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http://caal.cs.aau.dk//

Concurrency Workbench, 
Aalborg Edition
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CAAL
CAAL is a web-based tool for

modeling, visualization and verification
of concurrent processes in CCS (and its timed extension)

Edit (recursively defined) processes

Explore their LTS (collapse states up to equivalences)

Verify equivalences between processes
(generate distinguishing formulas)

Verify HML formulas satisfaction (model checking)

developed for educational purposes

play bisimulation Game
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Edit processes Explore LTS

Verify HML & Equivalences play bisimulation Game

CAAL
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CCS syntax in CAAL
0

a.P    ‘a.P    tau.P

P + Q

P | Q

P \ {a1,…,an}

P[b1/a1,…,bn/an]

A = P ;

<latexit sha1_base64="GnnmpGwasapS4dXehmk75bD/grM=">AAACG3icbVA9TwJBFNzDL8Qv1NJmIzGxInfEqCXRxhITARMg5N3ywA17e5fdd0Zy4W/YGf0vdsbWwr9i5R0SI+BUk5n3MpPxIyUtue6nk1taXlldy68XNja3tneKu3sNG8ZGYF2EKjS3PlhUUmOdJCm8jQxC4Cts+sPLzG/eo7Ey1Dc0irATwEDLvhRAqdRuB0B3fj/RUo27xZJbdifgi8SbkhKbotYtfrV7oYgD1CQUWNvy3Ig6CRiSQuG40I4tRiCGMMBWSjUEaDvJpPOYH8UWKOQRGi4Vn4j49yOBwNpR4KeXWUc772Xif14rpv55J5E6igm1yIJIKpwEWWFkOgbynjRIBFlz5FJzAQaI0EgOQqRinK4zE6iA8CGt85uYjuXNT7NIGpWyd1quXJ+UqhfT2fLsgB2yY+axM1ZlV6zG6kywiD2yZ/biPDmvzpvz/nOac6Y/+2wGzsc351eihQ==</latexit>

nil

<latexit sha1_base64="3S5QGK9BzUNy3pQ9wFuvQS/a/ec=">AAACJnicbVDLSgNBEJz1GeMrKp68DAbBU9gNoh6DXjxGMA9IQuiddOKQ2QczvWJY8jHeRP/Fm4g3v8OTu2sUk1inoqqbKsoNlTRk2+/WwuLS8spqbi2/vrG5tV3Y2a2bINICayJQgW66YFBJH2skSWEz1Aieq7DhDi9Tv3GH2sjAv6FRiB0PBr7sSwGUSN3CftsDujX9GMalH1oddwtFu2Rn4PPEmZAim6DaLXy2e4GIPPRJKDCm5dghdWLQJIXCcb4dGQxBDGGArYT64KHpxFn9MT+KDFDAQ9RcKp6J+PcjBs+Ykecml1nDWS8V//NaEfXPO7H0w4jQF2kQSYVZkBFaJrsg70mNRJA2Ry59LkADEWrJQYhEjJKhpgIVEN4ndX4Tk7Gc2WnmSb1cck5L5euTYuViMluOHbBDdswcdsYq7IpVWY0JFrMH9sSerUfrxXq13r5PF6zJzx6bgvXxBc5OppQ=</latexit>

a.P
<latexit sha1_base64="mN3lVAnovBv0zlkeLYwlrDo8QPk=">AAACMXicbVDLSgNBEJz1Gd+rHr0MBsFT2BVRj0EvHiOYByQh9E46cXD2wUyvKMte/Rpvov/iTbz6B56cXaP46lNR1U1VV5Aoacjznpyp6ZnZufnKwuLS8srqmru+0TJxqgU2Raxi3QnAoJIRNkmSwk6iEcJAYTu4PCn09hVqI+PonG4S7IcwjuRICiBLDVzei61cXGe9EOjCjDLI89onbuQDt+rVvHL4X+BPQJVNpjFw33rDWKQhRiQUGNP1vYT6GWiSQmG+2EsNJiAuYYxdCyMI0fSz8pOc76QGKOYJai4VL0n8fpFBaMxNGNjNMuFvrSD/07opjY76mYySlDAShRFJhaWREVraDpAPpUYiKJIjlxEXoIEIteQghCVT29kPQwWE1zbOl6Mty/9dzV/Q2qv5B7W9s/1q/XhSW4VtsW22y3x2yOrslDVYkwl2y+7YA3t07p0n59l5+VidciY3m+zHOK/vxt6rug==</latexit>

a.P
<latexit sha1_base64="tYqL9OnvGicTT+3yQAmYGKrL/EE=">AAACIHicbVDLSgNBEJyN7/iKevQyGARPYVdEPYpePEYwD0iW0Dt2dHD2wUyPKEu+xJvov3gTj/opntxdFzGJdSqquqmigkRJQ6774VRmZufmFxaXqssrq2vrtY3NtomtFtgSsYp1NwCDSkbYIkkKu4lGCAOFneD2LPc7d6iNjKNLekjQD+E6kkMpgDJpUFvvE9hGPwS6McO0ORrU6m7DLcCniVeSOivRHNS++lexsCFGJBQY0/PchPwUNEmhcFTtW4MJiFu4xl5GIwjR+GlRfMR3rQGKeYKaS8ULEf9+pBAa8xAG2WXRcNLLxf+8nqXhsZ/KKLGEkciDSCosgozQMlsE+ZXUSAR5c+Qy4gI0EKGWHITIRJtNNBaogPA+q/ObmI3lTU4zTdr7De+wsX9xUD85LWdbZNtsh+0xjx2xE3bOmqzFBLPskT2zF+fJeXXenPef04pT/myxMTif33Xao8Y=</latexit>

