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• Result: contains(5)=false 
➡ linearizable (i.e. correct); proof obligation: 
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Non-fixed Linearization Points

State of the art:

• prophecies

➡ predict interference upfront to "fix" linearization point

• custom resource algebras 

➡ capture structural invariant + pass proof obligations

##==> complex, cumbersome proofs

Contribution: hindsight reasoning in SL

eager case analysis

hard to automate



Hindsight Reasoning

• Record execution history  

not just current state

Past<latexit sha1_base64="CIEPZbw01HxMFKYhO0qJMNxne/U=">AAAB6XicbVDLSgMxFL3xWeur6tJNsAiuyoz4WhbcuGzBPqAdJJPeaUMzmSHJiGXoF7gSFMStn+TKvzF9LLT1QOBwzgn33hOmUhjred9kZXVtfWOzsFXc3tnd2y8dHDZNkmmODZ7IRLdDZlAKhQ0rrMR2qpHFocRWOLyd+K1H1EYk6t6OUgxi1lciEpxZJ9VrD6WyV/GmoMvEn5MyzOHyX91ewrMYleWSGdPxvdQGOdNWcInjYjczmDI+ZH3sOKpYjCbIn6abjumpk3o0SrR7ytKp+vtLzmJjRnHokjGzA7PoTcT/vE5mo5sgFyrNLCo+GxRlktqETs6mPaGRWzlyhHEt3LKUD5hm3Lpyiq4Ff/HmZdI8r/hXlcv6Rblaq876KMAxnMAZ+HANVbiDGjSAA8IzvMIbGZIX8k4+ZtEVMu/wCP6AfP4Ai2KNqg==</latexit>

P
Now<latexit sha1_base64="5wZwTBu5mcfNHtGRE1vxXF2qkwk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMhs7PLzKwYlnyBJ0FBvPpJnvwbZ5McNLGgoajqprsrSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8l/vtR1Sax/LBTBL0IzqUPOSMGis1Gv1yxa26M5BV4i1IBRao98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s+eZpdOyZmVBiSMlS1pyEz9PZLRSOtJFNjOiJqRXvZy8T+vm5rw1s+4TFKDks0XhakgJib522TAFTIjJpZQprg9lrARVZQZG07JpuAt/7xKWhdV77p61bis1Oq1eR5FOIFTOAcPbqAG91CHJjBAeIZXeHPGzovz7nzMWwvOIsNj+APn8weM542r</latexit>
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P
<latexit sha1_base64="r9VSEhpoNlIcrvSz12KiRGVoTEo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx40VsC5gHJEmYnvcmQ2dllZlYMS77Ak6AgXv0kT/6Nk2QPmljQUFR1090VJIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/Vbj6g0j+WDGSfoR3QgecgZNVaq13ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WdPs0sn5NRKfRLGypY0ZKb+HslopPU4CmxnRM1QL3pT8T+vk5rwxs+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7LGFDqigzNpyiTcFb/HmZNM8r3lXlsn5Rrt7neRTgGE7gDDy4hircQQ0awADhGV7hzRk5L8678zFvXXHymSP4A+fzB3fMjWQ=</latexit>

Q
<latexit sha1_base64="E3DD5ex6gsjDrw4roUohwTOgT8o=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi94SMQ9IljA76SRDZmeXmVkxLPkCT4KCePWTPPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HoZuo3H1FpHskHM47RD+lA8j5n1Fipdt8tltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj99ml06ISdW6pF+pGxJQ2bq75GUhlqPw8B2htQM9aI3Ff/z2onpX/spl3FiULL5on4iiInI9G3S4wqZEWNLKFPcHkvYkCrKjA2nYFPwFn9eJo2zsndZvqidlyp3WR55OIJjOAUPrqACt1CFOjBAeIZXeHNGzovz7nzMW3NONnMIf+B8/gB5UY1l</latexit>

R

Now<latexit sha1_base64="5wZwTBu5mcfNHtGRE1vxXF2qkwk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMhs7PLzKwYlnyBJ0FBvPpJnvwbZ5McNLGgoajqprsrSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8l/vtR1Sax/LBTBL0IzqUPOSMGis1Gv1yxa26M5BV4i1IBRao98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s+eZpdOyZmVBiSMlS1pyEz9PZLRSOtJFNjOiJqRXvZy8T+vm5rw1s+4TFKDks0XhakgJib522TAFTIjJpZQprg9lrARVZQZG07JpuAt/7xKWhdV77p61bis1Oq1eR5FOIFTOAcPbqAG91CHJjBAeIZXeHPGzovz7nzMWwvOIsNj+APn8weM542r</latexit>

QPast<latexit sha1_base64="CIEPZbw01HxMFKYhO0qJMNxne/U=">AAAB6XicbVDLSgMxFL3xWeur6tJNsAiuyoz4WhbcuGzBPqAdJJPeaUMzmSHJiGXoF7gSFMStn+TKvzF9LLT1QOBwzgn33hOmUhjred9kZXVtfWOzsFXc3tnd2y8dHDZNkmmODZ7IRLdDZlAKhQ0rrMR2qpHFocRWOLyd+K1H1EYk6t6OUgxi1lciEpxZJ9VrD6WyV/GmoMvEn5MyzOHyX91ewrMYleWSGdPxvdQGOdNWcInjYjczmDI+ZH3sOKpYjCbIn6abjumpk3o0SrR7ytKp+vtLzmJjRnHokjGzA7PoTcT/vE5mo5sgFyrNLCo+GxRlktqETs6mPaGRWzlyhHEt3LKUD5hm3Lpyiq4Ff/HmZdI8r/hXlcv6Rblaq876KMAxnMAZ+HANVbiDGjSAA8IzvMIbGZIX8k4+ZtEVMu/wCP6AfP4Ai2KNqg==</latexit>

P Past<latexit sha1_base64="lzC7p6a5NWvvohOng39w3WeC68A=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKUY8BLx4TMQ9IljA76U2GzM4uM7NiWPIFngQF8eonefJvnDwOmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LBjBP0IzqQPOSMGivV73vFklt2ZyCrxFuQEixQ6xW/uv2YpRFKwwTVuuO5ifEzqgxnAieFbqoxoWxEB9ixVNIItZ89zS6dkDMr9UkYK1vSkJn6eySjkdbjKLCdETVDvexNxf+8TmrCGz/jMkkNSjZfFKaCmJhM3yZ9rpAZMbaEMsXtsYQNqaLM2HAKNgVv+edV0rwoe1flSv2yVK1V53nk4QRO4Rw8uIYq3EENGsAA4Rle4c0ZOS/Ou/Mxb805iwyP4Q+czx+ObI2s</latexit>

R##~~><latexit sha1_base64="aLl+BhJEui66nNrHaENY6k5pUPA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PBi94qmLbQhrLZbNqlm92wuxFL6G/wJCiIV3+QJ/+N2zYHbX0w8Hhvhpl5YcqZNq777ZRWVtfWN8qbla3tnd296v5BS8tMEeoTyaXqhFhTzgT1DTOcdlJFcRJy2g5HN1O//UiVZlI8mHFKgwQPBIsZwcZKfo9jEfWrNbfuzoCWiVeQGhRo9qtfvUiSLKHCEI617npuaoIcK8MIp5NKL9M0xWSEB7RrqcAJ1UH+NLt2gk6sFKFYKlvCoJn6eyTHidbjJLSdCTZDvehNxf+8bmbi6yBnIs0MFWS+KM44MhJNX0cRU5QYPrYEE8XssYgMscLE2IAqNgVv8edl0jqre5f1i/vzWuOuyKMMR3AMp+DBFTTgFprgAwEGz/AKb450Xpx352PeWnKKmUP4A+fzB5bPjzY=</latexit>^

