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Principles for software composition 2019/20
07 - Temporal and modal logics, GoogleGo and pi-calculus

[Ex. 1] Two processes p1 and p2 want to access a single shared resource r.
Consider the atomic propositions:

reqi: holds when process pi is requesting access to r;
usei: holds when process pi has had access to r;
reli: holds when process pi has released r.

with i 2 [1, 2]. Use LTL formulas to specify the following properties:

1. mutual exclusion: r is accessed by only one process at a time;

2. release: every time p1 accesses r, it releases r after some time;

3. priority : whenever both p1 and p2 require r, p1 is granted access first;

4. no starvation: whenever p1 requires r, it is eventually granted access.

[Ex. 2] Three dogs live in a house with two couches and a front garden.
Let couch i,j represent the predicate “the dog i sits on couch j” and garden i

represent the predicate “the dog i plays in the front garden”.

1. Write an LTL formula expressing the fact that whenever dog 1 plays
in the garden then he keeps playing until he sits on some couch (but
he may also play forever).

2. Write a CTL formula expressing the fact that dog 2 eventually plays
in the garden whenever couch 1 is occupied by another dog.

3. Write a µ-calculus formula expressing the fact that no more than one
couch is occupied at any time by dog 3.

[Ex. 3] Given the µ-calculus formula � = µx.((p ^ ⇤x) _ (¬p ^ ⌃x)) write
its denotational semantics J�K ⇢ and evaluate it on the LTS below (where
V = {s1, s2, s3, s4} and P = {p}).

s1 //

''

s2

s4p s3

OO

oo
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s1 //
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s2
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OO

oo

Ex. 1, LTL
req i

<latexit sha1_base64="3QeIC5OiyLjB0qeARO584os5Tys=">AAACFHicbVC7TgJBFJ3FF+ILtbSZSEysyK4hUTuijSUm8khgJXeHC06YfThz10g2/Iax1e+wM7b2foZ/4C5SCHiqk3Pu4+R4kZKGbPvLyi0tr6yu5dcLG5tb2zvF3b2GCWMtsC5CFeqWBwaVDLBOkhS2Io3gewqb3vAy85sPqI0MgxsaRej6MAhkXwqgVLrt+EB3khKN9+Ou7BZLdtmegC8SZ0pKbIpat/jd6YUi9jEgocCYtmNH5CagSQqF40InNhiBGMIA2ykNwEfjJpPUY34UG6CQR6i5VHwi4t+NBHxjRr6XTmYpzbyXif957Zj6Z24igygmDET2iKTCySMjtEzrQN6TGokgS45cBlyABiLUkoMQqRin/cwcBaXc5HE0Tjty5htZJI2TslMpn19XStWLaVt5dsAO2TFz2CmrsitWY3UmmGbP7IW9Wk/Wm/VuffyO5qzpzj6bgfX5AxoIoEk=</latexit>

usei

<latexit sha1_base64="LD5Q+xYUBMydAmAIvn2cUNC1TNY=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSBYhV0R1C5oYxnBPCBZw93JTRwy+2DmrhiW/Q2x1e+wE1t7P8M/cDemMImnOpxzH4fjRUoasu0vq7C0vLK6VlwvbWxube+Ud/eaJoy1wIYIVajbHhhUMsAGSVLYjjSC7ylseaOr3G89oDYyDG5pHKHrwzCQAymAMumu6wPdS0pig2lP9soVu2pPwBeJMyUVNkW9V/7u9kMR+xiQUGBMx7EjchPQJIXCtNTN7kYgRjDETkYD8NG4ySR1yo9iAxTyCDWXik9E/LuRgG/M2PeyyTylmfdy8T+vE9Pg3E1kEMWEgcgfkVQ4eWSEllkdyPtSIxHkyZHLgAvQQIRachAiE+Osn5mjoJSbPI7TrCNnvpFF0jypOqfVi5vTSu1y2laRHbBDdswcdsZq7JrVWYMJptkze2Gv1pP1Zr1bH7+jBWu6s89mYH3+ACJaoE4=</latexit>

rel i

<latexit sha1_base64="KD2f88x7MRG2rtHnX5Y+ddvlvuw=">AAACFHicbVC7SgNBFJ2NrxhfUUubwSBYhV0R1C5oYxnBPCBZw93JTRwy+2DmrhiW/Q2x1e+wE1t7P8M/cDemMImnOpxzH4fjRUoasu0vq7C0vLK6VlwvbWxube+Ud/eaJoy1wIYIVajbHhhUMsAGSVLYjjSC7ylseaOr3G89oDYyDG5pHKHrwzCQAymAMumu6wPdS0o0qrQne+WKXbUn4IvEmZIKm6LeK393+6GIfQxIKDCm49gRuQlokkJhWurGBiMQIxhiJ6MB+GjcZJI65UexAQp5hJpLxSci/t1IwDdm7HvZZJ7SzHu5+J/XiWlw7iYyiGLCQOSPSCqcPDJCy6wO5H2pkQjy5MhlwAVoIEItOQiRiXHWz8xRUMpNHsdp1pEz38giaZ5UndPqxc1ppXY5bavIDtghO2YOO2M1ds3qrMEE0+yZvbBX68l6s96tj9/RgjXd2WczsD5/ABHKoEQ=</latexit>

pi requests r

<latexit sha1_base64="0B3hfzoA2+zlNSP3uOkheEyAjc4=">AAACIHicbVDLSsNAFJ34flt1I7gZbARXJRFB3YluXCpYW2hDuJne1qGThzM3Ygn1Y8Stfoc7cal/4R+Y1C5s61kdzrnPEyRKGnKcT2tqemZ2bn5hcWl5ZXVtvbSxeWPiVAusiljFuh6AQSUjrJIkhfVEI4SBwlrQPS/82j1qI+PomnoJeiF0ItmWAiiX/NJ21jRtbie+tLnGuxQNGW5ru++Xyk7FGYBPEndIymyIS7/03WzFIg0xIqHAmIbrJORloEkKhf2lZmowAdGFDjZyGkGIxssGH/T5XmqAYp6g5lLxgYh/OzIIjemFQV4ZAt2aca8Q//MaKbWPvUxGSUoYiWIRSYWDRUZomUeDvCU1EkFxOXIZcQEaiFBLDkLkYppnNTIUlPKyh16RkTueyCS5Oai4h5WTq4Py6dkwrQW2w3bZPnPZETtlF+ySVZlgj+yZvbBX68l6s96tj9/SKWvYs8VGYH39ABmxozQ=</latexit>

pi has access to r

<latexit sha1_base64="Lpa4V3mm9oytM6mkJoDCPTFj2k4=">AAACJXicbVDLSuxAEO341uvVUZciNM5cuKshGQR1J7pxqeCoMBOGSlujjZ1O6KqIQ5iVHyNu9TvcieDKb/APTOIsfJ3V4ZyqPtUnSo0m9v0Xb2x8YnJqemZ27s/834XF2tLyMSWZU9hWiUncaQSERltss2aDp6lDiCODJ9HlXumfXKEjndgjHqQYxnBudV8r4ELq1dbyLvVlI+3phrwAkqAUEklOZMM1hr1a3W/6FeRPEoxIXYxw0Ku9dc8SlcVoWRkg6gR+ymEOjrUyOJzrZoQpqEs4x05BLcRIYV59Yyj/ZQRFcIpOaiMrET9v5BATDeKomIyBL+i7V4q/eZ2M+1thrm2aMVpVBrE2WAWRcrroB+WZdsgM5eUotZUKHDCj01UllrOisC+PgjFhfj0oOwq+N/KTHLeawUZz+7BV39kdtTUjVsW6+C8CsSl2xL44EG2hxI24E/fiwbv1Hr0n7/ljdMwb7ayIL/Be3wEq9qS7</latexit>

pi releases r

<latexit sha1_base64="QCqwoUJGVFHMVtb8CfVRtNTtMR8=">AAACIHicbVC7SgNBFJ2N7/iK2gg2g4lgFXaDoHaijaWCMYFkCXcnN3HI7IOZu2JY4seIrX6HnVjqX/gH7q4pTOKpDufc5/EiJQ3Z9qdVmJtfWFxaXimurq1vbJa2tm9NGGuBdRGqUDc9MKhkgHWSpLAZaQTfU9jwBheZ37hHbWQY3NAwQteHfiB7UgClUqe0m7RNj1eijqxwjQrTUYZXdGXUKZXtqp2DzxJnTMpsjKtO6bvdDUXsY0BCgTEtx47ITUCTFApHxXZsMAIxgD62UhqAj8ZN8g9G/CA2QCGPUHOpeC7i344EfGOGvpdW+kB3ZtrLxP+8Vky9EzeRQRQTBiJbRFJhvsgILdNokHelRiLILkcuAy5AAxFqyUGIVIzTrCaGglJu8jDMMnKmE5klt7Wqc1Q9va6Vz87HaS2zPbbPDpnDjtkZu2RXrM4Ee2TP7IW9Wk/Wm/VuffyWFqxxzw6bgPX1A9buoww=</latexit>

mutual exclusion G ¬(use1 ^ use2)

