖ ŭɞɛɐ 

Ůɚɏɔɢɞɡ əŬɘ ɟɞɚɧɔɘŬ ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ ˊɞɡ Ůˊɘəɞɘɜɤɜɞɨɜ ɛŮŰŬɝɨ Űɞɡɠ ɛɏůɞ əŬɜŬɚɘɩɜ əŬɘ 

ŭɘŬɛɞɘɟŬɕɧɛŮɜɤɜ ɛŮŰŬɓɚɖŰɩɜ. ɆŮ ŰɏŰɞɘŬ ˊɟɞɓɚɐɛŬŰŬ-ůɡůŰɐɛŬŰŬ ˊɟɞɠ ɛŮɚɏŰɖ ɞɘ ɏɜɜɞɘŮɠ Űɞɡ 

ɢɟɧɜɞɡ ɏɢɞɡɜ ɡɣɑůŰɖ ůɖɛŬůɑŬ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɞ ŮɟɔŬɚŮɑɞ UPPAAL ɛɏůɞ Űɤɜ ŭɡɜŬŰɞŰɐŰɤɜ 

Űɞɡ ɜŬ əŬɗɑůŰŬŰŬɘ ɘŭŬɜɘəɧ, ɧˊɤɠ ɛɞɜŰɏɚŬ ˊɟɤŰɞəɧɚɚɤɜ ŮˊɘəɞɘɜɤɜɑŬɠ əŬɘ ɛɞɜŰɏɚŬ ŮɚŮɔəŰɩɜ 

ɢɟɧɜɞɡ. [Kim G. Larsen, Paul Pettersson, and Wang Yi: UPPAAL in a Nutshell] 

 ɇɞ UPPAAL ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɟɑŬ əɨɟɘŬ ɛɏɟɖ: Űɖ ɔɚɩůůŬ ˊŮɟɘɔɟŬűɐɠ, Űɞɜ 

ˊɟɞůɞɛɞɘɤŰɐ (simulator) əŬɘ Űɞɜ ɏɚŮɔɢɞ ɛɞɜŰɏɚɞɡ (model checker). ȼ ɔɚɩůůŬ ˊŮɟɘɔɟŬűɐɠ 

ŮɑɜŬɘ ɛɑŬ ɛɖ-ɜŰŮŰŮɟɛɘɜɘůŰɘəɐ űɡɚŬůůɧɛŮɜɖ ɔɚɩůůŬ ŮɜŰɞɚɩɜ ɛŮ ɛŮŰŬɓɚɖŰɏɠ ɟɞɚɞɔɘɩɜ 

ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ əŬɘ Ŭˊɚɞɨɠ Űɨˊɞɡɠ ŭŮŭɞɛɏɜɤɜ. ɉɟɖůɘɛŮɨŮɘ ɤɠ ɔɚɩůůŬ 

ɛɞɜŰŮɚɞˊɞɑɖůɖɠ ɐ ůɢŮŭɘŬůɛɞɨ ɩůŰŮ ɜŬ ˊŮɟɘɔɟɎɣŮɘ Űɖɜ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ ɡˊɧ ɛŮɚɏŰɖɠ 

ůɡůŰɐɛŬŰɞɠ, ɛɏůɞ Ůɜɧɠ ůɡɛˊɚɏɔɛŬŰɞɠ Ŭˊɧ ŬɡŰɧɛŬŰŬ ŮˊŬɡɝɖɛɏɜŬ ɛŮ ɟɞɚɧɘ əŬɘ ɛŮŰŬɓɚɖŰɏɠ 

(ɢɟɞɜɘůɛɏɜŬ ŬɡŰɧɛŬŰŬ). Ƀ ˊɟɞůɞɛɞɘɤŰɐɠ (simulator) ŮɑɜŬɘ ɏɜŬ ŮɟɔŬɚŮɑɞ Ůˊɘəɨɟɤůɖɠ ˊɞɡ 

ŮˊɘŰɟɏˊŮɘ Űɖɜ ŮɝɏŰŬůɖ ˊɘɗŬɜɩɜ ŭɡɜŬɛɘəɩɜ ŮəŰŮɚɏůŮɤɜ Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ ůŰŬ ŬɟɢɘəɎ ůŰɎŭɘŬ 

ɛɞɜŰŮɚɞˊɞɑɖůɐɠ Űɞɡ, əŬɘ əŬŰô ŮˊɏəŰŬůɖ ˊŬɟɏɢŮɘ ɏɜŬɜ Ŭɜɏɝɞŭɞ ɏɚŮɔɢɞ ŬɜɑɢɜŮɡůɖɠ ɓɚŬɓɩɜ, 

ˊɟɘɜ ɚɎɓŮɘ ɢɩɟŬ ɖ Ůˊɘəɨɟɤůɖ Űɞɡ model checker. Ƀ model checker ŮɑɜŬɘ Ŭɟɛɧŭɘɞɠ ɔɘŬ Űɞɜ 

ɏɚŮɔɢɞ Űɤɜ invariants[əŮű..] əŬɘ Űɤɜ ɘŭɘɞŰɐŰɤɜ ɞɟɘɞɗŮŰɖɛɏɜɖɠ ŭɘŬɓɑɤůɖɠ (bounded-liveness) 

ŮɝŮɟŮɡɜɩɜŰŬɠ Űɖ ůɡɛɓɞɚɘəɐ əŬŰɎůŰŬůɖ ɢɩɟɞɡ Űɞɡ ůɡůŰɐɛŬŰɞɠ. 

Ⱦɨɟɘɞɠ ůŰɧɢɞɠ ůɢŮŭɑŬůɖɠ Űɞɡ ŮɟɔŬɚŮɑɞɡ ŬˊɞŰɏɚŮůŮ ɖ ŬˊɞŭɞŰɘəɧŰɖŰŬ əŬɘ ɖ ŮɡəɞɚɑŬ 

ůŰɖ ɢɟɐůɖ Űɞɡ. Ƀ ˊŮɟɘɞɟɘůɛɧɠ ůŰɖɜ ŬɜɎɚɡůɖ ˊɟɞůŮɔɔɘůɖɛɧŰɖŰŬɠ ɡˊɐɟɝŮ əŬɗɞɟɘůŰɘəɧɠ ɔɘŬ 

Űɖɜ ŬˊɞŭɞŰɘəɧŰɖŰŬ Űɞɡ Űɞɡ ɛɞɜŰɏɚɞɡ Ůɚɏɔɢɞɡ Űɞɡ UPPAAL. ȰɜŬɠ ŬəɧɛŬ ůɖɛŬɜŰɘəɧɠ 

ˊŬɟɎɔɞɜŰŬɠ ˊɞɡ ŮˊɖɟɏŬůŮ Űɖɜ ŬˊɞŭɞŰɘəɧŰɖŰɎ Űɞɡ ŮɑɜŬɘ ɖ ŮűŬɟɛɞɔɐ Űɖɠ ŮˊŬɚɐɗŮɡůɖɠ əŬŰɎ 

Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŮɝŮɟŮɨɜɖůɖɠ Űɞɡ ɢɩɟɞɡ əŬŰŬůŰɎůŮɤɜ (on-the-fly verification) [4] ůŮ 

ůɡɜŭɡŬůɛɧ ɛŮ Űɖɜ ůɡɛɓɞɚɘəɐ ŰŮɢɜɘəɐ ɖ ɞˊɞɑŬ ˊŮɟɘɞɟɑɕŮɘ ˊɟɞɓɚɐɛŬŰŬ ŮˊŬɚɐɗŮɡůɖɠ ůŮ 

ˊɟɞɓɚɐɛŬŰŬ ɢŮɘɟɘůɛɞɨ əŬɘ Ůˊɑɚɡůɖɠ Ŭˊɚɞˊɞɘɖɛɏɜɤɜ ˊŮɟɘɞɟɘůɛɩɜ. ũɘŬ ɜŬ ŭɘŮɡəɞɚɨɜɞɡɛŮ 
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Űɖɜ ɛɞɜŰŮɚɞˊɞɑɖůɖ əŬɘ Űɞɜ ŮɜŰɞˊɘůɛɧ ůűŬɚɛɎŰɤɜ, ɞ ɏɚŮɔɢɞɠ ɛɞɜŰɏɚɞɡ (model checker) Űɞɡ 

UPPAAL ɏɢŮɘ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŭɖɛɘɞɡɟɔɐůŮɘ ŬɡŰɧɛŬŰŬ ŭɘŬɔɜɤůŰɘəɧ ɑɢɜɞɠ (diagnostic 

trace) Űɞ ɞˊɞɑɞ ŬˊŬɜŰɎ ůŰɞ Ŭɜ ɛɑŬ ɘŭɘɧŰɖŰŬ ɘəŬɜɞˊɞɘŮɑŰŬɘ (ɐ ɧɢɘ) Ŭˊɧ Űɖɜ ˊŮɟɘɔɟŬűɐ Űɞɡ  

ůɡůŰɐɛŬŰɞɠ. ɇŬ diagnostic traces ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ Ŭˊɧ Űɞɜ model checker Űɞɡ UPPAAL 

ɔɑɜɞɜŰŬɘ ɞɟŬŰɎ ɛɏůɞ Űɞɡ ɑŭɘɞɡ Űɞɡ ˊɟɞůɞɛɞɘɤŰɐ. ȷˊɧ Űɖɜ ˊɟɩŰɖ ɏəŭɞůɖ ˊɞɡ əɡəɚɞűɧɟɖůŮ 

Űɞ 1995 ɏɤɠ əŬɘ ůɐɛŮɟŬ, Űɞ UPPAAL ɏɢŮɘ ŮűŬɟɛɞůŰŮɑ ůŮ ŬɛɏŰɟɖŰŮɠ ɛŮɚɏŰŮɠ Ůɜɩ ˊŬɟɎɚɚɖɚŬ 

ɏɢŮɘ ŮˊŮəŰŮɑɜŮɘ əŬɘ ŮɝŮɚɑɝŮɘ ˊɞɚɚɎ Ŭˊɧ ŰŬ ɢŬɟŬəŰɖɟɑůŰɖəŬ Űɞɡ. [Johan Bengtsson, Kim 

Larsen, Fredik Larsson, Paul Pettersson, Wang Yi: UPPAAL ï a Tool Suite for Automatic 

Verification of Real-Time Systems. / Paul Pettersson ï Modelling and Verification of Real-

Time Systems Using Timed-Automata]. 

