
  

 

 

 

 

Verification of multiple models of a safety-
critical motor controller in railway systems  

 

 
 

 

Conference Paper 

*CISTER Research Centre  

CISTER-TR-220504 

 

2022/06/01 

José Proença* 

Sina Borrami 

Jorge Sanchez de Nova 

David Pereira* 

Giann Nandi*  

 



Conference Paper CISTER-TR-220504 Verification of multiple models of a safety-critical motor  ... 

© 2022 CISTER Research Center 
www.cister-labs.pt   

1 
 

Verification of multiple models of a safety-critical motor controller in railway 
systems 

José Proença*, Sina Borrami, Jorge Sanchez de Nova, David Pereira*, Giann Nandi* 

*CISTER Research Centre 

Polytechnic Institute of Porto (ISEP P.Porto) 

Rua Dr. António Bernardino de Almeida, 431 

4200-072 Porto 

Portugal 

Tel.: +351.22.8340509, Fax: +351.22.8321159 

E-mail: pro@isep.ipp.pt, sina.borrami@alstomgroup.com, orge.sanchez-de-nova@alstomgroup.com, drp@isep.ipp.pt, giann@isep.ipp.pt 

https://www.cister-labs.pt 

 

Abstract 

Motor controllers, such as the ones used in signalling systems, include critical embedded software. Alstom is a 
company that produces such embedded systems, which must follow complex certification processes that require 
formal modelling and analysis. The formal analysis of these real-time systems have to balance between including 
enough details to be useful and abstracting away enough details to be verifiable. 

This paper describes our work in the context of the European VALU3S project to integrate the analysis of such 
systems with the Uppaal model checker during the development cycle, involving both developers from Alstom and 
academic partners. We use special Excel tables to configure the underlying Uppaal models and requirements, 
bridging these two stakeholders. We follow Software Product Line Engineering principles, e.g., allowing features to 
be turned on and off and periodicities to be changed, and verify different properties for each of such configuration. 
We automate the instantiation and verification in Uppaal of a set of selected configurations via an open-source 
prototype tool named Uppex. 
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❝♦♠♠❛♥❞ t♦ t❤❡ ❝✐r❝✉✐t✑ s❤♦✉❧❞ ♥♦t ♥❡❡❞ t♦ ❝♦♥s✐❞❡r ❛❧❧ ❝♦♠❜✐♥❛t✐♦♥s ♦❢ st❛t❡s
✐♥✈♦❧✈✐♥❣ t❤❡ s❡♥❞✐♥❣ ♦❢ ♠❡ss❛❣❡s t♦ t❤❡ ❞❛s❤❜♦❛r❞✳ ❙✐♠✐❧❛r❧②✱ t❤❡ r❡q✉✐r❡♠❡♥t
✏✐❢ t❤❡ ❝♦♥tr♦❧❧❡r ❝♦♠♣♦♥❡♥t r❡❝❡✐✈❡s ❛♥ ❡rr♦r ♠❡ss❛❣❡ ✐t s❤♦✉❧❞ ❣♦ t♦ ❛ ❢❛❧❧❜❛❝❦

st❛t❡ ❛♥❞ t❤❡ ❞❛s❤❜♦❛r❞ s❤♦✉❧❞ ❜❡ ✐♥❢♦r♠❡❞ ✇✐t❤✐♥ ✶✵✵♠s✑ s❤♦✉❧❞ ♥♦t ♥❡❡❞ t♦
❝♦♥s✐❞❡r t❤❡ ♠❡❝❤❛♥✐s♠s t♦ ✐♥t❡r❛❝t ✇✐t❤ t❤❡ ❝✐r❝✉✐t✳

❚❤✐s ❧❡❛❞ t♦ ❛ ❢❛♠✐❧② ♦❢ ❢♦r♠❛❧ ♠♦❞❡❧s ✇✐t❤ ❞✐✛❡r❡♥t ♣❛r❛♠❡t❡rs ❛♥❞ ❧❡✈❡❧s
♦❢ ❞❡t❛✐❧✱ ❡❛❝❤ t❛r❣❡tt✐♥❣ ❞✐✛❡r❡♥t r❡q✉✐r❡♠❡♥ts✳ ❚❤✐s ❧❡❛❞ ✉s t♦ ✸ ❝❤❛❧❧❡♥❣❡s✿
❈✶✿ ♠❛✐♥t❛✐♥ t❤❡ ♠♦❞❡❧✱ t♦ ❦❡♣t ✐t ✉♣✲t♦✲❞❛t❡ ✇✐t❤ t❤❡ s②st❡♠ ✉♥❞❡r ❞❡✈❡❧✲
♦♣♠❡♥t❀ ❈✷✿ ♠❛♥❛❣❡ ✈❛r✐❛❜✐❧✐t②✱ ❛s t♦♦ ♠❛♥② ♠♦❞❡❧s ✇✐t❤ ❝♦♠♠♦♥❛❧✐t✐❡s ❛r❡
♥❡❡❞❡❞❀ ❛♥❞ ❈✸✿ ✐♠♣r♦✈❡ t❤❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❜❡t✇❡❡♥ ❞❡✈❡❧♦♣❡rs ❛♥❞ ♠♦❞✲
❡❧❧❡rs ♦❢ t❤❡ ❢♦r♠❛❧ s♣❡❝✐✜❝❛t✐♦♥s✳

❖✉r ❛♣♣r♦❛❝❤ ✉s❡s ❛ ❤✐❣❤✲❧❡✈❡❧ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥s ♦❢ t❤❡
❢❛♠✐❧② ♦❢ ❢♦r♠❛❧ ♠♦❞❡❧s ❢♦r r❡❛❧✲t✐♠❡ s②st❡♠s✳ ❚❤✐s r❡♣r❡s❡♥t❛t✐♦♥ ❝♦♥s✐sts ♦❢
▼✐❝r♦s♦❢t ❊①❝❡❧ s♣r❡❛❞s❤❡❡ts ✇✐t❤ ♣❛r❛♠❡t❡rs ❛♥❞ r❡q✉✐r❡♠❡♥ts t♦ ❜❡ ✉s❡❞ ✐♥
t❤❡ ❢♦r♠❛❧ ♠♦❞❡❧s✱ r❡❛❞ ❜② ♦✉r ♣r♦t♦t②♣❡ t♦♦❧ ❯♣♣❡① t❤❛t ❛✉t♦♠❛t✐❝❛❧❧② ❣❡♥❡r✲
❛t❡s ❛♥❞ ✈❡r✐✜❡s t❤❡ ❢✉❧❧ ❢❛♠✐❧② ♦❢ ♠♦❞❡❧s ❛♥❞ r❡q✉✐r❡♠❡♥ts✳ ❚❤❡s❡ s♣r❡❛❞s❤❡❡ts
✐♥❝❧✉❞❡✱ ❢♦r ❡①❛♠♣❧❡✱ t❤❡ t✐♠❡✲❜♦✉♥❞s ♦❢ ❝❡rt❛✐♥ ❝♦♠♣♦♥❡♥ts✱ t❤❡ s✐③❡ ♦❢ ❜✉✛❡rs✱
❛♥❞ t❤❡ ✐♥✐t✐❛❧ ✈❛❧✉❡s ♦❢ ❝❡rt❛✐♥ ✈❛r✐❛❜❧❡s✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡s❡ ✈❛❧✉❡s ✈❛r② ❛❝✲
❝♦r❞✐♥❣ t♦ t❤❡ s❡t ♦❢ ❛❝t✐✈❡ ❢❡❛t✉r❡s❀ ❢♦r ❡①❛♠♣❧❡✱ ❜② ❛❝t✐✈❛t✐♥❣ ❛ ❢❡❛t✉r❡ ♥❛♠❡❞
❙❡❧❢❚❡st✐♥❣✱ ❛ ✈❛r✐❛❜❧❡ ♥❛♠❡❞ TSelfTest ✐s s❡t t♦ ✷✵✵✱ ♦t❤❡r✇✐s❡ ✐t ✐s s❡t t♦ ✵✳ ❆
s♣❡❝✐❛❧ t❛❜❧❡ ❝♦♠♣✐❧❡s ❛ s❡t ♦❢ ❝♦♥✜❣✉r❛t✐♦♥s✱ ❡❛❝❤ ❧✐st✐♥❣ ✐ts ❛❝t✐✈❡ ❢❡❛t✉r❡s✳ ❋♦r
❡①❛♠♣❧❡✱ ❛ ❣✐✈❡♥ ❝♦♥✜❣✉r❛t✐♦♥ ❝♦✉❧❞ ❛❝t✐✈❛t❡ ❙❡❧❢❚❡st✐♥❣✱ ❞❡❛❝t✐✈❛t❡ ✉♥r❡❧❛t❡❞
♠♦♥✐t♦r✐♥❣ ❢❡❛t✉r❡s✱ ❛♥❞ ❛❝t✐✈❛t❡ ✐ts ❛ss♦❝✐❛t❡❞ r❡q✉✐r❡♠❡♥ts✳

❖r❣❛♥✐s❛t✐♦♥ ♦❢ t❤❡ ♣❛♣❡r✳ ❙❡❝t✐♦♥ ✷ ❞❡s❝r✐❜❡s t❤❡ ♠♦t♦r ❝♦♥tr♦❧❧❡r ✉s❡✲❝❛s❡
❛♥❞ ✐ts r❡q✉✐r❡♠❡♥ts✱ ❢♦r♠❛❧✐s❡❞ ✐♥ ❙❡❝t✐♦♥ ✸ ✉s✐♥❣ t❤❡ ❯♣♣❛❛❧ ♠♦❞❡❧ ❝❤❡❝❦❡r✳
❙❡❝t✐♦♥ ✹ ❞❡s❝r✐❜❡s ❤♦✇ ✇❡ ❝♦♥✜❣✉r❡ ❛♥❞ ✈❡r✐❢② ♠❛♥② ✈❛r✐❛t✐♦♥s ♦❢ ❛ ❯♣♣❛❛❧
♠♦❞❡❧✳ ❙❡❝t✐♦♥ ✺ s✉♠♠❛r✐s❡s ✇❤❛t ✇❡ ❤❛✈❡ ❧❡❛r♥❡❞ ❞✉r✐♥❣ t❤✐s ♣r♦❝❡ss ❛♥❞ t❤❡
♣❧❛♥s ❢♦r ❢✉t✉r❡ ❞❡✈❡❧♦♣♠❡♥ts✱ ❛♥❞ ❙❡❝t✐♦♥ ✻ ❝♦♥❝❧✉❞❡s t❤✐s ♣❛♣❡r✳



❱❡r✐✜❝❛t✐♦♥ ♦❢ ♠✉❧t✐♣❧❡ ♠♦❞❡❧s ♦❢ ❛ s❛❢❡t②✲❝r✐t✐❝❛❧ ♠♦t♦r ❝♦♥tr♦❧❧❡r ✸

❉❛s❤❜♦❛r❞ ❈♦♥tr♦❧❧❡r ❈✐r❝✉✐t

❝♦♠♠❛♥❞s ❝♦♠♠❛♥❞s

st❛t✉s st❛t✉s

❋✐❣✳ ✶✳ ❆r❝❤✐t❡❝t✉r❡ ♦❢ t❤❡ ♠♦t♦r ❝♦♥tr♦❧❧❡r s②st❡♠ ✉♥❞❡r ✈❡r✐✜❝❛t✐♦♥

✷ ❯s❡✲❝❛s❡✿ ▼♦t♦r ❝♦♥tr♦❧❧❡r

❖✉r r✉♥♥✐♥❣ ✉s❡✲❝❛s❡ ❝♦♥s✐sts ♦❢ ❛ ♠♦t♦r ❝♦♥tr♦❧❧❡r✱ ♦r ❝♦♥tr♦❧❧❡r ❢♦r s❤♦rt✱ r✉♥✲
♥✐♥❣ ✐♥ ❛ r❡s♦✉r❝❡ ❝♦♥str❛✐♥t ❞❡✈✐❝❡ ✇✐t❤ ❛ ❘❡❛❧ ❚✐♠❡ ❖❙✳ ❚❤✐s ❝♦♥tr♦❧❧❡r ✐s
❝♦♥♥❡❝t❡❞ ❜♦t❤ t♦ ❛ ♣❤②s✐❝❛❧ ❝✐r❝✉✐t ❛♥❞ t♦ ❛ ❞❛s❤❜♦❛r❞✱ ❛s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✳ ✶✳
❚❤❡ ❝✐r❝✉✐t ✐♥❝❧✉❞❡s ❛ ❉❈ ♠♦t♦r t❤❛t ✐s ❜❡✐♥❣ ❝♦♥tr♦❧❧❡❞✱ r❡❝❡✐✈❡s s✐♠♣❧❡ ❝♦♠✲
♠❛♥❞s ❢r♦♠ t❤❡ ❝♦♥tr♦❧❧❡r t♦ t✉r♥ ❧❡❢t✱ t✉r♥ r✐❣❤t✱ ♦r t♦ st♦♣✱ ❛♥❞ s❡♥❞s ❜❛❝❦ ❛
st❛t✉s r❡♣♦rt✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ♦❢ ✇❤❡t❤❡r t❤❡ ❧✐♠✐t ♦❢ ❛ r♦t❛t✐♦♥ ❤❛s
❜❡❡♥ r❡❛❝❤❡❞ ♦r ✐❢ ❛ ♣r♦❜❧❡♠ ❤❛s ❜❡❡♥ ❢♦✉♥❞✳ ❚❤❡ ❞❛s❤❜♦❛r❞ s❡♥❞s ✐♥str✉❝t✐♦♥s
t♦ t❤❡ ❝♦♥tr♦❧❧❡r✱ ✐♥❝❧✉❞✐♥❣ ❝♦♠♠❛♥❞s t♦ ❜❡ s❡♥t t♦ t❤❡ ❝✐r❝✉✐t✱ ✇❤✐❝❤ ✐♥ t✉r♥
✐♥❢♦r♠s t❤❡ ❞❛s❤❜♦❛r❞ ♦❢ ✐♥t❡r♥❛❧ st❛t❡ ✉♣❞❛t❡s✳