⌧.P

<latexit sha1_base64="RVdH4PApMkOOua3PKm21e7b1pqI=">AAACKHicbVDLSgNBEJyNrxhfUQ8evAwGQRDCroh6DHrxmIB5QBJC76QTh8w+mOkVZdmv8Sb6L94kVz/Dk5s1ion2qaaqm6opN1TSkG2PrdzC4tLySn61sLa+sblV3N5pmCDSAusiUIFuuWBQSR/rJElhK9QInquw6Y6uJnrzDrWRgX9DDyF2PRj6ciAFUEr1insdD+jWDOJqwo/596OW9Iolu2xnw/8CZwpKbDrVXvGj0w9E5KFPQoExbccOqRuDJikUJoVOZDAEMYIhtlPog4emG2cfSPhhZIACHqLmUvGMxN8XMXjGPHhuupklnNcm5H9aO6LBRTeWfhgR+mJiRFJhZmSElmkzyPtSIxFMkiOXPheggQi15CBESkZpVTOGCgjv0zg/jmlZznw1f0HjpOyclU9qp6XK5bS2PNtnB+yIOeycVdg1q7I6Eyxhj+yZvVhP1qv1Zo2/VnPW9GaXzYz1/glukabV</latexit>

P+ Q

<latexit sha1_base64="FHmtldPJSn0SdcYeNiPjk3q/tH0=">AAACLHicbVDLSgNBEJz1GeMr6jGXwSB4kLAbRD2KXjwmYB6QhNA7dnTI7IOZXlHWHPwab6L/4kXEqx/hyckaRaMNA0VVN1VTfqykIdd9dqamZ2bn5nML+cWl5ZXVwtp6w0SJFlgXkYp0yweDSoZYJ0kKW7FGCHyFTX9wPNKbl6iNjMJTuo6xG8B5KPtSAFmqVyh2AqAL00+rw84Ov7Hvi6gNe4WSW3az4X+BNwYlNp5qr/DeOYtEEmBIQoExbc+NqZuCJikUDvOdxGAMYgDn2LYwhABNN80+MeRbiQGKeIyaS8UzEn9epBAYcx34djNLOKmNyP+0dkL9g24qwzghDMXIiKTCzMgILW07yM+kRiIYJUcuQy5AAxFqyUEISya2rl+GCgivbJxvR1uWN1nNX9ColL29cqW2Wzo8GteWY0W2ybaZx/bZITthVVZngt2yO/bAHp1758l5cV4/V6ec8c0G+zXO2wd2Kahe</latexit>

P |Q
<latexit sha1_base64="pjN94No8ANKbmdWs2t0PP7sQXvM="></latexit>

P\{a1, ..., an}
<latexit sha1_base64="jp08Co971rqn4nbXYQvFH/2uLYY=">AAACVHicbVDLTsMwEHQD5U0pcORiUSFxqEJSIeCI4MKxSBSQ2lBtzBasOk5kbxAoygfxNdwQ/AriQBrKmz2NZ3Y14wkTJS153nPFmZisTk3PzM7NLyzWlurLK6c2To3AjohVbM5DsKikxg5JUnieGIQoVHgWDg9H+tkNGitjfUJ3CQYRXGk5kAKooPr1w14EdG0HWTvvXnzg0M+3+h8P8POm67rNL1V/V3Ue9OsNz/XK4X+BPwYNNp52v/7Su4xFGqEmocDaru8lFGRgSAqF+VwvtZiAGMIVdguoIUIbZOVnc76RWqCYJ2i4VLwk8ftFBpG1d1FYbJYZf2sj8j+tm9JgL8ikTlJCLUZGJBWWRlYYWbSI/FIaJIJRcuRScwEGiNBIDkIUZFrU+sNQAeFtEefTsSjL/13NX3Dacv0dt3W83dg/GNc2w9bYOttkPttl++yItVmHCXbPHtgTe648Vl6dCaf6vupUxjer7Mc4tTf7MraP</latexit>

P[b1/a1, ...,
bn /an]

<latexit sha1_base64="0N2Yog17dcm9yu7B/tTBZ5S+AqA=">AAACMHicbVC7TsNAEDyH9ztAScGJCIkqsiMElDwayiARiJRE0frYhFPOZ3O3RiArJV9Dh+BfoEK0fAIVtgmIELYazexqZsePlLTkui9OYWx8YnJqemZ2bn5hcam4vHJmw9gIrIlQhabug0UlNdZIksJ6ZBACX+G53zvK9PNrNFaG+pRuI2wF0NWyIwVQSrWL680A6NJ2koM+b5KRoLsKr77Jar9dLLllNx8+CrwBKLHBVNvFj+ZFKOIANQkF1jY8N6JWAoakUNifbcYWIxA96GIjhRoCtK0kf6TPN2MLFPIIDZeK5yT+vkggsPY28NPNPOFfLSP/0xoxdfZaidRRTKhFZkRSYW5khZFpQ8gvpEEiyJIjl5oLMECERnIQIiXjtLIhQwWEN2mcH8e0LO9vNaPgrFL2dsqVk+3S/uGgtmm2xjbYFvPYLttnx6zKakywO3bPHtmT8+A8O6/O29dqwRncrLKhcd4/AUYKqu0=</latexit>

A , P
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HML syntax in CAAL
tt

ff

F and G

F or G

⟨a1,…,an⟩F

[a1,…,an]F

<latexit sha1_base64="pkJUMXCWRdCNuR2HliKf9BxUegg=">AAACGnicbVA9SwNBFNyLXzF+RS1tFoNgFe6CqGXQxjKCSYTLEd5tXuKSvQ9234nhyM+wE/0vdmJr41+x8i4GMYlTDTPvMcP4sZKGbPvTKiwtr6yuFddLG5tb2zvl3b2WiRItsCkiFelbHwwqGWKTJCm8jTVC4Cts+8PL3G/fozYyCm9oFKMXwCCUfSmAMsntBEB3fj8lGnfLFbtqT8AXiTMlFTZFo1v+6vQikQQYklBgjOvYMXkpaJJC4bjUSQzGIIYwQDejIQRovHRSecyPEgMU8Rg1l4pPRPz7kUJgzCjws8u8opn3cvE/z02of+6lMowTwlDkQSQVToKM0DLbAnlPaiSCvDlyGXIBGohQSw5CZGKSjTMTqIDwIavzm5iN5cxPs0hatapzWq1dn1TqF9PZiuyAHbJj5rAzVmdXrMGaTLCIPbJn9mI9Wa/Wm/X+c1qwpj/7bAbWxzclnqIg</latexit>