Ƀ Server Űɞɡ UPPAAL ˊŬɟɏɢŮɘ ɏɜŬ ŬˊɞŭɞŰɘəɧ ɡˊɞɚɞɔɘůɛɧ Űɞɡ ůɡɛɓɞɚɘəɞɨ ɢɩɟɞɡ 

Űɞɡ ůɡůŰɐɛŬŰɞɠ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ ŮˊŬɚɐɗŮɡůɖɠ ɛɘŬɠ ŭɞůɛɏɜɖɠ ɘŭɘɧŰɖŰŬɠ. ɇɞ GUI 

(ŮˊŬɜ)ŮəəɘɜŮɑ Űɞ ˊɟɧɔɟŬɛɛŬ Űɞɡ Server əɎɗŮ űɞɟɎ ˊɞɡ ɞ ɢɟɐůŰɖɠ ŬˊɞűŬůɑɕŮɘ ɜŬ ŬɜŬɜŮɩůŮɘ 

Űɞɜ ˊɟɞůɞɛɞɘɤŰɐ ɐ Űɖɜ ɛɞɜɎŭŬ ŮˊŬɚɐɗŮɡůɖɠ ɛŮ ɏɜŬ ɜɏɞ ɛɞɜŰɏɚɞ ůɡůŰɐɛŬŰɞɠ. ɇɞ GUI əŬɘ ɞ 

Server Ůˊɘəɞɘɜɤɜɞɨɜ ɛɏůɤ ɛɖɢŬɜɘůɛɞɨ ůɨɜŭŮůɖɠ ɛŮ TCP/IP sockets. ȼ ůɨɜŭŮůɖ ŬɡŰɐ 

ŮɔəŬɗɑůŰŬŰŬɘ ɛŮŰɎ Űɞ ɝŮəɑɜɖɛŬ Űɞɡ Server. 

ɇɞ ɔɟŬűɘəɧ ˊŮɟɘɓɎɚɚɞɜ Űɞɡ UPPAAL ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɞ ŰŬ Ůɝɐɠ ŰɟɑŬ əɨɟɘŬ ɛɏɟɖ, ŰŬ 

ɞˊɞɑŬ ŮɑɜŬɘ ˊɟɞůɓɎůɘɛŬ ɛɏůɤ Űɟɘɩɜ əŬɟŰŮɚɩɜ ůŰɞ ŬɜɞɑɔɞɜŰŬɠ Űɞ ˊɟɧɔɟŬɛɛŬ: 

 

ɇɖ ɛɞɜɎŭŬ ůɨɜŰŬɝɖɠ Űɞɡ ɛɞɜŰɏɚɞɡ (System editor) ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ 

Űɖɜ əŬŰŬůəŮɡɐ ɛɞɜŰɏɚɤɜ. ɇɞ ɛɞɜŰɏɚɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ űɟŬɔɛɏɜɞ Ŭɟɘɗɛɧ Ŭˊɧ 

ˊŬɟɎɚɚɖɚŮɠ ŭɘŬŭɘəŬůɑŮɠ (concurent processes), əɎɗŮ ɛɑŬ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ 

ɏɜŬ ɢɟɞɜɘůɛɏɜɞ ŬɡŰɧɛŬŰɞ. ȾɎɗŮ ŭɘŬŭɘəŬůɑŬ ŮɜŭɏɢŮŰŬɘ ɜŬ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɞˊɘəɐɠ ŮɛɓɏɚŮɘŬɠ 

(local) ɟɞɚɧɔɘŬ əŬɘ ɛŮŰŬɓɚɖŰɏɠ, ŰŬ ɞˊɞɑŬ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ɛɧɜɞ ɛɏůŬ ůŮ ŬɡŰɐ 

əŬɘ ɛˊɞɟŮɑ ɜŬ əɎɜŮɘ ɢɟɐůɖ Űɤɜ ɔŮɜɘəɐɠ ŮɛɓɏɚŮɘŬɠ (global) ɟɞɚɞɔɘɩɜ əŬɘ ɛŮŰŬɓɚɖŰɩɜ. Ƀɘ 

ŭɘŬŭɘəŬůɑŮɠ Ůˊɘəɞɘɜɤɜɞɨɜ ɛŮŰŬɝɨ Űɞɡɠ ɛɏůɤ Űɤɜ ɛŮŰŬɓɚɖŰɩɜ ɔŮɜɘəɐɠ ŮɛɓɏɚŮɘŬɠ əŬɘ Űɤɜ 

ŭɡŬŭɘəɩɜ ůɡɔɢɟɞɜɘůɛɩɜ.   

ɇɞɜ ́ɟɞůɞɛɞɘɤŰɐ (Simulator), ůŰɞɜ ɞˊɞɑ ɛˊɞɟŮɑ ɞ ɢɟɐůŰɖɠ ɜŬ ŬˊŮɘəɞɜɑůŮɘ Űɖ 

ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ɛɞɜŰɏɚɤɜ əŬɘ Űɖ ɛɞɜɎŭŬ ŮˊŬɚɐɗŮɡůɖɠ (Verifier), ůŰɖɜ ɞˊɞɑŬ ɛˊɞɟŮɑ ɜŬ 

ŬɜŬɚɡɗŮɑ ɖ ůɡɛˊŮɟɘűɞɟɎ Űɤɜ ɛɞɜŰɏɚɤɜ əŬɘ ŭɏɢŮŰŬɘ əŬŰɎɚɚɖɚŬ ɛɞɟűɞˊɞɘɖɛɏɜŮɠ ɘŭɘɧŰɖŰŮɠ ɔɘŬ 

ɜŬ ŮˊŬɚɖɗŮɡŰɞɨɜ ɔɘŬ ɏɜŬ ůɡɔəŮəɟɘɛɏɜɞ ɛɞɜŰɏɚɞ ŬɡŰɞɛɎŰɤɜ əŬɘ ŬˊŮɘəɞɜɑɕŮɘ Űɞ ŬˊɞŰɏɚŮůɛŬ: 

ůɤůŰɧ ɐ ɚɎɗɞɠ Ŭɜ ɖ ɘŭɘɧŰɖŰŬ ɘəŬɜɞˊɞɘŮɑŰŬɘ ɐ ɧɢɘ ŬɜŰɘůŰɞɑɢɤɠ. ɆŰɖ ůɡɜɏɢŮɘŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ 

ŰɟɑŬ ůɢɐɛŬŰŬ ˊɞɡ ŬˊŮɘəɞɜɑɕɞɡɜ Űɖɜ əɎɗŮ əŬɟŰɏɚŬ Űɞɡ UPPAAL ˊɞɡ ˊŮɟɘŮɔɟɎűɖəŮ(system 

editor, simulator , verifier ŬɜŰɑůŰɞɘɢŬ). 

[Frits Vaandrager, A First Introduction to Uppaal, ȹɑˊɚŬɠ-ɇůŬəɑɟɖɠ 2004] 
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ɆɢɖɛŬ 3.3a ï System Editor 

 
 

 
ɆɢɐɛŬ 3.3b ï Simulator  
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ɆɢɐɛŬ 3.3c ïVerifier 

 
 
 
 

3.4 ɉɟɞɜɘůɛɏɜŬ ȷɡŰɧɛŬŰŬ ůŰɞ ŮɟɔŬɚŮɑɞ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ 

 

 ȳˊɤɠ ˊɟɞŬɜŬűɏɟŬɛŮ, ɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɤɜ ˊɟɞɓɚɖɛɎŰɤɜ ůŰɞ ŮɟɔŬɚŮɑɞ UPPAAL 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛɏůɞ Űɤɜ ɢɟɞɜɘůɛɏɜɤɜ ŬɡŰɞɛɎŰɤɜ, ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ ɛɖɢŬɜɏɠ 