Past<latexit sha1_base64="CIEPZbw01HxMFKYhO0qJMNxne/U=">AAAB6XicbVDLSgMxFL3xWeur6tJNsAiuyoz4WhbcuGzBPqAdJJPeaUMzmSHJiGXoF7gSFMStn+TKvzF9LLT1QOBwzgn33hOmUhjred9kZXVtfWOzsFXc3tnd2y8dHDZNkmmODZ7IRLdDZlAKhQ0rrMR2qpHFocRWOLyd+K1H1EYk6t6OUgxi1lciEpxZJ9VrD6WyV/GmoMvEn5MyzOHyX91ewrMYleWSGdPxvdQGOdNWcInjYjczmDI+ZH3sOKpYjCbIn6abjumpk3o0SrR7ytKp+vtLzmJjRnHokjGzA7PoTcT/vE5mo5sgFyrNLCo+GxRlktqETs6mPaGRWzlyhHEt3LKUD5hm3Lpyiq4Ff/HmZdI8r/hXlcv6Rblaq876KMAxnMAZ+HANVbiDGjSAA8IzvMIbGZIX8k4+ZtEVMu/wCP6AfP4Ai2KNqg==</latexit>

P
Now<latexit sha1_base64="5wZwTBu5mcfNHtGRE1vxXF2qkwk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMhs7PLzKwYlnyBJ0FBvPpJnvwbZ5McNLGgoajqprsrSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8l/vtR1Sax/LBTBL0IzqUPOSMGis1Gv1yxa26M5BV4i1IBRao98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s+eZpdOyZmVBiSMlS1pyEz9PZLRSOtJFNjOiJqRXvZy8T+vm5rw1s+4TFKDks0XhakgJib522TAFTIjJpZQprg9lrARVZQZG07JpuAt/7xKWhdV77p61bis1Oq1eR5FOIFTOAcPbqAG91CHJjBAeIZXeHPGzovz7nzMWwvOIsNj+APn8weM542r</latexit>
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P
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Q
<latexit sha1_base64="E3DD5ex6gsjDrw4roUohwTOgT8o=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi94SMQ9IljA76SRDZmeXmVkxLPkCT4KCePWTPPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HoZuo3H1FpHskHM47RD+lA8j5n1Fipdt8tltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj99ml06ISdW6pF+pGxJQ2bq75GUhlqPw8B2htQM9aI3Ff/z2onpX/spl3FiULL5on4iiInI9G3S4wqZEWNLKFPcHkvYkCrKjA2nYFPwFn9eJo2zsndZvqidlyp3WR55OIJjOAUPrqACt1CFOjBAeIZXeHNGzovz7nzMW3NONnMIf+B8/gB5UY1l</latexit>

R

Now<latexit sha1_base64="5wZwTBu5mcfNHtGRE1vxXF2qkwk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMhs7PLzKwYlnyBJ0FBvPpJnvwbZ5McNLGgoajqprsrSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8l/vtR1Sax/LBTBL0IzqUPOSMGis1Gv1yxa26M5BV4i1IBRao98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s+eZpdOyZmVBiSMlS1pyEz9PZLRSOtJFNjOiJqRXvZy8T+vm5rw1s+4TFKDks0XhakgJib522TAFTIjJpZQprg9lrARVZQZG07JpuAt/7xKWhdV77p61bis1Oq1eR5FOIFTOAcPbqAG91CHJjBAeIZXeHPGzovz7nzMWwvOIsNj+APn8weM542r</latexit>

QPast<latexit sha1_base64="CIEPZbw01HxMFKYhO0qJMNxne/U=">AAAB6XicbVDLSgMxFL3xWeur6tJNsAiuyoz4WhbcuGzBPqAdJJPeaUMzmSHJiGXoF7gSFMStn+TKvzF9LLT1QOBwzgn33hOmUhjred9kZXVtfWOzsFXc3tnd2y8dHDZNkmmODZ7IRLdDZlAKhQ0rrMR2qpHFocRWOLyd+K1H1EYk6t6OUgxi1lciEpxZJ9VrD6WyV/GmoMvEn5MyzOHyX91ewrMYleWSGdPxvdQGOdNWcInjYjczmDI+ZH3sOKpYjCbIn6abjumpk3o0SrR7ytKp+vtLzmJjRnHokjGzA7PoTcT/vE5mo5sgFyrNLCo+GxRlktqETs6mPaGRWzlyhHEt3LKUD5hm3Lpyiq4Ff/HmZdI8r/hXlcv6Rblaq876KMAxnMAZ+HANVbiDGjSAA8IzvMIbGZIX8k4+ZtEVMu/wCP6AfP4Ai2KNqg==</latexit>

P Past<latexit sha1_base64="lzC7p6a5NWvvohOng39w3WeC68A=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKUY8BLx4TMQ9IljA76U2GzM4uM7NiWPIFngQF8eonefJvnDwOmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LBjBP0IzqQPOSMGivV73vFklt2ZyCrxFuQEixQ6xW/uv2YpRFKwwTVuuO5ifEzqgxnAieFbqoxoWxEB9ixVNIItZ89zS6dkDMr9UkYK1vSkJn6eySjkdbjKLCdETVDvexNxf+8TmrCGz/jMkkNSjZfFKaCmJhM3yZ9rpAZMbaEMsXtsYQNqaLM2HAKNgVv+edV0rwoe1flSv2yVK1V53nk4QRO4Rw8uIYq3EENGsAA4Rle4c0ZOS/Ou/Mxb805iwyP4Q+czx+ObI2s</latexit>

R##~~><latexit sha1_base64="aLl+BhJEui66nNrHaENY6k5pUPA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PBi94qmLbQhrLZbNqlm92wuxFL6G/wJCiIV3+QJ/+N2zYHbX0w8Hhvhpl5YcqZNq777ZRWVtfWN8qbla3tnd296v5BS8tMEeoTyaXqhFhTzgT1DTOcdlJFcRJy2g5HN1O//UiVZlI8mHFKgwQPBIsZwcZKfo9jEfWrNbfuzoCWiVeQGhRo9qtfvUiSLKHCEI617npuaoIcK8MIp5NKL9M0xWSEB7RrqcAJ1UH+NLt2gk6sFKFYKlvCoJn6eyTHidbjJLSdCTZDvehNxf+8bmbi6yBnIs0MFWS+KM44MhJNX0cRU5QYPrYEE8XssYgMscLE2IAqNgVv8edl0jqre5f1i/vzWuOuyKMMR3AMp+DBFTTgFprgAwEGz/AKb450Xpx352PeWnKKmUP4A+fzB5bPjzY=</latexit>^

Past<latexit sha1_base64="CIEPZbw01HxMFKYhO0qJMNxne/U=">AAAB6XicbVDLSgMxFL3xWeur6tJNsAiuyoz4WhbcuGzBPqAdJJPeaUMzmSHJiGXoF7gSFMStn+TKvzF9LLT1QOBwzgn33hOmUhjred9kZXVtfWOzsFXc3tnd2y8dHDZNkmmODZ7IRLdDZlAKhQ0rrMR2qpHFocRWOLyd+K1H1EYk6t6OUgxi1lciEpxZJ9VrD6WyV/GmoMvEn5MyzOHyX91ewrMYleWSGdPxvdQGOdNWcInjYjczmDI+ZH3sOKpYjCbIn6abjumpk3o0SrR7ytKp+vtLzmJjRnHokjGzA7PoTcT/vE5mo5sgFyrNLCo+GxRlktqETs6mPaGRWzlyhHEt3LKUD5hm3Lpyiq4Ff/HmZdI8r/hXlcv6Rblaq876KMAxnMAZ+HANVbiDGjSAA8IzvMIbGZIX8k4+ZtEVMu/wCP6AfP4Ai2KNqg==</latexit>

