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mu-calculus
models

syntax
classical ops

atomic propositions
 

<latexit sha1_base64="4hS7DY+jx7ukQP6U4prRwH4XnsE=">AAACCnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN6CXjxGMA9IltA76SRDZh/M9IphyR+IV/0Ob+LVn/Az/AN31xxMYp2Kqu6uprxISUO2/WUVVlbX1jeKm6Wt7Z3dvfL+QdOEsRbYEKEKddsDg0oG2CBJCtuRRvA9hS1vfJP5rQfURobBPU0idH0YBnIgBVAmdSMje+WKXbVz8GXizEiFzVDvlb+7/VDEPgYkFBjTceyI3AQ0SaFwWurGBiMQYxhiJ6UB+GjcJP91yk9iAxTyCDWXiuci/t1IwDdm4nvppA80MoteJv7ndWIaXLqJDKKYMBBZEEmFeZARWqYlIO9LjUSQfY5cBlyABiLUkoMQqRinrcwdBaXc5HEyTTtyFhtZJs2zqnNevbo7r9SuZ20V2RE7ZqfMYResxm5ZnTWYYCP2zF7Yq/VkvVnv1sfvaMGa7RyyOVifP4mYm6I=</latexit>

    holds at every next state 

<latexit sha1_base64="4hS7DY+jx7ukQP6U4prRwH4XnsE=">AAACCnicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoN6CXjxGMA9IltA76SRDZh/M9IphyR+IV/0Ob+LVn/Az/AN31xxMYp2Kqu6uprxISUO2/WUVVlbX1jeKm6Wt7Z3dvfL+QdOEsRbYEKEKddsDg0oG2CBJCtuRRvA9hS1vfJP5rQfURobBPU0idH0YBnIgBVAmdSMje+WKXbVz8GXizEiFzVDvlb+7/VDEPgYkFBjTceyI3AQ0SaFwWurGBiMQYxhiJ6UB+GjcJP91yk9iAxTyCDWXiuci/t1IwDdm4nvppA80MoteJv7ndWIaXLqJDKKYMBBZEEmFeZARWqYlIO9LjUSQfY5cBlyABiLUkoMQqRinrcwdBaXc5HEyTTtyFhtZJs2zqnNevbo7r9SuZ20V2RE7ZqfMYResxm5ZnTWYYCP2zF7Yq/VkvVnv1sfvaMGa7RyyOVifP4mYm6I=</latexit>
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<latexit sha1_base64="w0jC0QzqLLM1T67yhoQ+PTsYr7k="></latexit>
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<latexit sha1_base64="krirkCeNtfbU2u9BuNyi50ePqm4="></latexit>

there is a next state where     holds

predicate variable, for recursive def
LEAST FIXPOINT of
GREATEST FIXPOINT of

<latexit sha1_base64="qIL+yclzYK2Kxdo+iH21xqLDD5s=">AAACJ3icbVDLSgNBEJz1GeMrKnjxMhgET2E3iHoRgl48RjAPSELonXR0yOzsMtMrypqf8Sb6L95Ej/6GJzdrEGOsU1HVTRXlR0pact13Z2Z2bn5hMbeUX15ZXVsvbGzWbRgbgTURqtA0fbCopMYaSVLYjAxC4Cts+IOzkd+4QWNlqC/pLsJOAFda9qUASqVuYfv2pJu0A6Br208CqYdD3o6s7BaKbsnNwKeJNyZFNka1W/hs90IRB6hJKLC25bkRdRIwJIXCYb4dW4xADOAKWynVEKDtJFn/Id+LLVDIIzRcKp6J+PsjgcDau8BPL7Omf72R+J/Xiql/3EmkjmJCLUZBJBVmQVYYmQ6DvCcNEsGoOXKpuQADRGgkByFSMU6XmghUQHib1vlJTMfy/k4zTerlkndYKl8cFCun49lybIftsn3msSNWYeesympMsHv2wJ7Ys/PovDivztv36Ywz/tliE3A+vgCgKKcA</latexit>

x =min  
<latexit sha1_base64="KZC3i04jGktrrvMEw5CU4aAw55w=">AAACJ3icbVDLSgNBEJz1GeMrKnjxMhgET2E3iHoRgl48RjAPSELonXTikNkHM72SsOZnvIn+izfRo7/hyc0axCTWqajqpopyQyUN2faHtbC4tLyymlnLrm9sbm3ndnarJoi0wIoIVKDrLhhU0scKSVJYDzWC5yqsuf2rsV+7R21k4N/SMMSWBz1fdqUASqR2bn9w0Y6bHtCd6cYeDEYj3gyNbOfydsFOweeJMyF5NkG5nftqdgIReeiTUGBMw7FDasWgSQqFo2wzMhiC6EMPGwn1wUPTitP+I34UGaCAh6i5VDwV8e9HDJ4xQ89NLtOms95Y/M9rRNQ9b8XSDyNCX4yDSCpMg4zQMhkGeUdqJIJxc+TS5wI0EKGWHIRIxChZaipQAeEgqfObmIzlzE4zT6rFgnNaKN6c5EuXk9ky7IAdsmPmsDNWYteszCpMsAf2yJ7Zi/VkvVpv1vvP6YI1+dljU7A+vwGjhqcC</latexit>

x =max  
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mu-calculus: semantics
J K⇢

<latexit sha1_base64="4ghNsRw0rQaVksxPheCDcw07VUc=">AAACRXicbVDLSgNBEJyNrxgfSfQoyGAQPIVdCai3oBePCkYD2SX0TlozZPbBTK8YQm5+jVf9B7/Bj/AmXnU2BlFjn2qquqmaClMlDbnui1OYm19YXCoul1ZW19bLlerGpUkyLbAlEpXodggGlYyxRZIUtlONEIUKr8LBSa5f3aI2MokvaJhiEMFNLK+lALJUt7LtKxVqEAMk7qdG+lp/P3U/6VZqbt2dDJ8F3hTU2HTOulWn7PcSkUUYk1BgTMdzUwpGoEkKheOSnxlMrQHcYMfCGCI0wWjykTHfzQxQwlPUXCo+IfHnxQgiY4ZRaDcjoL75q+Xkf1ono+vDYCTjNCOMRW5EUuHEyAgtbUPIe1IjEeTJkcuYC9BAhFpyEMKSma3sl6ECwjsb5980hiLQQ90b2wq9v4XNgsv9uteoH503as3jaZlFtsV22B7z2AFrslN2xlpMsHv2wB7Zk/PsvDpvzvvXasGZ3myyX+N8fALE7LKH</latexit>

G = (V,!)

<latexit sha1_base64="mX8cm7KYIgyAIwc74Sgaqfbwqzg=">AAACMHicbVDLSkJRFD3XXmYPtYZNDklgEHJvCNUgkBrU0CAfoCL7Hrd28NwH5+wbifgZTesf+poaRdO+ouvNQZprtFhrb9ZiuaGShmz7w0qtrK6tb6Q3M1vbO7vZXH6vboJIC6yJQAW66YJBJX2skSSFzVAjeK7Chju8nvqNR9RGBv49jULseDDwZV8KoFhq3fBLXqyftCk47uYKdslOwP8TZ0YKbIZqN29l271ARB76JBQY03LskDpj0CSFwkmmHRkMQQxhgK2Y+uCh6YyTzhN+FBmggIeouVQ8EfHvxxg8Y0aeG196QA9m0ZuKy7xWRP3zzlj6YUToi2kQSYVJkBFaxmMg70mNRDBtjlz6XIAGItSSgxCxGMXrzAUqIHyK6yxtY8gDPdK9STyhszjYf1I/LTnl0sVduVC5mo2ZZgfskBWZw85Yhd2yKqsxwQL2zF7Yq/VmvVuf1tfvacqa/eyzOVjfP0EvqLU=</latexit>

set of nodes where     holds 

<latexit sha1_base64="SWAtyAANEvoKmR13zXrp3bVR8n8=">AAACKXicbVDJTgJBFOzBDXEB9OilIzHxRGaMiXojevGIiSwJTMib5gEdepZ0vzGSCb/gVf/Br/GmXv0RZ5CDLHWqVL2XqpQXKWnItr+s3Mbm1vZOfrewt39wWCyVj5omjLXAhghVqNseGFQywAZJUtiONILvKWx547vMbz2hNjIMHmkSoevDMJADKYAyqRsZ2StV7Ko9A18lzpxU2Bz1XtkqdvuhiH0MSCgwpuPYEbkJaJJC4bTQjQ1GIMYwxE5KA/DRuMms7JSfxQYo5BFqLhWfifj/IwHfmInvpZc+0Mgse5m4zuvENLh2ExlEMWEgsiCSCmdBRmiZroC8LzUSQdYcuQy4AA1EqCUHIVIxTmdZCFRA+JzWWdvGkA96ovvTdEJnebBV0ryoOpfVm4fLSu12PmaenbBTds4cdsVq7J7VWYMJNmIv7JW9We/Wh/Vpff+d5qz5zzFbgPXzCx/kp0E=</latexit>

⇢ : P [X ! }(V )

<latexit sha1_base64="Vk7GKhvOeyVaQ2PsZljDZYFlTZ0="></latexit>

assignment

(}(V ),✓)

<latexit sha1_base64="iPCnpSmU17U5aelbpVY1Eg1x3j4=">AAACOXicbVBNS8NAFNzU789WPXpZLEILUhIpqDfRi0cFW4UmlJftU5duknX3RS2hf8Wr/gd/iUdv4tU/YFJ7sOqchpn3mGFCraQl1311SlPTM7Nz8wuLS8srq+XK2nrbJqkR2BKJSsxlCBaVjLFFkhReaoMQhQovwv5x4V/cobEyic9poDGI4DqWV1IA5VK3sl7z73WtXd/xbRpaJLytdytVt+GOwP8Sb0yqbIzT7ppT9nuJSCOMSSiwtuO5moIMDEmhcLjopxY1iD5cYyenMURog2xUfsi3UwuUcI2GS8VHIv78yCCydhCF+WUEdGN/e4X4n9dJ6Wo/yGSsU8JYFEEkFY6CrDAyXwV5TxokgqI5chlzAQaI0EgOQuRims80EaiA8CGv828bSxGYgekN8wm934P9Je3dhtdsHJw1q4dH4zHn2SbbYjXmsT12yE7YKWsxwR7YI3tiz86L8+a8Ox/fpyVn/LPBJuB8fgHNpKyF</latexit>

is a complete lattice

for monotone functions: least / greatest fixpoint exist
for this reason negation is not present in the syntax
the formulas we consider: positive normal form

otherwise: 
even number of negations before each variable occurrence 
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Positive normal form

¬3 ⌘ 2¬ 

<latexit sha1_base64="SCEelVY2tqNZ7druye9j0nYiQ/s="></latexit>

¬2 ⌘ 3¬ 

<latexit sha1_base64="hboHUiSMmTxzSMV/xAUvYSgMNuA="></latexit>

¬µx.  ⌘ ⌫x. ¬ [¬x/x]

<latexit sha1_base64="dX+oNSvj9azfaehZ5QeJpjNT2c0="></latexit>

¬⌫x.  ⌘ µx. ¬ [¬x/x]

<latexit sha1_base64="SgBqd8ycORta+D2I0DfLCRd8sKc="></latexit>

¬¬ ⌘  

<latexit sha1_base64="SP6JJZptyo8FMQaCJ/+4nxpoL00=">AAACQnicbVA9TwJBEN3DL8QPUEubjcTEitwZE7Uz2lhiIkrCXcjcMuCGvb1zd45ICIW/xlb/g3/Cv2BnbC28QwpBX7F582Ymb/aFiZKWXPfNKSwsLi2vFFdLa+sbm+XK1vaNjVMjsCFiFZtmCBaV1NggSQqbiUGIQoW3Yf8i798O0FgZ62saJhhE0NOyKwVQJrUru77GHv95Eit5ycf7VA5KedGuVN2aOwH/S7wpqbIp6u0tp+x3YpFGqEkosLbluQkFIzAkhcJxyU8tJiD60MNWRjVEaIPR5Bdjvp9aoJgnaLhUfCLi740RRNYOozCbjIDu7HwvF//rtVLqngQjqZOUUIvciKTCiZEVRmbxIO9Ig0SQX45cai7AABEayUGITEyzvGYMFRA+ZOf8e42lCMzQdMZZhN58YH/JzWHNO6qdXh1Vz86nYRbZLttjB8xjx+yMXbI6azDBHtkTe2Yvzqvz7nw4nz+jBWe6s8Nm4Hx9AymEsCY=</latexit>

¬3 ⌘ 2¬ 

<latexit sha1_base64="SCEelVY2tqNZ7druye9j0nYiQ/s="></latexit>

¬µx.  ⌘ ⌫x. ¬ [¬x/x]

<latexit sha1_base64="dX+oNSvj9azfaehZ5QeJpjNT2c0="></latexit>

plus usual De Morgan’s laws
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mu-calculus: semantics
J·K : F ! (P [X ! }(V )) ! }(V )

<latexit sha1_base64="dapHGhU8LC1eplVD12BylbIDE7E="></latexit>

defined by structural induction

J 0 ^  1K⇢ , J 0K⇢ \ J 1K⇢

<latexit sha1_base64="m3BeR2RXiR3uB3TrsOBmFuV/iSU="></latexit>

J 0 _  1K⇢ , J 0K⇢ [ J 1K⇢

<latexit sha1_base64="pQ1XtAbdd2jOmhEAYI2iuy2YHHE="></latexit>

J↵K⇢ , ;

<latexit sha1_base64="EstJRWAEQ3xQsMM/1l0vHqs58Co="></latexit>

JttK⇢ , V

<latexit sha1_base64="+AvOY2KkT4Lvt2tTdLiAlmmXkmU="></latexit>

JpK⇢ , ⇢(p)

<latexit sha1_base64="E1tB+k9idxjPTjsWbj3jFQ5bW8U="></latexit>

J¬pK⇢ , V \ ⇢(p)

<latexit sha1_base64="m9Nx8EwsBfDwNjF/Vc7DhSSRXaQ="></latexit>

JxK⇢ , ⇢(x)

<latexit sha1_base64="87wuNxXp6jdrPyuhMK1oTZatDaA="></latexit>

J3 K⇢ , {v | 9w 2 J K⇢. v ! w}

<latexit sha1_base64="wD4yoign4pRDK/jEQo8NvMun7mQ="></latexit>

Jµx.  K⇢ , fix �S.J K⇢[S/x]

<latexit sha1_base64="wSQw3+GvYbNtPoJUpqiJseH8raU="></latexit>

J⌫x.  K⇢ , FIX �S.J K⇢[S/x]

<latexit sha1_base64="FZf/VLK9NFyiM/ArODUoEQ/S+JQ="></latexit>

JttK⇢ , V

<latexit sha1_base64="+AvOY2KkT4Lvt2tTdLiAlmmXkmU="></latexit>

J↵K⇢ , ;

<latexit sha1_base64="EstJRWAEQ3xQsMM/1l0vHqs58Co="></latexit>

J 0 ^  1K⇢ , J 0K⇢ \ J 1K⇢

<latexit sha1_base64="m3BeR2RXiR3uB3TrsOBmFuV/iSU="></latexit>

J 0 _  1K⇢ , J 0K⇢ [ J 1K⇢

<latexit sha1_base64="pQ1XtAbdd2jOmhEAYI2iuy2YHHE="></latexit>

JpK⇢ , ⇢(p)