ˊŮˊŮɟŬůɛɏɜɤɜ əŬŰŬůŰɎůŮɤɜ ɛŮ ɟɞɚɧɔɘŬ. ũɘŬ ɜŬ ˊŬɟɏɢŮɘ ɏɜŬ ˊŮɟɘůůɧŰŮɟɞ ŮəűɟŬůŰɘəɧ 

ɛɞɜŰɏɚɞ əŬɘ ɜŬ ŭɘŮɡəɞɚɨɜŮɘ Űɞ ɏɟɔɞ Űɖɠ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ, Űɞ UPPAAL ŮˊŮəŰŮɑɜŮɘ ŰŬ timed 

automata ɛŮ ɔŮɜɘəɧŰŮɟɞɡɠ Űɨˊɞɡɠ ɛŮŰŬɓɚɖŰɩɜ ŭŮŭɞɛɏɜɤɜ ɧˊɤɠ ɚɞɔɘəɏɠ (boolean) əŬɘ 

ŬəɏɟŬɘŮɠ ɛŮŰŬɓɚɖŰɏɠ. Ƀ ŰŮɚɘəɧɠ ůəɞˊɧɠ ŮɑɜŬɘ ɖ ɛɞɟűɞˊɞɑɖůɖ ɛɘŬ ɔɚɩůůŬɠ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ 

ˊɞɡ ɜŬ ŮɑɜŬɘ ɧůɞ Űɞ ŭɡɜŬŰɧ ˊŮɟɘůůɧŰŮɟɞ ůɡɜŬűɐɠ ɛŮ Űɘɠ ɡɣɖɚɞɨ Ůˊɘˊɏŭɞɡ əŬɘ ˊɟŬɔɛŬŰɘəɞɨ 

ɢɟɧɜɞɡ ɔɚɩůůŮɠ ˊɟɞɔɟŬɛɛŬŰɘůɛɞɨ ˊɞɡ ˊŮɟɘɏɢɞɡɜ ŭɘɎűɞɟɞɡɠ Űɨˊɞɡɠ ŭŮŭɞɛɏɜɤɜ. ȾɎŰɘ 

ŰɏŰɞɘɞ ŮɜŭŮɢɞɛɏɜɤɠ ɗŬ ŭɖɛɘɞɡɟɔɞɨůŮ ˊɟɞɓɚɐɛŬŰŬ ɚɐɣɖɠ ŬˊɧűŬůɖɠ (decidability problems) 

əŬŰɎ Űɞɜ ɏɚŮɔɢɞ Űɞɡ ɛɞɜŰɏɚɞɡ.  [18,15,20] 
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ɄŬɟŬəɎŰɤ ŬˊŮɘəɞɜɑɕŮŰŬɘ ɛɘŬ ɞɚɞəɚɖɟɤɛɏɜɖ ˊɟɞŭɘŬɔɟŬűɐ ɛɞɜŰɏɚɞɡ ɢɟɞɜɘůɛɏɜɤɜ 

ŬɡŰɞɛɎŰɤɜ ůŰɞ UPPAAL: 

 
 

 
ɆɢɐɛŬ ɢ.ɢ (ȷůˊɟŬŭɎəɖɠ 2013) 

 
 
 

3.5 ɆɡůŰŬŰɘəɎ əŬɘ ɓŬůɘəŬ ɢŬɟŬəŰɖɟɘůŰɖəŬ ŮɟɔŬɚŮɑɞɡ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ: 

 

¶ ȺəűɟɎůŮɘɠ (expressions): Ƀɘ ŮəűɟɎůŮɘɠ ůŰɞ UPPAAL ɛɞɘɎɕɞɡɜ ˊɞɚɨ ɛŮ Űɘɠ 

ŮəűɟɎůŮɘɠ ɔɚɤůůɩɜ ˊɟɞɔɟŬɛɛŬŰɘůɛɞɨ, ɧˊɤɠ ɖ Java əŬɘ ɖ C++. ȺɑɜŬɘ ŭɡɜŬŰɐ ɖ 

ɢɟɐůɖ ɚɞɔɘəɩɜ ŰŮɚŮůŰɩɜ (and, or, not), ɘůɧŰɖŰŬɠ əŬɘ ŬɜɘůɧŰɖŰŬɠ, ŬɟɘɗɛɖŰɘəɩɜ əŬɘ 

Ůəɢɩɟɖůɖɠ Űɘɛɐɠ. Ƀɘ ŰŮɚŮůŰɏɠ ůɡɜɞɣɑɕɞɜŰŬɘ ůŰɞɜ Ůɝɐɠ ˊɑɜŬəŬ: 

 
 

 
 

ɆɢɖɛŬ 3.5.1 (ȹɑˊɚŬɠ ï ɇůŬəɑɟɖɠ 2004) 
 

 ɄɏɟŬɜ ɤůŰɧůɞ Űɤɜ ůɡɜɖɗɘůɛɏɜɤɜ (əɡɟɑɤɠ ɛŬɗɖɛŬŰɘəɩɜ) ŮəűɟɎůŮɤɜ Űɞɡ 

ˊŬɟŬˊɎɜɤ ˊɑɜŬəŬ, ɞɘ ŮəűɟɎůŮɘɠ ůŰɞ UPPAAL ɛˊɞɟɞɨɜ ɜŬ ŮˊŮəŰŬɗɞɨɜ əŬɘ ůŮ 

ŮəűɟɎůŮɘɠ ɟɞɚɞɔɘɩɜ ɐ ŬəŮɟŬɑɤɜ ɛŮŰŬɓɚɖŰɩɜ. ɀŮɟɘəɎ ůɖɛŬɜŰɘəɎ expressions ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŮɑɜŬɘ ŰŬ ˊŬɟŬəɎŰɤ [6,15]: 
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Á SynchronizationɀɑŬ ŰŬɛˊɏɚŬ ůɡɔɢɟɞɜɘůɛɞɨ ŮɑɜŬɘ ŮɑŰŮ Űɖɠ ɛɞɟűɐɠ 

Expression! əŬɘ Expression? ŮɑŰŮ ɛɑŬ əŮɜɐ ŰŬɛˊɏɚŬ. ɇɞ əɞɛɛɎŰɘ ŬɡŰɧ 

ɗŬ ŬɜŬɚɡɗŮɑ ˊŮɟŬɘŰɏɟɤ ˊŬɟŬəɎŰɤ ůŰɖɜ ɏɜɜɞɘŬ Űɤɜ ɛŮŰŬɓɎůŮɤɜ. 

 

Á AssignmentɀɑŬ ŰŬɛˊɏɚŬ Assignment ŮɑɜŬɘ ɏɜŬ ůɨɜɞɚɞ Ŭˊɧ 

ŮəűɟɎůŮɘɠ ɛŮ side-effects ŭɘŬɢɤɟɘɕɧɛŮɜŮɠ ɛŮ ɏɜŬ əɧɛɛŬ. Ƀɘ ŮəűɟɎůŮɘɠ 

ŬɡŰɏɠ ˊɟɏˊŮɘ ɜŬ ŬɜŬűɏɟɞɜŰŬɘ ŬˊɞəɚŮɘůŰɘəɎ ůŮ ɟɞɚɧɔɘŬ ŬəɏɟŬɘŮɠ 

ɛŮŰŬɓɚɖŰɏɠ əŬɘ ůŰŬɗŮɟɏɠ, Ůɜɩ ɏɢɞɡɜ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŬɜŰɘůŰɞɘɢɑɕɞɡɜ 

ɛɧɜɞ ŬəɏɟŬɘŮɠ Űɘɛɏɠ ůŮ ɟɞɚɧɔɘŬ. 

 

Á InvariantȺɑɜŬɘ ɛɑŬ ɏəűɟŬůɖ ˊɞɡ ɘəŬɜɞˊɞɘŮɑ Űɘɠ Ůɝɐɠ ˊɟɞɦˊɞɗɏůŮɘɠ: 

ȹŮɜ ɏɢŮɘ ˊŬɟŮɜɏɟɔŮɘŮɠ (side-effects), ŬɜŬűɞɟɎ ɔɑɜŮŰŬɘ ɛɧɜɞ ůŰɘɠ 

ŬəɏɟŬɘŮɠ ɛŮŰŬɓɚɖŰɏɠ ɟɞɚɞɔɘɩɜ əŬɘ ůŰŬɗŮɟɩɜ əŬɘ Űɏɚɞɠ ɜŬ əŬɗɑůŰŬŰŬɘ 

ɛɑŬ ůɨɕŮɡɝɖ əŬŰŬůŰɎůŮɤɜ Űɖɠ ɛɞɟűɐɠ x<e ɐ xÒe ˊɞɡ Űɞ x ɗŬ ŮɑɜŬɘ ɛɑŬ 

ŬɜŬűɞɟɎ Űɘɛɐɠ ɟɞɚɞɔɘɞɨ əŬɘ Űɞ e çŬɝɘɞɚɞɔŮɑŰŬɘè ůŮ ɏɜŬ ŬəɏɟŬɘɞ. 

