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Timed Systems - design choices
We address reversibility of real-time systems


Several design choices - Durationless actions Vs durational actions


• Durationless actions 


• actions are instantaneous events and time passes in between them


• functional behaviour and time are orthogonal 


• durational actions 


• every action takes a certain amount of time to be performed and time passes only 
due to action execution


• functional behavior and time are integrated 



Timed Systems - design choices
Several design choices - Relative time Vs Absolute time 


• Relative time


• Each timestamp refers to the time instant of the previous observation 


• Absolute time 


• all timestamps refer to the starting time of the system execution



Timed Systems - design choices
Several design choices - Global clock Vs Local clocks 


• Global clock


• a single clock governs time passing


• Local clocks 


• several clocks associated with the various system parts elapse 
independent of each other



Timed Systems - design choices
Several interpretations of action execution in terms of whether and when the execution 
can be delayed


• Eagerness 


• actions must be performed as soon as they become enabled


• e.g. actions cannot be delayed


• Laziness 


• actions can be delayed arbitrarily long before they are executed


• Maximal progress 


• enabled actions can be delayed unless they are independent of the external 
environment (e.g., taus)



Our design choices

We study reversibility in a timed calculus with


• Durationless actions VS durational actions


• Relative time VS absolute time


• Global clock VS local clocks


with


eager and lazy interpretation and time additivity


We start from a simple calculus inspired by Moller & Tofts [MT90]



Causal Consistent reversibility

• How you can undo a computation?


• In a sequential setting this is straightforward: you start undoing for the last action


• In a concurrent/distributed setting there is no clear definition of last action


• We can consider as last action any action which has no consequences (e.g., it has not 
caused anything)


• Hence an action can be undone provided that its consequences are undone beforehand


• Essentially any reached state is a state that can be reached just with forward moves


• This idea is used in transactions/rollback schemas where the system has to get back to 
a consistent state



Reversibility in Concurrent System
Calculi
Reversible Communicating System (RCCS) Danos&Krivine


• Use of explicit memories to keep track of past events


• Suitable for complex languages (e.g., scales with pi-calculus, Erlang)


• Give the first notion of causally consistent reversibility


• Won CONCUR23 test of time award  

CCS with communication keys (CCSK) Phillips&Ulidowski


• History information directly recorderded into the term


• Use of keys to keep track of synchronisations


• Suitable for CCS-like languages with LTSs




Example

After the computation, we loose information about


• The performed action a


• The other branch b.Q

<latexit sha1_base64="xSZ3iXZUxs+AtYDgg/YQuETq6Zs=">AAACBnicbVDJSgNBEO2JW4zbqEcRGhNBEIaZIOox6MXjBMwCyRBqOj1Jk56F7h41DDl58Ve8eFDEq9/gzb+xsxw08UHB470qqur5CWdS2fa3kVtaXlldy68XNja3tnfM3b26jFNBaI3EPBZNHyTlLKI1xRSnzURQCH1OG/7geuw37qiQLI5u1TChXgi9iAWMgNJSxzwsgeXiU+xbVdx+EKzXVyBEfJ/BCLuljlm0LXsCvEicGSmiGdyO+dXuxiQNaaQIBylbjp0oLwOhGOF0VGinkiZABtCjLU0jCKn0sskbI3yslS4OYqErUnii/p7IIJRyGPq6MwTVl/PeWPzPa6UquPQyFiWpohGZLgpSjlWMx5ngLhOUKD7UBIhg+lZM+iCAKJ1cQYfgzL+8SOplyzm3zqrlYuVqFkceHaAjdIIcdIEq6Aa5qIYIekTP6BW9GU/Gi/FufExbc8ZsZh/9gfH5A4zcl00=</latexit>

a.P + b.Q
a�! P



CCSK
<latexit sha1_base64="SS1oo8GbKPw3HfXXxuIS2K6yYJk="></latexit>

a.P + b.Q
<latexit sha1_base64="WRA9sjZBacXBVQokzbbA0vNtd70="></latexit>

a[i]��! a[i].P + b.Q
<latexit sha1_base64="lRSNJxVXHIizD/UZGA/4vKB3bW4="></latexit>

a[i]
��! a.P + b.Q

No need of extra memories History information  
directly in the term

The two reversible CCSs have been shown to be equivalent LMM2021



RTPC: reversible timed process calculus
• A simple extension of CCS with time prefix (n).P 