<latexit sha1_base64="E1tB+k9idxjPTjsWbj3jFQ5bW8U="></latexit>

J¬pK⇢ , V \ ⇢(p)

<latexit sha1_base64="m9Nx8EwsBfDwNjF/Vc7DhSSRXaQ="></latexit>

J3 K⇢ , {v | 9w 2 J K⇢. v ! w}

<latexit sha1_base64="wD4yoign4pRDK/jEQo8NvMun7mQ="></latexit>

J2 K⇢ , {v | 8w. v ! w ) w 2 J K⇢}

<latexit sha1_base64="YJ3YJjBSn2vaShlKKFlH55Sk3Qs="></latexit>

J2 K⇢ , {v | 8w. v ! w ) w 2 J K⇢}

<latexit sha1_base64="YJ3YJjBSn2vaShlKKFlH55Sk3Qs="></latexit>

Jµx.  K⇢ , fix �S.J K⇢[S/x]

<latexit sha1_base64="wSQw3+GvYbNtPoJUpqiJseH8raU="></latexit>

J⌫x.  K⇢ , FIX �S.J K⇢[S/x]

<latexit sha1_base64="FZf/VLK9NFyiM/ArODUoEQ/S+JQ="></latexit>
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mu-calculus: fixpoint
f : }(V ) ! }(V )

<latexit sha1_base64="QGUcfKhKjBLJsoTpyij581A10w0=">AAACOHicbVDJTgJBFOzBDXEB9OilIzHBC5kxJC4nohePmMiSACFvmgd26FnS/UYkhE/xqv/gn3jzZrz6BQ7LQZY6VareS1XKDZU0ZNufVmJjc2t7J7mb2ts/OExnskdVE0RaYEUEKtB1Fwwq6WOFJCmshxrBcxXW3P7dxK89ozYy8B9pGGLLg54vu1IAxVI7k+3eNAdhvnrepGBG2pmcXbCn4KvEmZMcm6PczlrpZicQkYc+CQXGNBw7pNYINEmhcJxqRgZDEH3oYSOmPnhoWqNp9zE/iwxQwEPUXCo+FfH/xwg8Y4aeG196QE9m2ZuI67xGRN2r1kj6YUToi0kQSYXTICO0jEdB3pEaiWDSHLn0uQANRKglByFiMYpXWghUQPgS11nbxpAHeqg743hCZ3mwVVK9KDjFwvVDMVe6nY+ZZCfslOWZwy5Zid2zMqswwQbslb2xd+vD+rK+rZ/ZacKa/xyzBVi/f8tVq/8=</latexit>

V

<latexit sha1_base64="DjmOyN5Jike7y0fo5SgXZgD2+RM=">AAACJnicbVDLTgJBEJzFF+ID0KOXicTEE9k1JOqN6MUjJPJIgJDeocEJs4/M9BoJ4Qu86j/4Nd6M8eanuLvuQZA6Vaq6U5VyQyUN2faXldvY3Nreye8W9vYPDoul8lHbBJEW2BKBCnTXBYNK+tgiSQq7oUbwXIUdd3qb+J1H1EYG/j3NQhx4MPHlWAqgWGq2h6WKXbVT8P/EyUiFZWgMy1axPwpE5KFPQoExPccOaTAHTVIoXBT6kcEQxBQm2IupDx6awTxtuuBnkQEKeIiaS8VTEf9+zMEzZua58aUH9GBWvURc5/UiGl8N5tIPI0JfJEEkFaZBRmgZT4B8JDUSQdIcufS5AA1EqCUHIWIxijdZClRA+BTXWdvGkAd6pkeLeEJndbD/pH1RdWrV62atUr/JxsyzE3bKzpnDLlmd3bEGazHBkD2zF/ZqvVnv1of1+Xuas7KfY7YE6/sHW8Cl0Q==</latexit>

finite
monotone (hence continuous)

we can compute the least fixpoint by
[

n2N
fn(;)

<latexit sha1_base64="2WpdF3uCZkEQHOcpo+W3m3q67aE="></latexit>

we can compute the greatest fixpoint by
\

n2N
fn(V )

<latexit sha1_base64="0Jm47RZFHKXtdFnnjtf9dPtsRow="></latexit>

fix f =

<latexit sha1_base64="9lKTXaD3y3P6UjM3FYvPcEJwGXs=">AAACOHicbVDLSgNBEJz1GZ9J9OhlMAiewq4I6kEIevEYwaiQLKF30omDsw9mejVhiX/iVf/BP/HmTbz6Be6uezAmdSqquqmivEhJQ7b9bs3NLywuLZdWVtfWNzbLlerWtQljLbAlQhXqWw8MKhlgiyQpvI00gu8pvPHuzzP/5gG1kWFwRaMIXR8GgexLAZRK3Uq14wPdSUr6cjh+6vNT3q3U7Lqdg08TpyA1VqDZrVrlTi8UsY8BCQXGtB07IjcBTVIoHK92YoMRiHsYYDulAfho3CTvPuZ7sQEKeYSaS8VzEf9+JOAbM/K99DJrav57mTjLa8fUP3YTGUQxYSCyIJIK8yAjtExHQd6TGokga45cBlyABiLUkoMQqRinK00EKiAcpnVmtjHkgx7p3jid0Pk/2DS5Pqg7h/WTy8Na46wYs8R22C7bZw47Yg12wZqsxQR7ZM/shb1ab9aH9Wl9/Z7OWcXPNpuA9f0DQruszw==</latexit>

FIX f =

<latexit sha1_base64="Ah5v7dIDHNKSWRJxlvzxCG+AS6E=">AAACOHicbVDLSgNBEJyN72cSPXoZDIKnsCuCehCCguhNwWggWULvpBMHZx/M9KphiX/iVf/BP/HmTbz6Be6uOZhHnYqqbqooL1LSkG1/WIWZ2bn5hcWl5ZXVtfViqbxxY8JYC6yLUIW64YFBJQOskySFjUgj+J7CW+/+NPNvH1AbGQbX1I/Q9aEXyK4UQKnULpVbPtCdpOTsojF47vJj3i5V7Kqdg08SZ0gqbIjLdtkqtjqhiH0MSCgwpunYEbkJaJJC4WC5FRuMQNxDD5spDcBH4yZ59wHfiQ1QyCPUXCqei/j/IwHfmL7vpZdZUzPuZeI0rxlT99BNZBDFhIHIgkgqzIOM0DIdBXlHaiSCrDlyGXABGohQSw5CpGKcrjQSqIDwKa0ztY0hH3RfdwbphM74YJPkZq/q7FePrvYrtZPhmItsi22zXeawA1Zj5+yS1Zlgj+yFvbI36936tL6s77/TgjX82WQjsH5+AZdMrG8=</latexit>
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Examples

= {v | 9w 2 V. v ! w}

<latexit sha1_base64="Nt691V3CdX1BTtb/wZoWzjnLyd0="></latexit>

J3ttK⇢ , {v | 9w 2 JttK⇢. v ! w}

<latexit sha1_base64="kFQW34718ooFIKoalfn5cuqKXrE="></latexit>

3tt

<latexit sha1_base64="JaSt0qEdAGISnlSb4v7+iuP51lQ=">AAACOnicbVA9TwJBFNzDL/wEpLTZSEysyJ0hUTuiFpaYiJgAIe+Wh27c3bvsvjOSC7/FVv+Df8TWztj6A7xDChWnmsy8l5lMGCvpyPdfvcLC4tLySnF1bX1jc6tUrmxfuSixAtsiUpG9DsGhkgbbJEnhdWwRdKiwE96d5n7nHq2TkbmkcYx9DTdGjqQAyqRBudo7k6AjM+xpoNtwlBJNBuWaX/en4PMkmJEam6E1qHil3jASiUZDQoFz3cCPqZ+CJSkUTtZ6icMYxB3cYDejBjS6fjptP+F7iQOKeIyWS8WnIv78SEE7N9Zhdpl3dH+9XPzP6yY0Ouqn0sQJoRF5EEmF0yAnrMxmQT6UFokgb45cGi7AAhFayUGITEyynX4FKiB8yOr828aRBju2w3zC4O9g8+TqoB406scXjVrzZDZmke2wXbbPAnbImuyctVibCTZmj+yJPXsv3pv37n18nxa82U+V/YL3+QXPga4m</latexit>

non deadlocked states

J2↵K⇢ , {v | 8w. v ! w ) w 2 J↵K⇢}

<latexit sha1_base64="y2LuNnUJYjr1jL3AgSWVhi1Ful4="></latexit>

= {v | 8w. v ! w ) w 2 ;}

<latexit sha1_base64="hjpppXQYbI44CkGZkrxszYdPs0Y="></latexit>

= {v | v 6!}

<latexit sha1_base64="Vhc2591Tep+keexeki8hrRni8AE=">AAACOnicbVDLSsNAFJ34tj7a6tLNYBFclUQEdSEU3bhUsK3QlHIzvergZBJmbooh1l9xq//gj7h1J279AJOaha+zOpxzL+dwglhJS6774kxNz8zOzS8sVpaWV1artfpax0aJEdgWkYrMRQAWldTYJkkKL2KDEAYKu8HNceF3R2isjPQ5pTH2Q7jS8lIKoFwa1NYP/YyP7u/uKyNfR+RT5I8HtYbbdCfgf4lXkgYrcTqoO1V/GIkkRE1CgbU9z42pn4EhKRSOK35iMQZxA1fYy6mGEG0/m7Qf863EAkU8RsOl4hMRv39kEFqbhkF+GQJd299eIf7n9RK63O9nUscJoRZFEEmFkyArjMxnQT6UBomgaI5cai7AABEayUGIXEzynX4EKiC8zev828ZSCCY1w2JC7/dgf0lnp+ntNg/Odhuto3LMBbbBNtk289gea7ETdsraTLCUPbBH9uQ8O6/Om/P+dTrllD/r7Aecj08lNa3H</latexit>

2↵

<latexit sha1_base64="yqSGET3ati8iVptlvHMUPcM0Ryo=">AAACNnicbVC7TsNAELzjGZ4JUNKciJCoIhshAR2ChjJIJEGKo2h9WcOJO9u6WyMiK19CC//Ar9DQIVo+ATu44DXVaGZXM5ow1cqR573wmdm5+YXF2tLyyuraer2xsdl1SWYldmSiE3sVgkOtYuyQIo1XqUUwocZeeHtW+r07tE4l8SWNUxwYuI5VpCRQIQ0b9eA0uQ8M0E0Y5VE0GTaaXsubQvwlfkWarEJ7uMHrwSiRmcGYpAbn+r6X0iAHS0pqnCwHmcMU5C1cY7+gMRh0g3zafCJ2MweUiBStUFpMRfz+kYNxbmzC4rLs6H57pfif188oOhrkKk4zwliWQaQ0ToOctKqYBMVIWSSCsjkKFQsJFojQKgFSFmJWbPQjUAPhfVHn3zaODNixHZUT+r8H+0u6+y3/oHV8cdA8Oa3GrLFttsP2mM8O2Qk7Z23WYZJl7IE9sif+zF/5G3//Op3h1c8W+wH+8QkqgqxP</latexit>

deadlocks
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J3↵K⇢ , {v | 9w 2 J↵K⇢. v ! w}

<latexit sha1_base64="aK095pW6l06mjXHAdBwb5vkknnE="></latexit>

= {v | 9w 2 ;. v ! w}

<latexit sha1_base64="FWJwkz4ANhPuATdm9Yb3+Ml1MKc="></latexit>

= ;

<latexit sha1_base64="GBcTAy8BMALJrT8qkEXMl4vvN/c=">AAACMHicbVDLTgJBEJzFF+ID0KOXicTEE9k1JOrBhOjFIyaCJEBI79DghJndzUyvkRA+w6v+g1+jJ+PVr3BZOcijTpWq7lSl/EhJS6776WTW1jc2t7LbuZ3dvf18oXjQsGFsBNZFqELT9MGikgHWSZLCZmQQtK/wwR/eTP2HJzRWhsE9jSLsaBgEsi8FUCK1rnJt1BGNLFK3UHLLbgq+TLwZKbEZat2ik2/3QhFrDEgosLbluRF1xmBICoWTXDu2GIEYwgBbCQ1Ao+2M084TfhJboJBHaLhUPBXx/8cYtLUj7SeXGujRLnpTcZXXiql/0RnLIIoJAzENIqkwDbLCyGQM5D1pkAimzZHLgAswQIRGchAiEeNknblABYTPSZ2VbSxpMCPTmyQTeouDLZPGWdmrlC/vKqXq9WzMLDtix+yUeeycVdktq7E6EyxkL+yVvTnvzofz5Xz/nWac2c8hm4Pz8wuHGan9</latexit>

3↵

<latexit sha1_base64="TFg/J8RlDDAKYNHCQnYrSQgKpaY=">AAACOnicbVA9SwNBFNyL39/RlDaLQbAKdxJQO1ELywjGCEkI7zbv4pLdvWP3nRiO/BZb/Q/+EVs7sfUHeBdTqHGqYeY9ZpgwUdKR7796pbn5hcWl5ZXVtfWNza3y9s6Ni1MrsCliFdvbEBwqabBJkhTeJhZBhwpb4fC88Fv3aJ2MzTWNEuxqGBgZSQGUS71ypXMhQcem39FAd2GURdG4V676NX8CPkuCKamyKRq9bW+r049FqtGQUOBcO/AT6mZgSQqF49VO6jABMYQBtnNqQKPrZpP2Y76fOqCYJ2i5VHwi4s+PDLRzIx3ml0VH99crxP+8dkrRcTeTJkkJjSiCSCqcBDlhZT4L8r60SARFc+TScAEWiNBKDkLkYprv9CtQAeFDXuffNo402JHtFxMGfwebJTeHtaBeO7mqV0/PpmMus122xw5YwI7YKbtkDdZkgo3YI3tiz96L9+a9ex/fpyVv+lNhv+B9fgGeH64K</latexit>

J2ttK⇢ , {v | 8w. v ! w ) w 2 JttK⇢}

<latexit sha1_base64="IqU39OclrtiScdKgL0QT3LeJS0c="></latexit>

= {v | 8w. v ! w ) w 2 V }

<latexit sha1_base64="7IMCO8JsrRfaONiVJOf7QqRddFc="></latexit>

= V

<latexit sha1_base64="GdXVtOjrWZurJiS/xEfT2J/Q7JY=">AAACKHicbVDJTgJBFOzBDXEB9OilIzHxRGYMiXowIXrxiFGWBCbkTfPADj1Lut8YCeETvOo/+DXeDFe/xAHnIEudKlXvpSrlRUoasu2pldnY3Nreye7m9vYPDvOF4lHDhLEWWBehCnXLA4NKBlgnSQpbkUbwPYVNb3g385svqI0MgycaRej6MAhkXwqgRHq84Y1uoWSX7Tn4KnFSUmIpat2ile/0QhH7GJBQYEzbsSNyx6BJCoWTXCc2GIEYwgDbCQ3AR+OO510n/Cw2QCGPUHOp+FzE/x9j8I0Z+V5y6QM9m2VvJq7z2jH1r9yxDKKYMBCzIJIK50FGaJmMgLwnNRLBrDlyGXABGohQSw5CJGKcrLIQqIDwNamzto0hH/RI9ybJhM7yYKukcVF2KuXrh0qpepuOmWUn7JSdM4ddsiq7ZzVWZ4IN2Bt7Zx/Wp/VlfVvTv9OMlf4cswVYP79KKaZC</latexit>