 

 

¶ ɇŬ ɟɞɚɧɔɘŬ(clocks) ŮɑɜŬɘ ɛŮŰŬɓɚɖŰɏɠ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ Ŭɝɘɞɚɞɔɐůɞɡɜ ůŮ ɏɜŬ 

ˊɟŬɔɛŬŰɘəɧ Ŭɟɘɗɛɧ əŬɘ ɞˊɞɑŮɠ ɛˊɞɟɞɨɜ ɜŬ ɞɟɘůɗɞɨɜ ůŮ əɎɗŮ ŬɡŰɧɛŬŰɞ ˊɟɞəŮɘɛɏɜɞɡ 

ɜŬ ɛŮŰɟɖɗŮɑ Űɖɜ ˊɟɧɞŭɞ Űɞɡ ɢɟɧɜɞɡ [21]. ȳɚŬ ŰŬ ɟɞɚɧɔɘŬ ŮɝŮɚɑůůɞɜŰŬɘ ɛŮ Űɞɜ ɑŭɘɞ 

ɟɡɗɛɧ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮəˊɟɞůɤˊŮɑ Űɞ ˊŬɔəɧůɛɘŬ ˊɟɧɞŭɞ Űɞɡ ɢɟɧɜɞɡ. ȼ 

ˊɟŬɔɛŬŰɘəɐ Űɘɛɐ Ůɜɧɠ ɟɞɚɞɔɘɞɨ ɛˊɞɟŮɑ ŮɑŰŮ ɜŬ ŭɞəɘɛŬůŰŮɑ ɐ ŮˊŬɜŬűŮɟɗŮɑ (ɧɢɘ ɜŬ 

ŬɜŬŰŮɗŮɑ). ȹŮŭɞɛɏɜɞɡ ɧŰɘ Űɞ ŮɟɔŬɚŮɑɞ UPPAAL ŮɑɜŬɘ ŮɘŭɘəɎ ůɢŮŭɘŬůɛɏɜɞ ɔɘŬ Űɖɜ 

ŮˊŬɚɐɗŮɡůɖ Űɤɜ ůɡůŰɖɛɎŰɤɜ ˊɟŬɔɛŬŰɘəɞɨ ɢɟɧɜɞɡ, ŰŬ ɟɞɚɧɔɘŬ ŬˊɞŰŮɚɞɨɜ ɏɜŬ 

ɗŮɛŮɚɘɩŭɖ ɛɏůɞ ɛɞɜŰŮɚɞˊɞɑɖůɖɠ əŬɘ ŮˊŬɚɐɗŮɡůɖɠ. ȰɜŬ ɛɞɜŰɏɚɞ UPPAAL ŮɑɜŬɘ 

ɢŰɘůɛɏɜɞ ɤɠ ɏɜŬ ůɨɜɞɚɞ ŰŬɡŰɧɢɟɞɜɤɜ ŭɘŬŭɘəŬůɘɩɜ, əɎɗŮ ɛɘŬ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ŮɑɜŬɘ 

ɔɟŬűɘəɎ ůɢŮŭɘŬůɛɏɜɖ ɤɠ ɢɟɞɜɘůɛɏɜɞ ŬɡŰɧɛŬŰɞ. ȾɎɗŮ ɢɟɞɜɘůɛɏɜɞ ŬɡŰɧɛŬŰɞ 

ŬɜŰɘˊɟɞůɤˊŮɨŮŰŬɘ Ŭˊɧ ɏɜŬ ɔɟɎűɖɛŬ Űɞ ɞˊɞɑɞ ɏɢŮɘ ɗɏůŮɘɠ (locations) ɤɠ əɧɛɓɞɡɠ əŬɘ 

Ŭəɛɏɠ (edges) ɤɠ ŰɧɝŬ ŬɜɎɛŮůŬ ůŰɘɠ ɗɏůŮɘɠ. 

 
 

 
ɆɢɐɛŬ 3.5.2 

 
 

¶ Ƀɘ ɛŮŰŬɓɎůŮɘɠ(transitions). Ƀɘ ɎəɟŮɠ ŮɑɜŬɘ ŮɜɖɛŮɟɤɛɏɜŮɠ ɛŮ Űɞɡɠ ˊŬɟɎɔɞɜŰŮɠ 

guards (űɨɚŬəŮɠ), updates (ŮɜɖɛŮɟɩůŮɘɠ), synchronizations (ůɡɔɢɟɞɜɘůɛɞɨɠ) əŬɘ 

selections (Ůˊɘɚɞɔɏɠ)[15].  

 

 

1. ȰɜŬɠ űɨɚŬəŬɠ(guard) ŮɑɜŬɘ ɛɘŬ ɏəűɟŬůɖ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑ Űɘɠ 

ɛŮŰŬɓɚɖŰɏɠ əŬɘ ɟɞɚɧɔɘŬ Űɞɡ ɛɞɜŰɏɚɞɡ, ɩůŰŮ ɜŬ ɡˊɞŭŮɘəɜɨŮɘ ˊɧŰŮ ɖ 

ɛŮŰɎɓŬůɖ ŮɑɜŬɘ ŮɜŮɟɔɞˊɞɘɖɛɏɜɖ. ɆɖɛŮɘɩɜŮŰŬɘ Ůŭɩ ɧŰɘ ˊɞɚɚɏɠ Ŭəɛɏɠ 

ɛˊɞɟɞɨɜ ɜŬ ŮɜŮɟɔɞˊɞɘɖɗɞɨɜ ůŮ ɛɑŬ ůɡɔəŮəɟɘɛɏɜɖ ɢɟɞɜɘəɐ ůŰɘɔɛɐ, 



 
34/81 

ŬɚɚɎ ɛɧɜɞ ɛɑŬ Ŭˊɧ ŬɡŰɏɠ ɗŬ ŭɟɎůŮɘ ɩůŰŮ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ŭɘŬűɞɟŮŰɘəɏɠ 

ŭɡɜŬŰɧŰɖŰŮɠ. 

ȰɜŬɠ Guard (űɟɞɡɟɧɠ) ŮɑɜŬɘ ɛɑŬ ɏəűɟŬůɖ ˊɞɡ ɘəŬɜɞˊɞɘŮɑ Űɖɜ 

Ŭəɧɚɞɡɗɖ əŬŰɎůŰŬůɖ: ȹŮɜ ɏɢŮɘ çˊŬɟŮɜɏɟɔŮɘŮɠè (side-effects), 

ŬɝɘɞɚɞɔŮɑŰŬɘ ůŮ ŭɡŬŭɘəɐ Űɘɛɐ, ŬɜŬűɏɟŮŰŬɘ ɛɧɜɞ ůŮ ɟɞɚɧɔɘŬ, ɛŮŰŬɓɚɖŰɏɠ 

ŬəŮɟŬɑɤɜ əŬɘ ůŰŬɗŮɟɏɠ (ɐ ˊɑɜŬəŮɠ ŰɏŰɞɘɤɜ Űɨˊɤɜ), ɟɞɚɧɔɘŬ əŬɘ 

ŭɘŬűɞɟɏɠ ɛŮŰŬɝɨ ɟɞɚɞɔɘɩɜ ŮɑɜŬɘ ůɡɔəɟɑůɖɛŮɠ ɛɧɜɞ ɛŮ ŬəɏɟŬɘŮɠ 

ŮəűɟɎůŮɘɠ əŬɘ Űɏɚɞɠ ɞɘ Guards ˊɎɜɤ Ŭˊɧ ŰŬ ɟɞɚɧɔɘŬ ɛŮ ŰŬ ɑŭɘŬ ŰŬ 

ɟɞɚɧɔɘŬ ŬˊɞŰŮɚɞɨɜ ɞɡůɘŬůŰɘəɎ ůɡɕŮɨɝŮɘɠ[15]. 

 

 
ɆɢɐɛŬ 3.5.3 guard 

 
 

2. ɀɘŬ Ůɜɖɛɏɟɤůɖ(update) ŮɑɜŬɘ ɛɘŬ ɏəűɟŬůɖ ˊɞɡ ŬɝɘɞɚɞɔŮɑŰŬɘ Űɞ 

ůɡɜŰɞɛɧŰŮɟɞ əŬɗɩɠ Űɞ ŬɜŰɑůŰɞɘɢɞ Ɏəɟɞ ɓɟɑůəŮŰŬɘ ůŮ ŭɟɎůɖ. ȼ 

Ŭɝɘɞɚɧɔɖůɖ ŬɚɚɎɕŮɘ Űɖɜ əŬŰɎůŰŬůɖ Űɞɡ ůɡůŰɐɛŬŰɞɠ[15]. 

 

 
  

3. Ƀ ůɡɔɢɟɞɜɘůɛɧɠ(synchronization) ŮɑɜŬɘ ɞ ɓŬůɘəɧɠ ɛɖɢŬɜɘůɛɧɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ůɡɜŰɞɜɑɕŮɘ Űɖ ŭɟɎůɖ Űɤɜ ŭɨɞ ɐ ˊŮɟɘůůɧŰŮɟŮɠ 

ŭɘŮɟɔŬůɑŮɠ. ɀɞɜŰŮɚɞˊɞɘŮɑ, ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ, Űɖɜ ŮˊɑŭɟŬůɖ Űɤɜ 

ɛɖɜɡɛɎŰɤɜ. ɄɟɞəŬɚŮɑ ŭɨɞ (ɐ ˊŮɟɘůůɧŰŮɟŮɠ) ŭɘŮɟɔŬůɑŮɠ ɜŬ ɚɎɓɞɡɜ ɛɘŬ 

ɛŮŰɎɓŬůɖ Űɖɜ ɑŭɘŬ ůŰɘɔɛɐ. ȳŰŬɜ ɏɜŬ əŬɜɎɚɘ c ŭɖɚɩɜŮŰŬɘ, ŰɧŰŮ ɛɘŬ 

ŭɘŬŭɘəŬůɑŬ ɗŬ ɏɢŮɘ ŮˊɘůɖɛŬůɛɏɜɖ Űɖɜ Ɏəɟɖ ɤɠ c! ȾŬɘ ɖ Ɏɚɚɖ (Ůɠ) 

ŭɘŬŭɘəŬůɑŬ (Ůɠ) ɤɠ c?. ɈˊɎɟɢɞɡɜ ŰɟɑŬ Ůɑŭɖ ůɡɔɢɟɞɜɘůɛɩɜ, ŰŬ ɞˊɞɑŬ 

ˊŮɟɘɔɟɎűɞɜŰŬɘ Ŭəɞɚɞɨɗɤɠ [6,15]: 