❲❡ ❢♦❝✉s ♦♥ t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ s♦❢t✇❛r❡ ♣❛rt ♦❢ t❤❡ ❝♦♥tr♦❧❧❡r✱ ❛♥❞ ♦♥ ✐ts
❢♦r♠❛❧ ✈❡r✐✜❝❛t✐♦♥ ✈✐❛ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ♦❢ t✐♠❡❞✲❜❡❤❛✈✐♦✉r✳ ❚❤✐s ✐s ❝♦♠♣❧❡♠❡♥✲
t❛r② t♦ ♦t❤❡r ❛♥❛❧②s✐s ❛♥❞ t❡sts ♣❡r❢♦r♠❡❞ ❜② ♦t❤❡r st❛❦❡❤♦❧❞❡rs ✐♥✈♦❧✈❡❞ ✐♥ t❤❡
s❛♠❡ ✉s❡✲❝❛s❡✱ ❡✳❣✳✱ t♦ ✐♥❥❡❝t ❢❛✉❧ts ✐♥ ❤❛r❞✇❛r❡ ❛♥❞ t♦ ❣❡♥❡r❛t❡ ❜❛t❝❤❡s ♦❢ t❡sts
✇✐t❤ ❡♥♦✉❣❤ ❝♦✈❡r❛❣❡✳ ❲❡ ❡①♣❡❝t ♦✉r ✉♥❞❡r❧②✐♥❣ ❢♦r♠❛❧✐③❛t✐♦♥s ❛♥❞ t♦♦❧s t♦ ❛❧s♦
❜❡♥❡✜t✱ ❞✐r❡❝t❧② ♦r ❛❢t❡r r❡♣✉r♣♦s❡❞✱ t❤❡ ♦t❤❡r st❛❦❡❤♦❧❞❡rs ✐♥ t❤✐s ✉s❡✲❝❛s❡✳

❚❤✐s ♣❛♣❡r ✐♥❝❧✉❞❡s ❜❡❤❛✈✐♦✉r❛❧ ❞❡t❛✐❧s ♦♥❧② ♦❢ t❤❡ ❝♦r❡ ❝♦♥tr♦❧❧❡r ❝♦♠♣♦♥❡♥t✱
❛♥❞ t❤❡ ❢✉❧❧ ❯♣♣❛❛❧ ♠♦❞❡❧s ❛r❡ ♥♦t ♣✉❜❧✐❝❧② ❛✈❛✐❧❛❜❧❡ s✐♥❝❡ t❤❡② ❛r❡ ✐♥t❡❧❧❡❝t✉❛❧
♣r♦♣❡rt② ♦❢ ❆❧st♦♠✳✸ ❲❡ ❜❡❧✐❡✈❡ t❤❛t t❤❡s❡ ❞❡s❝r✐♣t✐♦♥s✱ s✉♣♣♦rt❡❞ ❜② ♦✉r ♦♣❡♥✲
s♦✉r❝❡ ♣r♦t♦t②♣❡ t♦♦❧✱ ❛r❡ r✐❝❤ ❡♥♦✉❣❤ t♦ ❝♦♥✈❡② ♦✉r ❛♣♣r♦❛❝❤ ❛♥❞ ✐ts ❜❡♥❡✜ts✳

❙❛❢❡t②✲❝r✐t✐❝❛❧ ❜❡❤❛✈✐♦✉r ❍❛③❛r❞ ❛♥❛❧②s✐s ❢♦r t❤❡ ❝♦♥tr♦❧❧❡r ❤❛s ❜❡❡♥ ♣❡r✲
❢♦r♠❡❞ t♦ ❥✉st✐❢② t❤❡ ❞❡s✐r❡❞ ❝r✐t✐❝❛❧✐t② ❧❡✈❡❧s✳ ❚❤✐s ❛♥❛❧②s✐s ❣✉✐❞❡❞ t❤❡ ❛r❝❤✐t❡❝✲
t✉r❡ ♦❢ t❤❡ s♦❢t✇❛r❡ ❝♦♠♣♦♥❡♥ts ❞❡♣❧♦②❡❞ ♦♥ t❤❡ ❝♦♥tr♦❧❧❡r ❜♦❛r❞✳ ▼♦st ❝♦♠♣♦✲
♥❡♥ts ❛r❡ r❡♣❧✐❝❛t❡❞ ❛♥❞ ❡①❡❝✉t❡❞ ✐♥ t✇♦ ❞✐✈❡rs✐✜❡❞ ♣r♦❝❡ss✐♥❣ ✉♥✐ts ❛✈❛✐❧❛❜❧❡ ✐♥
t❤❡ s❡❧❡❝t❡❞ ❜♦❛r❞✱ t♦ ❞❡t❡❝t ✇❤❡♥ t❤❡✐r ❜❡❤❛✈✐♦✉r ❞✐✈❡r❣❡s✳ ❆❧s♦✱ ❈❘❈ ❝♦❞❡s
❛r❡ ❛♣♣❧✐❡❞ t♦ ✐♥❝♦♠✐♥❣ ❛♥❞ ♦✉t❣♦✐♥❣ ♣❛❝❦❛❣❡s t♦ ❡♥s✉r❡ ♠❡ss❛❣❡ ❝♦♥s✐st❡♥❝②✳

❚❤❡ r❡♣❧✐❝❛t❡❞ ❝♦♠♣♦♥❡♥ts ❛r❡✿ ❛ ❝♦r❡ ❝♦♥tr♦❧❧❡r✱ ❛ ♠♦♥✐t♦r t♦ ❝❤❡❝❦ ✐❢ t❤❡
st❛t❡ ♦❢ t❤❡ ❝♦♥tr♦❧❧❡rs ❛r❡ ❝♦♥s✐st❡♥t✱ ❛ ❞❡❝♦❞❡r t♦ ❝♦♠♣❛r❡ ✐♥❝♦♠✐♥❣ ♠❡ss❛❣❡s
❛❣❛✐♥st t❤❡✐r ❈❘❈ ❡rr♦r ❝♦❞❡ ❛♥❞ ❛❣❛✐♥st t❤❡ ♠❡ss❛❣❡s ❢r♦♠ t❤❡ ♥❡✐❣❤❜♦✉r ❞❡✲
❝♦❞❡r✱ ❛ ❜✉✛❡r t♦ st♦r❡ ♠❡ss❛❣❡s t♦ ❜❡ s❡♥t t♦ t❤❡ ❞❛s❤❜♦❛r❞✱ ❛♥ ❡♥❝♦❞❡r t♦ ❛❞❞
❈❘❈ ❝♦❞❡s t♦ ♠❡ss❛❣❡s t♦ ❜❡ s❡♥t t♦ t❤❡ ❞❛s❤❜♦❛r❞✱ ❛♥❞ ❛ r❡❛❞❡r ♦❢ ♠❡ss❛❣❡s
r❡❝❡✐✈❡❞ ❢r♦♠ t❤❡ ❝✐r❝✉✐t✳ ◆♦♥✲r❡♣❧✐❝❛t❡❞ ❝♦♠♣♦♥❡♥ts ❛r❡✿ ❛ s❝❤❡❞✉❧❡r t♦ st❛rt
r✉♥t✐♠❡ s❡❧❢✲t❡sts✱ ❛ s✐♠✉❧❛t♦r ♦❢ t❤❡ ❞❛s❤❜♦❛r❞✱ ❛ s✐♠✉❧❛t♦r ♦❢ t❤❡ ❝✐r❝✉✐t✱ ❛♥❞ ❛
❢❛✉❧t✲✐♥❥❡❝t♦r t♦ ❝❛✉s❡ s♦♠❡ ❝♦♠♣♦♥❡♥ts t♦ ❢❛✐❧✳ ❚❤❡ s✐♠✉❧❛t♦rs ❡①✐st ♦♥❧② ♦♥ t❤❡

✸ ❚❤❡s❡ ❝❛♥ ❜❡ ♠❛❞❡ ❛✈❛✐❧❛❜❧❡ t♦ t❤❡ r❡✈✐❡✇❡rs ✐❢ ♥❡❡❞❡❞✳



✹ ❏✳ Pr♦❡♥ç❛✱ ❙✳ ❇♦rr❛♠✐✱ ❏✳❙✳ ◆♦✈❛✱ ❉✳ P❡r❡✐r❛✱ ❛♥❞ ●✳❙✳ ◆❛♥❞✐

❈❤❡❝❦
❍❲

■❞❧❡

❙❡❧❢
❚❡st

❘❡❛❞②

▲❡❢t

❘✐❣❤t

❋❛❧❧✲
❜❛❝❦

❛❧❧✲
♦❦ st❛rt ❧❡❢t

r✐❣❤t

❡rr♦r

❡rr♦r

❡rr♦
r

r❡s❡t

❡rr♦r

st♦♣

st♦♣

❋✐❣✳ ✷✳ ●❡♥❡r❛❧ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ❝♦♥tr♦❧❧❡r ❝♦♠♣♦♥❡♥t

❢♦r♠❛❧ ♠♦❞❡❧s✱ t♦ ♠✐♠✐❝ t❤❡ ❡♥✈✐r♦♥♠❡♥t✱ ✇❤✐❧❡ ❝❛♣t✉r✐♥❣ t❤❡ ♠✐♥✐♠✉♠ ✐♥❢♦r✲
♠❛t✐♦♥ r❡q✉✐r❡❞ t♦ ♣❡r❢♦r♠ ❢♦r♠❛❧ ❛♥❛❧②s✐s✱ r❡♣r❡s❡♥t❡❞ ❛s ♣r❡❞❡✜♥❡❞ s❡q✉❡♥❝❡s
♦❢ ♠❡ss❛❣❡s t♦ ❜❡ s❡♥t✳

❚❤❡ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ❝♦r❡ ❝♦♥tr♦❧❧❡r t❛s❦ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✳ ✷✳ ❚❤❡ ❝♦♥tr♦❧❧❡r
♣❡r❢♦r♠s s♦♠❡ ✐♥✐t✐❛❧✐s❛t✐♦♥ ✐♥ ❈❤❡❝❦✲❍❲✱ t❡sts t❤❡ ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ t❤❡ ❝✐r❝✉✐t
✐♥ ❙❡❧❢✲❚❡st✱ ❛♥❞ ❝❛♥ tr✐❣❣❡r t❤❡ r♦t❛t✐♦♥ ♦❢ t❤❡ ♠♦t♦r t♦ t❤❡ ❧❡❢t ♦r t♦ t❤❡ r✐❣❤t✳
❆t ❛♥② ♠♦♠❡♥t✱ ✐t ❝❛♥ r❡❝❡✐✈❡ ❛♥ ❡rr♦r ❛♥❞ ❣♦ t♦ ❛ ❋❛❧❧✲❜❛❝❦ st❛t❡✳

P❛r❛♠❡t❡r✐s❡❞ r❡q✉✐r❡♠❡♥ts ❋♦❧❧♦✇✐♥❣ t❤❡ ❤❛③❛r❞ ❛♥❛❧②s✐s✱ ✇❡ ❝♦♠♣✐❧❡❞ ❛
s❡t ♦❢ r❡q✉✐r❡♠❡♥ts t♦ ❜❡ ✈❡r✐✜❡❞ ✉s✐♥❣ ♠♦❞❡❧ ❝❤❡❝❦✐♥❣ ❜❛s❡❞ ♦♥ ❯♣♣❛❛❧✳ ❚❤❡
♠♦st r❡❧❡✈❛♥t ♦♥❡s ❛r❡ ❧✐st❡❞ ✐♥ ❚❛❜❧❡ ✶✳ ❘❡q✉✐r❡♠❡♥ts ❢♦❧❧♦✇ s♦♠❡ s②♥t❛❝t✐❝
str✉❝t✉r❡ t♦ t✐❣❤t❡♥ t❤❡ ❣❛♣ ❜❡t✇❡❡♥ ❢♦r♠❛❧ ❛♥❞ ✐♥❢♦r♠❛❧ r❡q✉✐r❡♠❡♥ts✱ ❢♦❧✲
❧♦✇✐♥❣ t❤❡ ❊❆❘❙ ❛♣♣r♦❛❝❤ ❬✶✼❪✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ✸r❞ r❡q✉✐r❡♠❡♥t r❡❛❞s ✏■♥

❈♦♥❢3✱ ✇❤❡♥ ❝♦♥tr♦❧❧❡r1 ❢❛✐❧s t❤❡ ❝♦♥tr♦❧❧❡r2 s❤❛❧❧ ❣♦ t♦ ❛ ❢❛❧❧❜❛❝❦ st❛t❡ ✇✐t❤✐♥

✶✵✵♠s✳✑ ❈♦♥✜❣✉r❛t✐♦♥s s♣❡❝✐❢② t❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ♠♦❞❡❧ ✇❤❡♥ ✈❛❧✐❞❛t✐♥❣ t❤❡
r❡q✉✐r❡♠❡♥t✳ ❚❤✐s ❝♦✈❡rs ❜♦t❤ ❣❡♥❡r❛❧ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ s②st❡♠✱ s✉❝❤ ❛s t❤❡
t✐♠❡ t♦ ❞❡❝♦❞❡ ♠❡ss❛❣❡s ❛♥❞ t❤❡ ❢r❡q✉❡♥❝② ♦❢ ♦♣❡r❛t✐♦♥ ♦❢ ♠♦♥✐t♦rs✱ ❛♥❞ t❤❡
s❝❡♥❛r✐♦ ❝♦♥s✐st✐♥❣ ♦❢ t❤❡ ♠❡ss❛❣❡s s❡♥t ❜② t❤❡ ❞❛s❤❜♦❛r❞✱ ❜② t❤❡ ❝✐r❝✉✐t✱ ❛♥❞ ❜②
t❤❡ ❢❛✉❧t✲✐♥❥❡❝t♦r✳ ■♥ ♦✉r ❡①❛♠♣❧❡ ❈♦♥❢3 ❞❡✜♥❡s ❛ s❝❡♥❛r✐♦ ✇❤❡r❡ t❤❡ ❞❛s❤❜♦❛r❞
s❡♥❞s ❛ start ❛♥❞ ❛ left ❝♦♠♠❛♥❞ ❛❢t❡r ✷✵♠s ❛♥❞ ✶✵✵♠s✱ r❡s♣❡❝t✐✈❡❧②✱ ❛♥❞ t❤❡
❢❛✉❧t✲✐♥❥❡❝t♦r ❝❛✉s❡s ❝♦♥tr♦❧❧❡r1 t♦ ❢❛✐❧ ❛❢t❡r ✶✷✵♠s✳