tt

<latexit sha1_base64="l2SWH4ESHHREEaHu6erqf6awpqk=">AAACGnicbVA9SwNBFNyLXzF+RS1tFoNgFe6CqGXQxjKCSYQkhHebd3HJ3ge778Rw5GfYif4XO7G18a9YeXcGMYlTDTPvMcO4kZKGbPvTKiwtr6yuFddLG5tb2zvl3b2WCWMtsClCFepbFwwqGWCTJCm8jTSC7ypsu6PLzG/fozYyDG5oHGHPh2EgPSmAUqnT9YHuXC/xvEm/XLGrdg6+SJwpqbApGv3yV3cQitjHgIQCYzqOHVEvAU1SKJyUurHBCMQIhthJaQA+ml6SV57wo9gAhTxCzaXiuYh/PxLwjRn7bnqZVTTzXib+53Vi8s57iQyimDAQWRBJhXmQEVqmWyAfSI1EkDVHLgMuQAMRaslBiFSM03FmAhUQPqR1fhPTsZz5aRZJq1Z1Tqu165NK/WI6W5EdsEN2zBx2xursijVYkwkWskf2zF6sJ+vVerPef04L1vRnn83A+vgG9pWiBA==</latexit>

↵

<latexit sha1_base64="/eYhx6UW5YBFFgyE+c9lzjAZrv0=">AAACLXicbVDLSgNBEJyNrxhfUY96GAyCp7Aroh6DgnqMYB6QhNA76cQhsw9metWw5OLXeBP9Fw+CePUfPLlZo2i0T0VVN1VdbqikIdt+tjJT0zOzc9n53MLi0vJKfnWtaoJIC6yIQAW67oJBJX2skCSF9VAjeK7Cmts/Hum1K9RGBv4FDUJsedDzZVcKoIRq5zebHtCl6cYnQ968xk4P+RdzOmznC3bRTof/Bc4YFNh4yu38e7MTiMhDn4QCYxqOHVIrBk1SKBzmmpHBEEQfethIoA8emlacfjHk25EBCniImkvFUxJ/XsTgGTPw3GQzTTipjcj/tEZE3cNWLP0wIvTFyIikwtTICC2TepB3pEYiGCVHLn0uQAMRaslBiISMkr5+GSogvEnifDsmZTmT1fwF1d2is1/cPd8rlI7GtWXZBttiO8xhB6zEzliZVZhgt+yOPbBH6956sl6s18/VjDW+WWe/xnr7APlgqTA=</latexit>

F ^ G

<latexit sha1_base64="1f3Fi0ElpZbASEFyhmdYYYJfeOI=">AAACK3icbVDLSgNBEJyN73fUm14Gg+Ap7Iqox6CgHiOYGMguoXfSiYOzD2Z6g7IE/Bpvov/iSfHqT3hys0bRxD7VVHVTNeXHShqy7RerMDE5NT0zOze/sLi0vFJcXaubKNECayJSkW74YFDJEGskSWEj1giBr/DSvz4e6Jc91EZG4QXdxugF0A1lRwqgjGoVN9wA6Mp00pM+d3uI/Pt92m8VS3bZzoePA2cISmw41Vbxw21HIgkwJKHAmKZjx+SloEkKhf15NzEYg7iGLjYzGEKAxkvzP/T5dmKAIh6j5lLxnMTfFykExtwGfraZJxzVBuR/WjOhzqGXyjBOCEMxMCKpMDcyQsusHORtqZEIBsmRy5AL0ECEWnIQIiOTrK0/hgoIb7I4P45ZWc5oNeOgvlt29su753ulytGwtlm2ybbYDnPYAauwM1ZlNSbYHbtnj+zJerCerVfr7Wu1YA1v1tmfsd4/AUSmqFA=</latexit>

F _ G

<latexit sha1_base64="CbRupI2LwVZ7WkUEsoGjYC7NKOU="></latexit>

3{a1,...,an}F

<latexit sha1_base64="uMhsyO3XkCGyKc40c2yvUoqkP0Y="></latexit>

2{a1,...,an}F



CAAL
mutual exclusion protocols analysis
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Share memory in CCS
all channels for communicating with variables 
must be restricted at the top
to guarantee read/write requests are synchronised

several optimisations are possible:
action prefix instead of linking for sequential composition
allows more expressive guards
remove silent transitions
introduce constants for loops
implement expressions
…

p\{xw1, xr1, · · · }

<latexit sha1_base64="68FuK09sb0N5Cl36i72SPNXzfE8=">AAACFHicbVC7TgJBFJ3FF+ILtbSZSEwsDNk1JGpHtLHERB4JuyGzwwUmzD4yc1chG1o/wa+w1crO2Npb+C/OIoWCt5icnHPvPXOPH0uh0bY/rdzS8srqWn69sLG5tb1T3N1r6ChRHOo8kpFq+UyDFCHUUaCEVqyABb6Epj+8yvTmHSgtovAWxzF4AeuHoic4Q0N1ijR2fcaHWjI9oG46uu84JyNlHpd3I9TupFMs2WV7WnQRODNQIrOqdYpfbjfiSQAhcrNVtx07Ri9lCgWXMCm4iYbYWLI+tA0MWQDaS6eXTOhRohlGNAZFhaRTEn5PpCzQehz4pjNgONDzWkb+p7UT7J17qQjjBCHkmREKCVMjzZUwEQHtCgWILPs5UBFSzhRDBCUo49yQicmsYPJw5q9fBI3TslMpX9xUStXLWTJ5ckAOyTFxyBmpkmtSI3XCyQN5Is/kxXq0Xq036/2nNWfNZvbJn7I+vgFUsp6O</latexit>
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Example: optimisation

