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Join is the compositional operator

compose data

<latexit sha1_base64="qaWdKwZMufxGHTBKmGL6jWqJ/mI=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgadnVaMwt6MVjBJMIyRJmJ7PJkNmZZWZWCUs+wosHRbz6Pd78GycPwWdBQ1HVTXdXmHCmjee9O7mFxaXllfxqYW19Y3OruL3T1DJVhDaI5FLdhFhTzgRtGGY4vUkUxXHIaSscXkz81i1VmklxbUYJDWLcFyxiBBsrtTqhvDOMdoslzy2Xq8fVCvpNfNebogRz1LvFt05PkjSmwhCOtW77XmKCDCvDCKfjQifVNMFkiPu0banAMdVBNj13jA6s0kORVLaEQVP160SGY61HcWg7Y2wG+qc3Ef/y2qmJzoKMiSQ1VJDZoijlyEg0+R31mKLE8JElmChmb0VkgBUmxiZUsCF8for+J80j1z91T67Kpdr5PI487ME+HIIPFajBJdShAQSGcA+P8OQkzoPz7LzMWnPOfGYXvsF5/QAar5Ac</latexit>

./ <latexit sha1_base64="xQEFKQX7qoVL3+IiePPtY5vFIjM=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0SjMQch6MVjAmaBZAg9nZqkTc9Cd48QhnyBFw+KePWTvPk3dhbB9UHB470qqup5seBKO867tbC4tLyymlnLrm9sbm3ndnYbKkokwzqLRCRbHlUoeIh1zbXAViyRBp7Apje8mvjNO5SKR+GNHsXoBrQfcp8zqo1Uu+jm8o5dLJZPyiXymxRsZ4o8zFHt5t46vYglAYaaCapUu+DE2k2p1JwJHGc7icKYsiHtY9vQkAao3HR66JgcGqVH/EiaCjWZql8nUhooNQo80xlQPVA/vYn4l9dOtH/upjyME40hmy3yE0F0RCZfkx6XyLQYGUKZ5OZWwgZUUqZNNlkTwuen5H/SOLYLZ/ZprZivXM7jyMA+HMARFKAEFbiGKtSBAcI9PMKTdWs9WM/Wy6x1wZrP7ME3WK8fLEaNNw==</latexit>=
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<latexit sha1_base64="XfwCK5zZDdPU0ydowFOpTzy/11w=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVw16p7FbcGcgy8XJShhy1Xumr249ZGqE0TFCtO56bGD+jynAmcFLsphoTykZ0gB1LJY1Q+9ns0Ak5tUqfhLGyJQ2Zqb8nMhppPY4C2xlRM9SL3lT8z+ukJrzxMy6T1KBk80VhKoiJyfRr0ucKmRFjSyhT3N5K2JAqyozNpmhD8BZfXibN84p3VbmsX5Srt3kcBTiGEzgDD66hCvdQgwYwQHiGV3hzHp0X5935mLeuOPnMEfyB8/kDzjGM9A==</latexit>

f <latexit sha1_base64="qaWdKwZMufxGHTBKmGL6jWqJ/mI=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoPgadnVaMwt6MVjBJMIyRJmJ7PJkNmZZWZWCUs+wosHRbz6Pd78GycPwWdBQ1HVTXdXmHCmjee9O7mFxaXllfxqYW19Y3OruL3T1DJVhDaI5FLdhFhTzgRtGGY4vUkUxXHIaSscXkz81i1VmklxbUYJDWLcFyxiBBsrtTqhvDOMdoslzy2Xq8fVCvpNfNebogRz1LvFt05PkjSmwhCOtW77XmKCDCvDCKfjQifVNMFkiPu0banAMdVBNj13jA6s0kORVLaEQVP160SGY61HcWg7Y2wG+qc3Ef/y2qmJzoKMiSQ1VJDZoijlyEg0+R31mKLE8JElmChmb0VkgBUmxiZUsCF8for+J80j1z91T67Kpdr5PI487ME+HIIPFajBJdShAQSGcA+P8OQkzoPz7LzMWnPOfGYXvsF5/QAar5Ac</latexit>