❚❛❜❧❡ ✶✳ ❙♦♠❡ ❢✉♥❝t✐♦♥❛❧ ❛♥❞ ♥♦♥✲❢✉♥❝t✐♦♥❛❧ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ♠♦t♦r ❝♦♥tr♦❧❧❡r

❈♦♥✜❣✳ ❙t❛t❡ ❚r✐❣❣❡r ❈♦♠♣✳ ❊①♣❡❝t❡❞

❈♦♥❢1
❝♦♥tr♦❧❧❡r1 ✐s

r❡❛❞②
❞❡❝♦❞❡r r❡❝❡✐✈❡s ❛
left ❝♦♠♠❛♥❞

❝♦♥tr♦❧❧❡r1
s❡♥❞ ❛ left

❝♦♠♠❛♥❞ ✇✐t❤✐♥ ✶✵✵♠s

❈♦♥❢2
♠♦♥✐t♦r1 ♦r
r❡❛❞❡r1 ❢❛✐❧

❝♦♥tr♦❧❧❡r2
❣♦ t♦ ❛ ❢❛❧❧❜❛❝❦

st❛t❡ ✇✐t❤✐♥ ✶✵✵♠s

❈♦♥❢3
❝♦♥tr♦❧❧❡r1

❢❛✐❧s
❝♦♥tr♦❧❧❡r2

❣♦ t♦ ❛ ❢❛❧❧❜❛❝❦
st❛t❡ ✇✐t❤✐♥ ✶✵✵♠s

❈♦♥❢4
❝♦♥tr♦❧❧❡r1 r❡❝❡✐✈❡s
❛♥ ❡rr♦r ♠❡ss❛❣❡

❝♦♥tr♦❧❧❡r1
s❡♥❞ ✐♠♠❡❞✐❛t❡❧② ❛ stop

❝♦♠♠❛♥❞ t♦ t❤❡ ❝✐r❝✉✐t

❈♦♥❢4
❝♦♥tr♦❧❧❡r1 r❡❝❡✐✈❡s
❛♥ ❡rr♦r ♠❡ss❛❣❡

❡♥❝♦❞❡r1
♥♦t✐❢② t❤❡ ❞❛s❤❜♦❛r❞

✇✐t❤✐♥ ✶✵✵♠s

❈♦♥❢5
❞❛s❤❜♦❛r❞ ❝❛♥

s❡♥❞ ♠❡ss❛❣❡s
❢✉❧❧ s②st❡♠ ♥❡✈❡r ❣❡t st✉❝❦

■♥

✇
❤
✐❧
❡

✇
❤
❡
♥

t❤
❡

s❤
❛
❧❧



❱❡r✐✜❝❛t✐♦♥ ♦❢ ♠✉❧t✐♣❧❡ ♠♦❞❡❧s ♦❢ ❛ s❛❢❡t②✲❝r✐t✐❝❛❧ ♠♦t♦r ❝♦♥tr♦❧❧❡r ✺

❲❤❡♥ ❢♦r♠❛❧✐s✐♥❣ r❡q✉✐r❡♠❡♥ts ✭❝✳❢✳ ❚❛❜❧❡ ✶✮ ✉s✐♥❣ t❤❡ t❡♠♣♦r❛❧ ❧♦❣✐❝ s✉♣✲
♣♦rt❡❞ ❜② ❯♣♣❛❛❧✱ t❤❡ ♥♦t✐♦♥s ♦❢ st❛t❡✱ ❝♦♠♣♦♥❡♥t✱ ❛♥❞ ❡①♣❡❝t❡❞ ♦❜s❡r✈❛t✐♦♥

❢♦❧❧♦✇❡❞ ✐♥ ❛ r❡❧❛t✐✈❡❧② str❛✐❣❤t❢♦r✇❛r❞ ♠❛♥♥❡r✳ ❙♣❡❝✐❢②✐♥❣ t❤❡ tr✐❣❣❡rs ♦❢t❡♥ r❡✲
q✉✐r❡❞ ♠❛♥✉❛❧❧② ❡♥r✐❝❤✐♥❣ t❤❡ ♠♦❞❡❧ ✇✐t❤ ♥❡✇ ✈❛r✐❛❜❧❡s✱ s✐♥❝❡ t❤❡ ❧♦❣✐❝ ❞♦❡s ♥♦t
❡①♣r❡ss ❡✈❡♥ts✳ ❙♣❡❝✐❢②✐♥❣ ❝♦♥✜❣✉r❛t✐♦♥s ✇❡r❡ t❤❡ ♠♦st ❝♦♠♣❧❡① ♦♣❡r❛t✐♦♥s✱ ❛♥❞
t❤❡ ❝♦r❡ ❝❤❛❧❧❡♥❣❡ ❛❞❞r❡ss❡❞ ❜② t❤✐s ♣❛♣❡r ❛♥❞ ♦✉r ♣r♦t♦t②♣❡ t♦♦❧✳ ❚r❛❞✐t✐♦♥❛❧❧②
❢♦r ❡❛❝❤ ❝♦♥✜❣✉r❛t✐♦♥ ❛ ♥❡✇ ♠♦❞❡❧ ✇♦✉❧❞ ❤❛✈❡ t♦ ❜❡ s♣❡❝✐✜❡❞✱ ✜♥❡✲t✉♥✐♥❣ ✈❛❧✉❡s
♦❢ ✈❛r✐❛❜❧❡s s♣r❡❛❞ t❤r♦✉❣❤♦✉t t❤❡ ♠♦❞❡❧✱ ♦❢t❡♥ ❞❡❛❝t✐✈❛t✐♥❣ s♦♠❡ ❝♦♠♣♦♥❡♥ts
t♦ s✐♠♣❧✐❢② t❤❡ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ♦❢ ♠♦r❡ ❝♦♠♣❧❡① ♣r♦♣❡rt✐❡s✳ ▼❛✐♥t❛✐♥✐♥❣ ❛ ❝♦❧✲
❧❡❝t✐♦♥ ♦❢ s✉❝❤ ♠♦❞❡❧s✱ ✐♥ ❛ ❝♦♥t❡①t ✇❤❡r❡ ♥❡✐t❤❡r t❤❡ s②st❡♠ s♣❡❝✐✜❝❛t✐♦♥ ♥♦r
t❤❡ ❢✉❧❧ s❡t ♦❢ r❡q✉✐r❡♠❡♥ts ❛r❡ ✜①❡❞✱ q✉✐❝❦❧② ❜❡❝♦♠❡s ✐♥❢❡❛s✐❜❧❡✳ ❲❡ ♣r♦✈✐❞❡
s✉♣♣♦rt t♦ s♣❡❝✐❢② ❛❧❧ ❝♦♥✜❣✉r❛t✐♦♥s ❛♥❞ ♣r♦♣❡rt✐❡s ✐♥ ❛ s✐♥❣❧❡ ❊①❝❡❧ ✜❧❡✱ ❛♥❞ t♦
❛✉t♦♠❛t✐❝❛❧❧② ✉s❡ t❤❡s❡ ✇✐t❤ ❛ s✐♥❣❧❡ ❛♥♥♦t❛t❡❞ ❯♣♣❛❛❧ ♠♦❞❡❧✳

✸ ❋♦r♠❛❧ s♣❡❝✐✜❝❛t✐♦♥ ✐♥ ❯♣♣❛❛❧

❯♣♣❛❛❧ ❬✽❪ ✐s ❛ ✇❡❧❧✲❦♥♦✇♥ ♠♦❞❡❧✲❝❤❡❝❦❡r ❢♦r r❡❛❧✲t✐♠❡ s②st❡♠s✱ s✉❝❝❡ss❢✉❧❧② ✉s❡❞
✐♥ ♠❛♥② ✐♥❞✉str✐❛❧ ❛♣♣❧✐❝❛t✐♦♥s ❛♥❞ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❡♠❜❡❞❞❡❞ s②st❡♠s ❬✺❪✳
❙②st❡♠s ❛r❡ s♣❡❝✐✜❡❞ ❛s ❛ s❡t ♦❢ t✐♠❡❞✲❛✉t♦♠❛t❛ t❤❛t ✐♥t❡r❛❝t ❜♦t❤ ❜② ✉s✐♥❣
s②♥❝❤r♦♥✐s❛t✐♦♥ ♦♥ ❛❝t✐♦♥s ❛♥❞ ❜② ✉s✐♥❣ s❤❛r❡❞ ✈❛r✐❛❜❧❡s✳ ■♥ ❛ ♥✉ts❤❡❧❧✱ ❡❛❝❤
t✐♠❡❞✲❛✉t♦♠❛t♦♥ ✐s ❛ st❛t❡ ♠❛❝❤✐♥❡ ✇❤♦s❡ ❡❞❣❡s ❛r❡ ❧❛❜❡❧❧❡❞ ❜② ❛ ❣✉❛r❞ ❛♥❞ ❛♥
✉♣❞❛t❡ ♦✈❡r s❤❛r❡❞ ✈❛r✐❛❜❧❡s✱ ❛♥❞ ❜② ❛♥ ♦♣t✐♦♥❛❧ ❛❝t✐♦♥ ♥❛♠❡ ✉s❡❞ t♦ s②♥❝❤r♦♥✐s❡
✇✐t❤ ♥❡✐❣❤❜♦✉r ❛✉t♦♠❛t❛✳ ❙♣❡❝✐❛❧ ✈❛r✐❛❜❧❡s ♥❛♠❡❞ ❝❧♦❝❦s ❝❛♣t✉r❡ t❤❡ t✐♠❡ t❤❛t
❤❛s ♣❛ss❡❞ s✐♥❝❡ t❤❡② ✇❡r❡ ❧❛st r❡s❡t✱ ❛♥❞ ❛r❡ ✐♥❝r❡♠❡♥t❡❞ ❛✉t♦♠❛t✐❝❛❧❧② ❜② t❤❡
r✉❧❡s t❤❛t ❣✉✐❞❡ t❤❡ ❛✉t♦♠❛t❛ ❡✈♦❧✉t✐♦♥✳

❚❤❡ t♦♣♦❧♦❣② ♦❢ t❤❡ t✐♠❡❞ ❛✉t♦♠❛t❛ ♥❡t✇♦r❦ ✉s❡❞ ✐♥ t❤❡ s♣❡❝✐✜❝❛t✐♦♥ ♦❢ ♦✉r
✉s❡✲❝❛s❡ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✳ ✸✱ ♦♥❡ ❢♦r ❡❛❝❤ t❛s❦ ♠❡♥t✐♦♥❡❞ ✐♥ ❙❡❝t✐♦♥ ✷✳ ❚❤✐s
t♦♣♦❧♦❣② ✐s ❜✉✐❧t ✐t❡r❛t✐✈❡❧② ❜② ❜♦t❤ ❞❡✈❡❧♦♣❡rs ❛♥❞ ❢♦r♠❛❧ ♠♦❞❡❧❧❡rs✱ ❞✉r✐♥❣ t❤❡
❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ s②st❡♠✳ ❊❛❝❤ ♥♦❞❡ ❞❡♣✐❝ts t❤❡ t✐♠❡❞✲❛✉t♦♠❛t♦♥ ♦❢ ❛ ❝♦♠✲
♣♦♥❡♥t✱ ❛♥❞ ❛rr♦✇s ❞❡♣✐❝t ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ♥♦❞❡s✿ ❞❡♥♦t❡ s②♥❝❤r♦♥♦✉s
✐♥t❡r❛❝t✐♦♥s t❤❛t ❜❧♦❝❦ ✉♥t✐❧ ❜♦t❤ ❛✉t♦♠❛t❛ ❝❛♥ tr✐❣❣❡r t❤❡ ❛ss♦❝✐❛t❡❞ ❛❝t✐♦♥❀

❛♥❞ ❞❡♥♦t❡ s②♥❝❤r♦♥♦✉s ✐♥t❡r❛❝t✐♦♥s t❤❛t ❞♦ ♥♦t ❜❧♦❝❦ t❤❡ s❡♥❞❡r ✕ t❤❡
❢♦r♠❡r r❡q✉✐r❡s t❤❡ r❡❝❡✐✈❡r t♦ ❜❡ ❛❧✇❛②s r❡❛❞② ❛♥❞ t❤❡ ❧❛tt❡r ❞✐s❝❛r❞s ❞❛t❛ ✐❢ t❤❡
r❡❝❡✐✈❡r ✐s ♥♦t r❡❛❞②❀ ❛♥❞ ❞❡♥♦t❡s ❛s②♥❝❤r♦♥♦✉s ❝♦♠♠✉♥✐❝❛t✐♦♥ ❜② ❛t♦♠✐❝
✇r✐t❡s ❛♥❞ r❡❛❞s t♦ ❛ s❤❛r❡❞ ✈❛r✐❛❜❧❡✳