<latexit sha1_base64="rp8e3gfcALP9/5rnHlJx+kb1LqA="></latexit>

release

priority G ((req1 ^ req2) ) ((¬use2) U (use1 ^ ¬use2)))

<latexit sha1_base64="vfU8y7BhCASLLcy1mGzN7RupLhI="></latexit>

no starvation G (req1 ) F use1 )

<latexit sha1_base64="QjMmqGlcP4QTV7AjeExYcLU/MJM="></latexit>

G (use1 ) F rel1)

<latexit sha1_base64="6jZEVgkaD82B3ZNN14VDlshgS5o="></latexit>
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[Ex. 1] Two processes p1 and p2 want to access a single shared resource r.
Consider the atomic propositions:

reqi: holds when process pi is requesting access to r;
usei: holds when process pi has had access to r;
reli: holds when process pi has released r.

with i 2 [1, 2]. Use LTL formulas to specify the following properties:

1. mutual exclusion: r is accessed by only one process at a time;

2. release: every time p1 accesses r, it releases r after some time;

3. priority : whenever both p1 and p2 require r, p1 is granted access first;

4. no starvation: whenever p1 requires r, it is eventually granted access.

[Ex. 2] Three dogs live in a house with two couches and a front garden.
Let couch i,j represent the predicate “the dog i sits on couch j” and garden i

represent the predicate “the dog i plays in the front garden”.

1. Write an LTL formula expressing the fact that whenever dog 1 plays
in the garden then he keeps playing until he sits on some couch (but
he may also play forever).

2. Write a CTL formula expressing the fact that dog 2 eventually plays
in the garden whenever couch 1 is occupied by another dog.

3. Write a µ-calculus formula expressing the fact that no more than one
couch is occupied at any time by dog 3.

[Ex. 3] Given the µ-calculus formula � = µx.((p ^ ⇤x) _ (¬p ^ ⌃x)) write
its denotational semantics J�K ⇢ and evaluate it on the LTS below (where
V = {s1, s2, s3, s4} and P = {p}).

s1 //

''

s2

s4p s3

OO

oo
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Ex. 2, logics
couchi,j

<latexit sha1_base64="ijQIY7nFvLJr3x1BUOo4FAiuuSA=">AAACHHicbVDJSgNBFOxxjXGLy81LYxA8SJgRQb2JXjxGMAskw/CmfYmtPQvdb8Q45FfEq36HN/Eq+Bn+gTNxDsZYp6LqLUX5sZKGbPvTmpqemZ2bLy2UF5eWV1Yra+tNEyVaYENEKtJtHwwqGWKDJClsxxoh8BW2/Nuz3G/doTYyCi9pEKMbQD+UPSmAMsmrbHYDoGtJqYgScT30Url3M/QqVbtmj8AniVOQKitQ9ypf3atIJAGGJBQY03HsmNwUNEmhcFjuJgZjELfQx05GQwjQuOko/ZDvJAYo4jFqLhUfifh7I4XAmEHgZ5N5VvPXy8X/vE5CvSM3lWGcEIYif0RS4eiREVpmtSC/khqJIE+OXIZcgAYi1JKDEJmYZD2NHQWl3PR+kHfk/G1kkjT3a85B7fjioHpyWrRVYltsm+0yhx2yE3bO6qzBBHtgT+yZvViP1qv1Zr3/jE5Zxc4GG4P18Q10SKMO</latexit>

i sits on j

<latexit sha1_base64="z0sb8xGj8ROihN7Kf7NI8Qex5iM=">AAACHXicbVC7TsNAEDyH99uAqGhOJEhUkR0hAR2ChjJI5CElVrQ+NnDkfLbu1ojIyrcgWvgOOkSL+Az+ADuk4DXVaGZ3ZzVhoqQlz3t3SlPTM7Nz8wuLS8srq2vu+kbTxqkR2BCxik07BItKamyQJIXtxCBEocJWODgt/NYtGitjfUHDBIMIrrTsSwGUSz13K+vaPq/ICreSLI81r9xURj237FW9Mfhf4k9ImU1Q77kf3ctYpBFqEgqs7fheQkEGhqRQOFrsphYTEAO4wk5ONURog2z8/ojvphYo5gkaLhUfi/h9I4PI2mEU5pMR0LX97RXif14npf5hkEmdpIRaFEEkFY6DrDAy7wX5pTRIBMXnyKXmAgwQoZEchMjFNC/qx1FQKsjuhkVH/u9G/pJmrervV4/Oa+Xjk0lb82yb7bA95rMDdszOWJ01mGAZe2CP7Mm5d56dF+f1a7TkTHY22Q84b5/63KGD</latexit>

i plays in the garden

<latexit sha1_base64="8+goLqjf6mUfFbHNIn8Xrn8zK+U=">AAACJXicbZBNS8NAEIY3ftbvqkcRFqvgqSRFUG9FLx4r2FZoQ5lsp3Vxswm7E7GEnvwx4lV/hzcRPPkb/AcmsQe/5vTyvjM7s08QK2nJdd+cqemZ2bn50sLi0vLK6lp5faNlo8QIbIpIReYyAItKamySJIWXsUEIA4Xt4Po0z9s3aKyM9AWNYvRDGGo5kAIos3rl7bRrB3xX7vJYwchyqTldIR+C6aMe98oVt+oWxf8KbyIqbFKNXvmj249EEqImocDajufG5KdgSAqF48VuYjEGcQ1D7GRSQ4jWT4tvjPleYoEiHqPhUvHCxO8TKYTWjsIg6wyBruzvLDf/yzoJDY78VOo4IdQiX0RSYbHICiMzPsj70iAR5JdjTkGAASI0koMQmZlkwH48Ckr56e0oZ+T9JvJXtGpV76B6fF6r1E8mtEpsi+2wfeaxQ1ZnZ6zBmkywO/bAHtmTc+88Oy/O61frlDOZ2WQ/ynn/BCQfpVM=</latexit>

gardeni

<latexit sha1_base64="lBstHSxhwnbxnGTKByoLahXXqHc=">AAACG3icbVDLSsNAFJ34tr6iXboZLIKrkoig7kQ3LivYVmhDuZne1sHJJMzciCX0U8Stfoc7cevCz/APTGoW1npWh3Pu43DCRElLnvfpzM0vLC4tr6xW1tY3Nrfc7Z2WjVMjsCliFZubECwqqbFJkhTeJAYhChW2w7uLwm/fo7Ey1tc0SjCIYKjlQAqgXOq51W4EdCspG4Lpox73MjnuuTWv7k3AZ4lfkhor0ei5X91+LNIINQkF1nZ8L6EgA0NSKBxXuqnFBMQdDLGTUw0R2iCbhB/z/dQCxTxBw6XiExF/b2QQWTuKwnyyiGr/eoX4n9dJaXASZFInKaEWxSOSCiePrDAybwV5XxokgiI5cqm5AANEaCQHIXIxzWuaOgpKBdnDqOjI/9vILGkd1v2j+unVUe3svGxrhe2yPXbAfHbMztgla7AmE2zEntgze3EenVfnzXn/GZ1zyp0qm4Lz8Q3s6aLN</latexit>

LTL
G (garden1 ) ((G garden1) _ (garden1 U (couch1,1 _ couch1,2))))

<latexit sha1_base64="V0FEbNWGtpgtllqbi2t3B8ox51w="></latexit>

CTL AG ((couch1,1 _ couch3,1) ) AF garden2)

<latexit sha1_base64="XVTYKxrwMQnM6073w0LSwEO2vMc="></latexit>

μ-calculus ⌫x. ((¬couch3,1 _ ¬couch3,2) ^⇤x)

<latexit sha1_base64="zZSgbmwhMYVjfoRLgXcqnvtJotY="></latexit>
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[Ex. 1] Two processes p1 and p2 want to access a single shared resource r.
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reqi: holds when process pi is requesting access to r;
usei: holds when process pi has had access to r;
reli: holds when process pi has released r.

with i 2 [1, 2]. Use LTL formulas to specify the following properties:

1. mutual exclusion: r is accessed by only one process at a time;

2. release: every time p1 accesses r, it releases r after some time;

3. priority : whenever both p1 and p2 require r, p1 is granted access first;

4. no starvation: whenever p1 requires r, it is eventually granted access.
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represent the predicate “the dog i plays in the front garden”.
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s2

s4p s3

OO

oo
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s1 //
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s2

s4p s3
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Ex. 3, mu-calculus
⇢(p) = {s4}