x := 1; y := 2

<latexit sha1_base64="Zxqtz0wBnRWr1tF36vHkKO6v2HA=">AAAB+3icbVDLSsNAFJ3UV62vqks3g0VwVZIiqJVC0Y3LCvYhbSmT6W0dOpOEmRuxhH6FW125E7d+jAv/xSRmoa1ndTjnXu65xw2kMGjbn1ZuaXlldS2/XtjY3NreKe7utYwfag5N7ktfd1xmQAoPmihQQifQwJQroe1OrhK//QDaCN+7xWkAfcXGnhgJzjCW7h6rNediWq1VBsWSXbZT0EXiZKREMjQGxa/e0OehAg+5ZMZ0HTvAfsQ0Ci5hVuiFBgLGJ2wM3Zh6TIHpR2ngGT0KDUOfBqCpkDQV4fdGxJQxU+XGk4rhvZn3EvE/rxvi6KwfCS8IETyeHEIhIT1kuBZxE0CHQgMiS5IDFR7lTDNE0IIyzmMxjKspxH04898vklal7JyUz29OSvXLrJk8OSCH5Jg45JTUyTVpkCbhRJEn8kxerJn1ar1Z7z+jOSvb2Sd/YH18A+Lhk+I=</latexit>

xw1.done

<latexit sha1_base64="LFA8zn5k6e6XkMqHo3bL6j91db0=">AAACHHicbVBNS8NAEN3Ur1q/oh69LBahp5KIoN6KXjxWsB/QlrLZTuvSzSbsTtQS8hf8Cf4Kr3ryJl4FD/4XkxpQW+f05r0ZZt7zQikMOs6HVVhYXFpeKa6W1tY3Nrfs7Z2mCSLNocEDGei2xwxIoaCBAiW0Qw3M9yS0vPF5prduQBsRqCuchNDz2UiJoeAMU6pvV7pBKmfb8d1t0nerP33XZ3gtMB4ECpKkb5edqjMtOg/cHJRJXvW+/dkdBDzyQSGXzJiO64TYi5lGwSUkpW5kIGR8zEbQSaFiPphePHWU0IPIMAxoCJoKSack/N6ImW/MxPfSyexLM6tl5H9aJ8LhSS8WKowQFM8OoZAwPWS4Fql3oAOhAZFlnwMVinKmGSJoQRnnKRml2ZXSPNxZ9/OgeVh1j6qnl0fl2lmeTJHskX1SIS45JjVyQeqkQTi5J4/kiTxbD9aL9Wq9fY8WrHxnl/wp6/0LGaKjag==</latexit>

yw2.done

<latexit sha1_base64="Ia3UP3lfifUnX/iv4ZzleP8HWbw=">AAACHHicbVBNS8NAEN34WetX1KOXxSL0VJJSUG9FLx4r2A9oS9hsp3XpZhN2J0oJ+Qv+BH+FVz15E6+CB/+LSS2orXN6894MM+/5kRQGHefDWlpeWV1bL2wUN7e2d3btvf2WCWPNoclDGeqOzwxIoaCJAiV0Ig0s8CW0/fFFrrdvQRsRqmucRNAP2EiJoeAMM8qzy70wk/PtZHKXetXKT98LGN4ITAahgjT17JJTcaZFF4E7AyUyq4Znf/YGIY8DUMglM6brOhH2E6ZRcAlpsRcbiBgfsxF0M6hYAKafTB2l9Dg2DEMagaZC0ikJvzcSFhgzCfxsMv/SzGs5+Z/WjXF42k+EimIExfNDKCRMDxmuReYd6EBoQGT550CFopxphghaUMZ5RsZZdsUsD3fe/SJoVSturXJ2VSvVz2fJFMghOSJl4pITUieXpEGahJN78kieyLP1YL1Yr9bb9+iSNds5IH/Kev8CHPajbA==</latexit>

xw1.yw2.done

<latexit sha1_base64="EApK1e4lc+D7AvDiqePeWbaWi2Q=">AAACLHicbVBNS8NAEN34WetX1aOXxSJ4KokI6k304rGC/YCmhM12qoubTdidqCXkr/gT/BVe9eRFpFd/h5tasLbO6c17M8y8FyZSGHTdD2dufmFxabm0Ul5dW9/YrGxtN02cag4NHstYt0NmQAoFDRQooZ1oYFEooRXeXRR66x60EbG6xkEC3YjdKNEXnKGlgsqJH1u52M4eH/LAq/32A9sfTvR+xPBWYNaLFeR5UKm6NXdUdBZ4Y1Al46oHlaHfi3kagUIumTEdz02wmzGNgkvIy35qIGH8jt1Ax0LFIjDdbOQwp/upYRjTBDQVko5ImNzIWGTMIArtZPGlmdYK8j+tk2L/pJsJlaQIiheHUEgYHTJcC+sdaE9oQGTF50CFopxphghaUMa5JVObZdnm4U27nwXNw5p3VDu9OqqenY+TKZFdskcOiEeOyRm5JHXSIJw8kRfySt6cZ+fd+XSGP6Nzznhnh/wp5+sbnkqqcQ==</latexit>

( (xw1.done)[�d] | d.yw2.done )\d

<latexit sha1_base64="hGS/kk9NPWlJTQE6fVLxxdCOLYg="></latexit>

<latexit sha1_base64="fAF4G0u/Gwxru8dkeHVPE1vEeK4=">AAACJHicbVC7TsNAEDzzDOEVoKQ5ESFRRTZCQImgoQwSSZASK1pfNnBwvrPu1kBk5R9o4QP4GjpEQcO3YIcUhDDVaGZXsztRoqQj3//0Zmbn5hcWS0vl5ZXVtfXKxmbTmdQKbAijjL2KwKGSGhskSeFVYhHiSGErujsr/NY9WieNvqRBgmEM11r2pQDKpWanb82D7laqfs0fgU+TYEyqbIx6d8MrdXpGpDFqEgqcawd+QmEGlqRQOCx3UocJiDu4xnZONcTowmx07pDvpg7I8AQtl4qPRPy9kUHs3CCO8skY6Mb99QrxP6+dUv84zKROUkItiiCSCkdBTliZ94C8Jy0SQXE5cqm5AAtEaCUHIXIxzYuZCCxiyBjlJr8CpcLscTDMuwv+NjVNmvu14LC2f3FQPTkdt1hi22yH7bGAHbETds7qrMEEu2VP7Jm9eK/em/fuffyMznjjnS02Ae/rG5r8pXQ=</latexit>_