❚❤❡ ❞❛s❤❜♦❛r❞✱ ❝✐r❝✉✐t✱ ❛♥❞ ❢❛✉❧t✲✐♥❥❡❝t♦r ❝♦♠♣♦♥❡♥ts ❛r❡ ♣❛r❛♠❡t❡r✐s❡❞ ❜②
❛ s❝❡♥❛r✐♦✱ ✐✳❡✳✱ ❛ s❡q✉❡♥❝❡ ♦❢ ❛❝t✐♦♥s ✇✐t❤ t✐♠❡st❛♠♣s✳ ❚❤❡ ❞❛s❤❜♦❛r❞ s❡♥❞s
❝♦♠♠❛♥❞s t♦ t❤❡ ❡♥❝♦❞❡rs✱ t❤❡ ❝✐r❝✉✐t s❡♥❞s r❡♣♦rts t♦ t❤❡ r❡❛❞❡rs ❞❡s❝r✐❜✐♥❣ ✐❢
t❤❡r❡ ❛r❡ ❡rr♦rs ❛♥❞ ✐❢ t❤❡ ♠♦t♦r r❡❛❝❤❡❞ ❛ ❧✐♠✐t✱ ❛♥❞ t❤❡ ❢❛✉❧t✲✐♥❥❡❝t♦r s❡♥❞s
♠❡ss❛❣❡s t❤❛t ❝❛✉s❡ s♦♠❡ ❝♦♠♣♦♥❡♥ts t♦ ❣♦ t♦ ❛ ❢❛✉❧t② st❛t❡ ✇✐t❤ ♥♦ ❜❡❤❛✈✐♦✉r✳
❋✉rt❤❡r♠♦r❡✱ t❤❡ ❝✐r❝✉✐t r❡♣♦rts ❡rr♦rs ❢♦r ❛ ♣r❡❞❡✜♥❡❞ t✐♠❡✲✇✐♥❞♦✇ ❞✉r✐♥❣ t❤❡
s❡❧❢✲t❡st ♣❤❛s❡✱ ❛♥❞ t❤❡ ❝♦♥tr♦❧❧❡rs ✈❛❧✐❞❛t❡ t❤❛t ❛♥ ❡rr♦r ✐s ✐♥❞❡❡❞ r❡♣♦rt❡❞✳

❚❤❡ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ❝♦♠♣♦♥❡♥ts ✐♥✈♦❧✈❡❞ ✐s ❡①♣r❡ss❡❞ ✉s✐♥❣ ❯♣♣❛❛❧✬s ♥♦t✐♦♥
♦❢ t✐♠❡❞ ❛✉t♦♠❛t❛✳ ❲❡ ❞❡♣✐❝t t❤❡ ❛✉t♦♠❛t❛ ♦❢ t❤❡ ❝♦♥tr♦❧❧❡r✬s ❜❡❤❛✈✐♦✉r ✐♥
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❇✉✛❡r1 ▼♦♥✐t♦r1 ❈♦♥tr♦❧❧❡r1 ❘❡❛❞❡r1

❇✉✛❡r2 ▼♦♥✐t♦r2 ❈♦♥tr♦❧❧❡r2 ❘❡❛❞❡r2

❉❛s❤❜♦❛r❞
❙✐♠✉❧❛t♦r

❈✐r❝✉✐t
❙✐♠✉❧❛t♦r

❙❡❧❢✲❚❡st ❙❝❤❡❞✉❧❡r

❊♥❝♦❞❡r1

❊♥❝♦❞❡r2

❉❡❝♦❞❡r1

❉❡❝♦❞❡r2

❋❛✉❧t ■♥❥❡❝t♦r❢❛✐❧ ❢❛✐❧
❢❛✐❧

✇❛r♥✇❛r♥✱✉♣❞
❞♦ s❡❧❢✲t❡st

t♦

❡rr♦r

✇❛r♥✱✉♣❞
✇❛r♥ ✉♣❞

❛❝t✐♦♥

✇❛r♥

❛❝t✐♦♥

❡rr♦r
❝♦♠♠❛♥❞

r❡♣♦rt

✉♣❞✉♣❞

❡rr♦r

❧✐♠✐t

❋✐❣✳ ✸✳ ❚♦♣♦❧♦❣② ♦❢ t❤❡ ♥❡t✇♦r❦ ♦❢ ❝♦♠♠✉♥✐❝❛t✐♥❣ t✐♠❡❞✲❛✉t♦♠❛t❛ ♦❢ t❤❡ ✉s❡✲❝❛s❡

❋✐❣✳ ✹✳ ❆❧❧ t❤❡ ✺ st❛t❡s ♦❢ ❋✐❣✳ ✷ ❛♣♣❡❛r ✐♥ t❤✐s ❛✉t♦♠❛t❛✱ ❡①t❡♥❞❡❞ ✇✐t❤ ❡①tr❛
❞❡t❛✐❧s✳ ❚❤❡ ❛rr♦✇s ♣♦✐♥t✐♥❣ t♦ ❛♥❞ ❢r♦♠ t❤❡ ❈♦♥tr♦❧❧❡rs ✐♥ ❋✐❣✳ ✸ ❛♣♣❡❛r ✐♥ t❤✐s
❞✐❛❣r❛♠ ❡✐t❤❡r ❛s ❝❤❛♥♥❡❧s ✐♥ t❤❡ ❧❛❜❡❧s✱ r❡♣r❡s❡♥t❡❞ ❜② ♥❛♠❡s ♣r❡✜①❡❞ ✇✐t❤
❵❄✬ ♦r ❵ ✦✬✱ ♦r ❛s s❤❛r❡❞ ✈❛r✐❛❜❧❡s s✉❝❤ ❛s ❧✐♠✐t✱ ✇❤✐❝❤ ✐s r❡❛❞ t♦ ❞❡t❡❝t ✐❢ t❤❡
♠♦t♦r r❡❛❝❤❡❞ ✐ts t❛r❣❡t ♣♦s✐t✐♦♥✳ ❚❤❡ ♥♦♥✲❜❧♦❝❦✐♥❣ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ❡rr♦r ❛♥❞
❢❛✐❧ ❝❤❛♥♥❡❧s ✐s ❝❛♣t✉r❡❞ ❜② ✐♥❝❧✉❞✐♥❣ ❛♥ ❡①tr❛ tr❛♥s✐t✐♦♥ ❧❛❜❡❧❧❡❞ ❜② t❤✐s ❝❤❛♥♥❡❧
✐♥ ❡✈❡r② ♥♦❞❡ ✇❤❡r❡ t✐♠❡ ❝❛♥ ♣❛ss✳

❯♣♣❛❛❧ s✉♣♣♦rts ✐♠♣❡r❛t✐✈❡ ❝♦❞❡ ✉s✐♥❣ ❛ ❈✲❧✐❦❡ ❧❛♥❣✉❛❣❡ ✐♥s✐❞❡ ❛ ❣❧♦❜❛❧
❉❡❝❧❛r❛t✐♦♥s ❜❧♦❝❦✱ ❛❝❝❡ss✐❜❧❡ ❜② ❛❧❧ ❛✉t♦♠❛t❛ ✐♥ t❤❡ ♥❡t✇♦r❦✳ ❚❤❡s❡ ✈❛r✐❛❜❧❡s ❛♥❞
❢✉♥❝t✐♦♥s ❝❛♥ ❜❡ ✉s❡❞ ❜② t❤❡ ❡①♣r❡ss✐♦♥s ✐♥ t❤❡ t✐♠❡❞✲❛✉t♦♠❛t❛✳ ❋♦r ❡①❛♠♣❧❡✱
t❤❡ ❝♦♥❝r❡t❡ ❛❝t✐♦♥s ✭❡✳❣✳✱ ❣♦▲❡❢t✮✱ t✐♠❡✲❜♦✉♥❞s ✭✭❡✳❣✳✱ ❚▲❡❢t❬✐❞❪❬♠❛①❪✮✮✱ s❤❛r❡❞
✈❛r✐❛❜❧❡s ✭❡✳❣✳✱ ❧✐♠✐t✮✱ ❛♥❞ ❝❤❛♥♥❡❧ ♥❛♠❡s ✭❡✳❣✳✱ ❛❝t✐♦♥✮ ❛r❡ ❞❡❝❧❛r❡❞ ✐♥ t❤✐s ❜❧♦❝❦✳

✹ P❛r❛♠❡t❡r✐s❛t✐♦♥ ❛♥❞ ✈❡r✐✜❝❛t✐♦♥ ✇✐t❤ ❯♣♣❡①

■♥ ♦r❞❡r t♦ ❝♦♣❡ ✇✐t❤ t❤❡ ♠✉❧t✐♣❧❡ ❝♦♥✜❣✉r❛t✐♦♥s ♦❢ ❯♣♣❛❛❧✬s ♠♦❞❡❧s✱ ✇❡ ❞❡✈❡❧✲
♦♣❡❞ ❯♣♣❡① t♦ ♣r♦✈✐❞❡ ❛ ♠❡❝❤❛♥✐s♠ ❜❛s❡❞ ♦♥ ❛♥♥♦t❛t✐♦♥s t♦ ❝✉st♦♠✐s❡ ♠❛♥②
❛s♣❡❝ts✱ ✐♥❝❧✉❞✐♥❣ ❝❤❛♥♥❡❧s✱ s❤❛r❡❞ ✈❛r✐❛❜❧❡s✱ ❞❛t❛ t②♣❡s✱ t✐♠❡✲❜♦✉♥❞s✱ ❛♥❞ r❡✲
q✉✐r❡♠❡♥ts✳ ❯♣♣❡① ✐s ❛♥ ♦♣❡♥✲s♦✉r❝❡ t♦♦❧ t❤❛t ✉s❡s t❤❡ ✇♦r❦✢♦✇ ❞❡♣✐❝t❡❞ ✐♥
❋✐❣✳ ✺✿ ✐t r❡❛❞s ❜♦t❤ ❛♥ ❊①❝❡❧ ✜❧❡ ✇✐t❤ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥s ❛♥❞ ❛♥ ❯♣♣❛❛❧ ✜❧❡
✇✐t❤ ❛♥♥♦t❛t✐♦♥s✱ ❛♥❞ ✐t ❝r❡❛t❡s ❛ ♥❡✇ ❯♣♣❛❛❧ ♠♦❞❡❧ ❢♦r ❡❛❝❤ ❝♦♥✜❣✉r❛t✐♦♥
❢♦✉♥❞✳ ❊✐t❤❡r ♦♥❡ ♦❢ t❤❡ ♥❡✇ ♠♦❞❡❧s ✐s ✉s❡❞ t♦ r❡♣❧❛❝❡ t❤❡ ♦r✐❣✐♥❛❧ ❯♣♣❛❛❧ ✜❧❡✱
♦r t❤❡② ❛r❡ ✈❡r✐✜❡❞ ❜② ❯♣♣❛❛❧ ❛♥❞ ❛ r❡♣♦rt ✐s ♣r♦❞✉❝❡❞✳ ❯♣♣❡① ✐s ❞❡✈❡❧♦♣❡❞
✐♥ ❙❝❛❧❛✱ ✉s❡s t❤❡ ❆♣❛❝❤❡ P❖■ ❧✐❜r❛r✐❡s ❢♦r ▼✐❝r♦s♦❢t ❞♦❝✉♠❡♥ts ❬✶✸❪✱ ❛♥❞ ✐s
❛✈❛✐❧❛❜❧❡ ❛t https://cister-labs.github.io/uppex✳

✹✳✶ ❆♥♥♦t❛t✐♥❣ ❯♣♣❛❛❧ ♠♦❞❡❧s

❉❡❝❧❛r❛t✐♦♥s ✐♥ t❤❡ ✐♥♣✉t ❯♣♣❛❛❧ ♠♦❞❡❧ ❛r❡ ❛♥♥♦t❛t❡❞ ✇✐t❤ s♣❡❝✐❛❧ ❜❧♦❝❦s st❛rt✐♥❣ ✇✐t❤
✏// @Name✑✱ ✇❤✐❝❤ ❛❝t ❛s ❤♦♦❦s t❤❛t ❯♣♣❡① ✉s❡s t♦ ✐♥❥❡❝t ❛♥❞ ✉♣❞❛t❡ t❤❡ ✈❛❧✉❡s t❤❛t
❝♦♥✜❣✉r❡ t❤❡ ♠♦❞❡❧✳ ❳▼▲ ❜❧♦❝❦s ❢r♦♠ ✏<Name>✑ ✉♥t✐❧ ✏</Name>✑ ❛❧s♦ ❛❝t ❛s ❤♦♦❦s ❢♦r
❛♥♥♦t❛t✐♦♥s✱ ✇❤✐❝❤ ✇❡ ✉s❡ t♦ ✐♥❥❡❝t ❛♥❞ ✉♣❞❛t❡ t❤❡ ♣r♦♣❡rt✐❡s ❜❡✐♥❣ ✈❡r✐✜❡❞ ✐♥ t❤❡
<queries> ❜❧♦❝❦✳ ❲❡ ❝❛❧❧ t❤❡s❡ ❅✲❛♥♥♦t❛t✐♦♥s ❛♥❞ ①♠❧✲❛♥♥♦t❛t✐♦♥s✱ r❡s♣❡❝t✐✈❡❧②✳



❱❡r✐✜❝❛t✐♦♥ ♦❢ ♠✉❧t✐♣❧❡ ♠♦❞❡❧s ♦❢ ❛ s❛❢❡t②✲❝r✐t✐❝❛❧ ♠♦t♦r ❝♦♥tr♦❧❧❡r ✼

❋✐❣✳ ✹✳ ❙♣❡❝✐✜❝❛t✐♦♥ ✐♥ ❯♣♣❛❛❧ ♦❢ t❤❡ ❛ ❝♦♥tr♦❧❧❡rs✬ t✐♠❡❞✲❛✉t♦♠❛t❛ ✇✐t❤ ✐❞❡♥t✐✜❡r id

Uppex

C3
C2
C1

❆♣♣❧② ❛ ❝♦♥✜❣✉r❛t✐♦♥

❱❡r✐❢② ✶ ❝♦♥✜❣✉r❛t✐♦♥

❱❡r✐❢② ❛❧❧ ❝♦♥✜❣✉r❛t✐♦♥s

❋✐❣✳ ✺✳ ❯♣♣❡① ✇♦r❦✢♦✇✿ ✉♣❞❛t✐♥❣ ❛♥❞ ✈❡r✐❢②✐♥❣ ♠♦❞❡❧s ❜❛s❡❞ ♦♥ ❝♦♥✜❣✉r❛t✐♦♥ t❛❜❧❡s