P
Now<latexit sha1_base64="5wZwTBu5mcfNHtGRE1vxXF2qkwk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMhs7PLzKwYlnyBJ0FBvPpJnvwbZ5McNLGgoajqprsrSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8l/vtR1Sax/LBTBL0IzqUPOSMGis1Gv1yxa26M5BV4i1IBRao98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s+eZpdOyZmVBiSMlS1pyEz9PZLRSOtJFNjOiJqRXvZy8T+vm5rw1s+4TFKDks0XhakgJib522TAFTIjJpZQprg9lrARVZQZG07JpuAt/7xKWhdV77p61bis1Oq1eR5FOIFTOAcPbqAG91CHJjBAeIZXeHPGzovz7nzMWwvOIsNj+APn8weM542r</latexit>

Q

<latexit sha1_base64="1VQYZagJwFgwWMao6SwFqSiz5cY=">AAAB63icbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2NABI8RzQOSJcxOZpMhM7PLTK8YlnyCJ0FBvPpFnvwbJ8keNFrQUFR1090VJoIb9Lwvp7C0vLK6VlwvbWxube+Ud/eaJk41ZQ0ai1i3Q2KY4Io1kKNg7UQzIkPBWuHoauq3Hpg2PFb3OE5YIMlA8YhTgla6w57fK1e8qjeD+5f4OalAjnqv/NntxzSVTCEVxJiO7yUYZEQjp4JNSt3UsITQERmwjqWKSGaC7HF268Q9slLfjWJtS6E7U3+OZEQaM5ah7ZQEh2bRm4r/eZ0Uo8sg4ypJkSk6XxSlwsXYnT7u9rlmFMXYEkI1t8e6dEg0oWjjKdkU/MWf/5LmSdU/r57dnlZq13keRTiAQzgGHy6gBjdQhwZQGMATvMCrI51n5815n7cWnHxmH37B+fgG0bmOJw==</latexit>

t1
<latexit sha1_base64="83ojSq+6KL1kDsgqG2Egyk4glDo=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eACB4jmgckS5idTJIhs7PLTK8YlnyCJ0FBvPpFnvwbJ8keNLGgoajqprsriKUw6LrfTm5ldW19I79Z2Nre2d0r7h80TJRoxusskpFuBdRwKRSvo0DJW7HmNAwkbwaj66nffOTaiEg94DjmfkgHSvQFo2ile+xWusWSW3ZnIMvEy0gJMtS6xa9OL2JJyBUySY1pe26Mfko1Cib5pNBJDI8pG9EBb1uqaMiNnz7Nbp2QEyv1SD/SthSSmfp7JKWhMeMwsJ0hxaFZ9Kbif147wf6VnwoVJ8gVmy/qJ5JgRKaPk57QnKEcW0KZFvZYwoZUU4Y2noJNwVv8eZk0KmXvonx+d1aq3mR55OEIjuEUPLiEKtxCDerAYADP8ApvTui8OO/Ox7w152Qzh/AHzucP0z6OKA==</latexit>

t2
<latexit sha1_base64="0nOfTg28CqcwP+lBBKKlQV1zwd0=">AAAB63icbVDLSgNBEOyNrxhfUY9eFoPgKez6PgZE8BjRPCBZwuxkkgyZmV1mesWw5BM8CQri1S/y5N84SfagiQUNRVU33V1hLLhBz/t2ckvLK6tr+fXCxubW9k5xd69uokRTVqORiHQzJIYJrlgNOQrWjDUjMhSsEQ6vJ37jkWnDI/WAo5gFkvQV73FK0Er32DntFEte2ZvCXSR+RkqQodopfrW7EU0kU0gFMablezEGKdHIqWDjQjsxLCZ0SPqsZakikpkgfZreOnaPrNR1e5G2pdCdqr9HUiKNGcnQdkqCAzPvTcT/vFaCvasg5SpOkCk6W9RLhIuRO3nc7XLNKIqRJYRqbo916YBoQtHGU7Ap+PM/L5L6Sdm/KJ/fnZUqN1keeTiAQzgGHy6hArdQhRpQ6MMzvMKbI50X5935mLXmnGxmH/7A+fwB1MOOKQ==</latexit>

t3

<latexit sha1_base64="W1TPtDDOxb4FRsypTWkxK6k1t20=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje5asA9oB8mkd9rQTGZIMmIZ+gWuBAVx6ye58m9M21lo64HA4Zxzyb0nSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB0M/Xbj6g0j+W9GSfoR3QgecgZNVZq1B/KFbfqzkCWiZeTCuSw+a9eP2ZphNIwQbXuem5i/Iwqw5nASamXakwoG9EBdi2VNELtZ0+zTSfkxEp9EsbKPmnITP09ktFI63EU2GREzVAvelPxP6+bmvDaz7hMUoOSzT8KU0FMTKZnkz5XyIwYW0KZ4nZZwoZUUWZsOSXbgrd48zJpnVW9y+pF47xSu8v7KMIRHMMpeHAFNbiFOjSBAcIzvMKbM3JenHfnYx4tOPnMIfyB8/kDdkeNYw==</latexit>

P

<latexit sha1_base64="r9VSEhpoNlIcrvSz12KiRGVoTEo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx40VsC5gHJEmYnvcmQ2dllZlYMS77Ak6AgXv0kT/6Nk2QPmljQUFR1090VJIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/Vbj6g0j+WDGSfoR3QgecgZNVaq13ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WdPs0sn5NRKfRLGypY0ZKb+HslopPU4CmxnRM1QL3pT8T+vk5rwxs+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7LGFDqigzNpyiTcFb/HmZNM8r3lXlsn5Rrt7neRTgGE7gDDy4hircQQ0awADhGV7hzRk5L8678zFvXXHymSP4A+fzB3fMjWQ=</latexit>

Q

<latexit sha1_base64="E3DD5ex6gsjDrw4roUohwTOgT8o=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi94SMQ9IljA76SRDZmeXmVkxLPkCT4KCePWTPPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HoZuo3H1FpHskHM47RD+lA8j5n1Fipdt8tltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj99ml06ISdW6pF+pGxJQ2bq75GUhlqPw8B2htQM9aI3Ff/z2onpX/spl3FiULL5on4iiInI9G3S4wqZEWNLKFPcHkvYkCrKjA2nYFPwFn9eJo2zsndZvqidlyp3WR55OIJjOAUPrqACt1CFOjBAeIZXeHNGzovz7nzMW3NONnMIf+B8/gB5UY1l</latexit>

R



Hindsight Reasoning

• Record execution history  

not just current state

• Derive inevitable facts:

if in the state transition system 
all paths from  to  pass through <latexit sha1_base64="W1TPtDDOxb4FRsypTWkxK6k1t20=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje5asA9oB8mkd9rQTGZIMmIZ+gWuBAVx6ye58m9M21lo64HA4Zxzyb0nSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB0M/Xbj6g0j+W9GSfoR3QgecgZNVZq1B/KFbfqzkCWiZeTCuSw+a9eP2ZphNIwQbXuem5i/Iwqw5nASamXakwoG9EBdi2VNELtZ0+zTSfkxEp9EsbKPmnITP09ktFI63EU2GREzVAvelPxP6+bmvDaz7hMUoOSzT8KU0FMTKZnkz5XyIwYW0KZ4nZZwoZUUWZsOSXbgrd48zJpnVW9y+pF47xSu8v7KMIRHMMpeHAFNbiFOjSBAcIzvMKbM3JenHfnYx4tOPnMIfyB8/kDdkeNYw==</latexit>