1111

Example: optimisation

if b(x) then c1 else c2

<latexit sha1_base64="9qycYfWvoxTLH9MBdHUMPOYxQz8=">AAACL3icbZDPSsNAEMY3/jf+q3r0sliEeilJKah4Eb14VLC20JSy2U7bpZtN2J2IJfRhfASfwquexIPi1bcwiRW1dU4fv2+Gmfn8SAqDjvNizczOzS8sLi3bK6tr6xuFza1rE8aaQ42HMtQNnxmQQkENBUpoRBpY4Euo+4OzzK/fgDYiVFc4jKAVsJ4SXcEZpqhdOPYChn2/m4juyKO2X7rd9+xvhn1QKeVt94eBNJCzit0uFJ2ykxedFu5YFMm4LtqFV68T8jgAhVwyY5quE2ErYRoFlzCyvdhAxPiA9aCZSsUCMK0kf3JE92LDMKQRaCokzSH8nkhYYMww8NPO7FQz6WXwP68ZY/ewlQgVxQiKZ4tQSMgXGa5Fmh7QjtCAyLLLgQpFOdMMEbSgjPMUxmmcWR7u5PfT4rpSdqvlo8tq8eR0nMwS2SG7pERcckBOyDm5IDXCyR15II/kybq3nq036/2rdcYaz2yTP2V9fAKqnKhp</latexit>

X

b(vi)

xri.p1 +
X

¬b(vj)

xrj .p2

<latexit sha1_base64="z8Srhbzg63lRgMfNCjlpQ/0PvrE=">AAACKHicbZBNS8NAEIY3fhu/qh69LBahIpRECupN9OJRwX5AU8JmO61bN5uwOxEl9I/4E/wVXvXkTXrw4i8xaXPQ1jm9vM8MM/MGsRQGHWdkzc0vLC4tr6zaa+sbm1ul7Z2GiRLNoc4jGelWwAxIoaCOAiW0Yg0sDCQ0g/vLnDcfQBsRqVt8iqETsr4SPcEZZpZfqnkmCf00qDz44nBIH7UvqrHv2kf2BHgK+jSngwkdZPTYL5WdqjMuOivcQpRJUdd+6cvrRjwJQSGXzJi268TYSZlGwSUMbS8xEDN+z/rQzqRiIZhOOv5uSA8SwzCiMWgqJB2b8HsiZaExT2GQdYYM78w0y83/WDvB3mknFSpOEBTPF6GQMF5kuBZZbEC7QgMiyy8HKhTlTDNE0IIyzjMzyXK0szzc6e9nReO46taqZze18vlFkcwK2SP7pEJcckLOyRW5JnXCyTN5JW/k3XqxPqxPazRpnbOKmV3yp6zvH3J5pS4=</latexit>
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Peterson’s mex algorithm
% Two processes P1, P2
% Two boolean variables b1, b2 (both initially false)
% when Pi wants to enter the critical section, then it sets bi to true
% An integer variable k, taking values in {1,2}
% (initial value is arbitrary)
% the process Pk has priority over the other process
%
% Process P1 in pseudocode
while (true) {
    ...                       % non critical section
    b1 = true ;               % P1 wants to enter the critical section
    k = 2 ;                   % P1 gives priority to the other process
    while (b2 && k==2) skip ; % P1 waits its turn
    ...                       % P1 enters the critical section
    b1 = false                % P1 leaves the critical section
}

% Process P2 is analogous to P1
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Peterson’s mex in CCS

% Process P1 in pseudocode
while (true) {
    ...
    b1 = true ; % wants to enter
    k = 2 ; % gives priority to P2
    while (b2 && k==2) skip ; % waits
    ...  % enters critical section
    b1 = false % leaves
}

% Process P2 is analogous to P1

P1 , b1wt .kw2 .P1a

<latexit sha1_base64="pzE8Rw75/aAmPuj0DDgnhHogJW4="></latexit>

P1a , b2rf .P1b

<latexit sha1_base64="qRJslxh7XF4kVIKrRzBECE1f5Qk="></latexit>

P1b , enter1 .exit1 .b1wf .P1

<latexit sha1_base64="62lnn9G0mpxgsy1KaSYV0DI4FYc="></latexit>

leave cycle
loop

B1W , b1wf .B1f + b1wt .B1t

<latexit sha1_base64="OhJ5L8gH1nPNo4iagm2FOjlFjE8="></latexit>

B1f , b1rf .B1f + B1W

<latexit sha1_base64="OGzTmyomF7J+Uq/N7ELzQSvHPcU="></latexit>

B1t , b1rt .B1t+ B1W

<latexit sha1_base64="teYQL9rdUgcKaCIACrP2StYU12k="></latexit>

K2 , kr2 .K2+ KW

<latexit sha1_base64="CSqts1Fu5KuahUTcZMrkDnbQgnA="></latexit>

K1 , kr1 .K1+ KW

<latexit sha1_base64="7cto3rXGRAYM4J4yN8hDVN9Cn2g="></latexit>

KW , kw1 .K1+ kw2 .K2

<latexit sha1_base64="kZNRoQg/t8rQ/c/BhaTZ4hsfwD0="></latexit>

SP , (B1f|B2f|KW|P1|P2)\{kw1 , kr1 , kw2 , kr2 , ...}

<latexit sha1_base64="8fbLZP1UwWAf3/Ij953DIZt2qCE="></latexit>

just something to observe

+b2rt .(kr1 .P1b+ kr2 .P1a)

<latexit sha1_base64="c7KuUWnrO8HFA3VATU7UCDkZsdg="></latexit>
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% Process P1 in pseudocode
while (true) {
    ...
    b1 = true ; % wants to enter
    k = 2 ; % gives priority to P2
    while (b2 && k==2) skip ; % waits
    ...  % enters critical section
    b1 = false % leaves
}