• Synchronisation à la CSP


• (n).P acts as P after n time units


• Reversing à la CCSK

Past action prefix Past time prefix Dynamic delay prefix



RTPC - action semantics
δ(n,i) denote (n)[i] or ⟨ni⟩ 
std(R) = R has no history

npa(R) = R has not executed actions



RTPC - time semantics 1/2
Laziness
Maximal Progress

δ(n,i) denote (n)[i] or ⟨ni⟩ 
std(R) = R has no history

npa(R) = R has not executed actions



RTPC - time semantics 2/2
Time Additivity

Time Determinism



Dynamic delay operator ?

<latexit sha1_base64="8f6cCvv65DfmbiAusw/ILJH795k=">AAACF3icbVBNS8NAEN34bf2KevSyWAUFCUnBj6PgpccKVoUkls12atduNmF3IpTQf+HFv+LFgyJe9ea/cVt78OvBwOO9GWbmJbkUBn3/w5mYnJqemZ2brywsLi2vuKtr5yYrNIcmz2SmLxNmQAoFTRQo4TLXwNJEwkXSOxn6F7egjcjUGfZziFN2rURHcIZWarneFgtFHO150d6O2qVRzjSTEmSrjCDNsW8AB9Q6V2V4Ew+2Wm7V9/wR6F8SjEmVjNFoue9RO+NFCgq5ZMaEgZ9jXDKNgksYVKLCQM54j11DaKliKZi4HP01oNtWadNOpm0ppCP1+0TJUmP6aWI7U4Zd89sbiv95YYGdo7gUKi8QFP9a1CkkxYwOQ6JtoYGj7FvCuBb2Vsq7NhmONsqKDSH4/fJfcl7zggNv/7RWPa6P45gjG2ST7JCAHJJjUicN0iSc3JEH8kSenXvn0XlxXr9aJ5zxzDr5AeftE+/cnpo=</latexit>

a[i] . (n) k; (n)[j]

<latexit sha1_base64="lzQC/NTPWadVYfr7TrKg33YzKs8=">AAACFHicbVDJSgNBEO1xjXGLevTSGIWIEmYEl2PAS44RzAKZMfR0Ktra0zN01whhyEd48Ve8eFDEqwdv/o2d5aDGBwWP96qoqhcmUhh03S9nZnZufmExt5RfXlldWy9sbDZMnGoOdR7LWLdCZkAKBXUUKKGVaGBRKKEZ3p0P/eY9aCNidYn9BIKIXSvRE5yhlTqFg13mH5b9w5Lap37CNJMSZCfzIUqwbwAH1DpXWfs2GOx2CkW37I5Ap4k3IUUyQa1T+PS7MU8jUMglM6btuQkGGdMouIRB3k8NJIzfsWtoW6pYBCbIRk8N6J5VurQXa1sK6Uj9OZGxyJh+FNrOiOGN+esNxf+8doq9syATKkkRFB8v6qWSYkyHCdGu0MBR9i1hXAt7K+U3NhmONse8DcH7+/I0aRyVvZPy8cVRsVKdxJEj22SHlIhHTkmFVEmN1AknD+SJvJBX59F5dt6c93HrjDOZ2SK/4Hx8A5i4nVs=</latexit>

a . (n) k; (n)[j]

<latexit sha1_base64="iqZLvM4e+Z9K/a1BbJTm44wcpPY=">AAACDnicbVDJSgNBEO1xjXGLevTSmAgKIcwEXI4BLzlGMAtkQujpVJLGnp6hu0YIQ77Ai7/ixYMiXj1782/sLAdNfFDweK+KqnpBLIVB1/12VlbX1jc2M1vZ7Z3dvf3cwWHDRInmUOeRjHQrYAakUFBHgRJasQYWBhKawf3NxG8+gDYiUnc4iqETsoESfcEZWqmbOy0wv1jyi2fqnPox00xKkN3UhzDGkQEcU+sUurm8W3KnoMvEm5M8maPWzX35vYgnISjkkhnT9twYOynTKLiEcdZPDMSM37MBtC1VLATTSafvjOmpVXq0H2lbCulU/T2RstCYURjYzpDh0Cx6E/E/r51g/7qTChUnCIrPFvUTSTGik2xoT2jgKEeWMK6FvZXyoc2Eo00wa0PwFl9eJo1yybssXdyW85XqPI4MOSYn5Ix45IpUSJXUSJ1w8kieySt5c56cF+fd+Zi1rjjzmSPyB87nD6ghmqc=</latexit>