2tt

<latexit sha1_base64="wbgxbMNNb9YEQmJgUMwl0lp0Ab4=">AAACNnicbVDJTgJBFOzBDXEB9OilIzHxRGYMiXojePGIiSwJEPKmeWCHniXdbwxkwpd41X/wV7x4M179BGeQgyx1qlS9l6qUGyppyLY/rMzW9s7uXnY/d3B4dJwvFE+aJoi0wIYIVKDbLhhU0scGSVLYDjWC5ypsueO71G89ozYy8B9pGmLPg5Evh1IAJVK/kO/WgknXA3pyhzHRrF8o2WV7Dr5OnAUpsQXq/aKV7w4CEXnok1BgTMexQ+rFoEkKhbNcNzIYghjDCDsJ9cFD04vnzWf8IjJAAQ9Rc6n4XMT/HzF4xkw9N7lMO5pVLxU3eZ2Ihje9WPphROiLNIikwnmQEVomkyAfSI1EkDZHLn0uQAMRaslBiESMko2WAhUQTpI6G9sY8kBP9SCd0FkdbJ00r8pOpXz7UClVa4sxs+yMnbNL5rBrVmX3rM4aTLCIvbBX9ma9W5/Wl/X9d5qxFj+nbAnWzy9b5Kxr</latexit>
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<latexit sha1_base64="GdXVtOjrWZurJiS/xEfT2J/Q7JY=">AAACKHicbVDJTgJBFOzBDXEB9OilIzHxRGYMiXowIXrxiFGWBCbkTfPADj1Lut8YCeETvOo/+DXeDFe/xAHnIEudKlXvpSrlRUoasu2pldnY3Nreye7m9vYPDvOF4lHDhLEWWBehCnXLA4NKBlgnSQpbkUbwPYVNb3g385svqI0MgycaRej6MAhkXwqgRHq84Y1uoWSX7Tn4KnFSUmIpat2ile/0QhH7GJBQYEzbsSNyx6BJCoWTXCc2GIEYwgDbCQ3AR+OO510n/Cw2QCGPUHOp+FzE/x9j8I0Z+V5y6QM9m2VvJq7z2jH1r9yxDKKYMBCzIJIK50FGaJmMgLwnNRLBrDlyGXABGohQSw5CJGKcrLIQqIDwNamzto0hH/RI9ybJhM7yYKukcVF2KuXrh0qpepuOmWUn7JSdM4ddsiq7ZzVWZ4IN2Bt7Zx/Wp/VlfVvTv9OMlf4cswVYP79KKaZC</latexit>

Jµx. xK⇢ , fix �S. JxK⇢[S/x]

<latexit sha1_base64="s2pYG0SGhFc7iaVTHVTU8tO+TU0="></latexit>

= fix �S. S

<latexit sha1_base64="gY2O4b3zEedvtmDahHpXGpZbif4="></latexit>

= ;

<latexit sha1_base64="GBcTAy8BMALJrT8qkEXMl4vvN/c=">AAACMHicbVDLTgJBEJzFF+ID0KOXicTEE9k1JOrBhOjFIyaCJEBI79DghJndzUyvkRA+w6v+g1+jJ+PVr3BZOcijTpWq7lSl/EhJS6776WTW1jc2t7LbuZ3dvf18oXjQsGFsBNZFqELT9MGikgHWSZLCZmQQtK/wwR/eTP2HJzRWhsE9jSLsaBgEsi8FUCK1rnJt1BGNLFK3UHLLbgq+TLwZKbEZat2ik2/3QhFrDEgosLbluRF1xmBICoWTXDu2GIEYwgBbCQ1Ao+2M084TfhJboJBHaLhUPBXx/8cYtLUj7SeXGujRLnpTcZXXiql/0RnLIIoJAzENIqkwDbLCyGQM5D1pkAimzZHLgAswQIRGchAiEeNknblABYTPSZ2VbSxpMCPTmyQTeouDLZPGWdmrlC/vKqXq9WzMLDtix+yUeeycVdktq7E6EyxkL+yVvTnvzofz5Xz/nWac2c8hm4Pz8wuHGan9</latexit>

µx. x

<latexit sha1_base64="4jzENQZwEZE6Jdgqk75X5Ouq5i8=">AAACLnicbVDLTgJBEJzFF+ID0KOXicTEE9k1JOqN6MUjJvIwQEjv0OCEmd3NTK+BEL7Cq/6DX2PiwXj1M1yQgzzqVKnqTlXKj5S05LqfTmpjc2t7J72b2ds/OMzm8kc1G8ZGYFWEKjQNHywqGWCVJClsRAZB+wrr/uB26tef0VgZBg80irCtoR/InhRAifTY0jEfFlt82MkV3KI7A18l3pwU2ByVTt7JtrqhiDUGJBRY2/TciNpjMCSFwkmmFVuMQAygj82EBqDRtsezxhN+FlugkEdouFR8JuL/jzFoa0faTy410JNd9qbiOq8ZU++qPZZBFBMGYhpEUuEsyAojkymQd6VBIpg2Ry4DLsAAERrJQYhEjJNtFgIVEA6TOmvbWNJgRqY7SSb0lgdbJbWLolcqXt+XCuWb+ZhpdsJO2Tnz2CUrsztWYVUmmGYv7JW9Oe/Oh/PlfP+dppz5zzFbgPPzCzKhqMM=</latexit>

J⌫x. xK⇢ , FIX �S. JxK⇢[S/x]

<latexit sha1_base64="iLlvyUJEyjijTyVpV0I86IphprA="></latexit>

= FIX �S. S

<latexit sha1_base64="IM6n4YryNrMbafgO+EvUIK3SJu4="></latexit>

⌫x. x

<latexit sha1_base64="HkkXwfj39vM1Ut3hrkIn8kHRNq8=">AAACLnicbVDLSgNBEJyNr/iMj6OXwSB4CrsSUG9BLx4jGI1kg/ROOnHIzOwy0ysJIV/hVf/BrxE8iFc/w82agybWqajqpoqKEiUd+f67V1hYXFpeKa6urW9sbpW2d3ZvXJxagQ0Rq9g2I3CopMEGSVLYTCyCjhTeRv2LiX/7iNbJ2FzTMMG2hp6RXSmAMukuNCkfVEI+uN8u+xU/B58nwZSU2RT1+x2vFHZikWo0JBQ41wr8hNojsCSFwvFamDpMQPShh62MGtDo2qO88Zgfpg4o5glaLhXPRfz9MQLt3FBH2aUGenCz3kT8z2ul1D1tj6RJUkIjJkEkFeZBTliZTYG8Iy0SwaQ5cmm4AAtEaCUHITIxzbb5E6iAcJDV+beNIw12aDvjbMJgdrB5cnNcCaqVs6tquXY+HbPI9tkBO2IBO2E1dsnqrMEE0+yJPbMX79V78z68z5/Tgjf92WN/4H19AzRqqMQ=</latexit>
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Jµx. 3xK⇢ , fix �S. J3xK⇢[S/x]

<latexit sha1_base64="IwMVGcWi5XG6aqbRebEDGsajZLs="></latexit>

= fix �S. {v | 9w 2 JxK⇢[S/x]. v ! w}

<latexit sha1_base64="rVoZEXPV54bCEw2gzaTAxAZxkF4="></latexit>

= fix �S. {v | 9w 2 S. v ! w}

<latexit sha1_base64="x38Rr1fG1/aNPI4LImF3jBKHw/s="></latexit>

S0 = ;

<latexit sha1_base64="He6PhvkktCQXl80VjXCqQCkyjLA=">AAACMnicbVBNS8NAFNzUr1o/WvXoZbEInkoiBfUgiF48VrRVaEN52b7q4m4Sd1/EEvo7vOp/8M/oTbz6I0xiD1qd0zDzHjNMECtpyXVfndLM7Nz8QnmxsrS8slqtra13bJQYgW0RqchcBWBRyRDbJEnhVWwQdKDwMrg9yf3LezRWRuEFjWL0NVyHcigFUCb55333sIc6ppFF6tfqbsMtwP8Sb0LqbIJWf82p9gaRSDSGJBRY2/XcmPwUDEmhcFzpJRZjELdwjd2MhqDR+mnResy3EwsU8RgNl4oXIv78SEFbO9JBdqmBbuy0l4v/ed2Ehvt+KsM4IQxFHkRSYRFkhZHZHMgH0iAR5M2Ry5ALMECERnIQIhOTbJ9fgQoIH7I6/7axpMGMzGCcTehND/aXdHYbXrNxcNasHx1PxiyzTbbFdpjH9tgRO2Ut1maC3bFH9sSenRfnzXl3Pr5PS87kZ4P9gvP5BVaXquk=</latexit>

S1 = {v | 9w 2 S0. v ! w}

<latexit sha1_base64="AUCEI/l6vT51oQ5xQ9lWHrZ63RM="></latexit>

= {v | 9w 2 ;. v ! w}

<latexit sha1_base64="58Kfmb8fr6L8MnZt+0r9moRPs+A="></latexit>

= ;

<latexit sha1_base64="7x3wu0pMM80BHvBAH/CdXhXEOFs=">AAACMXicbVBNS8NAFNz4bf1o1aOXxSJ4KokI6kEoevFYwbZCG+Rl+9TF3WTZfRFD6N/wqv/BX9ObePVPmMYetHZOw8x7zDCRUdKR74+8ufmFxaXlldXK2vrGZrW2td1xSWoFtkWiEnsTgUMlY2yTJIU3xiLoSGE3erwY+90ntE4m8TVlBkMN97G8kwKokPpnvNJHbShzSLe1ut/wS/D/JJiQOpugdbvlVfuDRKQaYxIKnOsFvqEwB0tSKBxW+qlDA+IR7rFX0Bg0ujAvSw/5fuqAEm7Qcql4KeLvjxy0c5mOiksN9OCmvbE4y+uldHcS5jI2KWEsxkEkFZZBTlhZrIF8IC0Swbg5chlzARaI0EoOQhRiWszzJ1AB4XNRZ2YbRxpsZgfDYsJgerD/pHPYCI4ap1dH9eb5ZMwVtsv22AEL2DFrskvWYm0mmGEv7JW9ee/eyPvwPn9O57zJzw77A+/rG+YMqic=</latexit>

µx. 3x

<latexit sha1_base64="u5wL/+fthx3iH+ZaDx08OsXfXdg=">AAACOXicbVDLSgNBEJz1GZ95ePQyGARPYVcC6i2oB48RjArZEHonnTg4M7vM9EpCyK941X/wSzx6E6/+gLsxBzXWqajqpoqKEiUd+f6rt7C4tLyyWlhb39jc2i6WypVrF6dWYEvEKra3EThU0mCLJCm8TSyCjhTeRPdnuX/zgNbJ2FzRKMGOhoGRfSmAMqlbqoQ65cNayMNzCTo2PT7slqp+zZ+Cz5NgRqpshma37BXDXixSjYaEAufagZ9QZwyWpFA4WQ9ThwmIexhgO6MGNLrOeFp+wvdTBxTzBC2Xik9F/PkxBu3cSEfZpQa6c3+9XPzPa6fUP+6MpUlSQiPyIJIKp0FOWJmtgrwnLRJB3hy5NFyABSK0koMQmZhmM/0KVEA4zOr828aRBjuyvUk2YfB3sHlyfVgL6rWTy3q1cTobs8B22R47YAE7Yg12wZqsxQQbskf2xJ69F+/Ne/c+vk8XvNnPDvsF7/ML0Sishg==</latexit>
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EO  

<latexit sha1_base64="EYeF45Q1eiPPOAgDH9VebezuaNk=">AAACN3icbVDLSgNBEJzx/U7Uo5fBIHgKuyKoN1EEbyoYFbJL6J104uDsg5neYFjil3jVf/BTPHkTr/6Bu+seNFqnoqqbKipItLLkOK98YnJqemZ2bn5hcWl5pVZfXbuycWoktmSsY3MTgEWtImyRIo03iUEIA43Xwd1x4V8P0FgVR5c0TNAPoR+pnpJAudSp170Q6Nb2spOz0YOXWNWpN5ymU0L8JW5FGqzCeWeV17xuLNMQI5IarG27TkJ+BoaU1Dha8FKLCcg76GM7pxGEaP2srD4SW6kFikWCRigtShF/fmQQWjsMg/yyLDruFeJ/Xjul3r6fqShJCSNZBJHSWAZZaVS+CYquMkgERXMUKhISDBChUQKkzMU0H+lXoAbC+7zOv20shWCGpjvKJ3THB/tLrnaa7m7z4GK3cXhUjTnHNtgm22Yu22OH7JSdsxaTbMAe2RN75i/8jb/zj+/TCV79rLNf4J9fLhas0w==</latexit>

how to represent?