❊❛❝❤ ❛♥♥♦t❛t✐♦♥ ❝❛♥ ❜❡ ❞❡✜♥❡❞ ✐♥ t❤❡ ❊①❝❡❧ ✜❧❡ ✐♥ ❛ s❤❡❡t ♥❛♠❡❞ ✇✐t❤ t❤❡ s❛♠❡
♥❛♠❡ ✭❝✳❢✳ ❋✐❣✳ ✻✮✳ ❚❤❡ ✜rst ❧✐♥❡ ♦❢ t❤❡s❡ s❤❡❡ts ❞❡s❝r✐❜❡ t❤❡ ♣❛tt❡r♥ ✉s❡❞ t♦ ♣r♦❞✉❝❡
❝♦❞❡ t❤❛t ✇✐❧❧ ❜❡ ✐♥❥❡❝t❡❞ ❢♦r ❡❛❝❤ ❧✐♥❡ ♦❢ t❤❡ t❛❜❧❡✱ ❢♦❧❧♦✇❡❞ ❜② ❛ t❛❜❧❡ ✇✐t❤ ❛ ❤❡❛❞❡r

♦❢ ♥❛♠❡s ✐♥ r♦✇ ✷ ❛♥❞ t❤❡✐r ✈❛❧✉❡s ❜❡❧♦✇✳ ❊✳❣✳✱ ✐♥ t❤❡ @TimeBounds t❛❜❧❡ ✭❋✐❣✳ ✻✮✱ r♦✇ ✹
✐♥❥❡❝ts t❤❡ ❧✐♥❡ ✏const int TCheck[Ids][Intrv] = {{4,4},{6,6}};...✑ t♦ t❤❡ ❯♣♣❛❛❧
❝♦❞❡ ✐♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❜❧♦❝❦✳ ❚❤❡ ✜rst ❝♦❧✉♠♥ ❛❝ts ❛s ✉♥✐q✉❡ ✐❞❡♥t✐✜❡r✿ ✐❢ ♠✉❧t✐♣❧❡
❧✐♥❡s ❛r❡ ❢♦✉♥❞✱ t❤❡ ❧❛st ♦♥❡ ♣r❡✈❛✐❧s✳ ❚❤❡ ❝♦❧✉♠♥ ♥❛♠❡❞ Features ❛ss♦❝✐❛t❡s ❢❡❛t✉r❡
♥❛♠❡s t❤❛t ♠✉st ❜❡ ❛❝t✐✈❡✱ ♦t❤❡r✇✐s❡ t❤❡ ❧✐♥❡ ✐s ❞✐s❝❛r❞❡❞✳ ■♥ ♦✉r ❡①❛♠♣❧❡✱ ✇❤❡♥ t❤❡
❢❡❛t✉r❡ SelfTesting ✐s ❛❝t✐✈❡ t❤❡ ✈❛r✐❛❜❧❡ ❢♦r SelfTest ✐s s❡t t♦ ✷✵✵✱ ♦t❤❡r✇✐s❡ ✐t ✐s s❡t
t♦ ✵✳ ❚❤❡ <queries> t❛❜❧❡ ♦♥ t❤❡ t♦♣✲❧❡❢t ♦❢ ❋✐❣✳ ✻ ❞❡♣✐❝ts s♦♠❡ ♦❢ t❤❡ r❡q✉✐r❡♠❡♥ts
❢r♦♠ ❚❛❜❧❡ ✶✳

✹✳✷ ❱❡r✐❢②✐♥❣ ♠✉❧t✐♣❧❡ ❝♦♥✜❣✉r❛t✐♦♥s

❯s✐♥❣ ❯♣♣❡① ✐t ✐s ♣♦ss✐❜❧❡ t♦ s♣❡❝✐❢② ❛ ❧✐st ♦❢ ❝♦♥✜❣✉r❛t✐♦♥s✱ ❡❛❝❤ r❡❣❛r❞❡❞ ❛s ❛ s❡t ♦❢
❢❡❛t✉r❡s t❤❛t ❝❛♥ ❜❡ ❛❝t✐✈❡ ♦r ♥♦t✳ ❚❤❡s❡ ❢❡❛t✉r❡ s❡❧❡❝t✐♦♥ ❣✉✐❞❡s ✇❤✐❝❤ r♦✇s ❢r♦♠



✽ ❏✳ Pr♦❡♥ç❛✱ ❙✳ ❇♦rr❛♠✐✱ ❏✳❙✳ ◆♦✈❛✱ ❉✳ P❡r❡✐r❛✱ ❛♥❞ ●✳❙✳ ◆❛♥❞✐

❋✐❣✳ ✻✳ ❙♣❡❝✐❛❧ ❊①❝❡❧ t❛❜❧❡s✿ ❅✲❛♥♥♦t❛t✐♦♥✱ ①♠❧✲❛♥♥♦t❛t✐♦♥✱ ❛♥❞ ❝♦♥✜❣✉r❛t✐♦♥s

❛♥♥♦t❛t✐♦♥ s❤♦✉❧❞ ❜❡ ✐♥❝❧✉❞❡❞✳ ❚❤❡ ❧✐st ♦❢ ❝♦♥✜❣✉r❛t✐♦♥s ✐s s♣❡❝✐✜❡❞ ✐♥ ❛♥ ❊①❝❡❧
s❤❡❡t ♥❛♠❡❞ @Configurations✱ s✉❝❤ ❛s t❤❡ ♦♥❡ ✐♥ t❤❡ ❜♦tt♦♠ ♦❢ ❋✐❣✳ ✻✳ ■♥ t❤✐s ❡①✲
❛♠♣❧❡ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ SelfTest ✐♥❝❧✉❞❡s t❤❡ ❢❡❛t✉r❡s ReadCircuit✱ SelfTesting✱
❛♥❞ StartWithSelfTest✱ ❛♠♦♥❣ ♦t❤❡rs✱ ❛♥❞ ♥♦t t❤❡ ❢❡❛t✉r❡ SyncMon ♥♦r Heartbeats✳
❍❡♥❝❡✱ ✇❤❡♥ s❡❧❡❝t✐♥❣ t❤❡ SelfTest ❝♦♥✜❣✉r❛t✐♦♥✱ t❤❡ SelfTesting ✇✐❧❧ ❜❡ ❛❝t✐✈❡✱ tr✐❣✲
❣❡r✐♥❣ t❤❡ ❧❛st r♦✇ ✈✐s✐❜❧❡ ✐♥ t❤❡ @TimeBounds t❛❜❧❡ t♦ ❜❡ ✉s❡❞ t♦ ❞❡✜♥❡ t❤❡ SelfTest

✈❛r✐❛❜❧❡✳ ❲❤❡♥ s❡❧❡❝t✐♥❣ ✐♥st❡❛❞ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ JustHeartBeat✱ t❤❡ SelfTesting

❢❡❛t✉r❡ ✇✐❧❧ ♥♦t ❜❡ ❛❝t✐✈❡✱ t❤✉s t❤❡ ♣r❡✈✐♦✉s r♦✇ ✇✐❧❧ ❜❡ ✉s❡❞ ✐♥st❡❛❞✳ ❙✐♠✐❧❛r❧②✱ t❤❡
s❡❧❡❝t❡❞ ❢❡❛t✉r❡s ✇✐❧❧ ❛❧s♦ ✐♥✢✉❡♥❝❡ ✇❤✐❝❤ q✉❡r✐❡s ✇✐❧❧ ❜❡ ✉s❡❞ ❞✉r✐♥❣ ✈❡r✐✜❝❛t✐♦♥✳

❯♣♣❡① ❝❛♥ ❜❡ ✉s❡❞ ❛s ❛ ❝♦♠♠❛♥❞ ❧✐♥❡ t♦♦❧ t♦ ♠♦❞✐❢② t❤❡ ❛♥♥♦t❛t❡❞ ❜❧♦❝❦s ♦❢ ❛♥
❯♣♣❛❛❧ ♠♦❞❡❧ ❛❝❝♦r❞✐♥❣ t♦ ❛ ❣✐✈❡♥ ❝♦♥✜❣✉r❛t✐♦♥✱ ♦r t♦ ✈❡r✐❢② ♦♥❡ ♦r ❛❧❧ ❝♦♥✜❣✉r❛t✐♦♥s✳
❋♦r ❡①❛♠♣❧❡✱ t❤❡ ❝♦♠♠❛♥❞ ✏java -jar uppex.jar -runAll motorController.xlsx✑
✇✐❧❧ ✈❡r✐❢② ❛❧❧ ❝♦♥✜❣✉r❛t✐♦♥s ✐♥ t❤❡ ❣✐✈❡♥ ❊①❝❡❧ ✜❧❡ ✉s✐♥❣ t❤❡ ❯♣♣❛❛❧ ♠♦❞❡❧ ✇✐t❤ t❤❡
s❛♠❡ ♥❛♠❡✱ ♣r♦❞✉❝✐♥❣ ❛ r❡♣♦rt s✉❝❤ ❛s t❤❡ ♦♥❡ ✐♥ ❚❛❜❧❡ ✷✳ ❚❤✐s r❡♣♦rt st❛t❡s t❤❛t
✸ ♣r♦♣❡rt✐❡s ♦❢ ❝♦♥✜❣✉r❛t✐♦♥ SelfTest ♣❛ss❡❞ ❛♥❞ t❤❡ ✈❡r✐✜❝❛t✐♦♥ t✐♠❡❞✲♦✉t ✇❤✐❧❡
✈❡r✐❢②✐♥❣ t❤❡ ✹t❤ ♣r♦♣❡rt②✳ ❚❤✐s ♣r♦♣❡rt② ✇♦✉❧❞ ♣❛ss ✉s✐♥❣ ❛ s❧✐❣❤❧② ❧❛r❣❡r t✐♠❡♦✉t
✇❤❡♥ ❝❛❧❧✐♥❣ ❯♣♣❡①✳ ❲❡ ✇r✐t❡ ❡❧❧✐♣s✐s ❵...✬ t♦ ♦♠✐t ♣❛rts ♦❢ t❤❡ r❡♣♦rt✳ ❈♦♥✜❣✉r❛t✐♦♥s
Monitor ❛♥❞ JustHeartBeat ❛❧s♦ ♣❛ss❡❞ ❛♥❞ ❢❛✐❧❡❞ s♦♠❡ ♣r♦♣❡rt✐❡s✳

❚❛❜❧❡ ✷✳ ❘❡♣♦rt ♣r♦❞✉❝❡❞ ✇❤❡♥ ✈❡r✐❢②✐♥❣ ❛❧❧ ♣r♦♣❡rt✐❡s ❛♥❞ ❛❧❧ ❝♦♥✜❣✉r❛t✐♦♥s

> Reading Uppaal file ’motorController.xml’

--Verifying ’SelfTest’--

[OK] @SelfTest: the Controller1 shall be able to

start the self-tests.

[OK] @ChkSelfTest1: when Self-test ends, the Reader

shall have received some error.

[OK] @ChckDeadlock: while Dashboard can send

messages, the full system shall not deadlock.

| Time-out. Missing 1 properties.

| Failed on property:

| "@SelfTest, StartWithSelfTest: the Controller1

shall be able to end the self-tests."

--Verifying ’Monitor’--

[OK] @SyncMon: the Monitor1 shall be able

to send a warning.

[OK] @ChkB0NeverOverflows: the Buffer1

shall never overflow.

...

--Verifying ’JustHeartBeat’--

[OK] @ChkDecoding: the Decoder1 shall be

able to send a warning.

[FAIL] @ChkB0NeverOverflows: the Buffer1

shall never overflow.

...



❱❡r✐✜❝❛t✐♦♥ ♦❢ ♠✉❧t✐♣❧❡ ♠♦❞❡❧s ♦❢ ❛ s❛❢❡t②✲❝r✐t✐❝❛❧ ♠♦t♦r ❝♦♥tr♦❧❧❡r ✾

✺ ▲❡ss♦♥s ❧❡❛r♥❡❞ ❛♥❞ ❢✉t✉r❡ ✇♦r❦

❉✉r✐♥❣ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ♠♦t♦r ❝♦♥tr♦❧❧❡r s②st❡♠ ❛t ❆❧st♦♠ ✐♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ✇✐t❤
■❙❊P ❛♥❞ ♦t❤❡r ❛❝❛❞❡♠✐❝ ♣❛rt♥❡rs✱ ✇❡ ✐t❡r❛t❡❞ ♦✈❡r ❝♦r❡ ❞❡s✐❣♥ ❛r❝❤✐t❡❝t✉r❛❧ ❞❡❝✐s✐♦♥s
❛♥❞ ❛❣r❡❡❞ ✉♣♦♥ ❞✐✛❡r❡♥t s②♥❝❤r♦♥✐s❛t✐♦♥ ♠❡❝❤❛♥✐s♠s✳ ❯s✐♥❣ t❤❡ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ❝❛✲
♣❛❜✐❧✐t✐❡s ♦❢ ❯♣♣❛❛❧✱ ✇❡ ✈❡r✐✜❡❞ ❞✐✛❡r❡♥t ♣r♦♣❡rt✐❡s✱ ✐♥❝❧✉❞✐♥❣ t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ s❡♥❞✐♥❣
✇❛r♥✐♥❣s✱ ♦❢ ❜✉✛❡r ♦✈❡r✢♦✇s✱ ❛♥❞ ♦❢ r❡❛❝❤✐♥❣ ❞❡❛❞❧♦❝❦s ✭♦r t✐♠❡❧♦❝❦s✮✳ ❚❤❡s❡ ♠♦❞❡❧s
❛r❡ ✉s❡❢✉❧ ❜♦t❤ t♦ ♣r❡❞✐❝t ♣♦ss✐❜❧❡ ♣r♦❜❧❡♠s ❛♥❞ ❜♦tt❧❡♥❡❝❦s✱ ❛♥❞ t♦ ❜❡ ✉s❡❞ ✐♥ ❝❡rt✐✜✲
❝❛t✐♦♥ ♣r♦❝❡ss❡s✳ ❖✉r ❝♦♥✜❣✉r❛t✐♦♥✲❞r✐✈❡♥ ❛♣♣r♦❛❝❤ ✉s✐♥❣ ❊①❝❡❧ s♣r❡❛❞s❤❡❡ts ❡♠❡r❣❡❞
❛s ❛ s♦❧✉t✐♦♥ t♦ t❤❡ ❣r♦✇t❤ ✐♥ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ ❢♦r♠❛❧ ♠♦❞❡❧s✱ ✇❤✐❝❤ t②♣✐✲
❝❛❧❧② ♠✉st r❡♠❛✐♥ s✐♠♣❧❡ ✐♥ ♦r❞❡r t♦ ❜❡ ✉s❡❢✉❧✳ ❲❡ ✇❡r❡ ❛❜❧❡ t♦ ✜♥❞ t✐♠❡✲❜♦✉♥❞s t❤❛t
s❛t✐s❢② ♦✉r r❡q✉✐r❡♠❡♥ts✱ ❡✳❣✳✱ t❤❡ ♣❡r✐♦❞✐❝✐t② ❛t ✇❤✐❝❤ ♠♦♥✐t♦rs ❛♥❞ ❞❡❝♦❞❡rs ❝❤❡❝❦
❝♦♥s✐st❡♥❝②✱ ♦r t❤❡ ♣❡r✐♦❞✐❝✐t② ❛t ✇❤✐❝❤ r❡♣♦rts s❤♦✉❧❞ ❜❡ ♣♦❧❧❡❞ ❢r♦♠ t❤❡ ❝✐r❝✉✐t✱ ✉♥❞❡r
❞✐✛❡r❡♥t s❝❡♥❛r✐♦s s✐♠✉❧❛t❡❞ ❜② t❤❡ ❞❛s❤❜♦❛r❞✳