a . (n) k; (n)

<latexit sha1_base64="MI1FRzetHLA0Jys7N6q5+o5zvLY=">AAACEXicbVDLSgNBEJz1bXxFPXoZTIQIIewGfBwDXjwqmAdklzA76SRDZmeXmV4hLPkFL/6KFw+KePXmzb9xEnPQxIKGoqqb7q4wkcKg6345S8srq2vrG5u5re2d3b38/kHDxKnmUOexjHUrZAakUFBHgRJaiQYWhRKa4fBq4jfvQRsRqzscJRBErK9ET3CGVurkS0XWFoFfrvjlkjqlfsI0kxJkJ/MhSnBkAMfUOsVOvuBW3CnoIvFmpEBmuOnkP/1uzNMIFHLJjGl7boJBxjQKLmGc81MDCeND1oe2pYpFYIJs+tGYnlilS3uxtqWQTtXfExmLjBlFoe2MGA7MvDcR//PaKfYug0yoJEVQ/GdRL5UUYzqJh3aFBo5yZAnjWthbKR/YTDjaEHM2BG/+5UXSqFa888rZbbVQu57FsUGOyDEpEY9ckBq5JjekTjh5IE/khbw6j86z8+a8/7QuObOZQ/IHzsc3+Fub5g==</latexit>

a[i] . (n) k; (n)

<latexit sha1_base64="UjuEYkMsxyGheLXkpzvpa76LAvw=">AAACHXicbVBNS8NAEN34WetX1aOXxVZQkJIUv44FLz0qWBWSWDbbqa7dbMLuRCihf8SLf8WLB0U8eBH/jdtaRK0PBh7vzTAzL0qlMOi6H87E5NT0zGxhrji/sLi0XFpZPTNJpjk0eSITfRExA1IoaKJACRepBhZHEs6j7tHAP78FbUSiTrGXQhizKyU6gjO0Uqu0W2G+CIOdarCzpbYvc/8m7NMgZZpJCbKVBxCn2DOAffrtV1qlslt1h6DjxBuRMhnhuFV6C9oJz2JQyCUzxvfcFMOcaRRcQr8YZAZSxrvsCnxLFYvBhPnwuz7dtEqbdhJtSyEdqj8nchYb04sj2xkzvDZ/vYH4n+dn2DkMc6HSDEHxr0WdTFJM6CAq2hYaOMqeJYxrYW+l/Nomw9EGWrQheH9fHidntaq3X907qZXrjVEcBbJONsgW8cgBqZMGOSZNwskdeSBP5Nm5dx6dF+f1q3XCGc2skV9w3j8B+6GhTg==</latexit>

a[i] . (n)[j] k; (n)[j]

<latexit sha1_base64="hT66zbJ5eo9/MxkRTNRWBiRqu80=">AAACHXicbVDJSgNBEO1xN25Rj14ao6AQwoy4HQUvHhWMCcyMoadTiW16eobuGiEM8yNe/BUvHhTx4EX8GzvLwe1BweO9KqrqRakUBl3305mYnJqemZ2bLy0sLi2vlFfXrkySaQ51nshENyNmQAoFdRQooZlqYHEkoRH1Tgd+4w60EYm6xH4KYcy6SnQEZ2ilVnl/i/kiDKq1oLqjdq9zvxcWNEiZZlKCbOUBxCn2DWBBR/5tWGy1yhW35g5B/xJvTCpkjPNW+T1oJzyLQSGXzBjfc1MMc6ZRcAlFKcgMpIz3WBd8SxWLwYT58LuCblulTTuJtqWQDtXvEzmLjenHke2MGd6Y395A/M/zM+wch7lQaYag+GhRJ5MUEzqIiraFBo6ybwnjWthbKb+xyXC0gZZsCN7vl/+Sq72ad1g7uNirnJyN45gjG2ST7BCPHJETckbOSZ1wck8eyTN5cR6cJ+fVeRu1TjjjmXXyA87HF/1IoU8=</latexit>

a[i] . (n)[k] k; (n)[j]