P
<latexit sha1_base64="r9VSEhpoNlIcrvSz12KiRGVoTEo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx40VsC5gHJEmYnvcmQ2dllZlYMS77Ak6AgXv0kT/6Nk2QPmljQUFR1090VJIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/Vbj6g0j+WDGSfoR3QgecgZNVaq13ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WdPs0sn5NRKfRLGypY0ZKb+HslopPU4CmxnRM1QL3pT8T+vk5rwxs+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7LGFDqigzNpyiTcFb/HmZNM8r3lXlsn5Rrt7neRTgGE7gDDy4hircQQ0awADhGV7hzRk5L8678zFvXXHymSP4A+fzB3fMjWQ=</latexit>

Q
<latexit sha1_base64="E3DD5ex6gsjDrw4roUohwTOgT8o=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi94SMQ9IljA76SRDZmeXmVkxLPkCT4KCePWTPPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HoZuo3H1FpHskHM47RD+lA8j5n1Fipdt8tltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj99ml06ISdW6pF+pGxJQ2bq75GUhlqPw8B2htQM9aI3Ff/z2onpX/spl3FiULL5on4iiInI9G3S4wqZEWNLKFPcHkvYkCrKjA2nYFPwFn9eJo2zsndZvqidlyp3WR55OIJjOAUPrqACt1CFOjBAeIZXeHNGzovz7nzMW3NONnMIf+B8/gB5UY1l</latexit>

R

Now<latexit sha1_base64="5wZwTBu5mcfNHtGRE1vxXF2qkwk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMhs7PLzKwYlnyBJ0FBvPpJnvwbZ5McNLGgoajqprsrSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8l/vtR1Sax/LBTBL0IzqUPOSMGis1Gv1yxa26M5BV4i1IBRao98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s+eZpdOyZmVBiSMlS1pyEz9PZLRSOtJFNjOiJqRXvZy8T+vm5rw1s+4TFKDks0XhakgJib522TAFTIjJpZQprg9lrARVZQZG07JpuAt/7xKWhdV77p61bis1Oq1eR5FOIFTOAcPbqAG91CHJjBAeIZXeHPGzovz7nzMWwvOIsNj+APn8weM542r</latexit>

QPast<latexit sha1_base64="CIEPZbw01HxMFKYhO0qJMNxne/U=">AAAB6XicbVDLSgMxFL3xWeur6tJNsAiuyoz4WhbcuGzBPqAdJJPeaUMzmSHJiGXoF7gSFMStn+TKvzF9LLT1QOBwzgn33hOmUhjred9kZXVtfWOzsFXc3tnd2y8dHDZNkmmODZ7IRLdDZlAKhQ0rrMR2qpHFocRWOLyd+K1H1EYk6t6OUgxi1lciEpxZJ9VrD6WyV/GmoMvEn5MyzOHyX91ewrMYleWSGdPxvdQGOdNWcInjYjczmDI+ZH3sOKpYjCbIn6abjumpk3o0SrR7ytKp+vtLzmJjRnHokjGzA7PoTcT/vE5mo5sgFyrNLCo+GxRlktqETs6mPaGRWzlyhHEt3LKUD5hm3Lpyiq4Ff/HmZdI8r/hXlcv6Rblaq876KMAxnMAZ+HANVbiDGjSAA8IzvMIbGZIX8k4+ZtEVMu/wCP6AfP4Ai2KNqg==</latexit>

P Past<latexit sha1_base64="lzC7p6a5NWvvohOng39w3WeC68A=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKUY8BLx4TMQ9IljA76U2GzM4uM7NiWPIFngQF8eonefJvnDwOmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LBjBP0IzqQPOSMGivV73vFklt2ZyCrxFuQEixQ6xW/uv2YpRFKwwTVuuO5ifEzqgxnAieFbqoxoWxEB9ixVNIItZ89zS6dkDMr9UkYK1vSkJn6eySjkdbjKLCdETVDvexNxf+8TmrCGz/jMkkNSjZfFKaCmJhM3yZ9rpAZMbaEMsXtsYQNqaLM2HAKNgVv+edV0rwoe1flSv2yVK1V53nk4QRO4Rw8uIYq3EENGsAA4Rle4c0ZOS/Ou/Mxb805iwyP4Q+czx+ObI2s</latexit>

R##~~><latexit sha1_base64="aLl+BhJEui66nNrHaENY6k5pUPA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PBi94qmLbQhrLZbNqlm92wuxFL6G/wJCiIV3+QJ/+N2zYHbX0w8Hhvhpl5YcqZNq777ZRWVtfWN8qbla3tnd296v5BS8tMEeoTyaXqhFhTzgT1DTOcdlJFcRJy2g5HN1O//UiVZlI8mHFKgwQPBIsZwcZKfo9jEfWrNbfuzoCWiVeQGhRo9qtfvUiSLKHCEI617npuaoIcK8MIp5NKL9M0xWSEB7RrqcAJ1UH+NLt2gk6sFKFYKlvCoJn6eyTHidbjJLSdCTZDvehNxf+8bmbi6yBnIs0MFWS+KM44MhJNX0cRU5QYPrYEE8XssYgMscLE2IAqNgVv8edl0jqre5f1i/vzWuOuyKMMR3AMp+DBFTTgFprgAwEGz/AKb450Xpx352PeWnKKmUP4A+fzB5bPjzY=</latexit>^

Past<latexit sha1_base64="CIEPZbw01HxMFKYhO0qJMNxne/U=">AAAB6XicbVDLSgMxFL3xWeur6tJNsAiuyoz4WhbcuGzBPqAdJJPeaUMzmSHJiGXoF7gSFMStn+TKvzF9LLT1QOBwzgn33hOmUhjred9kZXVtfWOzsFXc3tnd2y8dHDZNkmmODZ7IRLdDZlAKhQ0rrMR2qpHFocRWOLyd+K1H1EYk6t6OUgxi1lciEpxZJ9VrD6WyV/GmoMvEn5MyzOHyX91ewrMYleWSGdPxvdQGOdNWcInjYjczmDI+ZH3sOKpYjCbIn6abjumpk3o0SrR7ytKp+vtLzmJjRnHokjGzA7PoTcT/vE5mo5sgFyrNLCo+GxRlktqETs6mPaGRWzlyhHEt3LKUD5hm3Lpyiq4Ff/HmZdI8r/hXlcv6Rblaq876KMAxnMAZ+HANVbiDGjSAA8IzvMIbGZIX8k4+ZtEVMu/wCP6AfP4Ai2KNqg==</latexit>

P
Now<latexit sha1_base64="5wZwTBu5mcfNHtGRE1vxXF2qkwk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMhs7PLzKwYlnyBJ0FBvPpJnvwbZ5McNLGgoajqprsrSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8l/vtR1Sax/LBTBL0IzqUPOSMGis1Gv1yxa26M5BV4i1IBRao98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s+eZpdOyZmVBiSMlS1pyEz9PZLRSOtJFNjOiJqRXvZy8T+vm5rw1s+4TFKDks0XhakgJib522TAFTIjJpZQprg9lrARVZQZG07JpuAt/7xKWhdV77p61bis1Oq1eR5FOIFTOAcPbqAG91CHJjBAeIZXeHPGzovz7nzMWwvOIsNj+APn8weM542r</latexit>