<latexit sha1_base64="hVZSZc9o5h2cMgSlHL2ZfSJkNgI=">AAACGXicbVDLSgNBEJz1GeMr6tHLYBDiJexKQD0IohePEUwMZJfQO+nEwdkHM71qWPIl4lW/w5t49eRn+AfuxhxMYp2Kqu6upvxYSUO2/WXNzS8sLi0XVoqra+sbm6Wt7aaJEi2wISIV6ZYPBpUMsUGSFLZijRD4Cm/8u4vcv7lHbWQUXtMgRi+Afih7UgBlUqe05erbqBIf8FPupqZTc4edUtmu2iPwWeKMSZmNUe+Uvt1uJJIAQxIKjGk7dkxeCpqkUDgsuonBGMQd9LGd0RACNF46en3I9xMDFPEYNZeKj0T8u5FCYMwg8LPJAOjWTHu5+J/XTqh37KUyjBPCUORBJBWOgozQMusEeVdqJIL8c+Qy5AI0EKGWHITIxCQraeIoKOWlj4O8I2e6kVnSPKw6terJVa18dj5uq8B22R6rMIcdsTN2yeqswQR7YM/shb1aT9ab9W59/I7OWeOdHTYB6/MHhR+gRg==</latexit>

⇢(p) = {s1, s2, s3}

<latexit sha1_base64="2ejRa0YRCCxQKcDHVK7aUR7fTl0=">AAACLHicbVDLSsRAEJys7/eqRy+Dq7CCLIkK6kEQvXhUcFXYhNAZW3dw8mCmIy4hP+DHiFf9Di8iXr37ByZxD7paMFBUdU3PVJAoaci2X63a0PDI6Nj4xOTU9MzsXH1+4czEqRbYFrGK9UUABpWMsE2SFF4kGiEMFJ4HN4elf36L2sg4OqVegl4I15G8kgKokPz6ihsXdpnOXN2Nm8lazve4mxnfWTf+RnE23dyvN+yWXYH/JU6fNFgfx379072MRRpiREKBMR3HTsjLQJMUCvNJNzWYgLiBa+wUNIIQjZdVv8n5amqAYp6g5lLxSsSfiQxCY3phUEyGQF0z6JXif14npasdL5NRkhJGolxEUmG1yAgtix6QX0qNRFC+HLmMuAANRKglByEKMS16+3UpKOVld72yI2ewkb/kbKPlbLV2T7Ya+wf9tsbZEltmTeawbbbPjtgxazPB7tkje2LP1oP1Yr1Z79+jNaufWWS/YH18AaMUqBo=</latexit>

Jµx.((p ^2x) _ (¬p ^3x))K⇢

<latexit sha1_base64="DJfuFfUa1WYf4HRuDIofEwBz6Mc=">AAAChnicbVBNb9NAEN2Yr2C+UjgipBURUnqxbFRUuEWFA8dWIm2lrBWN19N01d21tTsujqz8Ln4LB67wN9gEC5GWOT29NzNv5hW1Vp7S9PsgunP33v0Hw4fxo8dPnj4b7T0/9VXjJM5kpSt3XoBHrSzOSJHG89ohmELjWXH1caOfXaPzqrJfaFVjbmBp1YWSQIFajE6E1oUDeYXEY2Ea3iaTSS2+YrlELo6qlrf74hpxIiwu+V /hkwJT2TKI+7Fwrt8g3GUVL0bjNEm3xW+DrAdj1tfxYm/wSpSVbAxakhq8n2dpTXkHjpTUuI5F47EOBrDEeYAWDPq82/6+5m8aD1TxGh1Xmm9J/HeiA+P9yhSh0wBd+pvahvyfNm/o4n3eKVs3hFZujEhp3Bp56VQIFXmpHBLB5nLkynIJDojQKQ5SBrIJKe8sBa3zrl3t/NRpIGzDjbusJwNu5cp1CDS7Gd9tcPo2yQ6SDycH4+lRH+2QvWSv2YRl7JBN2Wd2zGZMsm/sB/vJfkXDKIneRYd/WqNBP/OC7VQ0/Q0JIMYx</latexit>

, fix �S. J(p ^2x) _ (¬p ^3x)K⇢[S/x]

<latexit sha1_base64="PDU5nWp+xFFMmP9dt8MBlTGdl28="></latexit>

= fix �S. Jp ^2xK⇢[S/x] [ J¬p ^3xK⇢[S/x]

<latexit sha1_base64="VX212dyNGXxpf4q1fUtG380rofg="></latexit>

= fix �S. (JpK⇢[S/x] \ J2xK⇢[S/x])[
(J¬pK⇢[S/x] \ J3xK⇢[S/x])

<latexit sha1_base64="gLulpNibuI6cYgF/RswhCkJjpEo="></latexit>

= fix �S. (⇢(p) \ {v | 8w. v ! w ) w 2 JxK⇢[S/x]})[
(⇢(p) \ {v | 9w 2 JxK⇢[S/x]. v ! w})

<latexit sha1_base64="9Ws4KC1QOREaFb+NGznaICYqbS8="></latexit>

= fix �S. ({s4} \ {v | 8w. v ! w ) w 2 S})[
({s1, s2, s3} \ {v | 9w 2 S. v ! w})

<latexit sha1_base64="7wpgo7ODmjryBxdp4rJ1/lEqe/w="></latexit>
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fix �S. ({s4} \ {v | 8w. v ! w ) w 2 S})[
({s1, s2, s3} \ {v | 9w 2 S. v ! w})

<latexit sha1_base64="lOYKpkjkse3EJ1yqE799x0OpZYk="></latexit>

S0 = ;

<latexit sha1_base64="kOHS41w9b+bQ+bqL5CXiY5NKvlI=">AAACRHicbVDLSsNAFJ3UV3226lKEwSK4KokU1IVQdONS0WqhDeVmeq1DZ5IwcyOG0C9xq7/iP/gP7sStmNQurHpWh3PunXvmBLGSllz31SnNzM7NL5QXl5ZXVtcq1fWNaxslRmBLRCoy7QAsKhliiyQpbMcGQQcKb4LhaeHf3KOxMgqvKI3R1zAI5a0UQLnUq1Yuey4/5l3UMaUWqVetuXV3DP6XeBNSYxOc99ad7W4/EonGkIQCazueG5OfgSEpFI6WuonFGMQQBtjJaQgarZ+Nk4/4bmKBIh6j4VLxsYg/NzLQ1qY6yCc10J397RXif14nodtDP5NhnBCGojhEUuH4kBVG5pUg70uDRFAkRy5DLsAAERrJQYhcTPKOph4FpfzsIZ36U6aA8CHPOK1a0mBS0x/lhXq/6/tLrvfrXqN+dNGoNU8m1ZbZFtthe8xjB6zJztg5azHBEvbIntiz8+K8Oe/Ox/doyZnsbLIpOJ9fLI6xuQ==</latexit>

S1 = ({s4} \ {v | 8w. v ! w ) w 2 S0})[
({s1, s2, s3} \ {v | 9w 2 S0. v ! w})

<latexit sha1_base64="HM7HQP6bT75nPzovCLkth+IqhV4="></latexit>

= ({s4} \ {v | 8w. v ! w ) w 2 ;})[
({s1, s2, s3} \ {v | 9w 2 ;. v ! w})

<latexit sha1_base64="MzZt5czHzkSlJKiNPW4XXTKMK34="></latexit>

Principles for software composition 2019/20
07 - Temporal and modal logics, GoogleGo and pi-calculus

[Ex. 1] Two processes p1 and p2 want to access a single shared resource r.
Consider the atomic propositions:

reqi: holds when process pi is requesting access to r;
usei: holds when process pi has had access to r;
reli: holds when process pi has released r.

with i 2 [1, 2]. Use LTL formulas to specify the following properties:

1. mutual exclusion: r is accessed by only one process at a time;

2. release: every time p1 accesses r, it releases r after some time;

3. priority : whenever both p1 and p2 require r, p1 is granted access first;

4. no starvation: whenever p1 requires r, it is eventually granted access.

[Ex. 2] Three dogs live in a house with two couches and a front garden.
Let couch i,j represent the predicate “the dog i sits on couch j” and garden i

represent the predicate “the dog i plays in the front garden”.

1. Write an LTL formula expressing the fact that whenever dog 1 plays
in the garden then he keeps playing until he sits on some couch (but
he may also play forever).

2. Write a CTL formula expressing the fact that dog 2 eventually plays
in the garden whenever couch 1 is occupied by another dog.