3 

<latexit sha1_base64="5y5Ql4jZw1OWcZzeFcqZhSpBwwk=">AAACMnicbVDJSgNBFOyJ+xqXo5fGIHgKMxJQb0E9eFQwCySDvOk8tUl3z9j9Rgwh3+FV/8Gf0Zt49SOciTmYpU5F1XtUUVGipCPf//AKc/MLi0vLK6tr6xubxa3tnbqLUyuwJmIV22YEDpU0WCNJCpuJRdCRwkbUPc/9xhNaJ2NzQ70EQw33Rt5JAZRJYftCgo5Nh7cTJ2+3Sn7ZH4JPk2BESmyEq9ttr9juxCLVaEgocK4V+AmFfbAkhcLBajt1mIDowj22MmpAowv7w9YDfpA6oJgnaLlUfCji/48+aOd6OsouNdCDm/RycZbXSunuJOxLk6SERuRBJBUOg5ywMpsDeUdaJIK8OXJpuAALRGglByEyMc32GQtUQPic1ZnZxpEG27OdQTZhMDnYNKkflYNK+fS6UqqejcZcZntsnx2ygB2zKrtkV6zGBHtkL+yVvXnv3qf35X3/nRa80c8uG4P38wsxparT</latexit>

2 

<latexit sha1_base64="FKBc8JoGcYEEjW582cIsLF6LvpA=">AAACLnicbVDLTgJBEJzFF+ID0KOXicTEE9k1JOqN4MUjJgIaIKR3aHDCzO5mptdACF/hVf/BrzHxYLz6GS7IQR51qlR1pyrlR0pact1PJ7WxubW9k97N7O0fHGZz+aO6DWMjsCZCFZoHHywqGWCNJCl8iAyC9hU2/MHN1G88o7EyDO5pFGFbQz+QPSmAEumxVQmHvBVZ2ckV3KI7A18l3pwU2BzVTt7JtrqhiDUGJBRY2/TciNpjMCSFwkmmFVuMQAygj82EBqDRtsezxhN+FlugkEdouFR8JuL/jzFoa0faTy410JNd9qbiOq8ZU++qPZZBFBMGYhpEUuEsyAojkymQd6VBIpg2Ry4DLsAAERrJQYhEjJNtFgIVEA6TOmvbWNJgRqY7SSb0lgdbJfWLolcqXt+VCuXKfMw0O2Gn7Jx57JKV2S2rshoTTLMX9srenHfnw/lyvv9OU87855gtwPn5BcgXqRg=</latexit>

AO  

<latexit sha1_base64="U9x/YtIo9FHYx0oSpKwJnSI2VsI=">AAACN3icbVC7TsNAELzj/U6AkuZEhEQV2QgJ6Hg0dIBEACm2ovVlE06cH7pbR0RW+BJa+Ac+hYoO0fIH2MYFBKYazexqRhMkWllynFc+MTk1PTM7N7+wuLS8Uquvrl3ZODUSWzLWsbkJwKJWEbZIkcabxCCEgcbr4O6k8K8HaKyKo0saJuiH0I9UT0mgXOrU614IdGt72dHZ6MFLrOrUG07TKSH+ErciDVbhvLPKa143lmmIEUkN1rZdJyE/A0NKahwteKnFBOQd9LGd0whCtH5WVh+JrdQCxSJBI5QWpYg/PzIIrR2GQX5ZFh33CvE/r51Sb9/PVJSkhJEsgkhpLIOsNCrfBEVXGSSCojkKFQkJBojQKAFS5mKaj/QrUAPhfV7n3zaWQjBD0x3lE7rjg/0lVztNd7d5cLHbODyuxpxjG2yTbTOX7bFDdsrOWYtJNmCP7Ik98xf+xt/5x/fpBK9+1tkv8M8vJvKszw==</latexit>

EF p

<latexit sha1_base64="NpPwH4cBMAua5so+qMF9dEn6WfQ=">AAACMnicbVDLSgNBEJyNrxgfSfToZTAInsKuBNRbUBSPEcwDkkV6Jx0dMvtwplcMS/wNr/oP/ozexKsf4WbNQRPrVFR1U0V5kZKGbPvNyi0sLi2v5FcLa+sbm8VSeatlwlgLbIpQhbrjgUElA2ySJIWdSCP4nsK2Nzyd+O171EaGwRWNInR9uAnkQAqgVHJ7PtCtGSRn5+PH6LpUsat2Bj5PnCmpsCka12Wr2OuHIvYxIKHAmK5jR+QmoEkKheNCLzYYgRjCDXZTGoCPxk2y1mO+FxugkEeouVQ8E/H3RwK+MSPfSy+zlrPeRPzP68Y0OHITGUQxYSAmQSQVZkFGaJnOgbwvNRLBpDlyGXABGohQSw5CpGKc7vMnUAHhQ1rn3zaGfNAj3R+nEzqzg82T1kHVqVWPL2uV+sl0zDzbYbtsnznskNXZBWuwJhPsjj2xZ/ZivVrv1of1+XOas6Y/2+wPrK9v+VGrQw==</latexit>

p _ . . .

<latexit sha1_base64="dseBHHijueMliC4knAmUug9ho5U=">AAACL3icbVDLTgJBEJzFFz7xcfQykZh4IruGRL0ZvXjERJQIG9I7NDhhdnYz02skhL/wqv/g1xgvxqt/4bByUKBOlaqudKWiVElLvv/hFRYWl5ZXiqtr6xubW6Xtnd1bm2RGYF0kKjGNCCwqqbFOkhQ2UoMQRwrvov7l2L97RGNlom9okGIYQ0/LrhRATrpPW4+IrU5Ctr1d9it+Dj5Lggkpswlq7R2v5IIii1GTUGBtM/BTCodgSAqFo7VWZjEF0YceNh3VEKMNh3nlET/MLFDCUzRcKp6L+DcxhNjaQRy5yxjowU57Y3Ge18yoexoOpU4zQi3Gj0gqzB9ZYaTbAnlHGiSCcXPkUnMBBojQSA5CODFz4/x7qIDwydWZ28ZSDGZgOiM3YTA92Cy5Pa4E1crZdbV8fjEZs8j22QE7YgE7YefsitVYnQmm2TN7Ya/em/fufXpfv6cFb5LZY//gff8AaZmp9w==</latexit>

p _3(p _ · · · )

<latexit sha1_base64="hUOVB9dnYM7JCsjzbXZqbsrJbY4="></latexit>

p _3(p _3(p _ · · · ))

<latexit sha1_base64="FQPC6Hlgj+eicBWtrirGSYwwEc0=">AAACVHicbVDLSgNBEJzd+H4l6tHLYBD0YNgVQb0F9eBRwaiQhNA72+rgzOww0yuGkK/wa7zqPwj+iwd3Yw5qrFN1VTfdXYlV0lMUfQRhZWp6ZnZufmFxaXmlWltdu/JZ7gS2RKYyd5OARyUNtkiSwhvrEHSi8Dp5OCn960d0XmbmkvoWuxrujLyVAqiQerVd23lE7JxK0JlJty0vSz5RizQjv7PTq9WjRjQCnyTxmNTZGOe91aDaSTORazQkFHjfjiNL3QE4kkLhcKGTe7QgHuAO2wU1oNF3B6O/hnwr90AZt+i4VHwk4s+JAWjv+zopOjXQvf/rleJ/Xjun28PuQBqbExpRLiKpcLTICyeLwJCn0iERlJcjl4YLcECETnIQohDzIsFfCxUQPhXn/HuNJw2u79JhEWH8N7BJcrXXiPcbRxf79ebxOMw5tsE22TaL2QFrsjN2zlpMsGf2wl7ZW/AefIaVcPq7NQzGM+vsF8KVL9lEtFY=</latexit>

x = p _3x

<latexit sha1_base64="kc2SonOD19gnEjgsXcM0K6QN5Rs=">AAACPHicbVA9SwNBFNyLX/EzUbGyWQyCVbiTgFoIQS0sFUwUkhDebV7ikt29Y/edJBz5Mbb6H/wf9nZia+0lpvAjUw0z7zHDhLGSjnz/1cvNzS8sLuWXV1bX1jcKxc2tuosSK7AmIhXZuxAcKmmwRpIU3sUWQYcKb8P++di/fUDrZGRuaBhjS0PPyK4UQJnULu4M+CmPefMBkTcvJOjIdPigXSz5ZX8C/p8EU1JiU1y1N71CsxOJRKMhocC5RuDH1ErBkhQKRyvNxGEMog89bGTUgEbXSif9R3w/cUARj9FyqfhExJ8fKWjnhjrMLjXQvfvrjcVZXiOh7nErlSZOCI0YB5FUOAlywspsGOQdaZEIxs2RS8MFWCBCKzkIkYlJttSvQAWEg6zOzDaONNih7YyyCYO/g/0n9cNyUCmfXFdK1bPpmHm2y/bYAQvYEauyS3bFakywlD2yJ/bsvXhv3rv38X2a86Y/2+wXvM8voh+tZQ==</latexit>

µx. p _3x

<latexit sha1_base64="P/rNVCSxRmTXIRpCMVJzi8XBOZY="></latexit>

⌫x. p _3x

<latexit sha1_base64="yDRwyE5pQf176jFy5XUIuOznCTU="></latexit>

?
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Example
= FIX �S. JpK⇢[S/x] [ J3xK⇢[S/x]

<latexit sha1_base64="bD3a9bAJfj8hom6F4hcRkx5A71c="></latexit>

J⌫x. p _3xK⇢ , FIX �S. Jp _3xK⇢[S/x]

<latexit sha1_base64="mfZNvLrCldbDwOvy73HbZqPn2IA="></latexit>

S0 = V

<latexit sha1_base64="jCsv+Zx1Y8HdrLLHrTY2HLzFw9I=">AAACLXicbVDJSgNBFOyJW4xLEj16aQyCpzAjAfUgBL14jGgWSIbwpvMSm/QsdL8RQ8hPeNV/8Gs8COLV33AS52CWOhVV71FFeZGShmz708qsrW9sbmW3czu7e/v5QvGgYcJYC6yLUIW65YFBJQOskySFrUgj+J7Cpje8mfrNJ9RGhsEDjSJ0fRgEsi8FUCK17rs251e80S2U7LI9A18mTkpKLEWtW7TynV4oYh8DEgqMaTt2RO4YNEmhcJLrxAYjEEMYYDuhAfho3PGs8ISfxAYo5BFqLhWfifj/Ywy+MSPfSy59oEez6E3FVV47pv6FO5ZBFBMGYhpEUuEsyAgtkyWQ96RGIpg2Ry4DLkADEWrJQYhEjJNp5gIVED4ndVa2MeSDHuneJJnQWRxsmTTOyk6lfHlXKVWv0zGz7Igds1PmsHNWZbesxupMMMVe2Ct7s96tD+vL+v47zVjpzyGbg/XzCwg7p5Y=</latexit>

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

<latexit sha1_base64="/s69ndhgzVriRiuygQMQ823SlQc="></latexit>

= FIX �S. ⇢(p) [ {v | 9w 2 S. v ! w}

<latexit sha1_base64="gnASTK5EyxeGJgUmc+4JQyXEXsk="></latexit>

S1 = ⇢(p) [ {v | 9w 2 S0. v ! w}

<latexit sha1_base64="OpjpkKwVFIeRQtu0lAVSnzqDt/c="></latexit>

= ⇢(p) [ {v | 9w 2 V. v ! w}

<latexit sha1_base64="W/9FboSjV5mCiLm0RHoiCyQ+j/Q="></latexit>

= ⇢(p) [ {v can move}

<latexit sha1_base64="/oJvvETAyJkQylPHHFMNBpmE9DI="></latexit>

J⌫x. p _3xK⇢ , FIX �S. Jp _3xK⇢[S/x]

<latexit sha1_base64="mfZNvLrCldbDwOvy73HbZqPn2IA="></latexit>

<latexit sha1_base64="JiL9UUqeXX6jKREPc7FR6xAnuJw=">AAACN3icbVDLTgJBEJz1ifgA9OhlIjHxRHaJUW8SjcYjJgImQEjv0ODE2UdmeolkA1/iVf/BT/HkzXj1D1xWDgrUqVLVnaqUGyppyLbfraXlldW19cxGdnNreyeXL+zWTRBpgTURqEDfu2BQSR9rJEnhfagRPFdhw328nPiNAWojA/+OhiG2Pej7sicFUCJ18vmWB/RgevHV9Wgcjvl5J1+0S3YKPk+cKSmyKaqdgpVrdQMReeiTUGBM07FDasegSQqFo2wrMhiCeIQ+NhPqg4emHafVR/wwMkABD1FzqXgq4t+PGDxjhp6bXKZFZ72JuMhrRtQ7a8fSDyNCX0yCSCpMg4zQMtkEeVdqJIJJc+TS5wI0EKGWHIRIxCgZ6V+gAsKnpM7CNoY80EPdHSUTOrODzZN6ueSclMq3x8XKxXTMDNtnB+yIOeyUVdgNq7IaE2zAntkLe7XerA/r0/r6PV2ypj977B+s7x98eKxq</latexit>

EF p ?
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Example
= FIX �S. JpK⇢[S/x] [ J3xK⇢[S/x]

<latexit sha1_base64="bD3a9bAJfj8hom6F4hcRkx5A71c="></latexit>

J⌫x. p _3xK⇢ , FIX �S. Jp _3xK⇢[S/x]

<latexit sha1_base64="mfZNvLrCldbDwOvy73HbZqPn2IA="></latexit>

S0 = V

<latexit sha1_base64="jCsv+Zx1Y8HdrLLHrTY2HLzFw9I=">AAACLXicbVDJSgNBFOyJW4xLEj16aQyCpzAjAfUgBL14jGgWSIbwpvMSm/QsdL8RQ8hPeNV/8Gs8COLV33AS52CWOhVV71FFeZGShmz708qsrW9sbmW3czu7e/v5QvGgYcJYC6yLUIW65YFBJQOskySFrUgj+J7Cpje8mfrNJ9RGhsEDjSJ0fRgEsi8FUCK17rs251e80S2U7LI9A18mTkpKLEWtW7TynV4oYh8DEgqMaTt2RO4YNEmhcJLrxAYjEEMYYDuhAfho3PGs8ISfxAYo5BFqLhWfifj/Ywy+MSPfSy59oEez6E3FVV47pv6FO5ZBFBMGYhpEUuEsyAgtkyWQ96RGIpg2Ry4DLkADEWrJQYhEjJNp5gIVED4ndVa2MeSDHuneJJnQWRxsmTTOyk6lfHlXKVWv0zGz7Igds1PmsHNWZbesxupMMMVe2Ct7s96tD+vL+v47zVjpzyGbg/XzCwg7p5Y=</latexit>

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

<latexit sha1_base64="/s69ndhgzVriRiuygQMQ823SlQc="></latexit>

= FIX �S. ⇢(p) [ {v | 9w 2 S. v ! w}

<latexit sha1_base64="gnASTK5EyxeGJgUmc+4JQyXEXsk="></latexit>

S1 = ⇢(p) [ {v can move}

<latexit sha1_base64="xFEeI2LzpEGNAro1pwHzMO33UyU="></latexit>

S2 = ⇢(p) [ {v | 9w 2 S1. v ! w}

<latexit sha1_base64="RDjOFyR4kwGa5rx7VgfSGcdwS9Y="></latexit>

= ⇢(p) [ {v | 9w 2 ⇢(p). v ! w} [ {v can make 2 moves}

<latexit sha1_base64="6aK55K0g38wuPQ4wdiu+p+/NP7c="></latexit>

<latexit sha1_base64="JiL9UUqeXX6jKREPc7FR6xAnuJw=">AAACN3icbVDLTgJBEJz1ifgA9OhlIjHxRHaJUW8SjcYjJgImQEjv0ODE2UdmeolkA1/iVf/BT/HkzXj1D1xWDgrUqVLVnaqUGyppyLbfraXlldW19cxGdnNreyeXL+zWTRBpgTURqEDfu2BQSR9rJEnhfagRPFdhw328nPiNAWojA/+OhiG2Pej7sicFUCJ18vmWB/RgevHV9Wgcjvl5J1+0S3YKPk+cKSmyKaqdgpVrdQMReeiTUGBM07FDasegSQqFo2wrMhiCeIQ+NhPqg4emHafVR/wwMkABD1FzqXgq4t+PGDxjhp6bXKZFZ72JuMhrRtQ7a8fSDyNCX0yCSCpMg4zQMtkEeVdqJIJJc+TS5wI0EKGWHIRIxCgZ6V+gAsKnpM7CNoY80EPdHSUTOrODzZN6ueSclMq3x8XKxXTMDNtnB+yIOeyUVdgNq7IaE2zAntkLe7XerA/r0/r6PV2ypj977B+s7x98eKxq</latexit>

EF p ?
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Examples
= FIX �S. JpK⇢[S/x] [ J3xK⇢[S/x]

<latexit sha1_base64="bD3a9bAJfj8hom6F4hcRkx5A71c="></latexit>

J⌫x. p _3xK⇢ , FIX �S. Jp _3xK⇢[S/x]