./
<latexit sha1_base64="GeLjeJ3GeCC47QfLzsS1vptzGkI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVB71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MHz7WM9Q==</latexit>g <latexit sha1_base64="xQEFKQX7qoVL3+IiePPtY5vFIjM=">AAAB6HicdVDJSgNBEK1xjXGLevTSGARPw0SjMQch6MVjAmaBZAg9nZqkTc9Cd48QhnyBFw+KePWTvPk3dhbB9UHB470qqup5seBKO867tbC4tLyymlnLrm9sbm3ndnYbKkokwzqLRCRbHlUoeIh1zbXAViyRBp7Apje8mvjNO5SKR+GNHsXoBrQfcp8zqo1Uu+jm8o5dLJZPyiXymxRsZ4o8zFHt5t46vYglAYaaCapUu+DE2k2p1JwJHGc7icKYsiHtY9vQkAao3HR66JgcGqVH/EiaCjWZql8nUhooNQo80xlQPVA/vYn4l9dOtH/upjyME40hmy3yE0F0RCZfkx6XyLQYGUKZ5OZWwgZUUqZNNlkTwuen5H/SOLYLZ/ZprZivXM7jyMA+HMARFKAEFbiGKtSBAcI9PMKTdWs9WM/Wy6x1wZrP7ME3WK8fLEaNNw==</latexit>=

<latexit sha1_base64="4dPV8W+pBG58/CP3LM8BlyY5eqA=">AAAB8HicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjBLJIMoafTkzTpZejuEcKQr/DiQRGvfo43/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHyw44SGAg8kixnB1kmPMeoSpgka9MoVv+rPgJZJkJMK5Kj3yl/dviKpoNISjo3pBH5iwwxrywink1I3NTTBZIQHtOOoxIKaMJsdPEEnTumjWGlX0qKZ+nsiw8KYsYhcp8B2aBa9qfif10ltfB1mTCappZLMF8UpR1ah6feozzQllo8dwUQzdysiQ6wxsS6jkgshWHx5mTTPqsFl9eL+vFK7yeMowhEcwykEcAU1uIM6NICAgGd4hTdPey/eu/cxby14+cwh/IH3+QMCeo/o</latexit>

f � g

Join is the compositional operator

compose programs
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90% of run time

10,000’s of papers

— Leis et.al. VLDB’15
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T

<latexit sha1_base64="aSzwc8m/6vEoRuH30LT+XQOJ6OM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2Z1lZlYJSz7CiwdFvPo93vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9oapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjdTv3WIyrNZfxgxgn6ER3EPOSMGiu1uoF8Mhx75YpbdWcgy8TLSQVy1Hvlr25fsjTC2DBBte54bmL8jCrDmcBJqZtqTCgb0QF2LI1phNrPZudOyIlV+iSUylZsyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ/xOEkNxmy+KEwFMZJMfyd9rpAZMbaEMsXtrYQNqaLM2IRKNgRv8eVl0jyrepfVi/vzSu0mj6MIR3AMp+DBFdTgDurQAAYjeIZXeHMS58V5dz7mrQUnnzmEP3A+fwB+do+w</latexit>

./

Binary Join

Codd’70

SR

<latexit sha1_base64="aSzwc8m/6vEoRuH30LT+XQOJ6OM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2Z1lZlYJSz7CiwdFvPo93vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9oapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjdTv3WIyrNZfxgxgn6ER3EPOSMGiu1uoF8Mhx75YpbdWcgy8TLSQVy1Hvlr25fsjTC2DBBte54bmL8jCrDmcBJqZtqTCgb0QF2LI1phNrPZudOyIlV+iSUylZsyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ/xOEkNxmy+KEwFMZJMfyd9rpAZMbaEMsXtrYQNqaLM2IRKNgRv8eVl0jyrepfVi/vzSu0mj6MIR3AMp+DBFdTgDurQAAYjeIZXeHMS58V5dz7mrQUnnzmEP3A+fwB+do+w</latexit>