❯♣♣❡① ❛❞❞s ❛ ♥❡❣❧✐❣✐❜❧❡ ♦✈❡r❤❡❛❞ ♦✈❡r t❤❡ ♠♦❞❡❧✲❝❤❡❝❦✐♥❣ ♣r♦❝❡ss✱ ✐♥✈♦❧✈✐♥❣ t❤❡
♣❛rs✐♥❣ ♦❢ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ t❛❜❧❡s ❛♥❞ t❤❡ ❯♣♣❛❛❧ ✜❧❡✱ ❛♥❞ t❤❡ ✇r✐t✐♥❣ ♦❢ ❛♥ ✉♣❞❛t❡❞
s❡t ♦❢ ❯♣♣❛❛❧ ✜❧❡s✳ ■♥ ♦✉r ✉s❡✲❝❛s❡ ✇❡ ✉s❡ t❤❡ ✶✻ ❛✉t♦♠❛t❛ ❢r♦♠ ❋✐❣✳ ✶ ✐♥ ❛ ✜❧❡ ✇✐t❤
∼✶✳✼❑ ❧✐♥❡s ❡①❝❧✉❞✐♥❣ q✉❡r✐❡s✳ ❖✉r t❛❜❧❡s ❝✉rr❡♥t❧② ✐♥❝❧✉❞❡ ❛r♦✉♥❞ ✷✺ r❡q✉✐r❡♠❡♥ts✱
✶✺ ❝♦♥✜❣✉r❛t✐♦♥s✱ ❛♥❞ ✶✸✺ ❞✐✛❡r❡♥t ❡♥tr✐❡s ✭✐♥❝❧✉❞✐♥❣ s❝❡♥❛r✐♦s✱ t✐♠❡ ♣❛r❛♠❡t❡rs✱ ❞❛t❛
❝❤❛♥♥❡❧s✱ ❛♥❞ ❞❛t❛ ❝♦♥str✉❝t♦rs✮✳ ■♥✈♦❦✐♥❣ ❏❛✈❛ t♦ ♣r♦❞✉❝❡ ❛ ❝♦♥❝r❡t❡ ✐♥st❛♥❝❡ t❛❦❡s
❧❡ss t❤❛♥ ✺s ✐♥ ♦✉r ✶✳✹ ●❍③ ◗✉❛❞✲❈♦r❡ ■♥t❡❧ ❈♦r❡ ✐✺ ♠❛❝❤✐♥❡✳

❘❡❧❛t❡❞ ✇♦r❦ ❚❤❡ ✈❡r✐✜❝❛t✐♦♥ ♦❢ ❝♦♠♣❧❡① ❡♠❜❡❞❞❡❞ s②st❡♠s ❤❛s ❜❡❡♥ ✐♥✈❡st✐❣❛t❡❞✱
❡✳❣✳✱ ❜② ❇❛st❡♥ ❡t ❛❧✳ ❬✸❪ ✇❤♦ ❣❡♥❡r❛t❡ ❯♣♣❛❛❧ ♠♦❞❡❧s ✭❛♥❞ P❡tr✐ ♥❡t ♠♦❞❡❧s✮ ✉s✐♥❣ ❛
♠♦❞❡❧✲❞r✐✈❡♥ ❛♣♣r♦❛❝❤ ✇✐t❤ t❤❡ ❖❝t♦♣✉s t♦♦❧s❡t✱ ❢♦❝✉s✐♥❣ ♦♥ ❞❡s✐❣♥✲s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥
❛♥❞ s❝❤❡❞✉❧❡ ♦♣t✐♠✐s❛t✐♦♥✳ ●❛r✐♦ ❡t ❛❧✳ ❬✶✹❪ ❛♥❞ ❉✉r❡❥❛ ❛♥❞ ❘♦③✐❡r ❬✾❪ ♣r♦✈✐❞❡ ❛♥
❡①❤❛✉st✐✈❡ ❛♥❛❧②s✐s ♦❢ ❛ ❧❛r❣❡ ❛✐r tr❛✣❝ ❝♦♥tr♦❧✱ ✐♥ ❛ ❥♦✐♥t ❡✛♦rt ✇✐t❤ ◆❆❙❆ t❡❛♠ ♦❢
❡♥❣✐♥❡❡rs✱ ✉s✐♥❣ ✸ ❝♦♥❝r❡t❡ ♠♦❞❡❧s s♣❡❝✐✜❡❞ ✐♥ t❤❡ ❖❈❘❆ ❛r❝❤✐t❡❝t✉r❛❧ ❧❛♥❣✉❛❣❡ ✇✐t❤
❙▼❱ ❝♦♠♣♦♥❡♥t ♠♦❞❡❧s✳ ❚❤❡② ✈❛❧✐❞❛t❡ t❤❡ ✸ ♠♦❞❡❧s ✉s✐♥❣ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❞✐✛❡r❡♥t
t❡❝❤♥✐q✉❡s ❜❛s❡❞ ♦♥ t❤❡ ♣r♦♣❡rt② ❛t ❤❛♥❞✱ ❛♥❞ ❛♥❛❧②s❡ ❞❡♣❡♥❞❡♥❝✐❡s ❛♠♦♥❣ ♣r♦♣❡rt✐❡s
t♦ ❛✈♦✐❞ t❤❡ ✈❡r✐✜❝❛t✐♦♥ ♦❢ ✉♥♥❡❝❡ss❛r② q✉❡r✐❡s✳ ■♥ ❝♦♥tr❛st t♦ t❤❡s❡ ❛♣♣r♦❛❝❤❡s✱ ❯♣♣❡①
❛❧❧♦✇s t❤❡ ♠❛♥✉❛❧ ❞❡✜♥✐t✐♦♥ ❛♥❞ ✜♥❡✲t✉♥✐♥❣ ♦❢ ♠♦❞❡❧s ✐♥ t❤❡ ❤♦st ♠♦❞❡❧✲❝❤❡❝❦❡r ✐♥st❡❛❞
♦❢ ✉s✐♥❣ ❣❡♥❡r❛t❡❞ ♠♦❞❡❧s✱ ❛♥❞ ♣r♦✈✐❞❡s ♠❡❝❤❛♥✐s♠s t♦ ❝♦♥tr♦❧ t❤❡ ✈❛r✐❛❜✐❧✐t② ♦❢ t❤❡
♠♦❞❡❧s ✐♥ ❛ ✇❛② t❤❛t ❝❛♥ ❜❡ ♣❡r❝❡✐✈❡❞ ❜② ❜♦t❤ t♦♦❧✲ ❛♥❞ ❢♦r♠❛❧✲❞❡✈❡❧♦♣❡rs✳

❚❤❡ ✈❛r✐❛❜✐❧✐t② ✐♥ ❯♣♣❡① ✐s ❣✐✈❡♥ ❛s ❛ s❡t ♦❢ t❛❜❧❡s t❤❛t ✐♥❥❡❝t ❝♦❞❡ ✐♥ t❤❡ ❛♥♥♦t❛t❡❞
s♣❡❝✐✜❝❛t✐♦♥s✱ ❜✉t ✐t ✐s ♥♦t r❡❛s♦♥❡❞ ✉♣♦♥✳ ❖t❤❡r ❛♣♣r♦❛❝❤❡s✱ s✉❝❤ ❛s t❤❡ ❢♦r♠❛❧ ❢r❛♠❡✲
✇♦r❦ ❜② ❑✐♠ ❡t ❛❧✳ ❬✶✻❪ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❡♠❜❡❞❞❡❞ s②st❡♠s✱ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❛♥❛❧②s❡
✈❛❧✐❞ ❝♦♥✜❣✉r❛t✐♦♥s ❜❛s❡❞ ♦♥ ❢❡❛t✉r❡ ♠♦❞❡❧s ❬✹❪✳

❋✉t✉r❡ ✇♦r❦ ❲❡ ❛r❡ ♣✉rs✉✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ t✇♦ ❞✐r❡❝t✐♦♥s ♦❢ ✇♦r❦✳

✶✳ ❱❛❧✐❞ ❝♦♥✜❣✉r❛t✐♦♥s✳ ❈✉rr❡♥t❧② ♦♥❡ ❝❛♥ s♣❡❝✐❢② ❛♥② ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❢❡❛t✉r❡s✱
s♦♠❡t✐♠❡s ❧❡❛❞✐♥❣ t♦ ✐♥❝♦rr❡❝t ❝♦♥✜❣✉r❛t✐♦♥s ❜❡❝❛✉s❡ ♦❢ ♠✐ss✐♥❣ ❞❡♣❡♥❞❡♥❝✐❡s ♦r ✐♥✲
❝♦♠♣❛t✐❜✐❧✐t✐❡s✳ ❚❤❡s❡ r❡str✐❝t✐♦♥s ❝❛♥ ❜❡ ❝❛♣t✉r❡❞ ❜② ❛ s❡t ♦❢ ❝♦♥str❛✐♥ts✱ ✉s✉❛❧❧②
t❛❦✐♥❣ t❤❡ ❢♦r♠ ♦❢ ❛ ❋❡❛t✉r❡ ▼♦❞❡❧ ❬✹❪ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❙♦❢t✇❛r❡ Pr♦❞✉❝t ▲✐♥❡s✳ ❖♥❡
❝♦✉❧❞✱ ❢♦r ❡①❛♠♣❧❡✱ ♠❛❦❡ t❤❡ ❢❡❛t✉r❡ StartWithSelfTest ❞❡♣❡♥❞❡♥t ♦♥ SelfTesting✱
♠❛r❦✐♥❣ ❛♥② ❝♦♥✜❣✉r❛t✐♦♥ ✇✐t❤ ♦♥❧② t❤❡ ✜rst ♦♥❡ ❛s ✐♥✈❛❧✐❞✳ ❋♦❧❧♦✇✐♥❣ ❡①✐st✐♥❣ ✇♦r❦ ✐♥
t❤✐s ❝♦♠♠✉♥✐t②✱ ✇❡ ❝♦✉❧❞ ❢✉rt❤❡r ❡①♣❧♦✐t t❤❡s❡ ✈❛❧✐❞✐t② ❝♦♥str❛✐♥ts ♦✈❡r ❢❡❛t✉r❡s✱ ❡✳❣✳✱
❜② ❝♦♥s✐❞❡r✐♥❣ ❛❧❧ ❝♦♥✜❣✉r❛t✐♦♥s t❤❛t s❛t✐s❢② t❤❡s❡ ❝♦♥str❛✐♥ts✱ ♦r t♦ ❛✐♠ ❛t ✜♥❞✐♥❣ t❤❡



✶✵ ❏✳ Pr♦❡♥ç❛✱ ❙✳ ❇♦rr❛♠✐✱ ❏✳❙✳ ◆♦✈❛✱ ❉✳ P❡r❡✐r❛✱ ❛♥❞ ●✳❙✳ ◆❛♥❞✐

❜❡st ❝♦♥✜❣✉r❛t✐♦♥ ✉s✐♥❣ s♦♠❡ ❝♦st ❢✉♥❝t✐♦♥✳ ■♥ t❤❡ ❝♦♥t❡①t ♦❢ t❤✐s ✇♦r❦✱ t❤❡ ♣r♦♣❡rt✐❡s
✈❛❧✐❞❛t❡❞ ❜② ❯♣♣❛❛❧ ❝♦✉❧❞ ❛❧s♦ ♣❧❛② ❛ r♦❧❡ ✐♥ t❤❡ ✈❛❧✐❞✐t② ♦❢ ❛ ❝♦♥✜❣✉r❛t✐♦♥✳