Q

<latexit sha1_base64="1VQYZagJwFgwWMao6SwFqSiz5cY=">AAAB63icbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2NABI8RzQOSJcxOZpMhM7PLTK8YlnyCJ0FBvPpFnvwbJ8keNFrQUFR1090VJoIb9Lwvp7C0vLK6VlwvbWxube+Ud/eaJk41ZQ0ai1i3Q2KY4Io1kKNg7UQzIkPBWuHoauq3Hpg2PFb3OE5YIMlA8YhTgla6w57fK1e8qjeD+5f4OalAjnqv/NntxzSVTCEVxJiO7yUYZEQjp4JNSt3UsITQERmwjqWKSGaC7HF268Q9slLfjWJtS6E7U3+OZEQaM5ah7ZQEh2bRm4r/eZ0Uo8sg4ypJkSk6XxSlwsXYnT7u9rlmFMXYEkI1t8e6dEg0oWjjKdkU/MWf/5LmSdU/r57dnlZq13keRTiAQzgGHy6gBjdQhwZQGMATvMCrI51n5815n7cWnHxmH37B+fgG0bmOJw==</latexit>

t1
<latexit sha1_base64="83ojSq+6KL1kDsgqG2Egyk4glDo=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eACB4jmgckS5idTJIhs7PLTK8YlnyCJ0FBvPpFnvwbJ8keNLGgoajqprsriKUw6LrfTm5ldW19I79Z2Nre2d0r7h80TJRoxusskpFuBdRwKRSvo0DJW7HmNAwkbwaj66nffOTaiEg94DjmfkgHSvQFo2ile+xWusWSW3ZnIMvEy0gJMtS6xa9OL2JJyBUySY1pe26Mfko1Cib5pNBJDI8pG9EBb1uqaMiNnz7Nbp2QEyv1SD/SthSSmfp7JKWhMeMwsJ0hxaFZ9Kbif147wf6VnwoVJ8gVmy/qJ5JgRKaPk57QnKEcW0KZFvZYwoZUU4Y2noJNwVv8eZk0KmXvonx+d1aq3mR55OEIjuEUPLiEKtxCDerAYADP8ApvTui8OO/Ox7w152Qzh/AHzucP0z6OKA==</latexit>

t2
<latexit sha1_base64="0nOfTg28CqcwP+lBBKKlQV1zwd0=">AAAB63icbVDLSgNBEOyNrxhfUY9eFoPgKez6PgZE8BjRPCBZwuxkkgyZmV1mesWw5BM8CQri1S/y5N84SfagiQUNRVU33V1hLLhBz/t2ckvLK6tr+fXCxubW9k5xd69uokRTVqORiHQzJIYJrlgNOQrWjDUjMhSsEQ6vJ37jkWnDI/WAo5gFkvQV73FK0Er32DntFEte2ZvCXSR+RkqQodopfrW7EU0kU0gFMablezEGKdHIqWDjQjsxLCZ0SPqsZakikpkgfZreOnaPrNR1e5G2pdCdqr9HUiKNGcnQdkqCAzPvTcT/vFaCvasg5SpOkCk6W9RLhIuRO3nc7XLNKIqRJYRqbo916YBoQtHGU7Ap+PM/L5L6Sdm/KJ/fnZUqN1keeTiAQzgGHy6hArdQhRpQ6MMzvMKbI50X5935mLXmnGxmH/7A+fwB1MOOKQ==</latexit>

t3

<latexit sha1_base64="W1TPtDDOxb4FRsypTWkxK6k1t20=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje5asA9oB8mkd9rQTGZIMmIZ+gWuBAVx6ye58m9M21lo64HA4Zxzyb0nSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB0M/Xbj6g0j+W9GSfoR3QgecgZNVZq1B/KFbfqzkCWiZeTCuSw+a9eP2ZphNIwQbXuem5i/Iwqw5nASamXakwoG9EBdi2VNELtZ0+zTSfkxEp9EsbKPmnITP09ktFI63EU2GREzVAvelPxP6+bmvDaz7hMUoOSzT8KU0FMTKZnkz5XyIwYW0KZ4nZZwoZUUWZsOSXbgrd48zJpnVW9y+pF47xSu8v7KMIRHMMpeHAFNbiFOjSBAcIzvMKbM3JenHfnYx4tOPnMIfyB8/kDdkeNYw==</latexit>

P

<latexit sha1_base64="r9VSEhpoNlIcrvSz12KiRGVoTEo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx40VsC5gHJEmYnvcmQ2dllZlYMS77Ak6AgXv0kT/6Nk2QPmljQUFR1090VJIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/Vbj6g0j+WDGSfoR3QgecgZNVaq13ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WdPs0sn5NRKfRLGypY0ZKb+HslopPU4CmxnRM1QL3pT8T+vk5rwxs+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7LGFDqigzNpyiTcFb/HmZNM8r3lXlsn5Rrt7neRTgGE7gDDy4hircQQ0awADhGV7hzRk5L8678zFvXXHymSP4A+fzB3fMjWQ=</latexit>

Q

<latexit sha1_base64="E3DD5ex6gsjDrw4roUohwTOgT8o=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi94SMQ9IljA76SRDZmeXmVkxLPkCT4KCePWTPPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HoZuo3H1FpHskHM47RD+lA8j5n1Fipdt8tltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj99ml06ISdW6pF+pGxJQ2bq75GUhlqPw8B2htQM9aI3Ff/z2onpX/spl3FiULL5on4iiInI9G3S4wqZEWNLKFPcHkvYkCrKjA2nYFPwFn9eJo2zsndZvqidlyp3WR55OIJjOAUPrqACt1CFOjBAeIZXeHNGzovz7nzMW3NONnMIf+B8/gB5UY1l</latexit>

R



Hindsight Reasoning

• Record execution history  

not just current state

• Derive inevitable facts:

if in the state transition system 
all paths from  to  pass through <latexit sha1_base64="W1TPtDDOxb4FRsypTWkxK6k1t20=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje5asA9oB8mkd9rQTGZIMmIZ+gWuBAVx6ye58m9M21lo64HA4Zxzyb0nSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB0M/Xbj6g0j+W9GSfoR3QgecgZNVZq1B/KFbfqzkCWiZeTCuSw+a9eP2ZphNIwQbXuem5i/Iwqw5nASamXakwoG9EBdi2VNELtZ0+zTSfkxEp9EsbKPmnITP09ktFI63EU2GREzVAvelPxP6+bmvDaz7hMUoOSzT8KU0FMTKZnkz5XyIwYW0KZ4nZZwoZUUWZsOSXbgrd48zJpnVW9y+pF47xSu8v7KMIRHMMpeHAFNbiFOjSBAcIzvMKbM3JenHfnYx4tOPnMIfyB8/kDdkeNYw==</latexit>

P
<latexit sha1_base64="r9VSEhpoNlIcrvSz12KiRGVoTEo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx40VsC5gHJEmYnvcmQ2dllZlYMS77Ak6AgXv0kT/6Nk2QPmljQUFR1090VJIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/Vbj6g0j+WDGSfoR3QgecgZNVaq13ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WdPs0sn5NRKfRLGypY0ZKb+HslopPU4CmxnRM1QL3pT8T+vk5rwxs+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7LGFDqigzNpyiTcFb/HmZNM8r3lXlsn5Rrt7neRTgGE7gDDy4hircQQ0awADhGV7hzRk5L8678zFvXXHymSP4A+fzB3fMjWQ=</latexit>