./

v.s.
U

<latexit sha1_base64="aSzwc8m/6vEoRuH30LT+XQOJ6OM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2Z1lZlYJSz7CiwdFvPo93vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9oapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjdTv3WIyrNZfxgxgn6ER3EPOSMGiu1uoF8Mhx75YpbdWcgy8TLSQVy1Hvlr25fsjTC2DBBte54bmL8jCrDmcBJqZtqTCgb0QF2LI1phNrPZudOyIlV+iSUylZsyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ/xOEkNxmy+KEwFMZJMfyd9rpAZMbaEMsXtrYQNqaLM2IRKNgRv8eVl0jyrepfVi/vzSu0mj6MIR3AMp+DBFdTgDurQAAYjeIZXeHMS58V5dz7mrQUnnzmEP3A+fwB+do+w</latexit>

./

2 relation at a time 1 attribute at a time

<latexit sha1_base64="Ldfyckb3SysPUucoshCOfi9CNbE=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6QXcLsZDYZMjs7zsyKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3hZIzbVz32yksLa+srhXXSxubW9s75d29pk5SRWiDJDxR7RBrypmgDcMMp22pKI5DTlvh8Gbitx6p0iwR92YkaRDjvmARI9hYqe0TLP0T9NQtV9yqOwVaJF5OKpCj3i1/+b2EpDEVhnCsdcdzpQkyrAwjnI5LfqqpxGSI+7RjqcAx1UE2vXeMjqzSQ1GibAmDpurviQzHWo/i0HbG2Az0vDcR//M6qYmugowJmRoqyGxRlHJkEjR5HvWYosTwkSWYKGZvRWSAFSbGRlSyIXjzLy+S5mnVu6ie351Vatd5HEU4gEM4Bg8uoQa3UIcGEODwDK/w5jw4L8678zFrLTj5zD78gfP5A1MRj4Q=</latexit>\x

<latexit sha1_base64="4sa4GzaXFOBfKQuiaqG8A/EQLTg=">AAAB73icbVDLSsNAFL3js9ZX1aWbwSK4kJKIr2XRjcsK9gFNKJPppB06mcSZiRBCf8KNC0Xc+jvu/BunbRbaeuDC4Zx7ufeeIBFcG8f5RkvLK6tr66WN8ubW9s5uZW+/peNUUdaksYhVJyCaCS5Z03AjWCdRjESBYO1gdDvx209MaR7LB5MlzI/IQPKQU2Ks1PEoSbxTnPUqVafmTIEXiVuQKhRo9CpfXj+macSkoYJo3XWdxPg5UYZTwcZlL9UsIXREBqxrqSQR034+vXeMj63Sx2GsbEmDp+rviZxEWmdRYDsjYoZ63puI/3nd1ITXfs5lkhom6WxRmApsYjx5Hve5YtSIzBJCFbe3YjokilBjIyrbENz5lxdJ66zmXtYu7s+r9ZsijhIcwhGcgAtXUIc7aEATKAh4hld4Q4/oBb2jj1nrEipmDuAP0OcPVJWPhQ==</latexit>\ y