✷✳ ❖t❤❡r ❜❛❝❦❡♥❞s✳ ❖✉r ✇♦r❦ t❛r❣❡ts ❯♣♣❛❛❧ ♠♦❞❡❧s ✉s✐♥❣ ❛ ❢r♦♥t❡♥❞ ❢♦r ❞❡✈❡❧♦♣✲
❡rs ❜❛s❡❞ ♦♥ ❊①❝❡❧ s♣r❡❛❞s❤❡❡ts✳ ❍♦✇❡✈❡r✱ t❤❡s❡ t❛❜❧❡s ❝❛♥ ❛❧s♦ ❜❡ ✉s❡❞ ✇✐t❤ ❞✐✛❡r❡♥t
❜❛❝❦❡♥❞s ❜❡s✐❞❡s ❯♣♣❛❛❧✳ ❋♦r ❡①❛♠♣❧❡✱ t♦ ❣❡♥❡r❛t❡ ❝♦♥✜❣✉r❛t✐♦♥ ✜❧❡s ✉s❡❞ ✐♥ t❤❡ ✐♠♣❧❡✲
♠❡♥t❛t✐♦♥✱ ♦r t♦ ✉s❡ ❛ ❞✐✛❡r❡♥t ♠♦❞❡❧✲❝❤❡❝❦❡r ❢♦r ✈❡r✐✜❝❛t✐♦♥✱ s✉❝❤ ❛s ■♠✐t❛t♦r ❬✷❪ ❢♦r
r❡❛❧✲t✐♠❡ s②st❡♠s✱ ✇❤✐❝❤ s✉♣♣♦rts t❤❡ ♦♣t✐♠✐s❛t✐♦♥ ♦❢ s♦♠❡ ♣❛r❛♠❡t❡rs✱ ♦r ♠❈❘▲✷ ❬✻❪
t❤❛t s✉♣♣♦rts ❛ t❡♠♣♦r❛❧ ❧♦❣✐❝ ♦✈❡r ❡✈❡♥ts ❛♥❞ ❝❛♥ ❤❛♥❞❧❡ ✈❡r② ❧❛r❣❡ st❛t❡✲s♣❛❝❡s✳ ❲❡
❛r❡ ❛❧s♦ ✇♦r❦✐♥❣ ♦♥ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ❞♦♠❛✐♥ s♣❡❝✐✜❝ ❧❛♥❣✉❛❣❡ t❤❛t ❝❛♥ ❣❡♥❡r❛t❡ ❯♣♣❛❛❧
♠♦❞❡❧s✱ ❛♠♦♥❣ ♦t❤❡r ❛♥❛❧②s✐s✱ ✇✐t❤ ❛ ❜❡tt❡r s✉♣♣♦rt t♦ r❡❛s♦♥ ♦✈❡r t❤❡ ❛r❝❤✐t❡❝t✉r❛❧
t♦♣♦❧♦❣②✱ s✉❝❤ ❛s t❤❡ ♦♥❡ ✐♥ ❋✐❣✳ ✸✱ ✇❤✐❝❤ ❡♠❡r❣❡s ♦♥❧② ✐♠♣❧✐❝✐t❧② ✐♥ ❯♣♣❛❛❧✳

❯♣♣❛❛❧ ✐s ❢r❡❡ t♦ ✉s❡ ♦♥❧② ❢♦r ♥♦♥✲❝♦♠♠❡r❝✐❛❧ ♣✉r♣♦s❡s✳ ■t ✐s ❝✉rr❡♥t❧② ❜❡✐♥❣ ✉s❡❞ ❜②
❛❝❛❞❡♠✐❝ ♣❛rt♥❡rs✱ ❛♥❞ ♦✉r ✉s❡✲❝❛s❡ ✐s ♥♦t ❜❡✐♥❣ ❝♦♠♠❡r❝✐❛❧✐s❡❞ ❛♥❞ ✐s r❡♣r❡s❡♥t❛t✐✈❡
♦❢ ♦t❤❡r ♦♥❣♦✐♥❣ ♣r♦❥❡❝ts✳ ❚❤✐s ✇♦r❦ ♠❛② ❧❡❛❞ t♦ t❤❡ ❛❞♦♣t✐♦♥ ♦❢ ❯♣♣❛❛❧ ✐♥ ❝♦♠♠❡r❝✐❛❧
♣r♦❥❡❝ts ♦❢ ❆❧st♦♠✱ ♦r t♦ ❛ ❞✐✛❡r❡♥t ❜❛❝❦❡♥❞ s✉♣♣♦rt❡❞ ❜② ❯♣♣❡①✳

✻ ❈♦♥❝❧✉s✐♦♥s

❚❤✐s ♣❛♣❡r ♣r❡s❡♥ts ♦✉r ❛♣♣r♦❛❝❤ t♦ ❢♦r♠❛❧✐s❡ t❤❡ t✐♠❡❞✲❜❡❤❛✈✐♦✉r ✐♥ ❯♣♣❛❛❧ ♦❢ ❛ ♠♦t♦r
❝♦♥tr♦❧❧❡r s②st❡♠✱ ✉♥❞❡r ❞❡✈❡❧♦♣♠❡♥t ❜② t❤❡ ❆❧st♦♠ r❛✐❧✇❛② ❝♦♠♣❛♥②✱ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢
t❤❡ ❱❆▲❯✸❙ ❊✉r♦♣❡❛♥ ♣r♦❥❡❝t✳ ❲❡ ✉s❡ ♣❛r❛♠❡t❡r✐s❡❞ ❝♦♥✜❣✉r❛t✐♦♥ t❛❜❧❡s t❤❛t ❛❞❛♣t
❛ ❝♦r❡ ❯♣♣❛❛❧ ♠♦❞❡❧✱ ❢❛❝✐❧✐t❛t✐♥❣ t❤❡ ❝✉st♦♠✐s❛t✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧ s♦ ✐t ❝❛♥ ❜❡tt❡r s✉✐t
❞✐✛❡r❡♥t r❡q✉✐r❡♠❡♥ts✳ ❚❤✐s ♣❛♣❡r ❛❧s♦ ❞❡s❝r✐❜❡s ❤♦✇ ✇❡ ✐♥t❡❣r❛t❡❞ t❤❡ ✉s❛❣❡ ♦❢ ♠♦❞❡❧✲
❝❤❡❝❦✐♥❣ ✇✐t❤✐♥ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ❝②❝❧❡ ♦❢ ❛ s❛❢❡t②✲❝r✐t✐❝❛❧ s②st❡♠✱ ✐♥✈♦❧✈✐♥❣ st❛❦❡❤♦❧❞❡rs
✇✐t❤ ❞✐✛❡r❡♥t ❜❛❝❦❣r♦✉♥❞✱ r❡❧②✐♥❣ ♦♥ ✐♥t❡❧❧✐❣✐❜❧❡ t❛❜❧❡s ❛♥❞ ❛r❝❤✐t❡❝t✉r❛❧ t♦♣♦❧♦❣✐❡s✳
❲❡ ♣r♦❞✉❝❡❞ ❛ ♣r♦t♦t②♣❡ ♦♣❡♥✲s♦✉r❝❡ t♦♦❧ ❯♣♣❡① t♦ ❛✉t♦♠❛t✐s❡ t❤❡ ❡①tr❛❝t✐♦♥ ♦❢
♣❛r❛♠❡t❡rs ❛♥❞ ❛❞❛♣t❛t✐♦♥ ♦❢ t❤❡ ❢♦r♠❛❧ ♠♦❞❡❧s✱ ❛♥❞ t♦ ✈❡r✐❢② ♠❛♥② ❝♦♥✜❣✉r❛t✐♦♥s ♦♥
❛ s✐♥❣❧❡ r✉♥✳ ■♥ t❤❡ ❢✉t✉r❡ ✇❡ ♣❧❛♥ t♦ ❢✉rt❤❡r ❡①♣❧♦✐t t❤❡ ✈❛❧✐❞✐t② ♦❢ ❝♦♥✜❣✉r❛t✐♦♥s ❛♥❞
t♦ ❡①♣❡r✐♠❡♥t ✇✐t❤ ❞✐✛❡r❡♥t ❜❛❝❦❡♥❞s✳

❆❝❦♥♦✇❧❡❞❣♠❡♥ts✳ ❚❤✐s ✇♦r❦ ✇❛s ♣❛rt✐❛❧❧② s✉♣♣♦rt❡❞ ❜② ◆❛t✐♦♥❛❧ ❋✉♥❞s t❤r♦✉❣❤
❋❈❚✴▼❈❚❊❙ ✭P♦rt✉❣✉❡s❡ ❋♦✉♥❞❛t✐♦♥ ❢♦r ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣②✮✱ ✇✐t❤✐♥ t❤❡ ❈■❙✲
❚❊❘ ❘❡s❡❛r❝❤ ❯♥✐t ✭❯■❉P✴❯■❉❇✴✵✹✷✸✹✴✷✵✷✵✮❀ ❛❧s♦ ❜② t❤❡ ◆♦rt❡ P♦rt✉❣❛❧ ❘❡❣✐♦♥❛❧
❖♣❡r❛t✐♦♥❛❧ Pr♦❣r❛♠♠❡ ✭◆❖❘❚❊ ✷✵✷✵✮ ✉♥❞❡r t❤❡ P♦rt✉❣❛❧ ✷✵✷✵ P❛rt♥❡rs❤✐♣ ❆❣r❡❡✲
♠❡♥t✱ t❤r♦✉❣❤ t❤❡ ❊✉r♦♣❡❛♥ ❘❡❣✐♦♥❛❧ ❉❡✈❡❧♦♣♠❡♥t ❋✉♥❞ ✭❊❘❉❋✮ ❛♥❞ ❛❧s♦ ❜② ♥❛✲
t✐♦♥❛❧ ❢✉♥❞s t❤r♦✉❣❤ t❤❡ ❋❈❚✱ ✇✐t❤✐♥ ♣r♦❥❡❝t ◆❖❘❚❊✲✵✶✲✵✶✹✺✲❋❊❉❊❘✲✵✷✽✺✺✵ ✭❘❊✲
❆❙❙❯❘❊✮❀ ❛❧s♦ ❜② ❈❖▼P❊❚❊ ✷✵✷✵ ✉♥❞❡r t❤❡ P❚✷✵✷✵ P❛rt♥❡rs❤✐♣ ❆❣r❡❡♠❡♥t✱ t❤r♦✉❣❤
❊❘❉❋✱ ❛♥❞ ❜② ♥❛t✐♦♥❛❧ ❢✉♥❞s t❤r♦✉❣❤ t❤❡ ❋❈❚✱ ✇✐t❤✐♥ ♣r♦❥❡❝t P❖❈■✲✵✶✲✵✶✹✺✲❋❊❉❊❘✲
✵✷✾✾✹✻ ✭❉❛❱✐♥❝✐✮❀ ❛❧s♦ ❜② ❋❈❚ ✇✐t❤✐♥ ♣r♦❥❡❝t ❊❈❙❊▲✴✵✵✶✻✴✷✵✶✾ ❛♥❞ ❢r♦♠ t❤❡ ❊❈✲
❙❊▲ ❏♦✐♥t ❯♥❞❡rt❛❦✐♥❣ ✭❏❯✮ ✉♥❞❡r ❣r❛♥t ❛❣r❡❡♠❡♥t ◆♦ ✽✼✻✽✺✷ ✭❱❆▲❯✸❙✮✳ ❚❤❡ ❏❯
r❡❝❡✐✈❡s s✉♣♣♦rt ❢r♦♠ t❤❡ ❊✉r♦♣❡❛♥ ❯♥✐♦♥✬s ❍♦r✐③♦♥ ✷✵✷✵ r❡s❡❛r❝❤ ❛♥❞ ✐♥♥♦✈❛t✐♦♥
♣r♦❣r❛♠♠❡ ❛♥❞ ❆✉str✐❛✱ ❈③❡❝❤ ❘❡♣✉❜❧✐❝✱ ●❡r♠❛♥②✱ ■r❡❧❛♥❞✱ ■t❛❧②✱ P♦rt✉❣❛❧✱ ❙♣❛✐♥✱
❙✇❡❞❡♥✱ ❚✉r❦❡②✳

❘❡❢❡r❡♥❝❡s

✶✳ ❘♦❜❡rt ❆❜♦ ❛♥❞ ▲❛✉r❡♥t ❱♦✐s✐♥✳ ❋♦r♠❛❧ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ ❞❛t❛ ✈❛❧✐❞❛t✐♦♥ ❢♦r
r❛✐❧✇❛② s❛❢❡t②✲r❡❧❛t❡❞ s②st❡♠s ✇✐t❤ ♦✈❛❞♦✳ ■♥ ❙t❡✈❡ ❈♦✉♥s❡❧❧ ❛♥❞ ▼❛♥✉❡❧ ◆úñ❡③✱
❡❞✐t♦rs✱ ❙❊❋▼✱ ♣❛❣❡s ✷✷✶✕✷✸✻✳ ❙♣r✐♥❣❡r✱ ✷✵✶✹✳



❱❡r✐✜❝❛t✐♦♥ ♦❢ ♠✉❧t✐♣❧❡ ♠♦❞❡❧s ♦❢ ❛ s❛❢❡t②✲❝r✐t✐❝❛❧ ♠♦t♦r ❝♦♥tr♦❧❧❡r ✶✶

✷✳ ➱t✐❡♥♥❡ ❆♥❞ré✳ ■▼■❚❆❚❖❘ ✸✿ ❙②♥t❤❡s✐s ♦❢ t✐♠✐♥❣ ♣❛r❛♠❡t❡rs ❜❡②♦♥❞ ❞❡❝✐❞❛❜✐❧✐t②✳
■♥ ❆❧❡①❛♥❞r❛ ❙✐❧✈❛ ❛♥❞ ❑✳ ❘✉st❛♥ ▼✳ ▲❡✐♥♦✱ ❡❞✐t♦rs✱ ❈❆❱ ✷✵✷✶✱ ✈♦❧✉♠❡ ✶✷✼✺✾ ♦❢
▲◆❈❙✱ ♣❛❣❡s ✺✺✷✕✺✻✺✳ ❙♣r✐♥❣❡r✱ ✷✵✷✶✳

✸✳ ❚✇❛♥ ❇❛st❡♥✱ ❊♠✐❡❧ ✈❛♥ ❇❡♥t❤✉♠✱ ▼❛r❝ ●❡✐❧❡♥✱ ▼❛rt✐❥♥ ❍❡♥❞r✐❦s✱ ❋r❡❞ ❍♦✉❜❡♥✱
●❡♦r❣❡t❛ ■❣♥❛✱ ❋r❛♥s ❘❡❝❦❡rs✱ ❙❡❜❛st✐❛♥ ❞❡ ❙♠❡t✱ ▲♦✉ ❏✳ ❙♦♠❡rs✱ ❛♥❞ ❊❣❜❡rt
❚❡❡s❡❧✐♥❦✳ ▼♦❞❡❧✲❞r✐✈❡♥ ❞❡s✐❣♥✲s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥ ❢♦r ❡♠❜❡❞❞❡❞ s②st❡♠s✿ ❚❤❡ ♦❝✲
t♦♣✉s t♦♦❧s❡t✳ ■♥ ❚✐③✐❛♥❛ ▼❛r❣❛r✐❛ ❛♥❞ ❇❡r♥❤❛r❞ ❙t❡✛❡♥✱ ❡❞✐t♦rs✱ ■❙♦▲❆ ✷✵✶✵✱
✈♦❧✉♠❡ ✻✹✶✺ ♦❢ ▲◆❈❙✱ ♣❛❣❡s ✾✵✕✶✵✺✳ ❙♣r✐♥❣❡r✱ ✷✵✶✵✳