Q
<latexit sha1_base64="E3DD5ex6gsjDrw4roUohwTOgT8o=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi94SMQ9IljA76SRDZmeXmVkxLPkCT4KCePWTPPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HoZuo3H1FpHskHM47RD+lA8j5n1Fipdt8tltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj99ml06ISdW6pF+pGxJQ2bq75GUhlqPw8B2htQM9aI3Ff/z2onpX/spl3FiULL5on4iiInI9G3S4wqZEWNLKFPcHkvYkCrKjA2nYFPwFn9eJo2zsndZvqidlyp3WR55OIJjOAUPrqACt1CFOjBAeIZXeHNGzovz7nzMW3NONnMIf+B8/gB5UY1l</latexit>

R

Now<latexit sha1_base64="5wZwTBu5mcfNHtGRE1vxXF2qkwk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMhs7PLzKwYlnyBJ0FBvPpJnvwbZ5McNLGgoajqprsrSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8l/vtR1Sax/LBTBL0IzqUPOSMGis1Gv1yxa26M5BV4i1IBRao98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s+eZpdOyZmVBiSMlS1pyEz9PZLRSOtJFNjOiJqRXvZy8T+vm5rw1s+4TFKDks0XhakgJib522TAFTIjJpZQprg9lrARVZQZG07JpuAt/7xKWhdV77p61bis1Oq1eR5FOIFTOAcPbqAG91CHJjBAeIZXeHPGzovz7nzMWwvOIsNj+APn8weM542r</latexit>

QPast<latexit sha1_base64="CIEPZbw01HxMFKYhO0qJMNxne/U=">AAAB6XicbVDLSgMxFL3xWeur6tJNsAiuyoz4WhbcuGzBPqAdJJPeaUMzmSHJiGXoF7gSFMStn+TKvzF9LLT1QOBwzgn33hOmUhjred9kZXVtfWOzsFXc3tnd2y8dHDZNkmmODZ7IRLdDZlAKhQ0rrMR2qpHFocRWOLyd+K1H1EYk6t6OUgxi1lciEpxZJ9VrD6WyV/GmoMvEn5MyzOHyX91ewrMYleWSGdPxvdQGOdNWcInjYjczmDI+ZH3sOKpYjCbIn6abjumpk3o0SrR7ytKp+vtLzmJjRnHokjGzA7PoTcT/vE5mo5sgFyrNLCo+GxRlktqETs6mPaGRWzlyhHEt3LKUD5hm3Lpyiq4Ff/HmZdI8r/hXlcv6Rblaq876KMAxnMAZ+HANVbiDGjSAA8IzvMIbGZIX8k4+ZtEVMu/wCP6AfP4Ai2KNqg==</latexit>

P Past<latexit sha1_base64="lzC7p6a5NWvvohOng39w3WeC68A=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKUY8BLx4TMQ9IljA76U2GzM4uM7NiWPIFngQF8eonefJvnDwOmljQUFR1090VJIJr47rfTm5tfWNzK79d2Nnd2z8oHh41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nfqtR1Sax/LBjBP0IzqQPOSMGivV73vFklt2ZyCrxFuQEixQ6xW/uv2YpRFKwwTVuuO5ifEzqgxnAieFbqoxoWxEB9ixVNIItZ89zS6dkDMr9UkYK1vSkJn6eySjkdbjKLCdETVDvexNxf+8TmrCGz/jMkkNSjZfFKaCmJhM3yZ9rpAZMbaEMsXtsYQNqaLM2HAKNgVv+edV0rwoe1flSv2yVK1V53nk4QRO4Rw8uIYq3EENGsAA4Rle4c0ZOS/Ou/Mxb805iwyP4Q+czx+ObI2s</latexit>

R##~~><latexit sha1_base64="aLl+BhJEui66nNrHaENY6k5pUPA=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PBi94qmLbQhrLZbNqlm92wuxFL6G/wJCiIV3+QJ/+N2zYHbX0w8Hhvhpl5YcqZNq777ZRWVtfWN8qbla3tnd296v5BS8tMEeoTyaXqhFhTzgT1DTOcdlJFcRJy2g5HN1O//UiVZlI8mHFKgwQPBIsZwcZKfo9jEfWrNbfuzoCWiVeQGhRo9qtfvUiSLKHCEI617npuaoIcK8MIp5NKL9M0xWSEB7RrqcAJ1UH+NLt2gk6sFKFYKlvCoJn6eyTHidbjJLSdCTZDvehNxf+8bmbi6yBnIs0MFWS+KM44MhJNX0cRU5QYPrYEE8XssYgMscLE2IAqNgVv8edl0jqre5f1i/vzWuOuyKMMR3AMp+DBFTTgFprgAwEGz/AKb450Xpx352PeWnKKmUP4A+fzB5bPjzY=</latexit>^

Past<latexit sha1_base64="CIEPZbw01HxMFKYhO0qJMNxne/U=">AAAB6XicbVDLSgMxFL3xWeur6tJNsAiuyoz4WhbcuGzBPqAdJJPeaUMzmSHJiGXoF7gSFMStn+TKvzF9LLT1QOBwzgn33hOmUhjred9kZXVtfWOzsFXc3tnd2y8dHDZNkmmODZ7IRLdDZlAKhQ0rrMR2qpHFocRWOLyd+K1H1EYk6t6OUgxi1lciEpxZJ9VrD6WyV/GmoMvEn5MyzOHyX91ewrMYleWSGdPxvdQGOdNWcInjYjczmDI+ZH3sOKpYjCbIn6abjumpk3o0SrR7ytKp+vtLzmJjRnHokjGzA7PoTcT/vE5mo5sgFyrNLCo+GxRlktqETs6mPaGRWzlyhHEt3LKUD5hm3Lpyiq4Ff/HmZdI8r/hXlcv6Rblaq876KMAxnMAZ+HANVbiDGjSAA8IzvMIbGZIX8k4+ZtEVMu/wCP6AfP4Ai2KNqg==</latexit>

P
Now<latexit sha1_base64="5wZwTBu5mcfNHtGRE1vxXF2qkwk=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi8cEzAOSJcxOepMhs7PLzKwYlnyBJ0FBvPpJnvwbZ5McNLGgoajqprsrSATXxnW/ncLa+sbmVnG7tLO7t39QPjxq6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8l/vtR1Sax/LBTBL0IzqUPOSMGis1Gv1yxa26M5BV4i1IBRao98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s+eZpdOyZmVBiSMlS1pyEz9PZLRSOtJFNjOiJqRXvZy8T+vm5rw1s+4TFKDks0XhakgJib522TAFTIjJpZQprg9lrARVZQZG07JpuAt/7xKWhdV77p61bis1Oq1eR5FOIFTOAcPbqAG91CHJjBAeIZXeHPGzovz7nzMWwvOIsNj+APn8weM542r</latexit>