<latexit sha1_base64="swoAbAJ5sGxG1Y811x3rYG0yoLQ=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6QXcLsZDYZMjs7zswKcclPePGgiFd/x5t/4yTZgyYWNBRV3XR3hZIzbVz32yksLa+srhXXSxubW9s75d29pk5SRWiDJDxR7RBrypmgDcMMp22pKI5DTlvh8Gbitx6p0iwR92YkaRDjvmARI9hYqe0TLP0T9NQtV9yqOwVaJF5OKpCj3i1/+b2EpDEVhnCsdcdzpQkyrAwjnI5LfqqpxGSI+7RjqcAx1UE2vXeMjqzSQ1GibAmDpurviQzHWo/i0HbG2Az0vDcR//M6qYmugowJmRoqyGxRlHJkEjR5HvWYosTwkSWYKGZvRWSAFSbGRlSyIXjzLy+S5mnVu6ie351Vatd5HEU4gEM4Bg8uoQa3UIcGEODwDK/w5jw4L8678zFrLTj5zD78gfP5A1YZj4Y=</latexit>\ z

<latexit sha1_base64="W2YtwZ3gow/IX381hRI3V/Wg85c=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgQcKu+DoGvXiMYB6QXcLsZDYZMjs7zswqYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3hZIzbVz32yksLa+srhXXSxubW9s75d29pk5SRWiDJDxR7RBrypmgDcMMp22pKI5DTlvh8Gbitx6p0iwR92YkaRDjvmARI9hYqe0TLP0T9NQtV9yqOwVaJF5OKpCj3i1/+b2EpDEVhnCsdcdzpQkyrAwjnI5LfqqpxGSI+7RjqcAx1UE2vXeMjqzSQ1GibAmDpurviQzHWo/i0HbG2Az0vDcR//M6qYmugowJmRoqyGxRlHJkEjR5HvWYosTwkSWYKGZvRWSAFSbGRlSyIXjzLy+S5mnVu6ie351Vatd5HEU4gEM4Bg8uoQa3UIcGEODwDK/w5jw4L8678zFrLTj5zD78gfP5A1GNj4M=</latexit>\w

Worst-Case Optimal Join

(WCOJ) NNPR’12, V’12

A Tale of Two Joins
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Binary

WCOJ
<latexit sha1_base64="Myr3Kcmiy/fK9XQuulchFknRygM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQiydJwDwgWcLspJOMmZ1dZmaFsOQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7glhwbVz328mtrK6tb+Q3C1vbO7t7xf2Dho4SxbDOIhGpVkA1Ci6xbrgR2IoV0jAQ2AxGt1O/+YRK80g+mHGMfkgHkvc5o8ZKtftuseSW3RnIMvEyUoIM1W7xq9OLWBKiNExQrdueGxs/pcpwJnBS6CQaY8pGdIBtSyUNUfvp7NAJObFKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/2k+5jBODks0X9RNBTESmX5MeV8iMGFtCmeL2VsKGVFFmbDYFG4K3+PIyaZyVvcvyRe28VLnJ4sjDERzDKXhwBRW4gyrUgQHCM7zCm/PovDjvzse8NedkM4fwB87nD6nRjNw=</latexit>

N

<latexit sha1_base64="UCbEexVt6A9UCQ+Jhw+n5MaItOs=">AAAB8XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KVo9FL56kgv3ANi2b7aZdutmE3Y1QQv+FFw+KePXfePPfuG1z0NYHA4/3ZpiZ58ecKe0431ZuZXVtfSO/Wdja3tnds/cPGipKJKF1EvFItnysKGeC1jXTnLZiSXHoc9r0RzdTv/lEpWKReNDjmHohHggWMIK1kR7vumV0hlynW+nZRafkzICWiZuRImSo9eyvTj8iSUiFJhwr1XadWHsplpoRTieFTqJojMkID2jbUIFDqrx0dvEEnRilj4JImhIazdTfEykOlRqHvukMsR6qRW8q/ue1Ex1ceSkTcaKpIPNFQcKRjtD0fdRnkhLNx4ZgIpm5FZEhlphoE1LBhOAuvrxMGuWSWyld3J8Xq9dZHHk4gmM4BRcuoQq3UIM6EBDwDK/wZinrxXq3PuatOSubOYQ/sD5/APaxjyo=</latexit>