 
 

¶ Regular channel: ŭɖɚɩɜŮŰŬɘ ɤɠ chan c. ȳŰŬɜ ɛɘŬ ŭɘŬŭɘəŬůɑŬ ɓɟɑůəŮŰŬɘ ůŮ ɛɘŬ ɗɏůɖ 

Ŭˊɧ Űɖɜ ɞˊɞɑŬ ɡˊɎɟɢŮɘ ɛɘŬ ɛŮŰɎɓŬůɖ ˊɞɡ ŮˊɘůɖɛŬɑɜŮŰŬɘ ɛŮ Űɞ c!, ɞ ɛɧɜɞɠ Űɟɧˊɞɠ ɔɘŬ 

Űɖ ɛŮŰɎɓŬůɖ ɜŬ ŮɑɜŬɘ ŮɜŮɟɔɞˊɞɘɖɛɏɜɖ ŮɑɜŬɘ ɛɘŬ Ɏɚɚɖ ŭɘŬŭɘəŬůɑŬ ɜŬ ŮɑɜŬɘ ůŮ ɛɘŬ ɗɏůɖ 

Ŭˊɧ Űɖɜ ɞˊɞɑŬ ɡˊɎɟɢŮɘ ɛŮŰɎɓŬůɖ ˊɞɡ ŮˊɘůɖɛŬɑɜŮŰŬɘ ɛŮ c? əŬɘ Űɞ ŬɜŰɑůŰɟɞűɞ. ȺɎɜ ůŮ 

ɛɘŬ ůɡɔəŮəɟɘɛɏɜɖ ůŰɘɔɛɐ, ɡˊɎɟɢɞɡɜ ŭɘɎűɞɟɞɘ Űɟɧˊɞɘ ɔɘŬ ɜŬ ɏɢɞɡɜ ɕŮɨɔɞɠ c! əŬɘ c?, 

ɏɜŬɠ Ŭˊɧ ŬɡŰɞɨɠ ŮɑɜŬɘ ɛɖ- ɜŰŮŰŮɟɛɘɜɘůŰɘəɎ ŮˊɘɚŮɔɛɏɜɞɠ əŬŰɎ Űɞɜ ɏɚŮɔɢɞ ɛɞɜŰɏɚɞɡ. ȼ 

Ůɜɖɛɏɟɤůɖ ůŮ ɛɘŬ Ɏəɟɖ ůɡɔɢɟɞɜɘůɛɞɨ ɔɘŬ c! ŮəŰŮɚŮɑŰŬɘ ˊɟɘɜ Ŭˊɧ Űɖɜ Ůɜɖɛɏɟɤůɖ ůŮ 

ɛɘŬ Ɏəɟɖ ůɡɔɢɟɞɜɘůɛɞɨ ɔɘŬ c?[15]. 

 
 

 
 

¶ Urgent channel: ŭɖɚɩɜŮŰŬɘ ɤɠ urgent chan c. ȺɑɜŬɘ ˊŬɟɧɛɞɘɞ ɛŮ Űɞ regular channel, 

ŮəŰɧɠ Ŭˊɧ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ŭŮɜ ŮɑɜŬɘ ŭɡɜŬŰɧ ɜŬ əŬɗɡůŰŮɟɐůŮɘ ůŰɞ ůŰŬɗɛɧ ˊɟɞɏɚŮɡůɖɠ, 

Ŭɜ ŮɑɜŬɘ ŮűɘəŰɧ ɜŬ ŮɜŮɟɔɞˊɞɘɐůŮɘ Űɞ ůɡɔɢɟɞɜɘůɛɧ ˊɎɜɤ Ŭˊɧ Űɞ regular channel. ȷɡŰɧ 

ůɖɛŬɑɜŮɘ ɧŰɘ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ˊŮɟɎůŮɘ ɢɟɧɜɞɠ, ŬɚɚɎ ɛˊɞɟŮɑ ɜŬ ŮɜŬɚɚɎůůŮɘ ɎɚɚŮɠ 
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ɛŮŰŬɓɎůŮɘɠ ˊɞɡ ŭŮɜ ŬˊŬɘŰɞɨɜ ɢɟɧɜɞ ɔɘŬ ɜŬ ˊŮɟɎůŮɘ. ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ŰŬ ɟɞɚɧɔɘŬ 

çűɨɚŬəŮɠè ŭŮɜ ŮˊɘŰɟɏˊɞɜŰŬɘ ůŰɘɠ ɎəɟŮɠ ˊɎɜɤ Ŭˊɧ ɏɜŬ urgent channel. 

 
 

  
ɆɢɐɛŬ 3.5.4 Ŭ, ɓ 

 
 

¶ Broadcast channel: ŭɖɚɩɜŮŰŬɘ ɤɠ broadcast chan c. ȳŰŬɜ ɛɑŬ ŭɘŮɟɔŬůɑŬ ɓɟɑůəŮŰŬɘ 

ůŮ ɛɘŬ ɗɏůɖ Ŭˊɧ Űɖɜ ɞˊɞɑŬ ɡˊɎɟɢŮɘ ɛɘŬ ɛŮŰɎɓŬůɖ ˊɞɡ ŮˊɘůɖɛŬɑɜŮŰŬɘ ɛŮ c! əŬɘ ɛɑŬ ɐ 

ˊŮɟɘůůɧŰŮɟŮɠ ŭɘŮɟɔŬůɑŮɠ ŮɑɜŬɘ ůŮ ɗɏůŮɘɠ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ɡˊɎɟɢŮɘ ɛɘŬ ɛŮŰɎɓŬůɖ 

ŮˊɘůɖɛŬůɛɏɜɖ ɛŮ c?, ɧɚŮɠ ɞɘ ɛŮŰŬɓɎůŮɘɠ ŮɑɜŬɘ ŮɜŮɟɔɞˊɞɘɖɛɏɜŮɠ. ɋůŰɧůɞ, ŮɎɜ ŭŮɜ 

ɡˊɎɟɢɞɡɜ ŭɘŮɟɔŬůɑŮɠ ůŰɘɠ ɗɏůŮɘɠ Ŭˊɧ Űɘɠ ɞˊɞɑŮɠ ɡˊɎɟɢŮɘ ɛɘŬ ɛŮŰɎɓŬůɖ 

ŮˊɘůɖɛŬůɛɏɜɖ ɛŮ c?, ɖ ɛŮŰɎɓŬůɖ ŮˊɘůɖɛŬůɛɏɜɖ ɛŮ c! ŮɑɜŬɘ ŮɜŮɟɔɞˊɞɘɖɛɏɜɖ ɞɨŰɤɠ ɐ 

Ɏɚɚɤɠ. ɄŬɟŬŰɖɟŮɑŰŬɘ ɧŰɘ ŰŬ ɟɞɚɧɔɘŬ çűɨɚŬəŮɠè ŭŮɜ ŮˊɘŰɟɏˊɞɜŰŬɘ ůŰɘɠ ɎəɟŮɠ ˊɞɡ 

ɚŬɛɓɎɜɞɡɜ ˊɎɜɤ ůŮ ɏɜŬ broadcast channel. ȼ Ůɜɖɛɏɟɤůɖ ůɢŮŰɘəɎ ɛŮ Űɖɜ Ɏəɟɖ 

Ůəˊɞɛˊɐɠ ŮəŰŮɚŮɑŰŬɘ ˊɟɩŰŬ. ȼ Ůɜɖɛɏɟɤůɖ ůɢŮŰɘəɎ ɛŮ Űɘɠ Ŭəɛɏɠ ˊɞɡ ɚŬɛɓɎɜɞɡɜ 

ŮəŰŮɚɞɨɜŰŬɘ ŬɟɘůŰŮɟɎ ˊɟɞɠ ŰŬ ŭŮɝɘɎ, ůɨɛűɤɜŬ ɛŮ Űɖ ŭɘɎŰŬɝɖ ˊɞɡ ɞɘ ŭɘŮɟɔŬůɑŮɠ 

əŬŰŬɢɤɟɐɗɖəŬɜ əŬŰɎ Űɞɜ ɞɟɘůɛɧ Űɞɡ ůɡůŰɐɛŬŰɞɠ[15]. 