<latexit sha1_base64="mfZNvLrCldbDwOvy73HbZqPn2IA="></latexit>

S0 = V

<latexit sha1_base64="jCsv+Zx1Y8HdrLLHrTY2HLzFw9I=">AAACLXicbVDJSgNBFOyJW4xLEj16aQyCpzAjAfUgBL14jGgWSIbwpvMSm/QsdL8RQ8hPeNV/8Gs8COLV33AS52CWOhVV71FFeZGShmz708qsrW9sbmW3czu7e/v5QvGgYcJYC6yLUIW65YFBJQOskySFrUgj+J7Cpje8mfrNJ9RGhsEDjSJ0fRgEsi8FUCK17rs251e80S2U7LI9A18mTkpKLEWtW7TynV4oYh8DEgqMaTt2RO4YNEmhcJLrxAYjEEMYYDuhAfho3PGs8ISfxAYo5BFqLhWfifj/Ywy+MSPfSy59oEez6E3FVV47pv6FO5ZBFBMGYhpEUuEsyAgtkyWQ96RGIpg2Ry4DLkADEWrJQYhEjJNp5gIVED4ndVa2MeSDHuneJJnQWRxsmTTOyk6lfHlXKVWv0zGz7Igds1PmsHNWZbesxupMMMVe2Ct7s96tD+vL+v47zVjpzyGbg/XzCwg7p5Y=</latexit>

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

<latexit sha1_base64="/s69ndhgzVriRiuygQMQ823SlQc="></latexit>

= FIX �S. ⇢(p) [ {v | 9w 2 S. v ! w}

<latexit sha1_base64="gnASTK5EyxeGJgUmc+4JQyXEXsk="></latexit>

S1 = ⇢(p) [ {v can move}

<latexit sha1_base64="xFEeI2LzpEGNAro1pwHzMO33UyU="></latexit>

S2 = ⇢(p) [ {v | 9w 2 ⇢(p). v ! w} [ {v can make 2 moves}

<latexit sha1_base64="Y3wY/mOn3RH0cP/FQyeE0y+wI6A="></latexit>

Sn = {v can reach a state in ⇢(p) in less than n moves}

<latexit sha1_base64="5LtEqu3GuLEuNWsqh8X4og0idew="></latexit>

[{v can make n moves}

<latexit sha1_base64="iN5zqSQDcXeLguaTQAZJfikJ4C8="></latexit>

<latexit sha1_base64="JiL9UUqeXX6jKREPc7FR6xAnuJw=">AAACN3icbVDLTgJBEJz1ifgA9OhlIjHxRHaJUW8SjcYjJgImQEjv0ODE2UdmeolkA1/iVf/BT/HkzXj1D1xWDgrUqVLVnaqUGyppyLbfraXlldW19cxGdnNreyeXL+zWTRBpgTURqEDfu2BQSR9rJEnhfagRPFdhw328nPiNAWojA/+OhiG2Pej7sicFUCJ18vmWB/RgevHV9Wgcjvl5J1+0S3YKPk+cKSmyKaqdgpVrdQMReeiTUGBM07FDasegSQqFo2wrMhiCeIQ+NhPqg4emHafVR/wwMkABD1FzqXgq4t+PGDxjhp6bXKZFZ72JuMhrRtQ7a8fSDyNCX0yCSCpMg4zQMtkEeVdqJIJJc+TS5wI0EKGWHIRIxCgZ6V+gAsKnpM7CNoY80EPdHSUTOrODzZN6ueSclMq3x8XKxXTMDNtnB+yIOeyUVdgNq7IaE2zAntkLe7XerA/r0/r6PV2ypj977B+s7x98eKxq</latexit>

EF p ?
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Example
= FIX �S. JpK⇢[S/x] [ J3xK⇢[S/x]

<latexit sha1_base64="bD3a9bAJfj8hom6F4hcRkx5A71c="></latexit>

J⌫x. p _3xK⇢ , FIX �S. Jp _3xK⇢[S/x]

<latexit sha1_base64="mfZNvLrCldbDwOvy73HbZqPn2IA="></latexit>

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

<latexit sha1_base64="/s69ndhgzVriRiuygQMQ823SlQc="></latexit>

= FIX �S. ⇢(p) [ {v | 9w 2 S. v ! w}

<latexit sha1_base64="gnASTK5EyxeGJgUmc+4JQyXEXsk="></latexit>

Sn = {v can reach a state in ⇢(p) in less than n moves}

<latexit sha1_base64="5LtEqu3GuLEuNWsqh8X4og0idew="></latexit>

[{v can make n moves}

<latexit sha1_base64="iN5zqSQDcXeLguaTQAZJfikJ4C8="></latexit>

\

n2N
Sn = {v can reach a state in ⇢(p) or has an infinite path}

<latexit sha1_base64="uPXUKk8G5Xsu8iDkRsUSQ/fPJpM="></latexit>

<latexit sha1_base64="JiL9UUqeXX6jKREPc7FR6xAnuJw=">AAACN3icbVDLTgJBEJz1ifgA9OhlIjHxRHaJUW8SjcYjJgImQEjv0ODE2UdmeolkA1/iVf/BT/HkzXj1D1xWDgrUqVLVnaqUGyppyLbfraXlldW19cxGdnNreyeXL+zWTRBpgTURqEDfu2BQSR9rJEnhfagRPFdhw328nPiNAWojA/+OhiG2Pej7sicFUCJ18vmWB/RgevHV9Wgcjvl5J1+0S3YKPk+cKSmyKaqdgpVrdQMReeiTUGBM07FDasegSQqFo2wrMhiCeIQ+NhPqg4emHafVR/wwMkABD1FzqXgq4t+PGDxjhp6bXKZFZ72JuMhrRtQ7a8fSDyNCX0yCSCpMg4zQMtkEeVdqJIJJc+TS5wI0EKGWHIRIxCgZ6V+gAsKnpM7CNoY80EPdHSUTOrODzZN6ueSclMq3x8XKxXTMDNtnB+yIOeyUVdgNq7IaE2zAntkLe7XerA/r0/r6PV2ypj977B+s7x98eKxq</latexit>

EF p ?
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Example
Jµx. p _3xK⇢ , fix �S. Jp _3xK⇢[S/x]

<latexit sha1_base64="7JnhtwVUn41wEsvqPOtxVO00WKs="></latexit>

S0 = ;

<latexit sha1_base64="He6PhvkktCQXl80VjXCqQCkyjLA=">AAACMnicbVBNS8NAFNzUr1o/WvXoZbEInkoiBfUgiF48VrRVaEN52b7q4m4Sd1/EEvo7vOp/8M/oTbz6I0xiD1qd0zDzHjNMECtpyXVfndLM7Nz8QnmxsrS8slqtra13bJQYgW0RqchcBWBRyRDbJEnhVWwQdKDwMrg9yf3LezRWRuEFjWL0NVyHcigFUCb55333sIc6ppFF6tfqbsMtwP8Sb0LqbIJWf82p9gaRSDSGJBRY2/XcmPwUDEmhcFzpJRZjELdwjd2MhqDR+mnResy3EwsU8RgNl4oXIv78SEFbO9JBdqmBbuy0l4v/ed2Ehvt+KsM4IQxFHkRSYRFkhZHZHMgH0iAR5M2Ry5ALMECERnIQIhOTbJ9fgQoIH7I6/7axpMGMzGCcTehND/aXdHYbXrNxcNasHx1PxiyzTbbFdpjH9tgRO2Ut1maC3bFH9sSenRfnzXl3Pr5PS87kZ4P9gvP5BVaXquk=</latexit>

= fix �S. ⇢(p) [ {v | 9w 2 S. v ! w}

<latexit sha1_base64="XH4FGiHd9Tl+gKg6Bu4ItiVF9X0="></latexit>

S1 = ⇢(p) [ {v | 9w 2 S0. v ! w}

<latexit sha1_base64="+C/qUcKfVcNolYlV8+QvIWT9X2c="></latexit>

= ⇢(p) [ {v | 9w 2 ;. v ! w}

<latexit sha1_base64="Vc2OVAV/b1oDnOCNN88c6AhEHUg="></latexit>

= ⇢(p)

<latexit sha1_base64="KYZ9zNuba5ffBf7l0cnrPzc3ReY=">AAACLnicbVDLSgNBEJyNrxgfSfToZTAIegm7ElAPQtCLRwXjg2QJvZM2GTKzu8z0imHJV3jVf/BrBA/i1c9wN+ag0ToVVd1UUUGspCXXfXMKc/MLi0vF5dLK6tp6uVLduLJRYgS2RKQicxOARSVDbJEkhTexQdCBwutgeJr71/dorIzCSxrF6Gvoh/JOCqBMuj0udcwg2o33upWaW3cn4H+JNyU1NsV5t+qUO71IJBpDEgqsbXtuTH4KhqRQOC51EosxiCH0sZ3REDRaP500HvOdxAJFPEbDpeITEX9+pKCtHekgu9RAAzvr5eJ/Xjuhu0M/lWGcEIYiDyKpcBJkhZHZFMh70iAR5M2Ry5ALMECERnIQIhOTbJtfgQoIH7I6/7axpMGMTG+cTejNDvaXXO3XvUb96KJRa55MxyyyLbbNdpnHDliTnbFz1mKCafbIntiz8+K8Ou/Ox/dpwZn+bLJfcD6/AKx+qHg=</latexit>

<latexit sha1_base64="JiL9UUqeXX6jKREPc7FR6xAnuJw=">AAACN3icbVDLTgJBEJz1ifgA9OhlIjHxRHaJUW8SjcYjJgImQEjv0ODE2UdmeolkA1/iVf/BT/HkzXj1D1xWDgrUqVLVnaqUGyppyLbfraXlldW19cxGdnNreyeXL+zWTRBpgTURqEDfu2BQSR9rJEnhfagRPFdhw328nPiNAWojA/+OhiG2Pej7sicFUCJ18vmWB/RgevHV9Wgcjvl5J1+0S3YKPk+cKSmyKaqdgpVrdQMReeiTUGBM07FDasegSQqFo2wrMhiCeIQ+NhPqg4emHafVR/wwMkABD1FzqXgq4t+PGDxjhp6bXKZFZ72JuMhrRtQ7a8fSDyNCX0yCSCpMg4zQMtkEeVdqJIJJc+TS5wI0EKGWHIRIxCgZ6V+gAsKnpM7CNoY80EPdHSUTOrODzZN6ueSclMq3x8XKxXTMDNtnB+yIOeyUVdgNq7IaE2zAntkLe7XerA/r0/r6PV2ypj977B+s7x98eKxq</latexit>

EF p ?
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Example
Jµx. p _3xK⇢ , fix �S. Jp _3xK⇢[S/x]

<latexit sha1_base64="7JnhtwVUn41wEsvqPOtxVO00WKs="></latexit>

S0 = ;

<latexit sha1_base64="He6PhvkktCQXl80VjXCqQCkyjLA=">AAACMnicbVBNS8NAFNzUr1o/WvXoZbEInkoiBfUgiF48VrRVaEN52b7q4m4Sd1/EEvo7vOp/8M/oTbz6I0xiD1qd0zDzHjNMECtpyXVfndLM7Nz8QnmxsrS8slqtra13bJQYgW0RqchcBWBRyRDbJEnhVWwQdKDwMrg9yf3LezRWRuEFjWL0NVyHcigFUCb55333sIc6ppFF6tfqbsMtwP8Sb0LqbIJWf82p9gaRSDSGJBRY2/XcmPwUDEmhcFzpJRZjELdwjd2MhqDR+mnResy3EwsU8RgNl4oXIv78SEFbO9JBdqmBbuy0l4v/ed2Ehvt+KsM4IQxFHkRSYRFkhZHZHMgH0iAR5M2Ry5ALMECERnIQIhOTbJ9fgQoIH7I6/7axpMGMzGCcTehND/aXdHYbXrNxcNasHx1PxiyzTbbFdpjH9tgRO2Ut1maC3bFH9sSenRfnzXl3Pr5PS87kZ4P9gvP5BVaXquk=</latexit>

= fix �S. ⇢(p) [ {v | 9w 2 S. v ! w}

<latexit sha1_base64="XH4FGiHd9Tl+gKg6Bu4ItiVF9X0="></latexit>

S1 = ⇢(p)

<latexit sha1_base64="NTH70VCgz9OXND4k3YmXQzfS/dg=">AAACMXicbVBNS8NAFNz4WetHWz16WSxCvZRECupBKHrxWNGq0Jbysn3apZtk2X0RS+jf8Kr/wV/Tm3j1T5jGHLQ6p2HmPWYYXytpyXWnzsLi0vLKamGtuL6xuVUqV7ZvbBQbgW0Rqcjc+WBRyRDbJEnhnTYIga/w1h+dz/zbRzRWRuE1jTX2AngI5b0UQKnUvep7p8WuGUY1fdAvV926m4H/JV5OqixHq19xSt1BJOIAQxIKrO14rqZeAoakUDgpdmOLGsQIHrCT0hACtL0kKz3h+7EFirhGw6XimYg/PxIIrB0HfnoZAA3tvDcT//M6Md0f9xIZ6pgwFLMgkgqzICuMTNdAPpAGiWDWHLkMuQADRGgkByFSMU7n+RWogPAprfNvG0sBmLEZTNIJvfnB/pKbw7rXqJ9cNqrNs3zMAttle6zGPHbEmuyCtVibCabZM3thr86bM3XenY/v0wUn/9lhv+B8fgG0Pql5</latexit>

S2 = ⇢(p) [ {v | 9w 2 S1. v ! w}

<latexit sha1_base64="PWsqNsVUB7KdIqLzaovWhYnp/JU="></latexit>

= ⇢(p) [ {v | 9w 2 ⇢(p). v ! w}

<latexit sha1_base64="2fSWB+vp/AJ94g80i0WCnGu4+UM="></latexit>

= {v can reach a state in ⇢(p) in less than 2 moves}

<latexit sha1_base64="aAmeseHNKgfKp8Q/4bjhYnLxFfA="></latexit>

<latexit sha1_base64="JiL9UUqeXX6jKREPc7FR6xAnuJw=">AAACN3icbVDLTgJBEJz1ifgA9OhlIjHxRHaJUW8SjcYjJgImQEjv0ODE2UdmeolkA1/iVf/BT/HkzXj1D1xWDgrUqVLVnaqUGyppyLbfraXlldW19cxGdnNreyeXL+zWTRBpgTURqEDfu2BQSR9rJEnhfagRPFdhw328nPiNAWojA/+OhiG2Pej7sicFUCJ18vmWB/RgevHV9Wgcjvl5J1+0S3YKPk+cKSmyKaqdgpVrdQMReeiTUGBM07FDasegSQqFo2wrMhiCeIQ+NhPqg4emHafVR/wwMkABD1FzqXgq4t+PGDxjhp6bXKZFZ72JuMhrRtQ7a8fSDyNCX0yCSCpMg4zQMtkEeVdqJIJJc+TS5wI0EKGWHIRIxCgZ6V+gAsKnpM7CNoY80EPdHSUTOrODzZN6ueSclMq3x8XKxXTMDNtnB+yIOeyUVdgNq7IaE2zAntkLe7XerA/r0/r6PV2ypj977B+s7x98eKxq</latexit>

EF p ?
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Example
Jµx. p _3xK⇢ , fix �S. Jp _3xK⇢[S/x]

<latexit sha1_base64="7JnhtwVUn41wEsvqPOtxVO00WKs="></latexit>

S0 = ;