✹✳ ❉❛✈✐❞ ❇❡♥❛✈✐❞❡s✱ ❙❡r❣✐♦ ❙❡❣✉r❛✱ ❛♥❞ ❆♥t♦♥✐♦ ❘✉✐③ ❈♦rtés✳ ❆✉t♦♠❛t❡❞ ❛♥❛❧②s✐s ♦❢
❢❡❛t✉r❡ ♠♦❞❡❧s ✷✵ ②❡❛rs ❧❛t❡r✿ ❆ ❧✐t❡r❛t✉r❡ r❡✈✐❡✇✳ ■♥❢✳ ❙②st✳✱ ✸✺✭✻✮✿✻✶✺✕✻✸✻✱ ✷✵✶✵✳

✺✳ ❚✐♠♦t❤② ❇♦✉r❦❡ ❛♥❞ ❆r❝♦t ❙♦✇♠②❛✳ ❆✉t♦♠❛t✐❝❛❧❧② tr❛♥s❢♦r♠✐♥❣ ❛♥❞ r❡❧❛t✐♥❣
❯♣♣❛❛❧ ♠♦❞❡❧s ♦❢ ❡♠❜❡❞❞❡❞ s②st❡♠s✳ ■♥ ▲✉❝❛ ❞❡ ❆❧❢❛r♦ ❛♥❞ ❏❡♥s P❛❧s❜❡r❣✱ ❡❞✐t♦rs✱
❊▼❙❖❋❚ ✷✵✵✽✱ ♣❛❣❡s ✺✾✕✻✽✳ ❆❈▼✱ ✷✵✵✽✳

✻✳ ❖❧❛✈ ❇✉♥t❡✱ ❏❛♥ ❋r✐s♦ ●r♦♦t❡✱ ❏❡r♦❡♥ ❏✳ ❆✳ ❑❡✐r❡♥✱ ▼❛✉r✐❝❡ ▲❛✈❡❛✉①✱ ❚❤♦♠❛s
◆❡❡❧❡✱ ❊r✐❦ P✳ ❞❡ ❱✐♥❦✱ ❲✐❡❣❡r ❲❡ss❡❧✐♥❦✱ ❆♥t♦♥ ❲✐❥s✱ ❛♥❞ ❚✐♠ ❆✳ ❈✳ ❲✐❧❧❡♠s❡✳
❚❤❡ ♠❈❘▲✷ t♦♦❧s❡t ❢♦r ❛♥❛❧②s✐♥❣ ❝♦♥❝✉rr❡♥t s②st❡♠s ✲ ✐♠♣r♦✈❡♠❡♥ts ✐♥ ❡①♣r❡ss✐✈✲
✐t② ❛♥❞ ✉s❛❜✐❧✐t②✳ ■♥ ❚♦♠ás ❱♦❥♥❛r ❛♥❞ ▲✐❥✉♥ ❩❤❛♥❣✱ ❡❞✐t♦rs✱ ❚❆❈❆❙ ✷✵✶✾✱ ✈♦❧✉♠❡
✶✶✹✷✽ ♦❢ ▲◆❈❙✱ ♣❛❣❡s ✷✶✕✸✾✳ ❙♣r✐♥❣❡r✱ ✷✵✶✾✳

✼✳ ▼❛t❤✐❡✉ ❈♦♠♣t✐❡r✱ ▼✐❝❤❛❡❧ ▲❡✉s❝❤❡❧✱ ▲✉✐s✲❋❡r♥❛♥❞♦ ▼❡❥✐❛✱ ❏✉❧✐❡♥ ▼♦❧✐♥❡r♦ P❡r❡③✱
❛♥❞ ▼❛r❡✐❦❡ ▼✉t③✳ Pr♦♣❡rt②✲❜❛s❡❞ ♠♦❞❡❧❧✐♥❣ ❛♥❞ ✈❛❧✐❞❛t✐♦♥ ♦❢ ❛ ❈❇❚❈ ③♦♥❡
❝♦♥tr♦❧❧❡r ✐♥ ❡✈❡♥t✲❜✳ ■♥ ❙✐♠♦♥ ❈♦❧❧❛rt ❉✉t✐❧❧❡✉❧✱ ❚❤✐❡rr② ▲❡❝♦♠t❡✱ ❛♥❞ ❆❧❡①❛♥✲
❞❡r ❇✳ ❘♦♠❛♥♦✈s❦②✱ ❡❞✐t♦rs✱ ❘❙❙❘❛✐❧ ✷✵✶✾✱ ✈♦❧✉♠❡ ✶✶✹✾✺ ♦❢ ▲◆❈❙✱ ♣❛❣❡s ✷✵✷✕✷✶✷✳
❙♣r✐♥❣❡r✱ ✷✵✶✾✳

✽✳ ❆❧❡①❛♥❞r❡ ❉❛✈✐❞✱ ❑✐♠ ●✳ ▲❛rs❡♥✱ ❆①❡❧ ▲❡❣❛②✱ ▼❛r✐✉s ▼✐❦✉↔✐♦♥✐s✱ ❛♥❞ ❉❛♥♥② ❇ø❣✲
st❡❞ P♦✉❧s❡♥✳ ❯♣♣❛❛❧ ❙▼❈ t✉t♦r✐❛❧✳ ❙❚❚❚✱ ✶✼✭✹✮✿✸✾✼✕✹✶✺✱ ❆✉❣ ✷✵✶✺✳

✾✳ ❘♦❤✐t ❉✉r❡❥❛ ❛♥❞ ❑r✐st✐♥ ❨✈♦♥♥❡ ❘♦③✐❡r✳ ▼♦r❡ s❝❛❧❛❜❧❡ ▲❚▲ ♠♦❞❡❧ ❝❤❡❝❦✐♥❣ ✈✐❛
❞✐s❝♦✈❡r✐♥❣ ❞❡s✐❣♥✲s♣❛❝❡ ❞❡♣❡♥❞❡♥❝✐❡s ✭d3✮✳ ■♥ ❉✐r❦ ❇❡②❡r ❛♥❞ ▼❛r✐❡❦❡ ❍✉✐s♠❛♥✱
❡❞✐t♦rs✱ ❚❆❈❆❙ ✷✵✶✽✱ ✈♦❧✉♠❡ ✶✵✽✵✺ ♦❢ ▲◆❈❙✱ ♣❛❣❡s ✸✵✾✕✸✷✼✳ ❙♣r✐♥❣❡r✱ ✷✵✶✽✳

✶✵✳ ❘❛✐❧✇❛② ❆♣♣❧✐❝❛t✐♦♥s✳ ❚❤❡ ❙♣❡❝✐✜❝❛t✐♦♥ ❛♥❞ ❉❡♠♦♥str❛t✐♦♥ ♦❢ ❘❡❧✐❛❜✐❧✐t②✱ ❆✈❛✐❧✲
❛❜✐❧✐t②✱ ▼❛✐♥t❛✐♥❛❜✐❧✐t② ❛♥❞ ❙❛❢❡t② ✭❘❆▼❙✮✳ ●❡♥❡r✐❝ ❘❆▼❙ Pr♦❝❡ss✳ ❙t❛♥❞❛r❞
✭◆✮✱ ❈❊◆❊▲❊❈✱ ❉❡❝✳ ✷✵✶✼✳

✶✶✳ ❘❛✐❧✇❛② ❛♣♣❧✐❝❛t✐♦♥s✳ ❈♦♠♠✉♥✐❝❛t✐♦♥✱ s✐❣♥❛❧❧✐♥❣ ❛♥❞ ♣r♦❝❡ss✐♥❣ s②st❡♠s ✲ ❙♦❢t✇❛r❡
❢♦r r❛✐❧✇❛② ❝♦♥tr♦❧ ❛♥❞ ♣r♦t❡❝t✐♦♥ s②st❡♠s✳ ❙t❛♥❞❛r❞ ✭◆✮✱ ❈❊◆❊▲❊❈✱ ❏✉❧✳ ✷✵✷✵✳

✶✷✳ ❘❛✐❧✇❛② ❛♣♣❧✐❝❛t✐♦♥s✳ ❈♦♠♠✉♥✐❝❛t✐♦♥✱ s✐❣♥❛❧❧✐♥❣ ❛♥❞ ♣r♦❝❡ss✐♥❣ s②st❡♠s✳ ❙❛❢❡t②
r❡❧❛t❡❞ ❡❧❡❝tr♦♥✐❝ s②st❡♠s ❢♦r s✐❣♥❛❧❧✐♥❣✳ ❙t❛♥❞❛r❞ ✭◆✮✱ ❈❊◆❊▲❊❈✱ ◆♦✈✳ ✷✵✶✽✳

✶✸✳ ❆♣❛❝❤❡ ❙♦❢t✇❛r❡ ❋♦✉♥❞❛t✐♦♥✳ ❆♣❛❝❤❡ P❖■ ✲ t❤❡ ❏❛✈❛ ❆P■ ❢♦r ▼✐❝r♦s♦❢t ❞♦❝✉♠❡♥ts✳
https://poi.apache.org✱ ✷✵✷✶✳ ❆❝❝❡ss❡❞✿ ✷✵✷✶✲✶✶✲✸✵✳

✶✹✳ ▼❛r❝♦ ●❛r✐♦✱ ❆❧❡ss❛♥❞r♦ ❈✐♠❛tt✐✱ ❈r✐st✐❛♥ ▼❛tt❛r❡✐✱ ❙t❡❢❛♥♦ ❚♦♥❡tt❛✱ ❛♥❞
❑r✐st✐♥ ❨✈♦♥♥❡ ❘♦③✐❡r✳ ▼♦❞❡❧ ❝❤❡❝❦✐♥❣ ❛t s❝❛❧❡✿ ❆✉t♦♠❛t❡❞ ❛✐r tr❛✣❝ ❝♦♥tr♦❧
❞❡s✐❣♥ s♣❛❝❡ ❡①♣❧♦r❛t✐♦♥✳ ■♥ ❙✇❛r❛t ❈❤❛✉❞❤✉r✐ ❛♥❞ ❆③❛❞❡❤ ❋❛r③❛♥✱ ❡❞✐t♦rs✱ ❈❆❱
✷✵✶✻✱ ✈♦❧✉♠❡ ✾✼✽✵ ♦❢ ▲◆❈❙✱ ♣❛❣❡s ✸✕✷✷✳ ❙♣r✐♥❣❡r✱ ✷✵✶✻✳

✶✺✳ ❉❛♥✐❡❧ ❑äst♥❡r ❛♥❞ ❈❤r✐st✐❛♥ ❋❡r❞✐♥❛♥❞✳ ❆♣♣❧②✐♥❣ ❛❜str❛❝t ✐♥t❡r♣r❡t❛t✐♦♥ t♦ ✈❡r✐❢②
❊◆✲✺✵✶✷✽ s♦❢t✇❛r❡ s❛❢❡t② r❡q✉✐r❡♠❡♥ts✳ ■♥ ❚❤✐❡rr② ▲❡❝♦♠t❡✱ ❘❛❧❢ P✐♥❣❡r✱ ❛♥❞
❆❧❡①❛♥❞❡r ❘♦♠❛♥♦✈s❦②✱ ❡❞✐t♦rs✱ ❘❙❙❘❛✐❧ ✷✵✶✻✱ ♣❛❣❡s ✶✾✶✕✷✵✷✳ ❙♣r✐♥❣❡r✱ ✷✵✶✻✳

✶✻✳ ❏✐♥ ❍②✉♥ ❑✐♠✱ ❆①❡❧ ▲❡❣❛②✱ ▲♦✉✐s✲▼❛r✐❡ ❚r❛♦♥♦✉❡③✱ ▼❛t❤✐❡✉ ❆❝❤❡r✱ ❛♥❞ ❙✉♥❣✇♦♥
❑❛♥❣✳ ❆ ❢♦r♠❛❧ ♠♦❞❡❧✐♥❣ ❛♥❞ ❛♥❛❧②s✐s ❢r❛♠❡✇♦r❦ ❢♦r s♦❢t✇❛r❡ ♣r♦❞✉❝t ❧✐♥❡ ♦❢
♣r❡❡♠♣t✐✈❡ r❡❛❧✲t✐♠❡ s②st❡♠s✳ ■♥ ❙❛s❝❤❛ ❖ss♦✇s❦✐✱ ❡❞✐t♦r✱ ❙❆❈ ✷✵✶✻✱ ♣❛❣❡s ✶✺✻✷✕
✶✺✻✺✳ ❆❈▼✱ ✷✵✶✻✳

✶✼✳ ❆❧✐st❛✐r ▼❛✈✐♥✱ P❤✐❧✐♣ ❲✐❧❦✐♥s♦♥✱ ❆❞r✐❛♥ ❍❛r✇♦♦❞✱ ❛♥❞ ▼❛r❦ ◆♦✈❛❦✳ ❊❛s② ❛♣✲
♣r♦❛❝❤ t♦ r❡q✉✐r❡♠❡♥ts s②♥t❛① ✭❊❆❘❙✮✳ ■♥ ❘❊ ✷✵✵✾✱ ♣❛❣❡s ✸✶✼✕✸✷✷✳ ■❊❊❊ ❈♦♠✲
♣✉t❡r ❙♦❝✐❡t②✱ ✷✵✵✾✳


	Verification of multiple models of a safety-critical motor controller in railway systems