 

¶ Ƀɘ ɗɏůŮɘɠ(locations). ȷɜŬűɞɟɘəɎ ɛŮ Űɘɠ ɗɏůŮɘɠ (locations), ɛˊɞɟɞɨɜ ɜŬ ɏɢɞɡɜ ɏɜŬ 

ˊɟɞŬɘɟŮŰɘəɧ ɧɜɞɛŬ, Űɞ ɞˊɞɑɞ ɢɟɖůɘɛŮɨŮɘ ůŰɞ ɜŬ ŮɜŰɞˊɑɕŮŰŬɘ ɖ ɗɏůɖ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ 

Űɞɡ Ůɚɏɔɢɞɡ əŬɘ Űɖɠ ŰŮəɛɖɟɑɤůɖɠ Űɞɡ ɛɞɜŰɏɚɞɡ. Ƀɘ ɗɏůŮɘɠ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ Űɟɘɩɜ 

Ůɘŭɩɜ [6,15]: 

 
1. Initial (Ŭɟɢɘəɏɠ): ȾɎɗŮ ˊɟɧŰɡˊɞ ˊɟɏˊŮɘ ɜŬ ɏɢŮɘ ˊɟɞŮŰɞɘɛŬůŰŮɑ ůɤůŰɎ, 

ˊɟɎɔɛŬ ˊɞɡ ůɖɛŬɑɜŮɘ ɧŰɘ ˊɟɏˊŮɘ ɜŬ ɝŮəɘɜɐůŮɘ ůŮ ɛɘŬ ůɡɔəŮəɟɘɛɏɜɖ 

ɗɏůɖ. ɋɠ Ůə ŰɞɨŰɞɡ, əɎɗŮ ˊɟɧŰɡˊɞ ˊɟɏˊŮɘ ɜŬ ɏɢŮɘ Ŭəɟɘɓɩɠ ɛɑŬ ɗɏůɖ 

ˊɞɡ ŮˊɘůɖɛŬɑɜŮŰŬɘ ɤɠ Ŭɟɢɘəɐ. Ƀɘ Ŭɟɢɘəɏɠ ɗɏůŮɘɠ ˊɞɡ ˊɟɞůŭɘɞɟɑɕɞɜŰŬɘ 

ɛŮ ŭɘˊɚɧ əɨəɚɞ [15]. 

 
 
 

 
ɆɢɐɛŬ 3.5.5 Initial-Starting location 

 
 

2. Urgent locations: ɞɘ ɞˊɞɑŮɠ ˊŬɔɩɜɞɡɜ Űɞ ɢɟɧɜɞ, ŭɖɚŬŭɐ ŭŮɜ 

ŮˊɘŰɟɏˊŮŰŬɘ ɜŬ ˊŬɟɏɚɗŮɘ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ɧůɞ ɛɘŬ ŭɘŬŭɘəŬůɑŬ 

ɓɟɑůəŮŰŬɘ ůŮ Ůɝɏɚɘɝɖ. ȼ əɎɗŮ ɗɏůɖ ˊɟɏˊŮɘ ɜŬ ŮɔəŬŰŬɚŮɘűɗŮɑ ˊɟɞŰɞɨ 

ˊŮɟɎůŮɘ ɞ ɢɟɧɜɞɠ. Ƀɘ ɡˊɧɚɞɘˊŮɠ ɛŮŰŬɓɎůŮɘɠ ɛˊɞɟɞɨɜ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘɖɗɞɨɜ ˊɟɞɖɔɞɡɛɏɜɤɠ Ůűɧůɞɜ ŭŮɜ ŬˊŬɘŰɞɨɜ Űɖɜ 

ˊŬɟɏɚŮɡůɖ ɢɟɧɜɞɡ. ɆŰɞ ɛɞɜŰɏɚɞ, ŬɡŰɞɨ Űɞɡ Ůɑŭɞɡɠ ɞɘ ɗɏůŮɘɠ 

ŮˊɘůɖɛŬɑɜɞɜŰŬɘ ɛŮ U [15]. 
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ɆɢɐɛŬ 3.5.6 Urgent location 

 
 

3. Committed locations: ɞɘ ɞˊɞɑŮɠ Ůˊɑůɖɠ ˊŬɔɩɜɞɡɜ Űɞ ɢɟɧɜɞ. ȳŰŬɜ 

ɏɜŬ ɛɞɜŰɏɚɞ ɏɢŮɘ ŮɜŮɟɔɏɠ ɛɑŬ ɐ ˊŮɟɘůůɧŰŮɟŮɠ ŰɏŰɞɘŮɠ ɗɏůŮɘɠ ŰɧŰŮ əŬɛɑŬ 

Ɏɚɚɖ ŭɘŮɟɔŬůɑŬ, ˊɏɟŬ Ŭˊɧ ŬɡŰɏɠ ˊɞɡ ŮɔəŬŰŬɚŮɑˊɞɡɜ Űɘɠ 

ŮˊɘůɖɛŬůɛɏɜŮɠ ɗɏůŮɘɠ, ŭŮɜ ŮˊɘŰɟɏˊŮŰŬɘ ɜŬ ŮɜŮɟɔɞˊɞɘɖɗŮɑ. Ƀɘ 

ůɡɔəŮəɟɘɛɏɜŮɠ ɗɏůŮɘɠ ŮɑɜŬɘ ɢɟɐůɘɛŮɠ ůŰɞ ɜŬ ŭɖɛɘɞɡɟɔɞɨɜ ŬŰɞɛɘəɏɠ 

ŬəɞɚɞɡɗɑŮɠ. ɀɏůŬ ůŰɞ ɛɞɜŰɏɚɞ ŮˊɘůɖɛŬɑɜɞɜŰŬɘ ɛŮ C [15]. 

 
 

 
ɆɢɐɛŬ 3.5.7 Committed location 

 
 

4. Normal Locations: ɧɚŮɠ ɞɘ ɡˊɧɚɞɘˊŮɠ. ɇɧůɞ ɞɘ Ŭɟɢɘəɏɠ (initial) ɧůɞ 

əŬɘ ɞɘ normal locations ɛˊɞɟŮɑ ɜŬ ŭɘŬɗɏŰɞɡɜ ůŰŬɗŮɟɏɠ, ɛɏůɞ Űɤɜ 

ɞˊɞɑɤɜ ɜŬ ɘəŬɜɞˊɞɘɞɨɜŰŬɘ ůɡɜɗɐəŮɠ ɧůɞ Űɞ ŬɡŰɧɛŬŰɞ ˊŬɟŬɛɏɜŮɘ ůŮ 

ŬɡŰɐ Űɖ ɗɏůɖ. Ƀɘ ůŰŬɗŮɟɏɠ ŬɡŰɏɠ ɛˊɞɟɞɨɜ ɜŬ ůɢŮŰɑɕɞɜŰŬɘ ŮɑŰŮ ɛŮ ŰŬ 

ɟɞɚɧɔɘŬ ŮɑŰŮ ɛŮ Űɘɠ ɛŮŰŬɓɚɖŰɏɠ [15]. 

 

 
ɆɢɐɛŬ 3.5.8 Normal location ɛŮ ůŰŬɗŮɟɎ (ˊɞɡ ɘəŬɜɞˊɞɘŮɑŰŬɘ ɧůɞ ɓɟɘůəɧɛŬůŰŮ 

ŮəŮɑ) 
 

 

3.6 ȰɚŮɔɢɞɠ əŬɘ ŮˊŬɚɐɗŮɡůɖ Űɞɡ ɡˊɧ ŮɝɏŰŬůɖ ůɡŰɐɛŬŰɞɠ 

 

 Ⱥűɧůɞɜ ɏɢŮɘ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɞ ˊɟɞůɞɛɞɘɤŰɐɠ (simulator), ɔɘŬ ɜŬ ŮɝŬůűŬɚɘůŰŮɑ ɧŰɘ Űɞ 

ɛɞɜŰɏɚɞ ɚŮɘŰɞɡɟɔŮɑ əŬɘ ůɡɛˊŮɟɘűɏɟŮŰŬɘ ɧˊɤɠ Ŭəɟɘɓɩɠ Űɞ ˊɟɞɠ ɛɞɜŰŮɚɞˊɞɑɖůɖ ůɨůŰɖɛŬ (əŬɘ 

ɛŮɟɘəɏɠ űɞɟɏɠ ɔɘŬ ɜŬ ŬɜɘɢɜŮɡŰɞɨɜ Űɡɢɧɜ ɚɎɗɖ ůŰɞɜ Ŭɟɢɘəɧ ůɢŮŭɘŬůɛɧ), ɖ ŮˊɧɛŮɜɖ űɎůɖ ŮɑɜŬɘ 

ɜŬ ɔɑɜŮɘ ɏɚŮɔɢɞɠ əŬŰɎ ˊɧůɞ ŮˊŬɚɖɗŮɨɞɜŰŬɘ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ. ȷɟɢɘəɎ ɚɞɘˊɧɜ 

ŬɡŰɏɠ ɗŬ ˊɟɏˊŮɘ ɜŬ ɔɑɜɞɡɜ ɔɜɤůŰɏɠ əŬɘ ɜŬ çŮˊɘůɖɛɞˊɞɘɖɗɞɨɜè Ůɜɩ əŬŰɎ ŭŮɨŰŮɟɞɜ ɜŬ 

ɛŮŰŬűɟŬůŰɞɨɜ ůŰɖ ɔɚɩůůŬ ŮˊŮɟɤŰɐůŮɤɜ Űɞɡ UPPAAL (Uppaal query language). ɇŬ Ůɑŭɖ 

Űɤɜ ɘŭɘɞŰɐŰɤɜ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ŮɚɏɔɢɞɜŰŬɘ ɎɛŮůŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŰŬ UPPAAL ŮɟɤŰɐɛŬŰŬ 

ŮɑɜŬɘ ŬɟəŮŰɎ ŬˊɚɎ. Ƀɘ ůɢŮŭɘŬůŰɏɠ ɏɢɞɡɜ ɡɘɞɗŮŰɐůŮɘ ŬɡŰɐ Űɖɜ ˊɟɞůɏɔɔɘůɖ, ŬɜŰɑ ɜŬ ŮˊɘŰɟɏˊɞɡɜ 

ůɨɜɗŮŰŬ ŮɟɤŰɐɛŬŰŬ, ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ɓŮɚŰɘɤɗŮɑ ɖ Ŭˊɧŭɞůɖ Űɞɡ ŮɟɔŬɚŮɑɞɡ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ, 