<latexit sha1_base64="He6PhvkktCQXl80VjXCqQCkyjLA=">AAACMnicbVBNS8NAFNzUr1o/WvXoZbEInkoiBfUgiF48VrRVaEN52b7q4m4Sd1/EEvo7vOp/8M/oTbz6I0xiD1qd0zDzHjNMECtpyXVfndLM7Nz8QnmxsrS8slqtra13bJQYgW0RqchcBWBRyRDbJEnhVWwQdKDwMrg9yf3LezRWRuEFjWL0NVyHcigFUCb55333sIc6ppFF6tfqbsMtwP8Sb0LqbIJWf82p9gaRSDSGJBRY2/XcmPwUDEmhcFzpJRZjELdwjd2MhqDR+mnResy3EwsU8RgNl4oXIv78SEFbO9JBdqmBbuy0l4v/ed2Ehvt+KsM4IQxFHkRSYRFkhZHZHMgH0iAR5M2Ry5ALMECERnIQIhOTbJ9fgQoIH7I6/7axpMGMzGCcTehND/aXdHYbXrNxcNasHx1PxiyzTbbFdpjH9tgRO2Ut1maC3bFH9sSenRfnzXl3Pr5PS87kZ4P9gvP5BVaXquk=</latexit>

= fix �S. ⇢(p) [ {v | 9w 2 S. v ! w}

<latexit sha1_base64="XH4FGiHd9Tl+gKg6Bu4ItiVF9X0="></latexit>

S1 = ⇢(p)

<latexit sha1_base64="NTH70VCgz9OXND4k3YmXQzfS/dg=">AAACMXicbVBNS8NAFNz4WetHWz16WSxCvZRECupBKHrxWNGq0Jbysn3apZtk2X0RS+jf8Kr/wV/Tm3j1T5jGHLQ6p2HmPWYYXytpyXWnzsLi0vLKamGtuL6xuVUqV7ZvbBQbgW0Rqcjc+WBRyRDbJEnhnTYIga/w1h+dz/zbRzRWRuE1jTX2AngI5b0UQKnUvep7p8WuGUY1fdAvV926m4H/JV5OqixHq19xSt1BJOIAQxIKrO14rqZeAoakUDgpdmOLGsQIHrCT0hACtL0kKz3h+7EFirhGw6XimYg/PxIIrB0HfnoZAA3tvDcT//M6Md0f9xIZ6pgwFLMgkgqzICuMTNdAPpAGiWDWHLkMuQADRGgkByFSMU7n+RWogPAprfNvG0sBmLEZTNIJvfnB/pKbw7rXqJ9cNqrNs3zMAttle6zGPHbEmuyCtVibCabZM3thr86bM3XenY/v0wUn/9lhv+B8fgG0Pql5</latexit>

S2 = {v can reach a state in ⇢(p) in less than 2 moves}

<latexit sha1_base64="RIuKWeN9p5Is8YZtaAy6yS00X6Y="></latexit>

Sn = {v can reach a state in ⇢(p) in less than n moves}

<latexit sha1_base64="Wlwupy2AbG6aOIe0niU3wUrpd7M="></latexit>

[

n2N
Sn = {v can reach a state in ⇢(p)}

<latexit sha1_base64="mZmF5E8eWKAbX+2/RaXiONEohbk="></latexit>

µx. p _3x

<latexit sha1_base64="WkV1EWAAWwayuV0sm7j6eztrkNg=">AAACPnicbVA9TwJBEN3DL/wEtbCw2UhMrMidIVE7oxaWmAiacITMLQNu2N277M4RCOHX2Op/8G/4B+yMraUHUqj4qpf3ZjJvXpQo6cj3X73cwuLS8kp+dW19Y3OrUNzeqbs4tQJrIlaxvY/AoZIGayRJ4X1iEXSk8C7qXU78uz5aJ2NzS8MEmxq6RnakAMqkVnEv1CkflEOehH3E8EqCjk2bD1rFkl/2p+DzJJiREpuh2tr2CmE7FqlGQ0KBc43AT6g5AktSKByvhanDBEQPutjIqAGNrjmafjDmh6kDinmClkvFpyL+3BiBdm6oo2xSAz24v95E/M9rpNQ5bY6kSVJCIyaHSCqcHnLCyqwa5G1pkQgmyZFLwwVYIEIrOQiRiWnW1a+DCggHWZx/0zjSYIe2Pc4qDP4WNk/qx+WgUj67qZTOL2Zl5tk+O2BHLGAn7JxdsyqrMcHG7JE9sWfvxXvz3r2P79GcN9vZZb/gfX4BSquuxA==</latexit>

EF p

<latexit sha1_base64="NpPwH4cBMAua5so+qMF9dEn6WfQ=">AAACMnicbVDLSgNBEJyNrxgfSfToZTAInsKuBNRbUBSPEcwDkkV6Jx0dMvtwplcMS/wNr/oP/ozexKsf4WbNQRPrVFR1U0V5kZKGbPvNyi0sLi2v5FcLa+sbm8VSeatlwlgLbIpQhbrjgUElA2ySJIWdSCP4nsK2Nzyd+O171EaGwRWNInR9uAnkQAqgVHJ7PtCtGSRn5+PH6LpUsat2Bj5PnCmpsCka12Wr2OuHIvYxIKHAmK5jR+QmoEkKheNCLzYYgRjCDXZTGoCPxk2y1mO+FxugkEeouVQ8E/H3RwK+MSPfSy+zlrPeRPzP68Y0OHITGUQxYSAmQSQVZkFGaJnOgbwvNRLBpDlyGXABGohQSw5CpGKc7vMnUAHhQ1rn3zaGfNAj3R+nEzqzg82T1kHVqVWPL2uV+sl0zDzbYbtsnznskNXZBWuwJhPsjj2xZ/ZivVrv1of1+XOas6Y/2+wPrK9v+VGrQw==</latexit>

<latexit sha1_base64="JiL9UUqeXX6jKREPc7FR6xAnuJw=">AAACN3icbVDLTgJBEJz1ifgA9OhlIjHxRHaJUW8SjcYjJgImQEjv0ODE2UdmeolkA1/iVf/BT/HkzXj1D1xWDgrUqVLVnaqUGyppyLbfraXlldW19cxGdnNreyeXL+zWTRBpgTURqEDfu2BQSR9rJEnhfagRPFdhw328nPiNAWojA/+OhiG2Pej7sicFUCJ18vmWB/RgevHV9Wgcjvl5J1+0S3YKPk+cKSmyKaqdgpVrdQMReeiTUGBM07FDasegSQqFo2wrMhiCeIQ+NhPqg4emHafVR/wwMkABD1FzqXgq4t+PGDxjhp6bXKZFZ72JuMhrRtQ7a8fSDyNCX0yCSCpMg4zQMtkEeVdqJIJJc+TS5wI0EKGWHIRIxCgZ6V+gAsKnpM7CNoY80EPdHSUTOrODzZN6ueSclMq3x8XKxXTMDNtnB+yIOeyUVdgNq7IaE2zAntkLe7XerA/r0/r6PV2ypj977B+s7x98eKxq</latexit>

EF p ?
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Example

µx. p _3x

<latexit sha1_base64="WkV1EWAAWwayuV0sm7j6eztrkNg=">AAACPnicbVA9TwJBEN3DL/wEtbCw2UhMrMidIVE7oxaWmAiacITMLQNu2N277M4RCOHX2Op/8G/4B+yMraUHUqj4qpf3ZjJvXpQo6cj3X73cwuLS8kp+dW19Y3OrUNzeqbs4tQJrIlaxvY/AoZIGayRJ4X1iEXSk8C7qXU78uz5aJ2NzS8MEmxq6RnakAMqkVnEv1CkflEOehH3E8EqCjk2bD1rFkl/2p+DzJJiREpuh2tr2CmE7FqlGQ0KBc43AT6g5AktSKByvhanDBEQPutjIqAGNrjmafjDmh6kDinmClkvFpyL+3BiBdm6oo2xSAz24v95E/M9rpNQ5bY6kSVJCIyaHSCqcHnLCyqwa5G1pkQgmyZFLwwVYIEIrOQiRiWnW1a+DCggHWZx/0zjSYIe2Pc4qDP4WNk/qx+WgUj67qZTOL2Zl5tk+O2BHLGAn7JxdsyqrMcHG7JE9sWfvxXvz3r2P79GcN9vZZb/gfX4BSquuxA==</latexit>

EF p

<latexit sha1_base64="NpPwH4cBMAua5so+qMF9dEn6WfQ=">AAACMnicbVDLSgNBEJyNrxgfSfToZTAInsKuBNRbUBSPEcwDkkV6Jx0dMvtwplcMS/wNr/oP/ozexKsf4WbNQRPrVFR1U0V5kZKGbPvNyi0sLi2v5FcLa+sbm8VSeatlwlgLbIpQhbrjgUElA2ySJIWdSCP4nsK2Nzyd+O171EaGwRWNInR9uAnkQAqgVHJ7PtCtGSRn5+PH6LpUsat2Bj5PnCmpsCka12Wr2OuHIvYxIKHAmK5jR+QmoEkKheNCLzYYgRjCDXZTGoCPxk2y1mO+FxugkEeouVQ8E/H3RwK+MSPfSy+zlrPeRPzP68Y0OHITGUQxYSAmQSQVZkFGaJnOgbwvNRLBpDlyGXABGohQSw5CpGKc7vMnUAHhQ1rn3zaGfNAj3R+nEzqzg82T1kHVqVWPL2uV+sl0zDzbYbtsnznskNXZBWuwJhPsjj2xZ/ZivVrv1of1+XOas6Y/2+wPrK9v+VGrQw==</latexit>

which formula for
“some deadlock is reachable”?

µx. 2↵ _3x

<latexit sha1_base64="mqQ9mVcxEk6LgDhGMWGdK92yXII="></latexit>

2↵

<latexit sha1_base64="yqSGET3ati8iVptlvHMUPcM0Ryo=">AAACNnicbVC7TsNAELzjGZ4JUNKciJCoIhshAR2ChjJIJEGKo2h9WcOJO9u6WyMiK19CC//Ar9DQIVo+ATu44DXVaGZXM5ow1cqR573wmdm5+YXF2tLyyuraer2xsdl1SWYldmSiE3sVgkOtYuyQIo1XqUUwocZeeHtW+r07tE4l8SWNUxwYuI5VpCRQIQ0b9eA0uQ8M0E0Y5VE0GTaaXsubQvwlfkWarEJ7uMHrwSiRmcGYpAbn+r6X0iAHS0pqnCwHmcMU5C1cY7+gMRh0g3zafCJ2MweUiBStUFpMRfz+kYNxbmzC4rLs6H57pfif188oOhrkKk4zwliWQaQ0ToOctKqYBMVIWSSCsjkKFQsJFojQKgFSFmJWbPQjUAPhfVHn3zaODNixHZUT+r8H+0u6+y3/oHV8cdA8Oa3GrLFttsP2mM8O2Qk7Z23WYZJl7IE9sif+zF/5G3//Op3h1c8W+wH+8QkqgqxP</latexit>

deadlocks

which formula for
“deadlock free”?

¬(µx. 2↵ _3x)

<latexit sha1_base64="H0tXWFVAv5khwmi4v6hoXW7145E="></latexit>

= ⌫x. ¬(2↵ _3¬x)

<latexit sha1_base64="68VN27i4N8b5VQnwK6jle+18nrM="></latexit>

= ⌫x. ¬(2↵) ^ ¬(3¬x)

<latexit sha1_base64="j4i+YP3Hs3ZDG3kQ02dLPpM714s="></latexit>

= ⌫x. 3tt ^2x

<latexit sha1_base64="vr0hDXdGqSnQ+NarqFOLakZE8og="></latexit>
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Example
J⌫x. p ^2xK⇢ , FIX �S. Jp ^2xK⇢[S/x]

<latexit sha1_base64="d4eluy9ay1hegHuk1v/+DAbPiYI="></latexit>

= FIX �S. JpK⇢[S/x] \ J2xK⇢[S/x]

<latexit sha1_base64="YSwGoiSXc3LDtHmmKFvjm4EbH6w="></latexit>

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

<latexit sha1_base64="Wx80oIwLHhskv+16sv+RP1OgNjg="></latexit>

= FIX �S. ⇢(p) \ {v | 8w. v ! w ) w 2 S}

<latexit sha1_base64="8C4zREfwlilazFJlxqeiaW7A/PU="></latexit>

S0 = V

<latexit sha1_base64="jCsv+Zx1Y8HdrLLHrTY2HLzFw9I=">AAACLXicbVDJSgNBFOyJW4xLEj16aQyCpzAjAfUgBL14jGgWSIbwpvMSm/QsdL8RQ8hPeNV/8Gs8COLV33AS52CWOhVV71FFeZGShmz708qsrW9sbmW3czu7e/v5QvGgYcJYC6yLUIW65YFBJQOskySFrUgj+J7Cpje8mfrNJ9RGhsEDjSJ0fRgEsi8FUCK17rs251e80S2U7LI9A18mTkpKLEWtW7TynV4oYh8DEgqMaTt2RO4YNEmhcJLrxAYjEEMYYDuhAfho3PGs8ISfxAYo5BFqLhWfifj/Ywy+MSPfSy59oEez6E3FVV47pv6FO5ZBFBMGYhpEUuEsyAgtkyWQ96RGIpg2Ry4DLkADEWrJQYhEjJNp5gIVED4ndVa2MeSDHuneJJnQWRxsmTTOyk6lfHlXKVWv0zGz7Igds1PmsHNWZbesxupMMMVe2Ct7s96tD+vL+v47zVjpzyGbg/XzCwg7p5Y=</latexit>

S1 = ⇢(p) \ {v | 8w. v ! w ) w 2 S0}

<latexit sha1_base64="dWo/NmPvwDC+fd0vq5K6kSFHSuc="></latexit>

= ⇢(p) \ {v | 8w. v ! w ) w 2 V }

<latexit sha1_base64="1Z5OwS/WXOdoq1xUaxOEjXL671M="></latexit>

= ⇢(p) \ V

<latexit sha1_base64="FNjVugP83Zt3FvjJeSyN46HvST4=">AAACOXicbVDLSgNBEJyNr7g+8vDoZTAI8RJ2JaAehKAXjxFMIiQh9E5aHTK7O8z0iiHkV7zqP/glHr2JV3/A3ZiDGutUVHVTRQVaSUue9+rklpZXVtfy6+7G5tZ2oVgqt22cGIEtEavYXAdgUckIWyRJ4bU2CGGgsBOMzjO/c4/Gyji6orHGfgi3kbyRAiiVBsXyqdszd3FVH/QEaLftuu6gWPFq3gx8kfhzUmFzNAclp9AbxiIJMSKhwNqu72nqT8CQFAqnbi+xqEGM4Ba7KY0gRNufzMpP+X5igWKu0XCp+EzEnx8TCK0dh0F6GQLd2b9eJv7ndRO6Oe5PZKQTwkhkQSQVzoKsMDJdBflQGiSCrDlyGXEBBojQSA5CpGKSzvQrUAHhQ1rn3zaWQjBjM5ymE/p/B1sk7cOaX6+dXNYrjbP5mHm2y/ZYlfnsiDXYBWuyFhPsgT2yJ/bsvDhvzrvz8X2ac+Y/O+wXnM8vO3qrEQ==</latexit>

= ⇢(p)