3. Write a µ-calculus formula expressing the fact that no more than one
couch is occupied at any time by dog 3.

[Ex. 3] Given the µ-calculus formula � = µx.((p ^ ⇤x) _ (¬p ^ ⌃x)) write
its denotational semantics J�K ⇢ and evaluate it on the LTS below (where
V = {s1, s2, s3, s4} and P = {p}).

s1 //

''

s2

s4p s3

OO

oo

= ({s4} \ {s2, s4})[
({s1, s2, s3} \ ;)

<latexit sha1_base64="7tgmge1UujrNok2EJfXUsbHCLMY="></latexit>

= {s4}

<latexit sha1_base64="WJTOBgTBKaznhYi9kXc/iZvXSdk="></latexit>

deadlock

emptyset

Ex. 3, mu-calculus
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fix �S. ({s4} \ {v | 8w. v ! w ) w 2 S})[
({s1, s2, s3} \ {v | 9w 2 S. v ! w})

<latexit sha1_base64="lOYKpkjkse3EJ1yqE799x0OpZYk="></latexit>

S0 = ;

<latexit sha1_base64="kOHS41w9b+bQ+bqL5CXiY5NKvlI=">AAACRHicbVDLSsNAFJ3UV3226lKEwSK4KokU1IVQdONS0WqhDeVmeq1DZ5IwcyOG0C9xq7/iP/gP7sStmNQurHpWh3PunXvmBLGSllz31SnNzM7NL5QXl5ZXVtcq1fWNaxslRmBLRCoy7QAsKhliiyQpbMcGQQcKb4LhaeHf3KOxMgqvKI3R1zAI5a0UQLnUq1Yuey4/5l3UMaUWqVetuXV3DP6XeBNSYxOc99ad7W4/EonGkIQCazueG5OfgSEpFI6WuonFGMQQBtjJaQgarZ+Nk4/4bmKBIh6j4VLxsYg/NzLQ1qY6yCc10J397RXif14nodtDP5NhnBCGojhEUuH4kBVG5pUg70uDRFAkRy5DLsAAERrJQYhcTPKOph4FpfzsIZ36U6aA8CHPOK1a0mBS0x/lhXq/6/tLrvfrXqN+dNGoNU8m1ZbZFtthe8xjB6zJztg5azHBEvbIntiz8+K8Oe/Ox/doyZnsbLIpOJ9fLI6xuQ==</latexit>

Principles for software composition 2019/20
07 - Temporal and modal logics, GoogleGo and pi-calculus

[Ex. 1] Two processes p1 and p2 want to access a single shared resource r.
Consider the atomic propositions:

reqi: holds when process pi is requesting access to r;
usei: holds when process pi has had access to r;
reli: holds when process pi has released r.

with i 2 [1, 2]. Use LTL formulas to specify the following properties:

1. mutual exclusion: r is accessed by only one process at a time;

2. release: every time p1 accesses r, it releases r after some time;

3. priority : whenever both p1 and p2 require r, p1 is granted access first;

4. no starvation: whenever p1 requires r, it is eventually granted access.

[Ex. 2] Three dogs live in a house with two couches and a front garden.
Let couch i,j represent the predicate “the dog i sits on couch j” and garden i

represent the predicate “the dog i plays in the front garden”.

1. Write an LTL formula expressing the fact that whenever dog 1 plays
in the garden then he keeps playing until he sits on some couch (but
he may also play forever).

2. Write a CTL formula expressing the fact that dog 2 eventually plays
in the garden whenever couch 1 is occupied by another dog.

3. Write a µ-calculus formula expressing the fact that no more than one
couch is occupied at any time by dog 3.

[Ex. 3] Given the µ-calculus formula � = µx.((p ^ ⇤x) _ (¬p ^ ⌃x)) write
its denotational semantics J�K ⇢ and evaluate it on the LTS below (where
V = {s1, s2, s3, s4} and P = {p}).

s1 //

''

s2

s4p s3

OO

oo

S1 = {s4}

<latexit sha1_base64="JRaPTgBpLyt1KUm3DYOPOaAwUdw=">AAACQHicbVDLTgJBEJz1ifgCPRqTicTEE9k1JOrBhOjFI0YBE9iQ3qHBCbMPZ3oNZMN3eNVf8S/8A2/Gqyd3kYOgdapUdU/XlBcpaci236yFxaXlldXcWn59Y3Nru1DcaZgw1gLrIlShvvPAoJIB1kmSwrtII/iewqY3uMz85iNqI8PglkYRuj70A9mTAiiV3JuOw895OzGdSnvcKZTssj0B/0ucKSmxKWqdorXf7oYi9jEgocCYlmNH5CagSQqF43w7NhiBGEAfWykNwEfjJpPUY34YG6CQR6i5VHwi4u+NBHxjRr6XTvpA92bey8T/vFZMvVM3kUEUEwYiO0RS4eSQEVqmdSDvSo1EkCVHLgMuQAMRaslBiFSM035mHgWl3GQ4mvlTooBwmGacVQ35oEe6mxXqzNf3lzSOy06lfHZdKVUvptXm2B47YEfMYSesyq5YjdWZYA/siT2zF+vVerc+rM+f0QVrurPLZmB9fQNNh7BU</latexit>

S2 = ({s4} \ {v | 8w. v ! w ) w 2 S1})[
({s1, s2, s3} \ {v | 9w 2 S1. v ! w})

<latexit sha1_base64="MxjW1nTtqDjpkNarpN6fXbDdt+Q="></latexit>

= ({s4} \ {v | 8w. v ! w ) w 2 {s4}})[
({s1, s2, s3} \ {v | 9w 2 {s4}. v ! w})

<latexit sha1_base64="AdL/1dlcWiV0KUaVgZI5AfaKpkg="></latexit>

= ({s4} \ {s2, s4})[
({s1, s2, s3} \ {s3})

<latexit sha1_base64="vxlNeSB3qiebv0Uxazw6pBT+6dg="></latexit>

has a transition to s4

deadlock or
can reach only s4

= {s3, s4}

<latexit sha1_base64="5iCj7MDw/bKeDrxeTO0MHD7OZ4U="></latexit>

Ex. 3, mu-calculus
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fix �S. ({s4} \ {v | 8w. v ! w ) w 2 S})[
({s1, s2, s3} \ {v | 9w 2 S. v ! w})

<latexit sha1_base64="lOYKpkjkse3EJ1yqE799x0OpZYk="></latexit>

S0 = ;

<latexit sha1_base64="kOHS41w9b+bQ+bqL5CXiY5NKvlI=">AAACRHicbVDLSsNAFJ3UV3226lKEwSK4KokU1IVQdONS0WqhDeVmeq1DZ5IwcyOG0C9xq7/iP/gP7sStmNQurHpWh3PunXvmBLGSllz31SnNzM7NL5QXl5ZXVtcq1fWNaxslRmBLRCoy7QAsKhliiyQpbMcGQQcKb4LhaeHf3KOxMgqvKI3R1zAI5a0UQLnUq1Yuey4/5l3UMaUWqVetuXV3DP6XeBNSYxOc99ad7W4/EonGkIQCazueG5OfgSEpFI6WuonFGMQQBtjJaQgarZ+Nk4/4bmKBIh6j4VLxsYg/NzLQ1qY6yCc10J397RXif14nodtDP5NhnBCGojhEUuH4kBVG5pUg70uDRFAkRy5DLsAAERrJQYhcTPKOph4FpfzsIZ36U6aA8CHPOK1a0mBS0x/lhXq/6/tLrvfrXqN+dNGoNU8m1ZbZFtthe8xjB6zJztg5azHBEvbIntiz8+K8Oe/Ox/doyZnsbLIpOJ9fLI6xuQ==</latexit>

Principles for software composition 2019/20
07 - Temporal and modal logics, GoogleGo and pi-calculus

[Ex. 1] Two processes p1 and p2 want to access a single shared resource r.
Consider the atomic propositions:

reqi: holds when process pi is requesting access to r;
usei: holds when process pi has had access to r;
reli: holds when process pi has released r.

with i 2 [1, 2]. Use LTL formulas to specify the following properties:

1. mutual exclusion: r is accessed by only one process at a time;

2. release: every time p1 accesses r, it releases r after some time;

3. priority : whenever both p1 and p2 require r, p1 is granted access first;

4. no starvation: whenever p1 requires r, it is eventually granted access.

[Ex. 2] Three dogs live in a house with two couches and a front garden.
Let couch i,j represent the predicate “the dog i sits on couch j” and garden i

represent the predicate “the dog i plays in the front garden”.

1. Write an LTL formula expressing the fact that whenever dog 1 plays
in the garden then he keeps playing until he sits on some couch (but
he may also play forever).

2. Write a CTL formula expressing the fact that dog 2 eventually plays
in the garden whenever couch 1 is occupied by another dog.