Q

<latexit sha1_base64="1VQYZagJwFgwWMao6SwFqSiz5cY=">AAAB63icbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2NABI8RzQOSJcxOZpMhM7PLTK8YlnyCJ0FBvPpFnvwbJ8keNFrQUFR1090VJoIb9Lwvp7C0vLK6VlwvbWxube+Ud/eaJk41ZQ0ai1i3Q2KY4Io1kKNg7UQzIkPBWuHoauq3Hpg2PFb3OE5YIMlA8YhTgla6w57fK1e8qjeD+5f4OalAjnqv/NntxzSVTCEVxJiO7yUYZEQjp4JNSt3UsITQERmwjqWKSGaC7HF268Q9slLfjWJtS6E7U3+OZEQaM5ah7ZQEh2bRm4r/eZ0Uo8sg4ypJkSk6XxSlwsXYnT7u9rlmFMXYEkI1t8e6dEg0oWjjKdkU/MWf/5LmSdU/r57dnlZq13keRTiAQzgGHy6gBjdQhwZQGMATvMCrI51n5815n7cWnHxmH37B+fgG0bmOJw==</latexit>

t1
<latexit sha1_base64="83ojSq+6KL1kDsgqG2Egyk4glDo=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKewGX8eACB4jmgckS5idTJIhs7PLTK8YlnyCJ0FBvPpFnvwbJ8keNLGgoajqprsriKUw6LrfTm5ldW19I79Z2Nre2d0r7h80TJRoxusskpFuBdRwKRSvo0DJW7HmNAwkbwaj66nffOTaiEg94DjmfkgHSvQFo2ile+xWusWSW3ZnIMvEy0gJMtS6xa9OL2JJyBUySY1pe26Mfko1Cib5pNBJDI8pG9EBb1uqaMiNnz7Nbp2QEyv1SD/SthSSmfp7JKWhMeMwsJ0hxaFZ9Kbif147wf6VnwoVJ8gVmy/qJ5JgRKaPk57QnKEcW0KZFvZYwoZUU4Y2noJNwVv8eZk0KmXvonx+d1aq3mR55OEIjuEUPLiEKtxCDerAYADP8ApvTui8OO/Ox7w152Qzh/AHzucP0z6OKA==</latexit>

t2
<latexit sha1_base64="0nOfTg28CqcwP+lBBKKlQV1zwd0=">AAAB63icbVDLSgNBEOyNrxhfUY9eFoPgKez6PgZE8BjRPCBZwuxkkgyZmV1mesWw5BM8CQri1S/y5N84SfagiQUNRVU33V1hLLhBz/t2ckvLK6tr+fXCxubW9k5xd69uokRTVqORiHQzJIYJrlgNOQrWjDUjMhSsEQ6vJ37jkWnDI/WAo5gFkvQV73FK0Er32DntFEte2ZvCXSR+RkqQodopfrW7EU0kU0gFMablezEGKdHIqWDjQjsxLCZ0SPqsZakikpkgfZreOnaPrNR1e5G2pdCdqr9HUiKNGcnQdkqCAzPvTcT/vFaCvasg5SpOkCk6W9RLhIuRO3nc7XLNKIqRJYRqbo916YBoQtHGU7Ap+PM/L5L6Sdm/KJ/fnZUqN1keeTiAQzgGHy6hArdQhRpQ6MMzvMKbI50X5935mLXmnGxmH/7A+fwB1MOOKQ==</latexit>

t3

<latexit sha1_base64="W1TPtDDOxb4FRsypTWkxK6k1t20=">AAAB6XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XBje5asA9oB8mkd9rQTGZIMmIZ+gWuBAVx6ye58m9M21lo64HA4Zxzyb0nSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB0M/Xbj6g0j+W9GSfoR3QgecgZNVZq1B/KFbfqzkCWiZeTCuSw+a9eP2ZphNIwQbXuem5i/Iwqw5nASamXakwoG9EBdi2VNELtZ0+zTSfkxEp9EsbKPmnITP09ktFI63EU2GREzVAvelPxP6+bmvDaz7hMUoOSzT8KU0FMTKZnkz5XyIwYW0KZ4nZZwoZUUWZsOSXbgrd48zJpnVW9y+pF47xSu8v7KMIRHMMpeHAFNbiFOjSBAcIzvMKbM3JenHfnYx4tOPnMIfyB8/kDdkeNYw==</latexit>

P

<latexit sha1_base64="r9VSEhpoNlIcrvSz12KiRGVoTEo=">AAAB6XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx40VsC5gHJEmYnvcmQ2dllZlYMS77Ak6AgXv0kT/6Nk2QPmljQUFR1090VJIJr47rfzsrq2vrGZmGruL2zu7dfOjhs6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/Vbj6g0j+WDGSfoR3QgecgZNVaq13ulsltxZyDLxMtJGXLUeqWvbj9maYTSMEG17nhuYvyMKsOZwEmxm2pMKBvRAXYslTRC7WdPs0sn5NRKfRLGypY0ZKb+HslopPU4CmxnRM1QL3pT8T+vk5rwxs+4TFKDks0XhakgJibTt0mfK2RGjC2hTHF7LGFDqigzNpyiTcFb/HmZNM8r3lXlsn5Rrt7neRTgGE7gDDy4hircQQ0awADhGV7hzRk5L8678zFvXXHymSP4A+fzB3fMjWQ=</latexit>

Q

<latexit sha1_base64="E3DD5ex6gsjDrw4roUohwTOgT8o=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PAi94SMQ9IljA76SRDZmeXmVkxLPkCT4KCePWTPPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HoZuo3H1FpHskHM47RD+lA8j5n1Fipdt8tltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj99ml06ISdW6pF+pGxJQ2bq75GUhlqPw8B2htQM9aI3Ff/z2onpX/spl3FiULL5on4iiInI9G3S4wqZEWNLKFPcHkvYkCrKjA2nYFPwFn9eJo2zsndZvqidlyp3WR55OIJjOAUPrqACt1CFOjBAeIZXeHNGzovz7nzMW3NONnMIf+B8/gB5UY1l</latexit>

R

derived from interference recorded by 
Owicki-Gries / Rely-Guarantee proof



x = Root#->next;                #// traverse -∞#->3

y = x#->next;                   #// traverse 3#->7

if (x#->key < 5) continue;      #// inspect 3

if (y#->key > 5) return false;  #// inspect 7

Example: contains(5)

Now

sorted(-): -∞ ...
Root



Now

sorted(-): -∞
Root

? ...
x

Example: contains(5)

x = Root#->next;                #// traverse -∞#->3

y = x#->next;                   #// traverse 3#->7

if (x#->key < 5) continue;      #// inspect 3

if (y#->key > 5) return false;  #// inspect 7
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sorted(-): -∞
Root

? ...
x

Example: contains(5)

x = Root#->next;                #// traverse -∞#->3
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sorted(-): -∞
Root

? ...
x*

y = x#->next;                   #// traverse 3#->7

if (x#->key < 5) continue;      #// inspect 3

if (y#->key > 5) return false;  #// inspect 7



y = x#->next;                   #// traverse 3#->7

if (x#->key < 5) continue;      #// inspect 3

if (y#->key > 5) return false;  #// inspect 7

Example: contains(5)

Now

sorted(-): -∞
Root

? ...
x

x = Root#->next;                #// traverse -∞#->3

interference

Now

sorted(-): -∞
Root

? ...
x Past

sorted(-): -∞
Root

? ...
x*



y = x#->next;                   #// traverse 3#->7

if (x#->key < 5) continue;      #// inspect 3

if (y#->key > 5) return false;  #// inspect 7

Example: contains(5)