% Process P2 is analogous to P1

P1 , b1wt .kw2 .P1a

<latexit sha1_base64="pzE8Rw75/aAmPuj0DDgnhHogJW4="></latexit>

P1b , enter1 .exit1 .b1wf .P1

<latexit sha1_base64="62lnn9G0mpxgsy1KaSYV0DI4FYc="></latexit>

no busy wait

P1a , b2rf .P1b+ kr1 .P1b

<latexit sha1_base64="0ceaQMLzC0y+peCmpfQCSqapcmk="></latexit>

B1W , b1wf .B1f + b1wt .B1t

<latexit sha1_base64="OhJ5L8gH1nPNo4iagm2FOjlFjE8="></latexit>

B1f , b1rf .B1f + B1W

<latexit sha1_base64="OGzTmyomF7J+Uq/N7ELzQSvHPcU="></latexit>

B1t , b1rt .B1t+ B1W

<latexit sha1_base64="teYQL9rdUgcKaCIACrP2StYU12k="></latexit>

K2 , kr2 .K2+ KW

<latexit sha1_base64="CSqts1Fu5KuahUTcZMrkDnbQgnA="></latexit>

K1 , kr1 .K1+ KW

<latexit sha1_base64="7cto3rXGRAYM4J4yN8hDVN9Cn2g="></latexit>

KW , kw1 .K1+ kw2 .K2

<latexit sha1_base64="kZNRoQg/t8rQ/c/BhaTZ4hsfwD0="></latexit>

SP , (B1f|B2f|KW|P1|P2)\{kw1 , kr1 , kw2 , kr2 , ...}

<latexit sha1_base64="8fbLZP1UwWAf3/Ij953DIZt2qCE="></latexit>

Peterson’s mex in CCS
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% Process P1 in pseudocode
while (true) { ...
    b1 = true ; % wants to enter
    k = 2 ; % gives priority to P2
    while (b2 && k==2) skip ; % waits
    ...  % enters critical section
    b1 = false % leaves
}

Peterson’s mex in CCS
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P1 , b1wt .kw2 .P1a

<latexit sha1_base64="pzE8Rw75/aAmPuj0DDgnhHogJW4="></latexit>

P1b , enter1 .exit1 .b1wf .P1

<latexit sha1_base64="62lnn9G0mpxgsy1KaSYV0DI4FYc="></latexit>

P1a , b2rf .P1b+ kr1 .P1b

<latexit sha1_base64="0ceaQMLzC0y+peCmpfQCSqapcmk="></latexit>

SP , (B1f|B2f|KW|P1|P2)\{kw1 , kr1 , kw2 , kr2 , ...}

<latexit sha1_base64="8fbLZP1UwWAf3/Ij953DIZt2qCE="></latexit>

a formula for mutual exclusion?

F , [exit1]↵ _ [exit2]↵

<latexit sha1_base64="pipkUiCyuXWyyayXOO9ZG0zcHNI="></latexit>

F ^ [�](· · · )

<latexit sha1_base64="c4xa68W4ZmNqgf/rwl3BURkiRVU=">AAACOnicbVDLTgJBEJzFF+IDkKOXicRED5JdQ6LeiCbGIyYiJLAhvbMtTph9ZKZXJYRv8ar/4I949Wa8+gEuyEGQOlWqulOV8mIlDdn2u5VZWl5ZXcuu5zY2t7bzheLOrYkSLbAhIhXplgcGlQyxQZIUtmKNEHgKm17/Yuw3H1AbGYU3NIjRDaAXyjspgFKpWyhddh7R7yFvH7kHHeFHZA67hbJdsSfg/4kzJWU2Rb1btPIdPxJJgCEJBca0HTsmdwiapFA4ynUSgzGIPvSwndIQAjTucNJ+xPcTAxTxGDWXik9E/PsxhMCYQeCllwHQvZn3xuIir53Q3ak7lGGcEIZiHERS4STICC3TWZD7UiMRjJsjlyEXoIEIteQgRCom6U4zgQoIn9I6C9sYCkAPtD9KJ3TmB/tPbo8rTrVydl0t186nY2bZLttjB8xhJ6zGrlidNZhgA/bMXtir9WZ9WJ/W1+9pxpr+lNgMrO8fhQ2s3Q==</latexit>

F ^ [�](F ^ [�](· · · ))

<latexit sha1_base64="cdf7q4Z9ZPmqsNbq9MdncwCmOJI=">AAACR3icbVDLSgNBEJyNr/hM1KOXwSDEg2FXAupNFMRjBBOFzRJ6ZztxyOyDmV41hFz9Gq/6D36CX+FNPLpZc4jROhVV3XR1+YmShmz73SrMzS8sLhWXV1bX1jdK5c2tlolTLbApYhXrWx8MKhlhkyQpvE00QugrvPH752P/5h61kXF0TYMEvRB6kexKAZRJnTK/aD9g0EPuHnjVad4WQUxmf79Trtg1Owf/S5wJqbAJGp1Nq9QOYpGGGJFQYIzr2Al5Q9AkhcLRSjs1mIDoQw/djEYQovGG+SsjvpcaoJgnqLlUPBdxemMIoTGD0M8mQ6A7M+uNxf88N6XusTeUUZISRmJ8iKTC/JARWmYdIQ+kRiIYJ0cuIy5AAxFqyUGITEyz0n4dVED4mMX5N42hEPRAB6OsQme2sL+kdVhz6rWTq3rl9GxSZpHtsF1WZQ47YqfskjVYkwn2xJ7ZC3u13qwP69P6+hktWJOdbfYLBesb5UywZA==</latexit>

F ^ [�](F ^ [�](F ^ [�](· · · )))

<latexit sha1_base64="6C2x0biI2sX3Yl/L9TIawFg94zk=">AAACVHicdVDLSgNBEJxd31Hz0KOXwSCYg2FXAuotKIhHBfOAZAm9s504OPtgplcNIV/h13jVfxD8Fw9uYg5GY52Kqm66uvxESUOO82HZS8srq2vrG7nNre18oVjaaZo41QIbIlaxbvtgUMkIGyRJYTvRCKGvsOXfX0z81gNqI+PoloYJeiEMItmXAiiTesWjy+4jBgPknSPv8D/eFUFMplKp9Iplp+pMwf8Sd0bKbIbrXskqdINYpCFGJBQY03GdhLwRaJJC4TjXTQ0mIO5hgJ2MRhCi8UbTv8b8IDVAMU9Qc6n4VMSfGyMIjRmGfjYZAt2Z395EXOR1UuqfeiMZJSlhJCaHSCqcHjJCy6ww5IHUSAST5MhlxAVoIEItOQiRiWnW4NxBBYRPWZyFaQyFoIc6GGcVur8L+0uax1W3Vj27qZXr57My19ke22eHzGUnrM6u2DVrMMGe2Qt7ZW/Wu/VpL9kr36O2NdvZZXOw8186U7Ls</latexit>

any label

MEX , F ^ [�]MEX

<latexit sha1_base64="i9mX+WDMh1CEOPdcQ3w2uCxN1sc="></latexit>

a recursively defined formula!
(max)