3. Write a µ-calculus formula expressing the fact that no more than one
couch is occupied at any time by dog 3.

[Ex. 3] Given the µ-calculus formula � = µx.((p ^ ⇤x) _ (¬p ^ ⌃x)) write
its denotational semantics J�K ⇢ and evaluate it on the LTS below (where
V = {s1, s2, s3, s4} and P = {p}).

s1 //

''

s2

s4p s3

OO

oo

S1 = {s4}

<latexit sha1_base64="JRaPTgBpLyt1KUm3DYOPOaAwUdw=">AAACQHicbVDLTgJBEJz1ifgCPRqTicTEE9k1JOrBhOjFI0YBE9iQ3qHBCbMPZ3oNZMN3eNVf8S/8A2/Gqyd3kYOgdapUdU/XlBcpaci236yFxaXlldXcWn59Y3Nru1DcaZgw1gLrIlShvvPAoJIB1kmSwrtII/iewqY3uMz85iNqI8PglkYRuj70A9mTAiiV3JuOw895OzGdSnvcKZTssj0B/0ucKSmxKWqdorXf7oYi9jEgocCYlmNH5CagSQqF43w7NhiBGEAfWykNwEfjJpPUY34YG6CQR6i5VHwi4u+NBHxjRr6XTvpA92bey8T/vFZMvVM3kUEUEwYiO0RS4eSQEVqmdSDvSo1EkCVHLgMuQAMRaslBiFSM035mHgWl3GQ4mvlTooBwmGacVQ35oEe6mxXqzNf3lzSOy06lfHZdKVUvptXm2B47YEfMYSesyq5YjdWZYA/siT2zF+vVerc+rM+f0QVrurPLZmB9fQNNh7BU</latexit>

has a transition to s3 or s4

deadlock or
can reach only s3, s4

S2 = {s3, s4}

<latexit sha1_base64="d6EFpUbRcD/BtVqndFRNIBZdvt0="></latexit>

S3 = ({s4} \ {v | 8w. v ! w ) w 2 S2})[
({s1, s2, s3} \ {v | 9w 2 S2. v ! w})

<latexit sha1_base64="J2NvZD97ldIfyo9rzQNw5+tcPV8="></latexit>

= ({s4} \ {v | 8w. v ! w ) w 2 {s3, s4}})[
({s1, s2, s3} \ {v | 9w 2 {s3, s4}. v ! w})

<latexit sha1_base64="cEt2CF+N4jjarQr0cVHKeL8pU8g="></latexit>

= ({s4} \ {s2, s4})[
({s1, s2, s3} \ {s1, s3})

<latexit sha1_base64="uUHqFuWkRTtP0Zb7MAgi9/FU6io="></latexit>

= {s1, s3, s4}

<latexit sha1_base64="RPXLnaTMDGf1cuvFtX8WtoIaUiA="></latexit>

Ex. 3, mu-calculus
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fix �S. ({s4} \ {v | 8w. v ! w ) w 2 S})[
({s1, s2, s3} \ {v | 9w 2 S. v ! w})

<latexit sha1_base64="lOYKpkjkse3EJ1yqE799x0OpZYk="></latexit>

S0 = ;

<latexit sha1_base64="kOHS41w9b+bQ+bqL5CXiY5NKvlI=">AAACRHicbVDLSsNAFJ3UV3226lKEwSK4KokU1IVQdONS0WqhDeVmeq1DZ5IwcyOG0C9xq7/iP/gP7sStmNQurHpWh3PunXvmBLGSllz31SnNzM7NL5QXl5ZXVtcq1fWNaxslRmBLRCoy7QAsKhliiyQpbMcGQQcKb4LhaeHf3KOxMgqvKI3R1zAI5a0UQLnUq1Yuey4/5l3UMaUWqVetuXV3DP6XeBNSYxOc99ad7W4/EonGkIQCazueG5OfgSEpFI6WuonFGMQQBtjJaQgarZ+Nk4/4bmKBIh6j4VLxsYg/NzLQ1qY6yCc10J397RXif14nodtDP5NhnBCGojhEUuH4kBVG5pUg70uDRFAkRy5DLsAAERrJQYhcTPKOph4FpfzsIZ36U6aA8CHPOK1a0mBS0x/lhXq/6/tLrvfrXqN+dNGoNU8m1ZbZFtthe8xjB6zJztg5azHBEvbIntiz8+K8Oe/Ox/doyZnsbLIpOJ9fLI6xuQ==</latexit>

Principles for software composition 2019/20
07 - Temporal and modal logics, GoogleGo and pi-calculus

[Ex. 1] Two processes p1 and p2 want to access a single shared resource r.
Consider the atomic propositions:

reqi: holds when process pi is requesting access to r;
usei: holds when process pi has had access to r;
reli: holds when process pi has released r.

with i 2 [1, 2]. Use LTL formulas to specify the following properties:

1. mutual exclusion: r is accessed by only one process at a time;

2. release: every time p1 accesses r, it releases r after some time;

3. priority : whenever both p1 and p2 require r, p1 is granted access first;

4. no starvation: whenever p1 requires r, it is eventually granted access.

[Ex. 2] Three dogs live in a house with two couches and a front garden.
Let couch i,j represent the predicate “the dog i sits on couch j” and garden i

represent the predicate “the dog i plays in the front garden”.

1. Write an LTL formula expressing the fact that whenever dog 1 plays
in the garden then he keeps playing until he sits on some couch (but
he may also play forever).

2. Write a CTL formula expressing the fact that dog 2 eventually plays
in the garden whenever couch 1 is occupied by another dog.

3. Write a µ-calculus formula expressing the fact that no more than one
couch is occupied at any time by dog 3.

[Ex. 3] Given the µ-calculus formula � = µx.((p ^ ⇤x) _ (¬p ^ ⌃x)) write
its denotational semantics J�K ⇢ and evaluate it on the LTS below (where
V = {s1, s2, s3, s4} and P = {p}).

s1 //

''

s2

s4p s3

OO

oo

S1 = {s4}

<latexit sha1_base64="JRaPTgBpLyt1KUm3DYOPOaAwUdw=">AAACQHicbVDLTgJBEJz1ifgCPRqTicTEE9k1JOrBhOjFI0YBE9iQ3qHBCbMPZ3oNZMN3eNVf8S/8A2/Gqyd3kYOgdapUdU/XlBcpaci236yFxaXlldXcWn59Y3Nru1DcaZgw1gLrIlShvvPAoJIB1kmSwrtII/iewqY3uMz85iNqI8PglkYRuj70A9mTAiiV3JuOw895OzGdSnvcKZTssj0B/0ucKSmxKWqdorXf7oYi9jEgocCYlmNH5CagSQqF43w7NhiBGEAfWykNwEfjJpPUY34YG6CQR6i5VHwi4u+NBHxjRr6XTvpA92bey8T/vFZMvVM3kUEUEwYiO0RS4eSQEVqmdSDvSo1EkCVHLgMuQAMRaslBiFSM035mHgWl3GQ4mvlTooBwmGacVQ35oEe6mxXqzNf3lzSOy06lfHZdKVUvptXm2B47YEfMYSesyq5YjdWZYA/siT2zF+vVerc+rM+f0QVrurPLZmB9fQNNh7BU</latexit>

S2 = {s3, s4}

<latexit sha1_base64="d6EFpUbRcD/BtVqndFRNIBZdvt0="></latexit>

= ({s4} \ {s2, s4})[
({s1, s2, s3} \ {s1, s3})

<latexit sha1_base64="uUHqFuWkRTtP0Zb7MAgi9/FU6io="></latexit>

= {s1, s3, s4}

<latexit sha1_base64="RPXLnaTMDGf1cuvFtX8WtoIaUiA="></latexit>

S3 = {s1, s3, s4}

<latexit sha1_base64="xh3NGcewDK5TN2V54aypClNhQLM="></latexit>

S4 = ({s4} \ {v | 8w. v ! w ) w 2 S3})[
({s1, s2, s3} \ {v | 9w 2 S3. v ! w})

<latexit sha1_base64="t15gn6VPABFFtIzYMiI438fa47o="></latexit>

= ({s4} \ {v | 8w. v ! w ) w 2 {s1, s3, s4}})[
({s1, s2, s3} \ {v | 9w 2 {s1, s3, s4}. v ! w})

<latexit sha1_base64="PXt1rhvX/DVcduPhcsRiBykuvPI="></latexit>

= S3

<latexit sha1_base64="Qdi9HagSaTxEPPHSXXxWPr+rCvs=">AAACOHicbVDLTgJBEJzFF+IL9GhMJhITT2RXSdSDCdGLR4zySGBDeocGJ8w+MtNrIBu+wav+in/izZvx6he4IAdB61Sp6p6uKS9S0pBtv1mZpeWV1bXsem5jc2t7J1/YrZsw1gJrIlShbnpgUMkAayRJYTPSCL6nsOENrid+4xG1kWFwT6MIXR/6gexJAZRKtUt+1znt5It2yZ6C/yXOjBTZDNVOwTpod0MR+xiQUGBMy7EjchPQJIXCca4dG4xADKCPrZQG4KNxk2naMT+KDVDII9RcKj4V8fdGAr4xI99LJ32gB7PoTcT/vFZMvXM3kUEUEwZicoikwukhI7RMa0DelRqJYJIcuQy4AA1EqCUHIVIxTnuZexSUcpPhaO5PiQLCYZpxXjXkgx7p7jgt1Fms7y+pn5SccunitlysXM2qzbJ9dsiOmcPOWIXdsCqrMcEke2LP7MV6td6tD+vzZzRjzXb22Bysr2/vOK0w</latexit>

fixpoint reached!