N2/106

(Umbra, Graphflow, EH)
<latexit sha1_base64="YV7fd836h+yOCFm2jA0G77xG1Fo=">AAAB/HicbVDLSgMxFM3UV62v0S7dBItQQepM0eqy6MZVqWAf0E5LJs20oUlmSDLCMNRfceNCEbd+iDv/xvSx0OqBC4dz7uXee/yIUaUd58vKrKyurW9kN3Nb2zu7e/b+QVOFscSkgUMWyraPFGFUkIammpF2JAniPiMtf3wz9VsPRCoainudRMTjaChoQDHSRurb+S6nolg7hbVeGZ5B1+lVTvp2wSk5M8C/xF2QAlig3rc/u4MQx5wIjRlSquM6kfZSJDXFjExy3ViRCOExGpKOoQJxorx0dvwEHhtlAINQmhIaztSfEyniSiXcN50c6ZFa9qbif14n1sGVl1IRxZoIPF8UxAzqEE6TgAMqCdYsMQRhSc2tEI+QRFibvHImBHf55b+kWS65ldLF3Xmher2IIwsOwREoAhdcgiq4BXXQABgk4Am8gFfr0Xq23qz3eWvGWszkwS9YH9+9ZZJA</latexit>

min(N,N2/106)

Hybrid

<latexit sha1_base64="x4AbU/bYdzBt04GCUK3Km8BOfss=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU90VrR6LXjxJBfsB7VqyabYNTbJrkhXK0j/hxYMiXv073vw3pu0etPXBwOO9GWbmBTFn2rjut5NbWl5ZXcuvFzY2t7Z3irt7DR0litA6iXikWgHWlDNJ64YZTluxolgEnDaD4fXEbz5RpVkk780opr7AfclCRrCxUusWnSDPfah0iyW37E6BFomXkRJkqHWLX51eRBJBpSEca9323Nj4KVaGEU7HhU6iaYzJEPdp21KJBdV+Or13jI6s0kNhpGxJg6bq74kUC61HIrCdApuBnvcm4n9eOzHhpZ8yGSeGSjJbFCYcmQhNnkc9pigxfGQJJorZWxEZYIWJsREVbAje/MuLpHFa9irl87uzUvUqiyMPB3AIx+DBBVThBmpQBwIcnuEV3pxH58V5dz5mrTknm9mHP3A+fwDNko6G</latexit>

N/106
Unified (Can we have this?)

A Tale of Two Joins

data size

run time
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Problem

Can we unify WCOJ & binary join

into a new algorithm


w/ the best of both worlds?
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Free Join = WCOJ + Binary Join


SIGMOD’23, WWS



Free Join
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Key idea: joins any # of relations & attributes

1 attribute all attributes

2 relations

all relations WCOJ

Binary

Hash Team GHT
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Step 1: partition schema into subatoms

T(z,w,x)

S(y,z,w)

R(x,y,z)

U(w,x,y)

R(x,y) R(z)

S(y) S(z,w)

T(z,w) T(x)

U(w) U(x,y)

schema subatoms
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Step 1: partition schema into subatoms

T(z,w,x)

S(y,z,w)

R(x,y,z)

U(w,x,y)

R(x,y) R(z)

S(y) S(z,w)

T(z,w) T(x)

U(w) U(x,y)

schema subatoms

x y z

1 1 1

1 1 2

1 1 3

1 2 1

1 2 2

1 2 3

1 1

1 2

1

2

3

1

2

3

R(x) R(y) R(z)

1

1

2

1

2

3

1

2

3

1 subatom = 1 trie level
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Step 1: partition schema into subatoms

T(z,w,x)

S(y,z,w)

R(x,y,z)

U(w,x,y)

R(x,y) R(z)

S(y) S(z,w)

T(z,w) T(x)

U(w) U(x,y)

schema subatoms
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T(z,w,x)

S(y,z,w)

R(x,y,z)

U(w,x,y)