Peterson’s mex in CCS
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P1 , b1wt .kw2 .P1a

<latexit sha1_base64="pzE8Rw75/aAmPuj0DDgnhHogJW4="></latexit>

P1b , enter1 .exit1 .b1wf .P1

<latexit sha1_base64="62lnn9G0mpxgsy1KaSYV0DI4FYc="></latexit>

P1a , b2rf .P1b+ kr1 .P1b

<latexit sha1_base64="0ceaQMLzC0y+peCmpfQCSqapcmk="></latexit>

SP , (B1f|B2f|KW|P1|P2)\{kw1 , kr1 , kw2 , kr2 , ...}

<latexit sha1_base64="8fbLZP1UwWAf3/Ij953DIZt2qCE="></latexit>

has P1 the possibility to enter?

a recursively defined formula!

G , henter1itt

<latexit sha1_base64="yw5dGAFv4FswfBA9DbQF3T+ANAY="></latexit>

G _ h�i(· · · )

<latexit sha1_base64="sGolwoIjfJoH8ocNZshhF3ZlX/0="></latexit>

G _ h�i(G _ h�i(· · · ))

<latexit sha1_base64="k9xZd6MZsqixFYHNAm3sNBDqWN4="></latexit>

G _ h�i(G _ h�i(G _ h�i(· · · )))

<latexit sha1_base64="GPK/UHt3UcKXibaFfrDmIJkUXzQ="></latexit>

EN , G _ h�iEN

<latexit sha1_base64="wgN+AbDE5TXgzZUFm4zCtULsuOQ="></latexit>

(min)

Peterson’s mex in CCS
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P1 , b1wt .kw2 .P1a

<latexit sha1_base64="pzE8Rw75/aAmPuj0DDgnhHogJW4="></latexit>

P1b , enter1 .exit1 .b1wf .P1

<latexit sha1_base64="62lnn9G0mpxgsy1KaSYV0DI4FYc="></latexit>

P1a , b2rf .P1b+ kr1 .P1b

<latexit sha1_base64="0ceaQMLzC0y+peCmpfQCSqapcmk="></latexit>

SP , (B1f|B2f|KW|P1|P2)\{kw1 , kr1 , kw2 , kr2 , ...}

<latexit sha1_base64="8fbLZP1UwWAf3/Ij953DIZt2qCE="></latexit>

has P1 the possibility to enter from any reachable state ?

a recursively defined formula!

EN , G _ h�iEN

<latexit sha1_base64="wgN+AbDE5TXgzZUFm4zCtULsuOQ="></latexit>

EN ^ [�](· · · )

<latexit sha1_base64="lSKWCqS+bNEv4fe31KLfJH6qKpA="></latexit>

EN ^ [�](EN ^ [�](· · · ))

<latexit sha1_base64="qPeU8krI9V92pOt95zIvBK71JCk="></latexit>

EN ^ [�](EN ^ [�](EN ^ [�](· · · )))

<latexit sha1_base64="We0K9wewSYuYm9VrUDuOiQMo8/o="></latexit>

AEN , EN ^ [�]AEN

<latexit sha1_base64="e2yYpp2hqzMOYx2EQk9ROk9RhhU="></latexit>

(min)

(max)

Peterson’s mex in CCS
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P1 , b1wt .kw2 .P1a

<latexit sha1_base64="pzE8Rw75/aAmPuj0DDgnhHogJW4="></latexit>

P1b , enter1 .exit1 .b1wf .P1

<latexit sha1_base64="62lnn9G0mpxgsy1KaSYV0DI4FYc="></latexit>

P1a , b2rf .P1b+ kr1 .P1b

<latexit sha1_base64="0ceaQMLzC0y+peCmpfQCSqapcmk="></latexit>

SP , (B1f|B2f|KW|P1|P2)\{kw1 , kr1 , kw2 , kr2 , ...}

<latexit sha1_base64="8fbLZP1UwWAf3/Ij953DIZt2qCE="></latexit>

deadlock freedom?

a recursively defined formula!

H , h�itt

<latexit sha1_base64="GTAovVu8HtbVtFd+f3fNIP9qQXQ="></latexit>

H ^ [�](· · · )

<latexit sha1_base64="nPgXOH6hj8JjrU+yLDIJPPYiIXo=">AAACOnicbVDLTgJBEJz1ifgCOXqZSEzwINk1JuqN6IUjJoIksCG9sw1OmH1kplclhG/xqv/gj3j1Zrz6AS7IQR51qlR1pyrlxUoasu0Pa2V1bX1jM7OV3d7Z3dvP5Q8aJkq0wLqIVKSbHhhUMsQ6SVLYjDVC4Cm89/o3Y//+EbWRUXhHgxjdAHqh7EoBlEqdXKHafkK/h7x16pbawo/InHRyRbtsT8AXiTMlRTZFrZO39tt+JJIAQxIKjGk5dkzuEDRJoXCUbScGYxB96GErpSEEaNzhpP2IHycGKOIxai4Vn4j4/2MIgTGDwEsvA6AHM++NxWVeK6HupTuUYZwQhmIcRFLhJMgILdNZkPtSIxGMmyOXIReggQi15CBEKibpTjOBCgif0zpL2xgKQA+0P0ondOYHWySNs7JzXr66PS9WrqdjZtghO2Il5rALVmFVVmN1JtiAvbBX9ma9W5/Wl/X9d7piTX8KbAbWzy+Itazf</latexit>

H ^ [�](H ^ [�](· · · ))