Ex. 3, mu-calculus
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Jµx.((p ^2x) _ (¬p ^3x))K⇢

<latexit sha1_base64="DJfuFfUa1WYf4HRuDIofEwBz6Mc="></latexit>

= {s1, s3, s4}

<latexit sha1_base64="RPXLnaTMDGf1cuvFtX8WtoIaUiA="></latexit>

Principles for software composition 2019/20
07 - Temporal and modal logics, GoogleGo and pi-calculus

[Ex. 1] Two processes p1 and p2 want to access a single shared resource r.
Consider the atomic propositions:

reqi: holds when process pi is requesting access to r;
usei: holds when process pi has had access to r;
reli: holds when process pi has released r.

with i 2 [1, 2]. Use LTL formulas to specify the following properties:

1. mutual exclusion: r is accessed by only one process at a time;

2. release: every time p1 accesses r, it releases r after some time;

3. priority : whenever both p1 and p2 require r, p1 is granted access first;

4. no starvation: whenever p1 requires r, it is eventually granted access.

[Ex. 2] Three dogs live in a house with two couches and a front garden.
Let couch i,j represent the predicate “the dog i sits on couch j” and garden i

represent the predicate “the dog i plays in the front garden”.

1. Write an LTL formula expressing the fact that whenever dog 1 plays
in the garden then he keeps playing until he sits on some couch (but
he may also play forever).

2. Write a CTL formula expressing the fact that dog 2 eventually plays
in the garden whenever couch 1 is occupied by another dog.

3. Write a µ-calculus formula expressing the fact that no more than one
couch is occupied at any time by dog 3.

[Ex. 3] Given the µ-calculus formula � = µx.((p ^ ⇤x) _ (¬p ^ ⌃x)) write
its denotational semantics J�K ⇢ and evaluate it on the LTS below (where
V = {s1, s2, s3, s4} and P = {p}).

s1 //

''

s2

s4p s3

OO

oo

Ex. 3, mu-calculus



Google Go

14



1515

[Ex. 4] Write a GoogleGo function that takes one channel ini for receiving
integers and one channel ins for receving strings and returns a channel outp
where all the messages received on ini and ins will be paired.
Hint: define a struct to form pairs

[Ex. 5] Write a GoogleGo function that takes two channels f and q and tries
to send the stream of Fibonacci numbers on f but quits when it receives true
on channel q. Write a main program to test the function by printing the first
10 Fibonacci numbers.

[Ex. 6] The asynchronous ⇡-calculus requires that outputs have no contin-
uation:

p ::= nil | xhyi | x(y).p | ⌧.p | [x = y]p | p+ p | p|p | (x)p | !p

Show that any process in the original ⇡-calculus can be represented in the
asynchronous ⇡-calculus using an extra (fresh) channel to simulate explicit
acknowledgement of name transmission.

[Ex. 7] The polyadic ⇡-calculus allows communicating more than one name
in a single action, i.e., its action prefixes are of the form:

⇡ ::= ⌧ | xhz1, ...zni | x(z1, ...zn)

The polyadic extension is useful especially when studying types for name
passing processes. Show that the polyadic ⇡-calculus can be encoded in
the ordinary (monadic) ⇡-calculus by passing the name of a private channel
through which the multiple arguments are then passed in a sequence.



1616

Ex. 4, pairing in Go
package main

import "fmt"

type Pair struct {
N int
S string

}

func pairing(ini chan int, ins chan string) (outp chan Pair) {
outp = make(chan Pair)
go func() {

for {
i := <-ini
s := <-ins
outp <- Pair{i, s}

}
}()
return

}
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package main

import "fmt"

type Pair struct {
N int
S string

}

func pairing(ini chan int, ins chan string) (outp chan Pair) {
outp = make(chan Pair)
go func() {

for {
i := <-ini
s := <-ins
outp <- Pair{i, s}

}
}()
return

}

Ex. 4, pairing in Go
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package main

import "fmt"

type Pair struct {
N int
S string

}

func pairing(ini chan int, ins chan string) (outp chan Pair) {
outp = make(chan Pair)
go func() {

for {
i := <-ini
s := <-ins
outp <- Pair{i, s}

}
}()
return

}

Ex. 4, pairing in Go
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package main

import "fmt"

type Pair struct {
N int
S string

}

func pairing(ini chan int, ins chan string) (outp chan Pair) {
outp = make(chan Pair)
go func() {

for {
i := <-ini
s := <-ins
outp <- Pair{i, s}

}
}()
return

}

Ex. 4, pairing in Go
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package main

import "fmt"

type Pair struct {
N int
S string

}

func pairing(ini chan int, ins chan string) (outp chan Pair) {
outp = make(chan Pair)
go func() {

for {
i := <-ini
s := <-ins
outp <- Pair{i, s}

}
}()
return

}

Ex. 4, pairing in Go
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package main

import "fmt"

type Pair struct {
N int
S string

}

func pairing(ini chan int, ins chan string) (outp chan Pair) {
outp = make(chan Pair)
go func() {

for {
i := <-ini
s := <-ins
outp <- Pair{i, s}

}
}()
return

}

Ex. 4, pairing in Go



2222

func main() {
chi := make(chan int)
chs := make(chan string)
chp := pairing(chi,chs)
chi <- 1
chs <- "Alice"
v := <- chp
fmt.Println("got",v)
chi <- 2
chs <- "Bob"
v = <- chp
fmt.Println("got",v)

}

Ex. 4, pairing in Go
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func main() {
chi := make(chan int)
chs := make(chan string)
chp := pairing(chi,chs)
chi <- 1
chs <- "Alice"
v := <- chp
fmt.Println("got",v)
chi <- 2
chs <- "Bob"
v = <- chp
fmt.Println("got",v)

}

Ex. 4, pairing in Go
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func main() {
chi := make(chan int)
chs := make(chan string)
chp := pairing(chi,chs)
chi <- 1
chs <- "Alice"
v := <- chp
fmt.Println("got",v)
chi <- 2
chs <- "Bob"
v = <- chp
fmt.Println("got",v)

}

Ex. 4, pairing in Go
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func main() {
chi := make(chan int)
chs := make(chan string)
chp := pairing(chi,chs)
chi <- 1
chs <- "Alice"
v := <- chp
fmt.Println("got",v)
chi <- 2
chs <- "Bob"
v = <- chp
fmt.Println("got",v)

}

Ex. 4, pairing in Go
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func main() {
chi := make(chan int)
chs := make(chan string)
chp := pairing(chi,chs)
chi <- 1
chs <- "Alice"
v := <- chp
fmt.Println("got",v)
chi <- 2
chs <- "Bob"
v = <- chp
fmt.Println("got",v)

}

Ex. 4, pairing in Go
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[Ex. 4] Write a GoogleGo function that takes one channel ini for receiving
integers and one channel ins for receving strings and returns a channel outp
where all the messages received on ini and ins will be paired.
Hint: define a struct to form pairs

[Ex. 5] Write a GoogleGo function that takes two channels f and q and tries
to send the stream of Fibonacci numbers on f but quits when it receives true
on channel q. Write a main program to test the function by printing the first
10 Fibonacci numbers.

[Ex. 6] The asynchronous ⇡-calculus requires that outputs have no contin-
uation:

p ::= nil | xhyi | x(y).p | ⌧.p | [x = y]p | p+ p | p|p | (x)p | !p

Show that any process in the original ⇡-calculus can be represented in the
asynchronous ⇡-calculus using an extra (fresh) channel to simulate explicit
acknowledgement of name transmission.