Now

sorted(-): -∞
Root

? ...
x Past

sorted(-): -∞
Root

? ...
x*

x = Root#->next;                #// traverse -∞#->3

interference unchanged

Now

sorted(-): -∞
Root

? ...
x Past

sorted(-): -∞
Root

? ...
x*



if (x#->key < 5) continue;      #// inspect 3

Example: contains(5)

x = Root#->next;                #// traverse -∞#->3

y = x#->next;                   #// traverse 3#->7

if (y#->key > 5) return false;  #// inspect 7

Now

sorted(-): -∞
Root

3 ...
x *

Past

sorted(-): -∞
Root

3 ...
x



if (x#->key < 5) continue;      #// inspect 3

Example: contains(5)

x = Root#->next;                #// traverse -∞#->3

y = x#->next;                   #// traverse 3#->7

if (y#->key > 5) return false;  #// inspect 7

Now

sorted(-): -∞
Root

3
x

? ...
y *

Past

sorted(-): -∞
Root

3 ...
x



if (x#->key < 5) continue;      #// inspect 3

Example: contains(5)

x = Root#->next;                #// traverse -∞#->3

y = x#->next;                   #// traverse 3#->7

if (y#->key > 5) return false;  #// inspect 7
Now

sorted(-): -∞
Root

3
x

7 ...
y *

Past

sorted(-): -∞
Root

3 ...
x



if (x#->key < 5) continue;      #// inspect 3

Example: contains(5)

x = Root#->next;                #// traverse -∞#->3

y = x#->next;                   #// traverse 3#->7

if (y#->key > 5) return false;  #// inspect 7

Temporal invariant: 
unreachable nodes 

never change
!!~~> Past
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7 ...
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Past
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if (x#->key < 5) continue;      #// inspect 3

Example: contains(5)

x = Root#->next;                #// traverse -∞#->3

y = x#->next;                   #// traverse 3#->7

if (y#->key > 5) return false;  #// inspect 7
Past
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3
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7 ...
y *



if (x#->key < 5) continue;      #// inspect 3

Example: contains(5)

x = Root#->next;                #// traverse -∞#->3

y = x#->next;                   #// traverse 3#->7

if (y#->key > 5) return false;  #// inspect 7
Past
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x

7 ...
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sorted(M), 5∉M at some point⊨



if (x#->key < 5) continue;      #// inspect 3

Example: contains(5)

x = Root#->next;                #// traverse -∞#->3

y = x#->next;                   #// traverse 3#->7

if (y#->key > 5) return false;  #// inspect 7
Past

sorted(M): -∞
Root

3
x

7 ...
yNow

sorted(-): -∞
Root

3
x

7 ...
y *

establishes linearizability proof obligation 

sorted(M), 5∉M at some point⊨
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Technical Contribution

• Abstract Owicki-Gries separation logic, with
• temporal interpolation proof rule 

• interpolation strategy: temporal invariant 

<latexit sha1_base64="WysFJyAoOUzJVM+T61u3kuVArbo="></latexit>

Interpolate(P,Q) = R

{S ^ Past(P ) ^ Now(Q)} skip {S ^ Past(R)}
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Technical Contribution

• Abstract Owicki-Gries separation logic, with
• temporal interpolation proof rule 

• interpolation strategy: temporal invariant 

• Soundness: by elimination of interpolation rule

<latexit sha1_base64="WysFJyAoOUzJVM+T61u3kuVArbo="></latexit>

Interpolate(P,Q) = R

{S ^ Past(P ) ^ Now(Q)} skip {S ^ Past(R)}

temporal interpolation 
= proof structuring

<latexit sha1_base64="FTJX0US9gH+PwHZoP0n6nb76d70="></latexit>

9I. Now(P ) =) I I interference-free I ^ Now(Q) =) Past(R)

Interpolate(P,Q) = R



Implementation

• Automatic linearizability checker 
using temporal interpolation 

• Logical Ordering Tree 

• found bug in implementation 

• found bug in previous proof 

• first proof of (fixed) version
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Table 1. Runtime comparison of our novel temporal interpolation proof rule with the tool from Meyer et al.
[2022]. The experiments were conducted on an Apple M1 Pro.

Benchmark Veri�cation Time

Fine-Grained set 45B 3
Lazy set 2< 13B 3
FEMRS tree (no maintenance) 3< 50B 3
Vechev&Yahav 2CAS set 1< 15B 3
Vechev&Yahav CAS set 2< 20B 3
ORVYY set 1< 36B 3
Michael set 6< 53B 3
Michael set (wait-free search) 6< 53B 3
Harris set 57< 20B 3
Harris set (wait-free search) 43< 00B 3
LO-tree (generalized maintenance) 16< 43B 3

6.6 Proof Automation
We substantiate our claims that temporal interpolation and the resulting proof system for lin-
earizability aid automated proof construction. To this end, we adapted the plankton tool [Meyer
et al. 2022]. plankton is a verifyer for non-blocking data structures that constructs proofs in the
program logic from §3 extended by rules for linearizability akin to those from §5. To be more
precise, plankton takes as input the implementation under scrutiny together with a candidate node
invariant, like NInv(N ,M, x) from §6.4. It then performs an exhaustive proof search.

We extended plankton to use our new proof rules from Figures 3 and 4, in particular Rule ���������
�������������. Our implementation [Meyer et al. 2023] applies temporal interpolation only for
hypotheses of the form h(p, q, p\q) and only if it is able to discharge the hypothesis using Lemma 4.2
with invariant _q ! _�(p \ q). This eager approach ensures that we do not pollute the proof
search with temporal interpolations that are doomed to fail because their hypotheses do not hold.
Note that this is possible despite a potentially incomplete interference set as plankton restarts
proof construction whenever a new interference is discovered. Altogether, our implementation
establishes linearizability results along Theorem 4.3.
We used our tool to verify automatically the LO-tree from Figure 6. Similarly to the presented

proof, we did not use the actual implementation of the helper functions modifying the tree overlay.
Instead, we used most general stubs, functions that change the tree overlay arbitrarily (leaving
the logical ordering list unchanged). The node invariant we speci�ed is the one from §6.4. With
this, plankton is able to fully automatically construct a linearizability proof for the LO-tree within
twenty minutes (see Table 1). We stress that this includes fully automatic applications of temporal
interpolation, which are strictly necessary to prove the LO-tree linearizable.
We also compared our new version of plankton against the original version form Meyer et al.

[2022]. See Table 1 for the results: temporal interpolation incurs a slow down of factor 3.15 in the
worst case and factor 2 on average.We believe that this slowdown is justi�ed by the reasoning power
brought by temporal interpolation. We consider a more extensive evaluation of our implementation
future work. As of now, plankton’s proof construction is limited by orthogonal concerns (e.g.
imprecise joins, the handling of updates with non-local e�ects) that still limit its applicability.
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1 INTRODUCTION

Concurrency comes at a cost, at least, in terms of increased effort when verifying program cor-
rectness. There has been a proliferation of concurrent program logics that provide an arsenal of
reasoning techniques to address this challenge [Bell et al. 2010; Delbianco et al. 2017; Elmas et al.
2010; Fu et al. 2010; Gotsman et al. 2013; Gu et al. 2018; Hemed et al. 2015; Jung et al. 2018; Liang
and Feng 2013; Manna and Pnueli 1995; Parkinson et al. 2007; Sergey et al. 2015; Vafeiadis and
Parkinson 2007]. In addition, a number of general approaches have been developed to help structure
the high-level proof argument [Feldman et al. 2018, 2020; Kragl et al. 2020; O’Hearn et al. 2010;
Shasha and Goodman 1988]. However, the use of these techniques has been mostly confined to
manual proofs done on paper, or mechanized proofs constructed in interactive proof assistants.
We distill from these works a concurrent separation logic suitable for automating the construction
of local correctness proofs for highly concurrent data structures. We focus on concurrent search
structures (sets and maps indexed by keys), but the developed techniques apply more broadly. Our
guiding principle is to perform all inductive reasoning, both in time and space, in lock-step with the
program execution. The reasoning about inductive properties of graph structures and computation
histories is relegated to the meta-theory of the logic by choosing appropriate semantic models.

Running Example.Wemotivate our work using the Harris non-blocking set data structure [Harris
2001], which we will also use as a running example throughout the paper.
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