ɖ ŮˊŬɚɐɗŮɡůɖ Űɤɜ ůɨɜɗŮŰɤɜ ɘŭɘɞŰɐŰɤɜ ɛˊɞɟŮɑ ɜŬ ŬˊŬɘŰŮɑ Űɞɜ ɏɚŮɔɢɞ ˊɞɚɚɩɜ ŭɘŬűɞɟŮŰɘəɩɜ 

ŮɟɤŰɖɛɎŰɤɜ əŬɘ Ŭəɧɛɖ əŬɘ Űɖɜ ˊɟɞůɗɐəɖ ůŰɞ ɛɞɜŰɏɚɞ ŮɘŭɘəɎ ůɢŮŭɘŬůɛɏɜɤɜ "ŮɚŮɔɛɏɜɤɜ 

ŬɡŰɞɛɎŰɤɜ".  
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ȼ query ɔɚɩůůŬ Űɞɡ UPPAAL ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɞɡɠ Űɨˊɞɡɠ ŭɘŬŭɟɞɛɐɠ (path 

formulae) əŬɘ Űɞɡɠ Űɨˊɞɡɠ əŬŰɎůŰŬůɖɠ (state formulae). Ƀɘ Űɨˊɞɘ əŬŰɎůŰŬůɖɠ ˊŮɟɘɔɟɎűɞɡɜ 

ɝŮɢɤɟɘůŰɏɠ ŬɜŮɝɎɟŰɖŰŮɠ əŬŰŬůŰɎůŮɘɠ, Ůɜɩ ɞɘ Űɨˊɞɘ ŭɘŬŭɟɞɛɐɠ ˊɞůɞŰɘəɞˊɞɘɞɨɜŰŬɘ ůŮ 

ɛɞɜɞˊɎŰɘŬ ɖ ɑɢɜɖ Űɞɡ ɛɞɜŰɏɚɞɡ. Ƀɘ Űɨˊɞɘ ŭɘŬŭɟɞɛɐɠ əŬŰɖɔɞɟɘɞˊɞɘɞɨɜŰŬɘ ůŮreachability, 

safety, liveness. ɄŬɟŬəɎŰɤ ɗŬ ŮˊɏɚɗŮɘ ˊŮɟŮŰŬɑɟɤ ŬɜɎɚɡůɐ Űɞɡɠ Ůɜɩ ɗŬ ŭɞɗɞɨɜ əŬɘ 

ŬɜŰɑůŰɞɘɢŬ ŭɘŬɔɟɎɛɛŬŰŬ ˊŮɟɘɔɟŬűɐɠ ɔɘŬ Űɞɜ əɎɗŮ Űɨˊɞ. 

 

¶ State formulae: ȰɜŬɠ Űɨˊɞɠ əŬŰɎůŰŬůɖɠ ɘůɞŭɡɜŬɛŮɑ ɛŮ ɛɑŬ ɏəűɟŬůɖ ˊɞɡ ɏɢŮɘ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŬɜŬɢɗŮɑ ůŮ ɛɑŬ əŬŰɎůŰŬůɖ ɢɤɟɑɠ ɜŬ ŮɚɏɔɝɞɡɛŮ Űɖɜ ůɡɛˊŮɟɘűɞɟɎ Űɞɡ 

ɛɞɜŰɏɚɞɡ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ ɖ Ŭˊɚɐ ɏəűɟŬůɖ i == 7 ŮɑɜŬɘ Ŭɚɖɗɘɜɐ ůŮ ɛɑŬ əŬŰɎůŰŬůɖ 

ɧˊɞŰŮ Űɞ i ɘůɞɨŰŬɘ ɛŮ 7. ȼ ůɨɜŰŬɝɖ Űɤɜ Űɨˊɤɜ əŬŰɎůŰŬůɖɠ ŮɑɜŬɘ ɡˊŮɟůɨɜɞɚɞ Űɖɠ 

ůɨɜŰŬɝɖɠ Űɤɜ guards (űɡɚɎəɤɜ) , ŭɖɚŬŭɐ ɏɜŬɠ Űɨˊɞɠ əŬŰŬůŰɎůŮɤɜ ŮɑɜŬɘ ɛɑŬ 

ɏəűɟŬůɖ ɢɤɟɑɠ ˊŬɟŮɜɏɟɔŮɘŮɠ ŬɚɚɎ ůŮ ŬɜŰɑɗŮůɖ ɛŮ Űɞɡɠ guards ɖ ɢɟɐůɖ 

ŭɘŬűɟŬɔɛɎŰɤɜ ŭŮɜ çŬˊŬɔɞɟŮɨŮŰŬɘè [21]. 

ɆŰɞ UPPAAL[1] Űɞ Deadlock ŮəűɟɎɕŮŰŬɘ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬɜ Ůɘŭɘəɧ Űɨˊɞ 

əŬŰɎůŰŬůɖɠ. ȾŬŰɎůŰŬůɖ deadlock ŮˊɘəɟŬŰŮɑ Ůűɧůɞɜ ŮɑɜŬɘ ŭɡɜŬŰɧ Űɞ ɛɞɜŰɏɚɞ ɜŬ 

ŮɝŮɚɑůůŮŰŬɘ ůŮ ɛɘŬ ŭɘŬŭɞɢɘəɐ ůŰɎůɖ ɢɤɟɑɠ ɜŬ ˊŮɟɘɛɏɜŮɘ əɎˊɞɘɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ɐ 

ɛɘŬ ɛŮŰɎɓŬůɖ ɛŮŰŬɝɨ ɗɏůŮɤɜ. ȹɨɞ ŰɡˊɘəɎ ˊŬɟŬŭŮɑɔɛŬŰŬ ŮɑɜŬɘ:  

 E <> deadlock = ñExists deadlockò  

 

 A [ ] not deadlock = ñThere is no deadlock 

 

ɆɖɛŮɘɩɜŮŰŬɘ Ůŭɩ ɧŰɘ ɖ ɚɏɝɖ çdeadlockè ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ůŰɞ 

ŮůɤŰŮɟɘəɧ ɞˊɞɘŬůŭɐˊɞŰŮ ɏəűɟŬůɖɠ ŮˊɘůɖɛɞˊɞɘɩɜŰŬɠ ɛɘŬ ůɡɔəŮəɟɘɛɏɜɖ ɘŭɘɧŰɖŰŬ. 

ȳŰŬɜ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɏɚŮɔɢɞɠ ɛɞɜŰɏɚɞɡ ɔɘŬ Űɖɜ ŮˊŬɚɐɗŮɡůɖ Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ, ɏɢŮɘ 

ůɡɜɐɗɤɠ ɛŮɚŮŰɖɗŮɑ Ŭɜ ɡˊɎɟɢŮɘ Ŭŭɘɏɝɞŭɞ ůŰɖɜ ɛɞɜŰɏɚɞ ɐ ɧɢɘ. ȷəɧɛɖ əŬɘ ŬɝɘɞˊɞɘɩɜŰŬɠ 

Űɖɜ ŬűŬɘɟŮŰɘəɧŰɖŰŬ ɞ ɢɩɟɞɠ əŬŰɎůŰŬůɖɠ ɛˊɞɟŮɑ ɜŬ çŮəɟŬɔŮɑè. ɈˊɎɟɢɞɡɜ Ůˊɘɚɞɔɏɠ 

Ůɚɏɔɢɞɡ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ɓɞɖɗɐůɞɡɜ. ȷɜ ŮɑɜŬɘ ŮɜŮɟɔɞˊɞɘɖɛɏɜŮɠ əɎˊɞɘŮɠ Ůˊɘɚɞɔɏɠ, ɖ 

ɏɝɞŭɞɠ Űɞɡ ŮɚŮɔəŰɐ ɛˊɞɟŮɑ ɜŬ Űɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ ɘŭɘɧŰɖŰŬ ɑůɤɠ ŮɑɜŬɘ ɘəŬɜɞˊɞɘɖŰɘəɐ. Ƀ 

ŮɚŮɔəŰɐɠ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ˊɟɞůŭɘɞɟɑůŮɘ Űɖɜ Űɘɛɐ ŬɚɖɗŮɑŬɠ Űɖɠ ɘŭɘɧŰɖŰŬɠ ɚɧɔɤ Űɤɜ 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɤɜ ˊɟɞůŮɔɔɑůŮɤɜ. 