[Ex. 7] The polyadic ⇡-calculus allows communicating more than one name
in a single action, i.e., its action prefixes are of the form:

⇡ ::= ⌧ | xhz1, ...zni | x(z1, ...zn)

The polyadic extension is useful especially when studying types for name
passing processes. Show that the polyadic ⇡-calculus can be encoded in
the ordinary (monadic) ⇡-calculus by passing the name of a private channel
through which the multiple arguments are then passed in a sequence.
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Ex. 5, Go Fibonacci
package main

import "fmt"

func fibonacci(f chan int, q chan bool) {
x, y := 0, 1
for {

select {
case f <- x:

x, y = y, x+y
case <-q:

return
}

}
}
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package main

import "fmt"

func fibonacci(f chan int, q chan bool) {
x, y := 0, 1
for {

select {
case f <- x:

x, y = y, x+y
case <-q:

return
}

}
}

Ex. 5, Go Fibonacci
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package main

import "fmt"

func fibonacci(f chan int, q chan bool) {
x, y := 0, 1
for {

select {
case f <- x:

x, y = y, x+y
case <-q:

return
}

}
}

Ex. 5, Go Fibonacci
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package main

import "fmt"

func fibonacci(f chan int, q chan bool) {
x, y := 0, 1
for {

select {
case f <- x:

x, y = y, x+y
case <-q:

return
}

}
}

Ex. 5, Go Fibonacci
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package main

import "fmt"

func fibonacci(f chan int, q chan bool) {
x, y := 0, 1
for {

select {
case f <- x:

x, y = y, x+y
case <-q:

return
}

}
}

Ex. 5, Go Fibonacci



3333

func main() {
fib := make(chan int)
quit := make(chan bool)
go func(){

      for i := 0; i < 10; i++ {
   fmt.Println(<-fib)

   }
   quit <- true

   }()
   fibonacci(fib, quit)
}

Ex. 5, Go Fibonacci
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func main() {
fib := make(chan int)
quit := make(chan bool)
go func(){

      for i := 0; i < 10; i++ {
   fmt.Println(<-fib)

   }
   quit <- true

   }()
   fibonacci(fib, quit)
}

Ex. 5, Go Fibonacci
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func main() {
fib := make(chan int)
quit := make(chan bool)
go func(){

      for i := 0; i < 10; i++ {
   fmt.Println(<-fib)

   }
   quit <- true

   }()
   fibonacci(fib, quit)
}

Ex. 5, Go Fibonacci
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func main() {
fib := make(chan int)
quit := make(chan bool)
go func(){

      for i := 0; i < 10; i++ {
   fmt.Println(<-fib)

   }
   quit <- true

   }()
   fibonacci(fib, quit)
}

Ex. 5, Go Fibonacci
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[Ex. 4] Write a GoogleGo function that takes one channel ini for receiving
integers and one channel ins for receving strings and returns a channel outp
where all the messages received on ini and ins will be paired.
Hint: define a struct to form pairs

[Ex. 5] Write a GoogleGo function that takes two channels f and q and tries
to send the stream of Fibonacci numbers on f but quits when it receives true
on channel q. Write a main program to test the function by printing the first
10 Fibonacci numbers.

[Ex. 6] The asynchronous ⇡-calculus requires that outputs have no contin-
uation:

p ::= nil | xhyi | x(y).p | ⌧.p | [x = y]p | p+ p | p|p | (x)p | !p

Show that any process in the original ⇡-calculus can be represented in the
asynchronous ⇡-calculus using an extra (fresh) channel to simulate explicit
acknowledgement of name transmission.

[Ex. 7] The polyadic ⇡-calculus allows communicating more than one name
in a single action, i.e., its action prefixes are of the form:

⇡ ::= ⌧ | xhz1, ...zni | x(z1, ...zn)

The polyadic extension is useful especially when studying types for name
passing processes. Show that the polyadic ⇡-calculus can be encoded in
the ordinary (monadic) ⇡-calculus by passing the name of a private channel
through which the multiple arguments are then passed in a sequence.



3939

Ex. 6, async pi
we want to encode ordinary processes in asynchronous ones

A(nil) , nil

<latexit sha1_base64="iIsR4OoFBnYFOzT+UpjvvRj6lU4="></latexit>

A(xy.p) , xhyi|A(p)

<latexit sha1_base64="+FxEseV5FSooaHq7aabOlSJ689s="></latexit>

A(x(y).p) , x(y).A(p)

<latexit sha1_base64="pkd5rL288X5jtCojEKIyAFX3PIE="></latexit>

A(⌧.p) , ⌧.A(p)

<latexit sha1_base64="kwSDpxetJuLD9uDW5+x027twV64="></latexit>

A([x = y]p) , [x = y]A(p)

<latexit sha1_base64="qV+jnDtzeqiqbld83MG1xIByPlc="></latexit>

A(p+ q) , A(p) +A(q)

<latexit sha1_base64="D0ZyjIkQ+9h2fr6lUv6SlaeiFRA="></latexit>

A(p|q) , A(p)|A(q)

<latexit sha1_base64="Sdp1a0/EDDqAYIwqTuJ/FPLhnLA="></latexit>

A((x)p) , (x)A(p)

<latexit sha1_base64="CildCT0xUNwhQtpC0HrIA4DMkgY="></latexit>

A(!p) ,!A(p)

<latexit sha1_base64="S8qFAtJamuOxIzIFMXA5jzbOIos="></latexit>
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we want to encode ordinary processes in asynchronous ones

deadlock

problem: A(p) can be executed before xy is received

<latexit sha1_base64="heYq/i5pSYYj9EbTcG4DcKUE+L4="></latexit>

A(xy.p) , xhyi|A(p)

<latexit sha1_base64="+FxEseV5FSooaHq7aabOlSJ689s="></latexit>

�
✏✏

<latexit sha1_base64="vsntqehIdE4OP7oeJqPjq5qDt6A="></latexit>

⌧
✏✏

(x)(nil|A(p))

<latexit sha1_base64="T+zDSfIU1ZrDtzGVHPPUojh+wbk="></latexit>

A((x)(x.x.p)) , (x)(x|x.A(p))

<latexit sha1_base64="7YE7GxyS649VZb/nF4iMeur/T/Y="></latexit>

Ex. 6, async pi
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2nd attempt: wait for an ack

deadlock

A(xy.p) , xhyi | a .A(p)

<latexit sha1_base64="Usdxl8wxhpU0zmrAFLEkAn3rKvM="></latexit>

A(x(z).q) , x(z) . (a | A(q))

<latexit sha1_base64="Mnw+R5zPcNPtbxOBlfyG/qiYQyY="></latexit>

A((x, u)(x|x|u.p)) , (x, u)(x|a.nil | x.(a|nil) | u|a.A(p))

<latexit sha1_base64="1TcaT7EDX8i51bg+K9giaOyd/iA="></latexit>

⌧
✏✏

(x, u)(nil|nil|u.p)

<latexit sha1_base64="e7raVzzUKrEyqBqRp5eljq7yV+w="></latexit>

⌧
✏✏

(x, u)(nil|a.nil | a|nil | u|a.A(p))

<latexit sha1_base64="XyGqLo+RN2a/MpBero7ZTGQtC/A="></latexit>

⌧
✏✏

(x, u)(nil|a.nil | nil|nil | u|A(p))

<latexit sha1_base64="HTwyVIXL/e3PvP10FHSclp03KuU="></latexit>

problem: possible interferences on channel a

<latexit sha1_base64="qDWWQHdGnu3j7w+jhhNooyAicJs="></latexit>

Ex. 6, async pi
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3rd attempt: wait for a private ack

A(xy.p) , (a)(xhai | ahyi | a.A(p))

<latexit sha1_base64="oD0voyar/VDDpJ6E9PKktAcScqQ="></latexit>

A(x(z).q) , x(xa) . xa(z) . (xa | A(q))

<latexit sha1_base64="MV21NzOS69qXZSx7Mf/tkmZEgF4="></latexit>

a, xa fresh

<latexit sha1_base64="X+3Zgtj3ujhFNHVX0YjcnvBOh+8="></latexit>

problem: possible self-interferences on channels a, k

<latexit sha1_base64="EICPIQJy/q9qjhGXIuYDH3CgZHU="></latexit>

Ex. 6, async pi
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4th attempt: use 2 private channels

A(xy.p) , (a)(xhai | a(xk) . (xkhyi | A(p)))

<latexit sha1_base64="OOyAjecU3DQosWXbVBjvrID/77Y="></latexit>

A(x(z).q) , x(xa) . (k)(xahki | k(z).A(q))

<latexit sha1_base64="s9W60k2rL2gZ4yPi7U4pN5Adhmc="></latexit>

a, k, xa, xk fresh

<latexit sha1_base64="mxL4l0yycOdaBuAQeHEwzF3swZ0="></latexit>

Ex. 6, async pi
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4th attempt: use 2 private channels

A(xy.p) , (a)(xhai | a(xk) . (xkhyi | A(p)))

<latexit sha1_base64="OOyAjecU3DQosWXbVBjvrID/77Y="></latexit>

A(x(z).q) , x(xa) . (k)(xahki | k(z).A(q))

<latexit sha1_base64="s9W60k2rL2gZ4yPi7U4pN5Adhmc="></latexit>

a, k, xa, xk fresh

<latexit sha1_base64="mxL4l0yycOdaBuAQeHEwzF3swZ0="></latexit>

problem: 3 communications involved, can we do better?