<latexit sha1_base64="xmKs7My9nAtT1HyHF6Sfl1w1Yy8=">AAACR3icbVDLTgJBEJzFFz4BPXqZSEzgINk1JOqN6MWjJqImsCG9sw1OmH1kplclG65+jVf9Bz/Br/BmPLrgHgStU6WqO11dXqykIdt+twoLi0vLK8XVtfWNza1SubJ9baJEC2yLSEX61gODSobYJkkKb2ONEHgKb7zh2cS/uUdtZBRe0ShGN4BBKPtSAGVSr8zPuw/oD5B3Dtzab94VfkSmXu+Vq3bDnoL/JU5OqizHRa9ilbp+JJIAQxIKjOk4dkxuCpqkUDhe6yYGYxBDGGAnoyEEaNx0+sqY7ycGKOIxai4Vn4r4eyOFwJhR4GWTAdCdmfcm4n9eJ6H+sZvKME4IQzE5RFLh9JARWmYdIfelRiKYJEcuQy5AAxFqyUGITEyy0mYOKiB8zOL8m8ZQAHqk/XFWoTNf2F9yfdhwmo2Ty2a1dZqXWWS7bI/VmMOOWIudswvWZoI9sWf2wl6tN+vD+rS+fkYLVr6zw2ZQsL4B7LiwaA==</latexit>

H ^ [�](H ^ [�](H ^ [�](· · · )))

<latexit sha1_base64="DqhXinQ/jbs7nkp457sjT+YTvss=">AAACVHicdVDLTgJBEJxdRfHFQ49eJhITOEB2DYl6M3rhqIkICWxI72yDE2YfmelVCeEr/Bqv+g8m/osHF+Tgs06Vqu50dfmJkoYc582yV1Zza+v5jc2t7Z1CsVTevTFxqgW2Raxi3fXBoJIRtkmSwm6iEUJfYccfX8z9zh1qI+PomiYJeiGMIjmUAiiTBqV6q3+PwQh5r+5V/+N9EcRkarXaoFRxGs4C/Ddxl6TClrgclK1iP4hFGmJEQoExPddJyJuCJikUzjb7qcEExBhG2MtoBCEab7r4a8YPUwMU8wQ1l4ovRPy6MYXQmEnoZ5Mh0K356c3Fv7xeSsMTbyqjJCWMxPwQSYWLQ0ZomRWGPJAaiWCeHLmMuAANRKglByEyMc0a/HZQAeFDFufPNIZC0BMdzLIK3Z+F/SY3Rw232Ti9albOzpdl5tk+O2BV5rJjdsZa7JK1mWCP7Ik9sxfr1Xq3V+zc56htLXf22DfYhQ9Fn7Ly</latexit>

DF , H ^ [�]DF

<latexit sha1_base64="8lOyfsmQYbTII33tE3m81OBvE1Q="></latexit>

(max)

Peterson’s mex in CCS
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P1b , enter1 .exit1 .b1wf .P1

<latexit sha1_base64="62lnn9G0mpxgsy1KaSYV0DI4FYc="></latexit>

SP , (B1f|B2f|KW|P1|P2)\{kw1 , kr1 , kw2 , kr2 , ...}

<latexit sha1_base64="8fbLZP1UwWAf3/Ij953DIZt2qCE="></latexit>

does P1 access every time it issues a request?

a recursively defined formula!

P1 , b1wt .req1.kw2 .P1a

<latexit sha1_base64="BUZIPJAJpL9ztzIz4szvf0An5aI="></latexit>

P1a , b2rf .P1b+ kr1 .P1b

<latexit sha1_base64="0ceaQMLzC0y+peCmpfQCSqapcmk="></latexit>

A , hexit1itt _ [�]A

<latexit sha1_base64="6WEATukQpqKh1/xCQEJrVmLy9zE="></latexit>

REQ , [req1]A ^ [�]REQ

<latexit sha1_base64="qLsAaXrVc8U/Cgs3DjARKLdVrdU="></latexit>

(min)

(max)

Peterson’s mex in CCS
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LTS

Peterson’s mex in CAAL
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LTS up to strong bisimilarity

Peterson’s mex in CAAL
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LTS up to weak bisimilarity

Peterson’s mex in CAAL
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LTS up to weak bisimilarity, after renaming 
enter1/2 to enter and exit1/2 to exit

Peterson’s mex in CAAL

SP , (B1f|B2f|KW|P1|P2)\{kw1 , kr1 , kw2 , kr2 , ...}

<latexit sha1_base64="8fbLZP1UwWAf3/Ij953DIZt2qCE="></latexit>

<latexit sha1_base64="xABpBH1SjGmx9KJhrytrFjDhyzo="></latexit>

SP1 , SP1[enter/enter1 , enter/enter2 , exit/exit1 , exit/exit2 ]
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LTS

Peterson’s mex in CAAL
LTS up to strong bisimilarity

LTS up to weak bisimilarity LTS up to weak bisimilarity,
enter and exit
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% Two processes H1, H2
% Two boolean variables b1, b2 (both initially false)
% when Hi wants to enter the critical section, then it sets bi to true
% An integer variable k, taking values in {1,2}
% (initial value is arbitrary)
% the process Hk has priority over the other process
%
% Process H1 in pseudocode
while (true) {
    ...                       % non critical section
    b1 = true ;               % H1 wants to enter the critical section
    while (k==2) {            % while H2 has priority
        while (b2) skip ;     % H1 waits 
        k = 1;                % H1 sets priority to itself
    }
    ...                       % H1 enters the critical section
    b1 = false                % H1 leaves the critical section
}

% Process H2 is analogous to H1

Hyman’s mex algorithm



2727

LTS up to weak bisimilarity, after renaming 
enter1/2 to enter and exit1/2 to exit

Peterson’s mex in CAAL
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50 prisoners puzzle
50 prisoners kept in separate cells got a chance to be released: 
from time to time one of them will be carried in a special room and then back to cell. 
(in no particular order, possibly multiple times consecutively, but fairly to avoid infinite wait) 

The room is completely empty except for a switch that can turn the light on or off 
(the light is not visible from outside). 

At any time, if any of them claims rightfully that all the prisoners have already entered the 
room at least once, then all prisoners will be released 
(but if it proves wrong, then the chance ends and they will never be released). 

The prisoners have the possibility to discuss in advance some protocol to follow 
(not all prisoner must behave in the same way). 

Can you find a winning strategy for the prisoners? 
Can you formalise it in CCS (for 2 to 4 prisoners)?

- Easy case: it is known that the light in the room is initially off 
- Hard case: the initial state of the light in the room is not known.