 

¶ Reachability PropertiesɇŬ reachability properties əŬɗɑůŰŬɜŰŬɘ ɞɘ ˊɘɞ Ŭˊɚɏɠ ɧɚɤɜ 

Űɤɜ ɘŭɘɞŰɐŰɤɜ. ȺɟɤŰɞɨɜ Ŭɜ ɏɜŬɠ ŭɞɗɏɜ Űɨˊɞɠ əŬŰɎůŰŬůɖɠ ,ɏůŰɤ ű, ɛˊɞɟŮɑ ˊɘɗŬɜɩɠ 

ɜŬ ɘəŬɜɞˊɞɘɖɗŮɑ Ŭˊɧ ɞˊɞɘŬŭɐˊɞŰŮ ˊɟɞůŮɔɔɑůɘɛɖ əŬŰɎůŰŬůɖ. ȰɜŬɠ ŭɘŬűɞɟŮŰɘəɧɠ 

Űɟɧˊɞɠ ɜŬ ɞɟɑůɞɡɛŮ Űɞ ˊŬɟŬˊɎɜɤ ŮɑɜŬɘ ɛɏůɤ Űɖɠ Ůɝɐɠ ŮɟɩŰɖůɖɠ: çɈˊɎɟɢŮɘ 

ŭɘŬŭɟɞɛɐ ˊɞɡ ɝŮəɘɜɎ Ŭˊɧ Űɖɜ Ŭɟɢɘəɐ əŬŰɎůŰŬůɖ-initial location , ŰɏŰɞɘŬ ɩůŰŮ ɞ Űɨˊɞɠ 

əŬŰɎůŰŬůɖɠ ű ɘəŬɜɞˊɞɘŮɑŰŬɘ ɛɏůŬ ůŮ ŬɡŰɐ Űɖ ŭɘŬŭɟɞɛɐ?è 

ȼ ůɡɜɖɗɏůŰŮɟɖ ɢɟɐůɖ Űɤɜ reachability properties ŬˊɞŰŮɚŮɑ ɞ ɏɚŮɔɢɞɠ ɚɞɔɘəɐɠ ɔɘŬ 

ɏɜŬ ɛɞɜŰɏɚɞ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ ůŮ ɏɜŬ ɛɞɜŰɏɚɞ Ůɜɧɠ ˊɟɤŰɞəɧɚɚɞɡ ŮˊɘəɞɘɜɤɜɑŬɠ ˊɞɡ 

ˊŮɟɘɚŬɛɓɎɜŮɘ ɏɜŬ ŬˊɞůŰɞɚɏŬ əŬɘ ɏɜŬ ˊŬɟŬŭɧŰɖ, ɞ ˊɘɞ ɚɞɔɘəɧɠ ɏɚŮɔɢɞɠ ˊɞɡ ɛˊɞɟŮɑ 

ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ ŮɑɜŬɘ Ŭɜ ɞ ŬˊɞůŰɞɚɏŬɠ ɏɢŮɘ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ůŰŮɑɚŮɘ ɛɖɜɨɛŬŰŬ 

ɐ Ŭɜ ɏɜŬ ɛɐɜɡɛŬ ɛˊɞɟŮɑ ɜŬ ˊŬɟŬɚɖűɗŮɑ ůŰɞ ɛɞɜŰɏɚɞ ŬɡŰɧ. ɄŬɟɧɚɞ ˊɞɡ ŬɡŰɏɠ ɞɘ 

ɘŭɘɧŰɖŰŮɠ Ŭˊɧ ɛɧɜŮɠ Űɞɡɠ ŭŮɜ ŮɔɔɡɩɜŰŬɘ Űɖɜ ɞɟɗɧŰɖŰŬ Űɞɡ ˊɟɤŰɞəɧɚɚɞɡ, 

Ůˊɘəɡɟɩɜɞɡɜ Űɖɜ ɞɟɗɐ ɚŮɘŰɞɡɟɔɑŬ Űɖɠ ɓŬůɘəɐɠ ůɡɛˊŮɟɘűɞɟɎɠ Űɞɡ ɛɞɜŰɏɚɞɡ. ɀŮ Űɞɜ 
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Űɨˊɞ Ⱥ <>ű ñExists eventually űò, ˊɞɡ ůɖɛŬɑɜŮɘ ɧŰɘ ɡˊɎɟɢŮɘ ɛɘŬ ŭɘŬŭɟɞɛɐ ŮəŰɏɚŮůɖɠ 

ɧˊɞɡ Űɞ ű ŰŮɚɘəɎ ˊŬɟŬɛɏɜŮɘ [21]. 

 
 
 

 
 
 
 

¶ Safety PropertiesɇŬ Safety properties ŮɝŬůűŬɚɑɕɞɡɜ ˊɤɠ çŭŮɜ ɗŬ ůɡɛɓŮɑ ˊɞŰɏ əɎŰɘ 

əŬəɧè. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ ůŮ ɏɜŬ ɛɞɜŰɏɚɞ ˊɡɟɖɜɘəɞɨ ůŰŬɗɛɞɨ ɏɜŬ safety property 

ɛˊɞɟɞɨůŮ ɜŬ ŮɑɜŬɘ ɖ ɞɟɘɞɗɏŰɖůɖ ɩůŰŮ ɖ ɗŮɟɛɞəɟŬůɑŬ ɚŮɘŰɞɡɟɔɑŬɠ ɜŬ ɛɖɜ ɡˊŮɟɓŬɑɜŮɘ 

ˊɞŰɏ (invariantly) ɏɜŬ ůɡɔəŮəɟɘɛɏɜɞ ɧɟɘɞ, ɩůŰŮ ɜŬ ɛɖɜ ůɡɛɓŮɑ ˊɞŰɏ ɏəɟɖɝɖ. ɀɑŬ 

ˊŬɟŬɚɚŬɔɐ Űɖɠ ˊŬɟŬˊɎɜɤ űɟɎůɖɠ ŮɑɜŬɘ ɖ çəɎŰɘ ŭŮɜ ɗŬ ůɡɛɓŮɑ ˊɞŰɏè. ũɘŬ 

ˊŬɟɎŭŮɘɔɛŬ, ɧŰŬɜ ˊŬɑɕɞɡɛŮ ɏɜŬ ˊŬɘɢɜɑŭɘ ɏɜŬ safe state ŮɑɜŬɘ ɛɑŬ əŬŰɎůŰŬůɖ ˊɞɡ 

ɛˊɞɟɞɨɛŮ ɜŬ əŮɟŭɑůɞɡɛŮ Űɞ ˊŬɘɢɜɑŭɘ əŬɘ Ůˊɞɛɏɜɤɠ ɜŬ ɛɖɜ ɢɎůɞɡɛŮ [21]. 

ɆŰɞ UPPAAL ŬɡŰɏɠ ɞɘ ɘŭɘɧŰɖŰŮɠ ŭɘŬŰɡˊɩɜɞɜŰŬɘ ɗŮŰɘəɎ (ˊ.ɢ. something good is 

invariantly true). ȰůŰɤ ű ɏɜŬɠ Űɨˊɞɠ əŬŰɎůŰŬůɖɠ. ȺəűɟɎɕŮŰŬɘ ˊɤɠ Űɞ ű ́ɟɏˊŮɘ ɜŬ 

ɘəŬɜɞˊɞɘŮɑŰŬɘ ůŮ ɧɚŮɠ Űɘɠ ˊɟɞůɓɎůɘɛŮɠ əŬŰŬůŰɎůŮɘɠ ɛŮ Űɞɜ Űɨˊɞ ŭɘŬŭɟɞɛɐɠ ȷ<>ű2 ,  

Ůɜɩ Űɞ Ⱥ<>ű ɡˊɞŭɖɚɩɜŮɘ ˊɤɠ ˊɟɏˊŮɘ ɜŬ ɡˊɎɟɢŮɘ ɛɏɔɘůŰɖ ŭɘŬŭɟɞɛɐ əŬŰɎ Űɖɜ ɞˊɞɑŬ 

Űɞ ű ɘəŬɜɞˊɞɘŮɑŰŬɘ ˊɎɜŰŬ[1]. ɆŰɞ UPPAAL ɔɟɎűɞɡɛŮ: 

Á E [ ] p ñExists globally pò, ˊɞɡ ůɖɛŬɑɜŮɘ ɧŰɘ ɡˊɎɟɢŮɘ ɏɜŬ ɛɞɜɞˊɎŰɘ 

ŮəŰɏɚŮůɖɠ əŬŰɎ Űɞ ɞˊɞɑɞ Űɞ p ˊŬɟŬɛɏɜŮɘ ůŮ ɧɚɞɡɠ Űɞɡɠ ůŰŬɗɛɞɨɠ Űɞɡ 

ɛɞɜɞˊŬŰɘɞɨ (Ŭ)  

Á A [ ] p ñAlways globally pò, ɧˊɞɡ ɔɘŬ əɎɗŮ ɛɞɜɞˊɎŰɘ ŮəŰɏɚŮůɖɠ Űɞ p 

ŭɘŬŰɖɟŮɑŰŬɘ ůŮ ɧɚɞ Űɞ ɛɞɜɞˊɎŰɘ (ɓ) 

 

 
Ŭ, ɓ 

 
 

¶ Liveness PropertiesɃɘ Liveness Properties ŮɝŬůűŬɚɑɕɞɡɜ ˊɤɠ çəɎŰɘ ɗŬ ůɡɛɓŮɑ Ůɜ 

Űɏɚɖè ˊ.ɢ. Ŭɜ ˊŬŰɐůɞɡɛŮ Űɞ on button Űɞɡ ŰɖɚŮəɞɜŰɟɧɚ Űɖɠ ŰɖɚŮɧɟŬůɖɠ əɎˊɞɘŬ 

ůŰɘɔɛɐ ŰŮɚɘəɎ ɖ ŰɖɚŮɧɟŬůɖ ɗŬ ŬɜɞɑɝŮɘ ɐ ůŮ ɏɜŬ ɛɞɜŰɏɚɞ ˊɟɤŰɞəɧɚɚɞɡ ŮˊɘəɞɘɜɤɜɑŬɠ 

əɎɗŮ ɛɐɜɡɛŬ ˊɞɡ ɏɢŮɘ ůŰŬɚŮɑ Ůɜ Űɏɚɖ ɗŬ ˊŬɟŬŭɞɗŮɑ.  






















































