<latexit sha1_base64="HkNlyu/Z0cdLRdgyW2JdzVUpMu8="></latexit>

Ex. 6, async pi
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5th attempt: let the receiver start

A(x(z).q) , (a)(xhai | a(z).A(q)

<latexit sha1_base64="+oUXIeMXtZZ4tzWAgfVY9BYajBc="></latexit>

A(xy.p) , x(xa) . (xahyi | A(p))

<latexit sha1_base64="fKSLM29MTdRPUbLwgk3N8iXkHJ4="></latexit>

a, xa fresh

<latexit sha1_base64="X+3Zgtj3ujhFNHVX0YjcnvBOh+8="></latexit>

)

<latexit sha1_base64="9wDU1/NCnUcEk8jhSxR69bkWZfk=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFBE9koEtBF0FAmEnlIiRWdL5twyvls3e0hRVa+gBYqOkTLB1HwL9jGBSRMNZrZ1c5OEEth0HU/nZXVtfWNzdJWeXtnd2+/cnDYMZHVHNo8kpHuBcyAFAraKFBCL9bAwkBCN5jeZn73EbQRkbrHWQx+yCZKjAVnmEqt82Gl6tbcHHSZeAWpkgLNYeVrMIq4DUEhl8yYvufG6CdMo+AS5uWBNRAzPmUT6KdUsRCMn+RB5/TUGoYRjUFTIWkuwu+NhIXGzMIgnQwZPphFLxP/8/oWx1d+IlRsERTPDqGQkB8yXIu0AaAjoQGRZcmBCkU50wwRtKCM81S0aSXltA9v8ftl0rmoefXadatebdwUzZTIMTkhZ8Qjl6RB7kiTtAknQJ7IM3lxrPPqvDnvP6MrTrFzRP7A+fgGD0iRPg==</latexit>

Ex. 6, async pi
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5th attempt: let the receiver start

A(x(z).q) , (a)(xhai | a(z).A(q)

<latexit sha1_base64="+oUXIeMXtZZ4tzWAgfVY9BYajBc="></latexit>

A(xy.p) , x(xa) . (xahyi | A(p))

<latexit sha1_base64="fKSLM29MTdRPUbLwgk3N8iXkHJ4="></latexit>

a, xa fresh

<latexit sha1_base64="X+3Zgtj3ujhFNHVX0YjcnvBOh+8="></latexit>

)

<latexit sha1_base64="9wDU1/NCnUcEk8jhSxR69bkWZfk=">AAAB83icbVC7TsNAEDzzDOEVoKQ5ESFBE9koEtBF0FAmEnlIiRWdL5twyvls3e0hRVa+gBYqOkTLB1HwL9jGBSRMNZrZ1c5OEEth0HU/nZXVtfWNzdJWeXtnd2+/cnDYMZHVHNo8kpHuBcyAFAraKFBCL9bAwkBCN5jeZn73EbQRkbrHWQx+yCZKjAVnmEqt82Gl6tbcHHSZeAWpkgLNYeVrMIq4DUEhl8yYvufG6CdMo+AS5uWBNRAzPmUT6KdUsRCMn+RB5/TUGoYRjUFTIWkuwu+NhIXGzMIgnQwZPphFLxP/8/oWx1d+IlRsERTPDqGQkB8yXIu0AaAjoQGRZcmBCkU50wwRtKCM81S0aSXltA9v8ftl0rmoefXadatebdwUzZTIMTkhZ8Qjl6RB7kiTtAknQJ7IM3lxrPPqvDnvP6MrTrFzRP7A+fgGD0iRPg==</latexit>

Ex. 6, async pi
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[Ex. 4] Write a GoogleGo function that takes one channel ini for receiving
integers and one channel ins for receving strings and returns a channel outp
where all the messages received on ini and ins will be paired.
Hint: define a struct to form pairs

[Ex. 5] Write a GoogleGo function that takes two channels f and q and tries
to send the stream of Fibonacci numbers on f but quits when it receives true
on channel q. Write a main program to test the function by printing the first
10 Fibonacci numbers.

[Ex. 6] The asynchronous ⇡-calculus requires that outputs have no contin-
uation:

p ::= nil | xhyi | x(y).p | ⌧.p | [x = y]p | p+ p | p|p | (x)p | !p

Show that any process in the original ⇡-calculus can be represented in the
asynchronous ⇡-calculus using an extra (fresh) channel to simulate explicit
acknowledgement of name transmission.

[Ex. 7] The polyadic ⇡-calculus allows communicating more than one name
in a single action, i.e., its action prefixes are of the form:

⇡ ::= ⌧ | xhz1, ...zni | x(z1, ...zn)

The polyadic extension is useful especially when studying types for name
passing processes. Show that the polyadic ⇡-calculus can be encoded in
the ordinary (monadic) ⇡-calculus by passing the name of a private channel
through which the multiple arguments are then passed in a sequence.
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Ex. 7, polyadic pi
we want to encode polyadic processes in ordinary ones

M(nil) , nil

<latexit sha1_base64="JxZSpQgQXTtMKCPR8UgozumDQes="></latexit>

M(xhy1, ..., yni.p) , xy1. · · · .xyn.M(p)

<latexit sha1_base64="npIfPeiYyeH2PSf46Xh1jt1Klds="></latexit>

M(⌧.p) , ⌧.M(p)

<latexit sha1_base64="jN7mR1TD+UWS+/RMlRc0E1fh5Ig="></latexit>

M([x = y]p) , [x = y]M(p)

<latexit sha1_base64="5PltnzlQEnG9h2IfMC31zcHx2Fo="></latexit>

M(p+ q) , M(p) +M(q)

<latexit sha1_base64="vX60FnSSln3ncPmcdYyK4/CDH9I="></latexit>

M(p|q) , M(p)|M(q)

<latexit sha1_base64="WGR0B1n1qxmSLzbLd75hjepK3KU="></latexit>

M((x)p) , (x)M(p)

<latexit sha1_base64="9OcWCblPzBCsCV4YS5GI48VAel4="></latexit>

M(!p) ,!M(p)

<latexit sha1_base64="uGXLjBTBNdzirbOeIWDJ0zTTgmA="></latexit>

M(x(z1, ..., zn).q) , x(z1). · · · .x(zn).M(q)

<latexit sha1_base64="bCQxrUZHUVNQUphUm+uzQdhQfD4="></latexit>
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we want to encode polyadic processes in ordinary ones

M(xhy1, ..., yni.p) , xy1. · · · .xyn.M(p)

<latexit sha1_base64="npIfPeiYyeH2PSf46Xh1jt1Klds="></latexit>

M((x)(xha, bi | x(y1, y2).p | x(z1, z2).q)) , (x)(xa.xb | x(y1).x(y2).M(p) | x(z1).x(z2).M(q))

<latexit sha1_base64="udzLhskHceh2HIn5M1xERcYSF3Q="></latexit>

⌧
✏✏

(x)(nil|p0|x(z1, z2).q)

<latexit sha1_base64="59Q0n/xcqKFIb3I3Ruhp6mxb2/s="></latexit>

⌧
✏✏

(x)(nil|x(y1, y2).p|q0)

<latexit sha1_base64="NjBdUnwUwg5aAXs+PcULrNE0mh4="></latexit>

p0 = p[a/y1 ,
b /y2 ]

<latexit sha1_base64="RP3QX/+Gz5zWHqxEFmho+rTVky8="></latexit>

q0 = q[a/z1 ,
b /z2 ]

<latexit sha1_base64="Vz8TkJK64h7u3n5mSu4q6bgOZiQ="></latexit>

⌧

✏✏
•

⌧
✏✏

(x)(nil|x(y2).p00|x(z2).q00)

<latexit sha1_base64="dM7B+ORWX6/fXAvx97ad0gX3xDQ="></latexit>

p00 = M(p)[a/y1 ]

<latexit sha1_base64="080nNlmF1cX93g3lP6qWvYpAyhA="></latexit>

q00 = M(q)[b/z1 ]

<latexit sha1_base64="kIYKCNgJgCGPMR4MjPjX5zr3NSo="></latexit>

deadlock

problem: interference between multiple senders / receivers

<latexit sha1_base64="7QsKmnKcyuaOWfsjmPIEQMisj5Q="></latexit>

M(x(z1, ..., zn).q) , x(z1). · · · .x(zn).M(q)

<latexit sha1_base64="bCQxrUZHUVNQUphUm+uzQdhQfD4="></latexit>

Ex. 7, polyadic pi



5050

fix a private channel and send all data on it

M(xhy1, ..., yni.p) , (a)xa.ay1. · · · .ayn.M(p)

<latexit sha1_base64="uPJOpMYPUjtQ1IQtUuCaOtGZU8U="></latexit>

M(x(z1, ..., zn).q) , x(xa).xa(z1). · · · .xa(zn).M(q)

<latexit sha1_base64="jCSLNYtdZr8DZ6/m409mATDmQ9Q="></latexit>

a, xa fresh

<latexit sha1_base64="X+3Zgtj3ujhFNHVX0YjcnvBOh+8="></latexit>

Ex. 7, polyadic pi