<latexit sha1_base64="KYZ9zNuba5ffBf7l0cnrPzc3ReY=">AAACLnicbVDLSgNBEJyNrxgfSfToZTAIegm7ElAPQtCLRwXjg2QJvZM2GTKzu8z0imHJV3jVf/BrBA/i1c9wN+ag0ToVVd1UUUGspCXXfXMKc/MLi0vF5dLK6tp6uVLduLJRYgS2RKQicxOARSVDbJEkhTexQdCBwutgeJr71/dorIzCSxrF6Gvoh/JOCqBMuj0udcwg2o33upWaW3cn4H+JNyU1NsV5t+qUO71IJBpDEgqsbXtuTH4KhqRQOC51EosxiCH0sZ3REDRaP500HvOdxAJFPEbDpeITEX9+pKCtHekgu9RAAzvr5eJ/Xjuhu0M/lWGcEIYiDyKpcBJkhZHZFMh70iAR5M2Ry5ALMECERnIQIhOTbJtfgQoIH7I6/7axpMGMTG+cTejNDvaXXO3XvUb96KJRa55MxyyyLbbNdpnHDliTnbFz1mKCafbIntiz8+K8Ou/Ox/dpwZn+bLJfcD6/AKx+qHg=</latexit>
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Example
J⌫x. p ^2xK⇢ , FIX �S. Jp ^2xK⇢[S/x]

<latexit sha1_base64="d4eluy9ay1hegHuk1v/+DAbPiYI="></latexit>

= FIX �S. JpK⇢[S/x] \ J2xK⇢[S/x]

<latexit sha1_base64="YSwGoiSXc3LDtHmmKFvjm4EbH6w="></latexit>

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

<latexit sha1_base64="Wx80oIwLHhskv+16sv+RP1OgNjg="></latexit>

= FIX �S. ⇢(p) \ {v | 8w. v ! w ) w 2 S}

<latexit sha1_base64="8C4zREfwlilazFJlxqeiaW7A/PU="></latexit>

S0 = V

<latexit sha1_base64="jCsv+Zx1Y8HdrLLHrTY2HLzFw9I=">AAACLXicbVDJSgNBFOyJW4xLEj16aQyCpzAjAfUgBL14jGgWSIbwpvMSm/QsdL8RQ8hPeNV/8Gs8COLV33AS52CWOhVV71FFeZGShmz708qsrW9sbmW3czu7e/v5QvGgYcJYC6yLUIW65YFBJQOskySFrUgj+J7Cpje8mfrNJ9RGhsEDjSJ0fRgEsi8FUCK17rs251e80S2U7LI9A18mTkpKLEWtW7TynV4oYh8DEgqMaTt2RO 4YNEmhcJLrxAYjEEMYYDuhAfho3PGs8ISfxAYo5BFqLhWfifj/Ywy+MSPfSy59oEez6E3FVV47pv6FO5ZBFBMGYhpEUuEsyAgtkyWQ96RGIpg2Ry4DLkADEWrJQYhEjJNp5gIVED4ndVa2MeSDHuneJJnQWRxsmTTOyk6lfHlXKVWv0zGz7Igds1PmsHNWZbesxupMMMVe2Ct7s96tD+vL+v47zVjpzyGbg/XzCwg7p5Y=</latexit>

S1 = ⇢(p)

<latexit sha1_base64="NTH70VCgz9OXND4k3YmXQzfS/dg=">AAACMXicbVBNS8NAFNz4WetHWz16WSxCvZRECupBKHrxWNGq0Jbysn3apZtk2X0RS+jf8Kr/wV/Tm3j1T5jGHLQ6p2HmPWYYXytpyXWnzsLi0vLKamGtuL6xuVUqV7ZvbBQbgW0Rqcjc+WBRyRDbJEnhnTYIga/w1h+dz/zbRzRWRuE1jTX2AngI5b0UQKnUvep7p8WuGUY1fdAvV926m4H/JV5OqixHq19xSt1BJOIAQxIKrO 14rqZeAoakUDgpdmOLGsQIHrCT0hACtL0kKz3h+7EFirhGw6XimYg/PxIIrB0HfnoZAA3tvDcT//M6Md0f9xIZ6pgwFLMgkgqzICuMTNdAPpAGiWDWHLkMuQADRGgkByFSMU7n+RWogPAprfNvG0sBmLEZTNIJvfnB/pKbw7rXqJ9cNqrNs3zMAttle6zGPHbEmuyCtVibCabZM3thr86bM3XenY/v0wUn/9lhv+B8fgG0Pql5</latexit>

S2 = ⇢(p) \ {v | 8w. v ! w ) w 2 S1}

<latexit sha1_base64="AIQ8PZW/8lvg59NOrDuSo4cNfio=">AAACa3icbVBNTxsxFHS20NItLaHcWg5WIyR6iXYRUuGAhNoeeqSFAFIcrd46L4mFd23ZbxOibfhB/TW90v/Q/1AnzYGvdxrPvKcZT2618pQkt43o2crq8xdrL+NX66/fbDQ33557UzmJHWm0cZc5eNSqxA4p0nhpHUKRa7zIr77M9YsxOq9MeUZTi70ChqUaKAkUqKz59TTb40excCOzaz8KCTYWNR/f/LwRA+NAaz5pCz4WZP hE/FDDEYFzZhIequSnWSpmcRxnzVbSThbDH4N0CVpsOSfZZmND9I2sCixJavC+myaWejU4UlLjLBaVRwvyCobYDbCEAn2vXnx3xncqDyGPRceV5gsS717UUHg/LfKwWQCN/ENtTj6ldSsaHPRqVdqKsJRzI1IaF0ZeOhV6RN5XDolgnhx56ECCAyJ0ioOUgaxCsfcMNRBehzhPpvFUgJu6/ixUmD4s7DE432un++3D7/ut48/LMtfYe/aB7bKUfWLH7Bs7YR0m2S/2m92yP42/0Vb0Ltr+vxo1ljdb7N5EO/8A6Fm7MA==</latexit>

= ⇢(p) \ {v | 8w. v ! w ) w 2 ⇢(p)}

<latexit sha1_base64="SZR59vYwm6/AGNar7JE689QTsxw="></latexit>

= {v s.t. all nodes reachable in less than 2 moves are in ⇢(p)}

<latexit sha1_base64="AOkH+Tha31WALOyEkGcORWrQeGQ="></latexit>
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Example
J⌫x. p ^2xK⇢ , FIX �S. Jp ^2xK⇢[S/x]

<latexit sha1_base64="d4eluy9ay1hegHuk1v/+DAbPiYI="></latexit>

= FIX �S. JpK⇢[S/x] \ J2xK⇢[S/x]

<latexit sha1_base64="YSwGoiSXc3LDtHmmKFvjm4EbH6w="></latexit>

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

<latexit sha1_base64="Wx80oIwLHhskv+16sv+RP1OgNjg="></latexit>

= FIX �S. ⇢(p) \ {v | 8w. v ! w ) w 2 S}

<latexit sha1_base64="8C4zREfwlilazFJlxqeiaW7A/PU="></latexit>

S0 = V

<latexit sha1_base64="jCsv+Zx1Y8HdrLLHrTY2HLzFw9I=">AAACLXicbVDJSgNBFOyJW4xLEj16aQyCpzAjAfUgBL14jGgWSIbwpvMSm/QsdL8RQ8hPeNV/8Gs8COLV33AS52CWOhVV71FFeZGShmz708qsrW9sbmW3czu7e/v5QvGgYcJYC6yLUIW65YFBJQOskySFrUgj+J7Cpje8mfrNJ9RGhsEDjSJ0fRgEsi8FUCK17rs251e80S2U7LI9A18mTkpKLEWtW7TynV4oYh8DEgqMaTt2RO 4YNEmhcJLrxAYjEEMYYDuhAfho3PGs8ISfxAYo5BFqLhWfifj/Ywy+MSPfSy59oEez6E3FVV47pv6FO5ZBFBMGYhpEUuEsyAgtkyWQ96RGIpg2Ry4DLkADEWrJQYhEjJNp5gIVED4ndVa2MeSDHuneJJnQWRxsmTTOyk6lfHlXKVWv0zGz7Igds1PmsHNWZbesxupMMMVe2Ct7s96tD+vL+v47zVjpzyGbg/XzCwg7p5Y=</latexit>

S1 = ⇢(p)

<latexit sha1_base64="NTH70VCgz9OXND4k3YmXQzfS/dg=">AAACMXicbVBNS8NAFNz4WetHWz16WSxCvZRECupBKHrxWNGq0Jbysn3apZtk2X0RS+jf8Kr/wV/Tm3j1T5jGHLQ6p2HmPWYYXytpyXWnzsLi0vLKamGtuL6xuVUqV7ZvbBQbgW0Rqcjc+WBRyRDbJEnhnTYIga/w1h+dz/zbRzRWRuE1jTX2AngI5b0UQKnUvep7p8WuGUY1fdAvV926m4H/JV5OqixHq19xSt1BJOIAQxIKrO 14rqZeAoakUDgpdmOLGsQIHrCT0hACtL0kKz3h+7EFirhGw6XimYg/PxIIrB0HfnoZAA3tvDcT//M6Md0f9xIZ6pgwFLMgkgqzICuMTNdAPpAGiWDWHLkMuQADRGgkByFSMU7n+RWogPAprfNvG0sBmLEZTNIJvfnB/pKbw7rXqJ9cNqrNs3zMAttle6zGPHbEmuyCtVibCabZM3thr86bM3XenY/v0wUn/9lhv+B8fgG0Pql5</latexit>

S2 = {v s.t. all nodes reachable in less than 2 moves are in ⇢(p)}

<latexit sha1_base64="zkKLg9Hioj59EeKDI/tzz6kdxZ4=">AAACgHicbZDLbtNAFIYn5taaS1NYshmRIoWNsaNKXCSkCjYsiyBtURxFx5OTZtS5WDPHUSPLfbU+Bw/AFl6BsZsFvZzVr/8/N31FqaSnNP3Vi+7df/Dw0dZ2/PjJ02c7/d3nR95WTuBYWGXdSQEelTQ4JkkKT0qHoAuFx8XZlzY/XqHz0poftC5xquHUyIUUQMGa9X9+n434pziv+eoi14U9r3O/4D6hhINS3Ng5eh4WiiWElV wartB7TkswfMS1XYUYXBfs5W5ph+WbvSZv4jie9QdpknbFb4tsIwZsU4ez3d5OPrei0mhIKPB+kqUlTWtwJIXCJs4rjyWIMzjFSZAGNPpp3TFo+OvKA1leouNS8c7E/ydq0N6vdRE6NdDS38xa865sUtHi/bSWpqwIjWgPkQwk2kNeOBngIp9Lh0TQft6hEOCACJ3kIEQwq0D72kEFhOfhnTu/8aTBrd28CQizm8Bui6NRku0nH77tDw4+b2BusZfsFRuyjL1jB+wrO2RjJtgl+83+sL9RFA2jt1F21Rr1NjMv2LWKPv4DiB3Biw==</latexit>

Sn = {v s.t. all nodes reachable in less than n moves are in ⇢(p)}

<latexit sha1_base64="QlLqcIgB6lS3/JTJIWp1JY/BpCo=">AAACgnicbZDLbtNAFIYnboFiLk1hyWZEglRYWDZUopVAqmDDshWkrRRH0fHkpBl1LtbMcdTIct+Nx+AJ2MIbMDZZ9HZWv/7/3PQVpZKe0vRXL9rYfPDw0dbj+MnTZ8+3+zsvTrytnMCRsMq6swI8KmlwRJIUnpUOQRcKT4uLr21+ukTnpTU/aFXiRMO5kXMpgII17Y+/Tw3/HOc1X17lurCXde7n3CeUcFCKGztDz8NCsYCwkk vDFXrPaQGGD82Qa7sMDeC6aJi7hd0t3w6bvInjeNofpEnaFb8rsrUYsHUdTXd62/nMikqjIaHA+3GWljSpwZEUCps4rzyWIC7gHMdBGtDoJ3VHoeFvKg9keYmOS8U7E69P1KC9X+kidGqghb+dteZ92bii+f6klqasCI1oD5EMLNpDXjgZ8CKfSYdE0H7eoRDggAid5CBEMKvA+8ZBBYSX4Z17v/Gkwa3crAkIs9vA7oqT90m2lxwc7w0Ov6xhbrFX7DXbZRn7yA7ZN3bERkywn+w3+8P+RpvRuyiLPvxvjXrrmZfsRkWf/gFyo8Jf</latexit>

\

n2N
Sn = {v can only reach states in ⇢(p)}

<latexit sha1_base64="nhHV7iAzqcUBf6/zAetqD1KIfsI="></latexit>

⌫x. p ^2x

<latexit sha1_base64="B8fmLn3Mme/NR0GIrXpmvyScqIE=">AAACPHicbVA9SwNBFNzzM8aPJIqVzWIQrMKdBNROtLGMYGIgF8K7zTMu7u0du+804ciPsdX/4P+wtxNba+9iCjWZaph5jxkmiJW05LpvzsLi0vLKamGtuL6xuVUqV7ZbNkqMwKaIVGTaAVhUUmOTJClsxwYhDBTeBPcXuX/zgMbKSF/TKMZuCAMtb6UAyqReedfXCR/WfB77j9gfoH8eDfmwV666NXcCPku8KamyKRq9ilPy+5FIQtQkFFjb8dyYuikYkkLhuOgnFmMQ9zDATkY1hGi76aT/mB8kFijiMRouFZ+I+PsjhdDaURhklyHQnf3v5eI8r5PQ7Uk3lTpOCLXIg0gqnARZYWQ2DPK+NEgEeXPkUnMBBojQSA5CZGKSLfUnUAHhMKszt42lEMzI9MfZhN7/wWZJ66jm1WunV/Xq2fl0zALbY/vskHnsmJ2xS9ZgTSZYyp7YM3txXp1358P5/DldcKY/O+wPnK9vlHqt6g==</latexit>

AG p

<latexit sha1_base64="EgPHqZdE3v92jQnmWHep+dMAPt0=">AAACMnicbVDLTgJBEJzFF+ID0KOXicTEE9k1JOoN9aBHTOSRwMb0Do1OmH0402skG/wNr/oP/ozejFc/wmXloGCdKlXdqUp5kZKGbPvNyi0sLi2v5FcLa+sbm8VSeatlwlgLbIpQhbrjgUElA2ySJIWdSCP4nsK2Nzyb+O171EaGwRWNInR9uAnkQAqgVHJ7PtCtGSQn5+PH6LpUsat2Bj5PnCmpsCka12Wr2OuHIvYxIKHAmK5jR+QmoEkKheNCLzYYgRjCDXZTGoCPxk2y1mO+FxugkEeouVQ8E/H3RwK+MSPfSy+zlrPeRPzP68Y0OHITGUQxYSAmQSQVZkFGaJnOgbwvNRLBpDlyGXABGohQSw5CpGKc7vMnUAHhQ1rn3zaGfNAj3R+nEzqzg82T1kHVqVWPL2uV+ul0zDzbYbtsnznskNXZBWuwJhPsjj2xZ/ZivVrv1of1+XOas6Y/2+wPrK9v8/6rQA==</latexit>
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Invariants  & possibly

Inv( ) , ⌫x.  ^2x

<latexit sha1_base64="QHN2Io3AIg6ydeDx1g4QQyhHX+8="></latexit>

Invariants

Possibly Pos( ) , µx.  _3x

<latexit sha1_base64="lprzS+u0waDuHN8g98gAh+RcvCs="></latexit>
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Example
which temporal formula?