<latexit sha1_base64="pYOFivh9piVRFSJoBPyQGK/fRVQ=">AAACF3icbVDJSgNBEO1xjXGLevTSGAUFGWYCLseAlxwjmCjMjKGnU9EmPT1Dd40QhvyFF3/FiwdFvOrNv7GzHNweFDzeq6KqXpxJYdDzPp2Z2bn5hcXSUnl5ZXVtvbKx2TZprjm0eCpTfRUzA1IoaKFACVeZBpbEEi7j/tnIv7wDbUSqLnCQQZSwGyV6gjO0Uqfi7rJAROGhGx7uq4PrIuhHQxpmTDMpQXaKEJIMBwZwSK2/26lUPdcbg/4l/pRUyRTNTuUj7KY8T0Ahl8yYwPcyjAqmUXAJw3KYG8gY77MbCCxVLAETFeO/hnTPKl3aS7UthXSsfp8oWGLMIIltZ8Lw1vz2RuJ/XpBj7zQqhMpyBMUni3q5pJjSUUi0KzRwlANLGNfC3kr5rc2Eo42ybEPwf7/8l7Rrrn/sHp3XqvXGNI4S2SY7ZJ/45ITUSYM0SYtwck8eyTN5cR6cJ+fVeZu0zjjTmS3yA877F/apnps=</latexit>

a[i] . (n)[k] k; (n)

???? This state cannot be reached  
by just forward moves



Dynamic delay operator LBMY22
<latexit sha1_base64="iqZLvM4e+Z9K/a1BbJTm44wcpPY=">AAACDnicbVDJSgNBEO1xjXGLevTSmAgKIcwEXI4BLzlGMAtkQujpVJLGnp6hu0YIQ77Ai7/ixYMiXj1782/sLAdNfFDweK+KqnpBLIVB1/12VlbX1jc2M1vZ7Z3dvf3cwWHDRInmUOeRjHQrYAakUFBHgRJasQYWBhKawf3NxG8+gDYiUnc4iqETsoESfcEZWqmbOy0wv1jyi2fqnPox00xKkN3UhzDGkQEcU+sUurm8W3KnoMvEm5M8maPWzX35vYgnISjkkhnT9twYOynTKLiEcdZPDMSM37MBtC1VLATTSafvjOmpVXq0H2lbCulU/T2RstCYURjYzpDh0Cx6E/E/r51g/7qTChUnCIrPFvUTSTGik2xoT2jgKEeWMK6FvZXyoc2Eo00wa0PwFl9eJo1yybssXdyW85XqPI4MOSYn5Ix45IpUSJXUSJ1w8kieySt5c56cF+fd+Zi1rjjzmSPyB87nD6ghmqc=</latexit>

a . (n) k; (n)

<latexit sha1_base64="MI1FRzetHLA0Jys7N6q5+o5zvLY=">AAACEXicbVDLSgNBEJz1bXxFPXoZTIQIIewGfBwDXjwqmAdklzA76SRDZmeXmV4hLPkFL/6KFw+KePXmzb9xEnPQxIKGoqqb7q4wkcKg6345S8srq2vrG5u5re2d3b38/kHDxKnmUOexjHUrZAakUFBHgRJaiQYWhRKa4fBq4jfvQRsRqzscJRBErK9ET3CGVurkS0XWFoFfrvjlkjqlfsI0kxJkJ/MhSnBkAMfUOsVOvuBW3CnoIvFmpEBmuOnkP/1uzNMIFHLJjGl7boJBxjQKLmGc81MDCeND1oe2pYpFYIJs+tGYnlilS3uxtqWQTtXfExmLjBlFoe2MGA7MvDcR//PaKfYug0yoJEVQ/GdRL5UUYzqJh3aFBo5yZAnjWthbKR/YTDjaEHM2BG/+5UXSqFa888rZbbVQu57FsUGOyDEpEY9ckBq5JjekTjh5IE/khbw6j86z8+a8/7QuObOZQ/IHzsc3+Fub5g==</latexit>

a[i] . (n) k; (n)