R(x,y) R(z)

S(y) S(z,w)

T(z,w) T(x)

U(w) U(x,y)

Step 2: organize subatoms into groups

Step 1: partition schema into subatoms

schema subatoms



15

R(x,y)

R(z)

S(y)

S(z,w) T(z,w)

T(x)

U(w)

U(x,y)

group
1

2

Step 2: organize subatoms into groups

subatoms
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Step 3: compile to nested loops

Step 2: organize subatoms into groups

R(x,y)

R(z)

S(y)

S(z,w) T(z,w)

T(x)

U(w)

U(x,y)

group
1

2

subatoms
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R(x,y)
R(z)

S(y)
S(z,w) T(z,w)

T(x)
U(w)

U(x,y)1
2

for (x,y) in R:

  u=U[(x,y)]?; t=T[x]?; s=S[y]?

  for (z,w) in s:

    t[(z,w)]?; r[z]?; u[w]?

    output(x,y,z,w)

continue 

on failure

Step 3: compile to nested loops
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R(x,y)
R(z)

S(y)
S(z,w) T(z,w)

T(x)
U(w)

U(x,y)1
2

for (x,y) in R:

  u=U[(x,y)]?; t=T[x]?; s=S[y]?

  for (z,w) in s:

    t[(z,w)]?; r[z]?; u[w]?

    output(x,y,z,w)

continue 

on failureneither binary 


nor WCOJ

WCOJ

Binary

Step 3: compile to nested loops
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WCOJ

Binary

How to pick the “sweet spot”?

greedily optimize

a binary plan
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q.sql Binary plan

Free Join plan

optimize

run

result

Already pretty fast!

As fast, or faster
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SELECT * 

  FROM R(x,a),S(x,b),T(x,c)

 WHERE R.x = S.x = T.x

for (x,a) in R

  s = S[x]?

  for b in s

    t = T[x]?

    for c in t

      output(x,a,b,c)

T

<latexit sha1_base64="aSzwc8m/6vEoRuH30LT+XQOJ6OM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2Z1lZlYJSz7CiwdFvPo93vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9oapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjdTv3WIyrNZfxgxgn6ER3EPOSMGiu1uoF8Mhx75YpbdWcgy8TLSQVy1Hvlr25fsjTC2DBBte54bmL8jCrDmcBJqZtqTCgb0QF2LI1phNrPZudOyIlV+iSUylZsyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ/xOEkNxmy+KEwFMZJMfyd9rpAZMbaEMsXtrYQNqaLM2IRKNgRv8eVl0jyrepfVi/vzSu0mj6MIR3AMp+DBFdTgDurQAAYjeIZXeHMS58V5dz7mrQUnnzmEP3A+fwB+do+w</latexit>

./

SR

<latexit sha1_base64="aSzwc8m/6vEoRuH30LT+XQOJ6OM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2Z1lZlYJSz7CiwdFvPo93vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9oapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjdTv3WIyrNZfxgxgn6ER3EPOSMGiu1uoF8Mhx75YpbdWcgy8TLSQVy1Hvlr25fsjTC2DBBte54bmL8jCrDmcBJqZtqTCgb0QF2LI1phNrPZudOyIlV+iSUylZsyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ/xOEkNxmy+KEwFMZJMfyd9rpAZMbaEMsXtrYQNqaLM2IRKNgRv8eVl0jyrepfVi/vzSu0mj6MIR3AMp+DBFdTgDurQAAYjeIZXeHMS58V5dz7mrQUnnzmEP3A+fwB+do+w</latexit>

./
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SELECT * 

  FROM R(x,a),S(x,b),T(x,c)

 WHERE R.x = S.x = T.x

for (x,a) in R

  s = S[x]?

  for b in s

    t = T[x]?

    for c in t

      output(x,a,b,c)