µx. q _ (p ^3x)

<latexit sha1_base64="k+TgzR0xJ2qmnOPY52uP8XhbpDE="></latexit>

E(p U q)

<latexit sha1_base64="pW2wb6IkdZ6ckX47td+h5VoEZqQ=">AAACQXicbVDLSgNBEJz1GeMjid70MhiEeAm7ElBvQRE8RjAqJCH0Tjo6OPtwplcMywa/xqv+g1/hJ3gTr17crBF8pE81Vd1UTbmhkoZs+8Wamp6ZnZvPLeQXl5ZXCsXS6pkJIi2wKQIV6AsXDCrpY5MkKbwINYLnKjx3rw9H+vktaiMD/5QGIXY8uPRlXwqglOoW19se0JXpx0dJJRx+P5rJ8Ga7WyzbVTsb/h84Y1Bm42l0S1ah3QtE5KFPQoExLccOqRODJikUJvl2ZDAEcQ2X2EqhDx6aTpx9IuFbkQEKeIiaS8UzEn9exOAZM/DcdDNL+VcbkZO0VkT9vU4s/TAi9MXIiKTCzMgILdN2kPekRiIYJUcufS5AAxFqyUGIlIzSun4ZKiC8S+NMTGPIAz3QvSSt0Plb2H9wtlN1atX9k1q5fjAuM8c22CarMIftsjo7Zg3WZILdswf2yJ6sZ+vVerPev1anrPHNGvs11scnz6exHA==</latexit>

(CTL)

µx. q _ (p ^3x ^2x)

<latexit sha1_base64="wQoiGXjWW0qD8TzExEtyRzWaeBw="></latexit>

A(p U q)

<latexit sha1_base64="rQ27Fir2u0AO4LFa47B8KRom8Pk=">AAACQXicbVDLTgJBEJz1ifgA9KaXicQEL2TXkKg31ItHTERNgJDeodGJsw9neo1ks8Sv8ar/4Ff4Cd6MVy8uKyY+6FNNVXeqptxQSUO2/WJNTc/Mzs3nFvKLS8srhWJp9cwEkRbYFIEK9IULBpX0sUmSFF6EGsFzFZ6710cj/fwWtZGBf0qDEDseXPqyLwVQSnWL620P6Mr044OkEg6/H81keLPdLZbtqp0N/w+cMSiz8TS6JavQ7gUi8tAnocCYlmOH1IlBkxQKk3w7MhiCuIZLbKXQBw9NJ84+kfCtyAAFPETNpeIZiT8vYvCMGXhuupml/KuNyElaK6L+XieWfhgR+mJkRFJhZmSElmk7yHtSIxGMkiOXPheggQi15CBESkZpXb8MFRDepXEmpjHkgR7oXpJW6Pwt7D8426k6ter+Sa1cPxyXmWMbbJNVmMN2WZ0dswZrMsHu2QN7ZE/Ws/VqvVnvX6tT1vhmjf0a6+MTyFuxGA==</latexit>

(LTL / CTL)

after a finite number of steps you reach a state where
1) p holds
2) there is a next step where the property holds recursively

⌫x. µy. (p ^3x) _3y| {z }

<latexit sha1_base64="1Nq2lELRXkywQUM+dH3dKDWhzLw="></latexit>

F p

<latexit sha1_base64="+UApwj/y9kjCpI322UO+fmKA39U=">AAACMXicbVDLSsNAFJ3UV62Ptrp0M1gEVyWRgrorCuJSwarQBrmZ3tahk2SYuRFLqJ/hVv/Br+lO3PoTJrELHz2rwzn3cg4n0Epact2pU1pYXFpeKa9W1tY3Nqu1+ta1jRMjsCNiFZvbACwqGWGHJCm81QYhDBTeBKPT3L95QGNlHF3RWKMfwjCSAymAMqnXC4Hu7SA9mzzpu1rDbboF+H/izUiDzXBxV3eqvX4skhAjEgqs7XquJj8FQ1IonFR6iUUNYgRD7GY0ghCtnxalJ3wvsUAx12i4VLwQ8edHCqG14zDILouSf71cnOd1Exoc+amMdEIYiTyIpMIiyAojszWQ96VBIsibI5cRF2CACI3kIEQmJtk8vwIVED5mdea2sRSCGZv+JJvQ+zvYf3J90PRazePLVqN9MhuzzHbYLttnHjtkbXbOLliHCabZM3thr86bM3XenY/v05Iz+9lmv+B8fgFWYar0</latexit>

G F p

<latexit sha1_base64="xMxWrzxAlGwM4T9WProriPmGKm8=">AAACPnicbVDLSgNBEJyN7/hI1IMHL4NB8BR2JaDeREE9KhgjJCH0TjpxyOyDmV4xLOvPeNV/8Df8AW/i1aObdQVNUqeiqpuuLjdU0pBtv1mFmdm5+YXFpeLyyupaqby+cWOCSAusi0AF+tYFg0r6WCdJCm9DjeC5Chvu4HTkN+5RGxn41zQMse1B35c9KYBSqVPeanlAd6YXnyePv/QseQw75YpdtTPwSeLkpMJyXHbWrVKrG4jIQ5+EAmOajh1SOwZNUihMiq3IYAhiAH1sptQHD007zj5I+G5kgAIeouZS8UzEvxsxeMYMPTedzEKOeyNxmteMqHfYjqUfRoS+GB0iqTA7ZISWaTXIu1IjEYySI5c+F6CBCLXkIEQqRmlX/w4qIHxI40xNY8gDPdTdJK3QGS9sktzsV51a9eiqVjk+yctcZNtsh+0xhx2wY3bBLlmdCZawJ/bMXqxX6936sD5/RgtWvrPJ/sH6+gbY6LAv</latexit>

E G F p

<latexit sha1_base64="kI/2eXuMj6ZONKNHh21gaSY4phQ=">AAACSXicbVDLSgNBEJxNfMRnoh69DAbBU9iVgHoLio+jglEhCaF30olDZh/M9IphWc9+jVf9B7/Az/AmntysEU1MnYqqbrq63FBJQ7b9ZuXyM7Nz84WFxaXlldViaW39ygSRFlgXgQr0jQsGlfSxTpIU3oQawXMVXrv9o6F/fYfayMC/pEGILQ96vuxKAZRK7dJW0wO6Nd34OHn4oae/9CR5CNulsl2xM/D/xBmRMhvhvL1mFZudQEQe+iQUGNNw7JBaMWiSQmGy2IwMhiD60MNGSn3w0LTi7JmEb0cGKOAhai4Vz0T8uxGDZ8zAc9PJLOSkNxSneY2IuvutWPphROiL4SGSCrNDRmiZtoS8IzUSwTA5culzARqIUEsOQqRilNY2dlAB4X0aZ2oaQx7oge4kaYXOZGH/ydVuxalWDi6q5drhqMwC22RbbIc5bI/V2Bk7Z3Um2CN7Ys/sxXq13q0P6/N7NGeNdjbYGHL5LwuWtDg=</latexit>

(CTL*)
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Alternation depth
Fixed points alternate if a least fixed point influences the 
greatest fixed point, and vice-versa.

The alternation depth counts the number of alternations.

CTL can be encoded in 𝜇-calculus with alternation depth 1

CTL* and LTL can be encoded in 𝜇-calculus with alternation 
depth at most 2

The alternation hierarchy of the 𝜇-calculus is strict:
strictly more properties are expressible as the alternation 
depth increases.
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Expressiveness

CTL*

LTL CTL
F G p

<latexit sha1_base64="mB8UCN+uyiDzoi2+153E2+0vwIg=">AAACKHicdVDLSgNBEJz1Gd9RDx68DAbBU9gR0eQmCupRwaiQhNA7dnRw9sFMryjL5me8if6LN/HqZ3hyNkZR0T4VVd1UdQWJVpZ8/8UbGh4ZHRsvTUxOTc/MzpXnF05snBqJDRnr2JwFYFGrCBukSONZYhDCQONpcLVb6KfXaKyKo2O6TbAdwkWkukoCOapTXmqFQJe2m+3lvU+4n/eSTrniV33fF0LwAoitTd+Ber22LmpcFJKbChvMYaf81jqPZRpiRFKDtU3hJ9TOwJCSGvPJVmoxAXkFF9h0MIIQbTvrP5Dz1dQCxTxBw5XmfRK/X2QQWnsbBm6zn/G3VpB/ac2UurV2pqIkJYxkYURKY9/ISqNcM8jPlUEiKJIjVxGXYIAIjeIgpSNTV9UPQw2ENy7Ol6Mr67MR/j84Wa+KjWr9aKOyvTOorcSW2QpbY4JtsW12wA5Zg0mWszv2wB69e+/Je/ZePlaHvMHNIvsx3us7W1qn/Q==</latexit>

AG EF p

<latexit sha1_base64="iDWNrRiLSYwQrsrQnB5E9SLIGv0="></latexit>

(F G p) _ (AG EF p)

<latexit sha1_base64="wN0wR54HR5YTIDbdyk7/G49f2Kc="></latexit>

µ

<latexit sha1_base64="7ChFHr+danwRRk8MPfgNWZ7XzO0=">AAACEnicbVDLSgNBEJyNrxhfUY9eBoPgKexKQL0FvXiMaB6QLKF30olDZh/M9Ioh5BO8if6LN/HqD/grntyNi5jEOhVV3VRRXqSkIdv+tHJLyyura/n1wsbm1vZOcXevYcJYC6yLUIW65YFBJQOskySFrUgj+J7Cpje8TP3mPWojw+CWRhG6PgwC2ZcCKJFuOn7cLZbssj0FXyRORkosQ61b/Or0QhH7GJBQYEzbsSNyx6BJCoWTQic2GIEYwgDbCQ3AR+OOp1Un/Cg2QCGPUHOp+FTEvx9j8I0Z+V5y6QPdmXkvFf/z2jH1z9yxDKKYMBBpEEmF0yAjtEw2QN6TGokgbY5cBlyABiLUkoMQiRgno8wEKiB8SOr8JiZjOfPTLJLGSdmplM+vK6XqRTZbnh2wQ3bMHHbKquyK1VidCTZgj+yZvVhP1qv1Zr3/nOas7GefzcD6+AYpmJ5l</latexit>

<latexit sha1_base64="AzoQLUS7K+YZ4JJ0RUIYbq66I+4="></latexit>

⌫x. p ^33x
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mu-calculus with labels
 ::= · · ·

| 3L 
| 2L 

<latexit sha1_base64="myiFXm8w5A62F9Nmh6hLCkzSiCs="></latexit>

set of labels

J3L K⇢ , {v | 9µ 2 L. 9w 2 J K⇢. v µ�! w}

<latexit sha1_base64="oNKDIDegk5G9pUuJhOdnU2//rZo="></latexit>

J2L K⇢ , {v | 8µ 2 L. 8w. v µ�! w ) w 2 J K⇢}

<latexit sha1_base64="u5eEUCOrpLg0OCzu4pcbJI/ApgM="></latexit>
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Space reduction

?

|=  

<latexit sha1_base64="mu4d08laILnwlQlwqWOUK7YfXRU=">AAACDnicbVDLSsNAFJ34rPUVdaebwSK4KokU1JVFNy4r2Ac0oUymt3Xo5MHMjVBCwE/wK9zqyp249Rdc+C8mMQttPavDOfdy7j1eJIVGy/o0FhaXlldWK2vV9Y3NrW1zZ7ejw1hxaPNQhqrnMQ1SBNBGgRJ6kQLmexK63uQq97v3oLQIg1ucRuD6bByIkeAMM2lg7jsaGZ8okMlFmjh+OASpU+pEWgzMmlW3CtB5YpekRkq0BuaXMwx57EOAXDKt+7YVoZswhYJLSKtOrCHKwtgY+hkNmA/aTYofUnoUa4YhjUBRIWkhwu+NhPlaT30vm/QZ3ulZLxf/8/oxjs7cRARRjBDwPAiFhCJIcyWycoAOhQJEll8OVASUM8UQQQnKOM/EOGurmvVhz34/TzondbtRP79p1JqXZTMVckAOyTGxySlpkmvSIm3CyQN5Is/kxXg0Xo034/1ndMEod/bIHxgf394BnMw=</latexit>

?

|=  

<latexit sha1_base64="mu4d08laILnwlQlwqWOUK7YfXRU=">AAACDnicbVDLSsNAFJ34rPUVdaebwSK4KokU1JVFNy4r2Ac0oUymt3Xo5MHMjVBCwE/wK9zqyp249Rdc+C8mMQttPavDOfdy7j1eJIVGy/o0FhaXlldWK2vV9Y3NrW1zZ7ejw1hxaPNQhqrnMQ1SBNBGgRJ6kQLmexK63uQq97v3oLQIg1ucRuD6bByIkeAMM2lg7jsaGZ8okMlFmjh+OASpU+pEWgzMmlW3CtB5YpekRkq0BuaXMwx57EOAXDKt+7YVoZswhYJLSKtOrCHKwtgY+hkNmA/aTYofUnoUa4YhjUBRIWkhwu+NhPlaT30vm/QZ3ulZLxf/8/oxjs7cRARRjBDwPAiFhCJIcyWycoAOhQJEll8OVASUM8UQQQnKOM/EOGurmvVhz34/TzondbtRP79p1JqXZTMVckAOyTGxySlpkmvSIm3CyQN5Is/kxXg0Xo034/1ndMEod/bIHxgf394BnMw=</latexit>

identify 
bisimilar 
states

m

<latexit sha1_base64="enkPh+fs1oVQSN/ywMG5eTvGOcc=">AAAB/nicbVA9TwJBEN3DL8Qv1NJmIzGxIneGRO2INpaYyEcChMwtA27Y29vszkkIIfFX2GplZ2z9Kxb+Fw+kUPBVL+/NZN680CjpyPc/vczK6tr6RnYzt7W9s7uX3z+ouTixAqsiVrFthOBQSY1VkqSwYSxCFCqsh4PrqV9/QOtkrO9oZLAdQV/LnhRAqdRqVU03HmqwNh528gW/6M/Al0kwJwU2R6WT/2p1Y5FEqEkocK4Z+IbaY7AkhcJJrpU4NCAG0MdmSjVE6NrjWeYJP0kcUMwNWi4Vn4n4e2MMkXOjKEwnI6B7t+hNxf+8ZkK9i/ZYapMQajE9RFLh7JATVqZlIO9Ki0QwTY5cai7AAhFayUGIVEzSdnJpH8Hi98ukdlYMSsXL21KhfDVvJsuO2DE7ZQE7Z2V2wyqsygQz7Ik9sxfv0Xv13rz3n9GMN985ZH/gfXwDUlOWhw==</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

Exercise: dogs
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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.
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

Exercise: dogs
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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

Ex. mu-calculus fix
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Ex. mu-calculus fix
⇢(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>
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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

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

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

= {s4}

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

deadlock

emptyset

Ex. mu-calculus fix
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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>
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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

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. mu-calculus fix
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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. mu-calculus fix



3838

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. mu-calculus fix
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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. mu-calculus fix