<latexit sha1_base64="UjuEYkMsxyGheLXkpzvpa76LAvw=">AAACHXicbVBNS8NAEN34WetX1aOXxVZQkJIUv44FLz0qWBWSWDbbqa7dbMLuRCihf8SLf8WLB0U8eBH/jdtaRK0PBh7vzTAzL0qlMOi6H87E5NT0zGxhrji/sLi0XFpZPTNJpjk0eSITfRExA1IoaKJACRepBhZHEs6j7tHAP78FbUSiTrGXQhizKyU6gjO0Uqu0W2G+CIOdarCzpbYvc/8m7NMgZZpJCbKVBxCn2DOAffrtV1qlslt1h6DjxBuRMhnhuFV6C9oJz2JQyCUzxvfcFMOcaRRcQr8YZAZSxrvsCnxLFYvBhPnwuz7dtEqbdhJtSyEdqj8nchYb04sj2xkzvDZ/vYH4n+dn2DkMc6HSDEHxr0WdTFJM6CAq2hYaOMqeJYxrYW+l/Nomw9EGWrQheH9fHidntaq3X907qZXrjVEcBbJONsgW8cgBqZMGOSZNwskdeSBP5Nm5dx6dF+f1q3XCGc2skV9w3j8B+6GhTg==</latexit>

a[i] . (n)[j] k; (n)[j]

j cannot be undone as it  
i < k

<latexit sha1_base64="B7cw5qkSzNsieU21c538la+AKSI="></latexit>

hnji . a . (n) k; (n)[j]

<latexit sha1_base64="g0S4BxiSy1QFwMxK0htUUL0srk8="></latexit>

hnji . a[i] . (n) k; (n)[j]

<latexit sha1_base64="i84t6iYLzW0chPx1ubbTWYP+pME="></latexit>

hnji . a[i] . (n)[k] k; (n)[j]



Properties



Axioms of reversibility
In LPU20 a general framework to prove causal consistency is given


• On a LTS with an independence relation and on which loop lemma holds


• Square property (SP), well-foundness (WF) and backward transition independence (BTI)


In RTPC


• Loop Lemma: Any transition can be undone


• does not hold


• Square property: Concurrent transitions can be swapped


• does hold


• WF: History information is finite


• does hold


• BTI holds as long as at least one of the two coinitial backward transitions is not a delay transition



Loop Property (weak)



No BTI  
No classical loop lemma  



Backward triangularity



Backward triangularity



Causal equivalence



Properties

We could not exploit the axioms of Lanese, Phillips & Ulidowski to prove PB

We could not exploit the axioms of Lanese, Phillips & Ulidowski to prove CC


PB + WF (+ looplemma) = CC



Timeout operator [MT90]

Under maximal progress, we can encode a timeout operator Timeout(P, Q, n)


• It allows the process P to communicate with the environment within n 
units of time


• After this time has passed, and P has not communicated yet, the 
process Q takes control


<latexit sha1_base64="Tauw4jF82kZT5lKmvFZPquf16dE="></latexit>

Timeout(P,Q, n) = P + (n) . ⌧ . Q



Erlang receive 

Process A awaits a message from the environment (B) 


• If the message is received within 50 ms then handleMsg() is called


• Otherwise handleTimeout() is called



RTPC example

P is the process encoding handleMsg()


Q is the process encoding handleTimeout()



Conclusions
• We have studied reversibility in a calculus with


• Eagerness / laziness and where time is modelled via numeric delays


• Numeric delays are subject to time additivity


• Because of time additivity


• Loop property is stated differently 


• BTI does not hold


As future work, we plan to investigate suitable notions of bisimilarity for RTPC


Better way to deal with dynamic delay prefix (use zone?)


Study reversibility and dense time
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