T

<latexit sha1_base64="aSzwc8m/6vEoRuH30LT+XQOJ6OM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2Z1lZlYJSz7CiwdFvPo93vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9oapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjdTv3WIyrNZfxgxgn6ER3EPOSMGiu1uoF8Mhx75YpbdWcgy8TLSQVy1Hvlr25fsjTC2DBBte54bmL8jCrDmcBJqZtqTCgb0QF2LI1phNrPZudOyIlV+iSUylZsyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ/xOEkNxmy+KEwFMZJMfyd9rpAZMbaEMsXtrYQNqaLM2IRKNgRv8eVl0jyrepfVi/vzSu0mj6MIR3AMp+DBFdTgDurQAAYjeIZXeHMS58V5dz7mrQUnnzmEP3A+fwB+do+w</latexit>

./

SR

<latexit sha1_base64="aSzwc8m/6vEoRuH30LT+XQOJ6OM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2Z1lZlYJSz7CiwdFvPo93vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9oapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjdTv3WIyrNZfxgxgn6ER3EPOSMGiu1uoF8Mhx75YpbdWcgy8TLSQVy1Hvlr25fsjTC2DBBte54bmL8jCrDmcBJqZtqTCgb0QF2LI1phNrPZudOyIlV+iSUylZsyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ/xOEkNxmy+KEwFMZJMfyd9rpAZMbaEMsXtrYQNqaLM2IRKNgRv8eVl0jyrepfVi/vzSu0mj6MIR3AMp+DBFdTgDurQAAYjeIZXeHMS58V5dz7mrQUnnzmEP3A+fwB+do+w</latexit>

./
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for (x,a) in R

  s = S[x]?

  t = T[x]?

  for b in s

    for c in t

      output(x,a,b,c)

SELECT * 

  FROM R(x,a),S(x,b),T(x,c)

 WHERE R.x = S.x = T.x

T

<latexit sha1_base64="aSzwc8m/6vEoRuH30LT+XQOJ6OM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2Z1lZlYJSz7CiwdFvPo93vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9oapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjdTv3WIyrNZfxgxgn6ER3EPOSMGiu1uoF8Mhx75YpbdWcgy8TLSQVy1Hvlr25fsjTC2DBBte54bmL8jCrDmcBJqZtqTCgb0QF2LI1phNrPZudOyIlV+iSUylZsyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ/xOEkNxmy+KEwFMZJMfyd9rpAZMbaEMsXtrYQNqaLM2IRKNgRv8eVl0jyrepfVi/vzSu0mj6MIR3AMp+DBFdTgDurQAAYjeIZXeHMS58V5dz7mrQUnnzmEP3A+fwB+do+w</latexit>

./

SR

<latexit sha1_base64="aSzwc8m/6vEoRuH30LT+XQOJ6OM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2Z1lZlYJSz7CiwdFvPo93vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9oapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjdTv3WIyrNZfxgxgn6ER3EPOSMGiu1uoF8Mhx75YpbdWcgy8TLSQVy1Hvlr25fsjTC2DBBte54bmL8jCrDmcBJqZtqTCgb0QF2LI1phNrPZudOyIlV+iSUylZsyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhtZ/xOEkNxmy+KEwFMZJMfyd9rpAZMbaEMsXtrYQNqaLM2IRKNgRv8eVl0jyrepfVi/vzSu0mj6MIR3AMp+DBFdTgDurQAAYjeIZXeHMS58V5dz7mrQUnnzmEP3A+fwB+do+w</latexit>

./
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Greedily pull out lookups

w/o reordering


or building extra hash levels



Binary Join 

Constant Factor


Column-wise Layout


Vectorization


Query optimization

25

Best of Both Worlds

WCOJ

Asymptotic Complexity


Adaptive Planning
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20x

Free Join v.s. Binary Join

Free Join time (s)

Binary Join time (s)
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20x

WCOJ time (s)

30x

Free Join time (s)
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Free Join v.s. WCOJ

30x



Next: how to Free your DB
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