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Motivation

• Geographical mismatch between demand for hospitalization
and hospital capacity during the pandemic

– Some hospitals experienced high occupancy levels, while other
hospitals had plenty of capacity

– High occupancy levels associated with worsened health
outcomes (Eriksson 2017, Bravata 2021)

– Inequity in access to care
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Motivation

• Solution: inter-hospital patient transfers

• More than 3000 in Ontario during the first three waves. 1133
patients transferred in April 2021 alone [CBC news, May 2021]

• Transfer decisions in Ontario:

– The Incident Management System (IMS) oversaw the transfer
of non-ICU patients

– This work was initiated in collaboration with Ontario Health
that provided quantitative support to the Greater Toronto Area
(GTA) IMS

– The GTA IMS accounted for 64% of the transfer activity in the
province

– The GTA IMS group met weekly/daily to review current and
projected occupancy levels of hospitals in the GTA and
propose patient transfers
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Objectives and Approach

• Objectives:
• To develop a mathematical framework for optimizing and

evaluating patient transfer policies for a network of hospitals
• To estimate the potential benefits of patient transfer policies

using data from Ontario during the pandemic

• Approach:
• Queueing model of patient flow within and between hospitals

of a health system
• Formulate the problem of optimizing inter-facility decisions as

a stochastic queueing control problem
• Propose a solution method
• Validate the model and test the performance of the approach

in a case study using data from 21 hospitals in the GTA
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Queueing Model - Single Hospital

• Two-stage tandem queue with blocking
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µU,1
i (t)

<latexit sha1_base64="UucdgFZIB9weLkFbM1zK3B2If/Q=">AAAB9XicbVDLSgNBEOyNrxhfUY9eFqMQQcKOFz0uevEYwU0CySbMTibJkJnZZWZWCUv+w4sHRbz6L978CP/ByeOgiQUNRVU33V1Rwpk2nvfl5FZW19Y38puFre2d3b3i/kFNx6kiNCAxj1UjwppyJmlgmOG0kSiKRcRpPRreTPz6A1WaxfLejBIaCtyXrMcINlZqt0TaYe0sOEfjsjnrFEtexZvCXSZoTkr+ifj2AaDaKX62ujFJBZWGcKx1E3mJCTOsDCOcjgutVNMEkyHu06alEguqw2x69dg9tUrX7cXKljTuVP09kWGh9UhEtlNgM9CL3kT8z2umpncVZkwmqaGSzBb1Uu6a2J1E4HaZosTwkSWYKGZvdckAK0yMDapgQ0CLLy+T2kUFeRV0h0r+NcyQhyM4hjIguAQfbqEKARBQ8AQv8Oo8Os/Om/M+a80585lD+APn4wcy+JPU</latexit><latexit sha1_base64="D5RQbei1BjCio9V/3p+J+9I5vks=">AAAB9XicbVDLSgMxFM3UV62vqjvdBKtQQcrEjS6LIoirCk5baKclk2ba0CQzJBmlDP0PNy4Uceu/uBD8CP/B9LHQ1gMXDufcy733BDFn2rjul5NZWFxaXsmu5tbWNza38ts7VR0lilCPRDxS9QBrypmknmGG03qsKBYBp7Wgfznya/dUaRbJOzOIqS9wV7KQEWys1GqKpM1aqXeChkVz3M4X3JI7BpwnaEoK5UPxfbP3eVVp5z+anYgkgkpDONa6gdzY+ClWhhFOh7lmommMSR93acNSiQXVfjq+egiPrNKBYaRsSQPH6u+JFAutByKwnQKbnp71RuJ/XiMx4bmfMhknhkoyWRQmHJoIjiKAHaYoMXxgCSaK2Vsh6WGFibFB5WwIaPbleVI9LSG3hG5RoXwBJsiCfXAAigCBM1AG16ACPECAAo/gGbw4D86T8+q8TVozznRmF/yB8/4D3RqVEw==</latexit><latexit sha1_base64="D5RQbei1BjCio9V/3p+J+9I5vks=">AAAB9XicbVDLSgMxFM3UV62vqjvdBKtQQcrEjS6LIoirCk5baKclk2ba0CQzJBmlDP0PNy4Uceu/uBD8CP/B9LHQ1gMXDufcy733BDFn2rjul5NZWFxaXsmu5tbWNza38ts7VR0lilCPRDxS9QBrypmknmGG03qsKBYBp7Wgfznya/dUaRbJOzOIqS9wV7KQEWys1GqKpM1aqXeChkVz3M4X3JI7BpwnaEoK5UPxfbP3eVVp5z+anYgkgkpDONa6gdzY+ClWhhFOh7lmommMSR93acNSiQXVfjq+egiPrNKBYaRsSQPH6u+JFAutByKwnQKbnp71RuJ/XiMx4bmfMhknhkoyWRQmHJoIjiKAHaYoMXxgCSaK2Vsh6WGFibFB5WwIaPbleVI9LSG3hG5RoXwBJsiCfXAAigCBM1AG16ACPECAAo/gGbw4D86T8+q8TVozznRmF/yB8/4D3RqVEw==</latexit><latexit sha1_base64="J3DbuDAlaMNnUFMgr/x8o0SQy78=">AAAB9XicbVBNTwIxEO3iF+IX6tFLIzHBxJCtFz0SvXjExAUSWEi3dKGh2920sxqy4X948aAxXv0v3vw3FtiDgi+Z5OW9mczMCxIpDLjut1NYW9/Y3Cpul3Z29/YPyodHTROnmnGPxTLW7YAaLoXiHgiQvJ1oTqNA8lYwvp35rUeujYjVA0wS7kd0qEQoGAUr9bpR2he9zLsg0yqc98sVt+bOgVcJyUkF5Wj0y1/dQczSiCtgkhrTIW4CfkY1CCb5tNRNDU8oG9Mh71iqaMSNn82vnuIzqwxwGGtbCvBc/T2R0ciYSRTYzojCyCx7M/E/r5NCeO1nQiUpcMUWi8JUYojxLAI8EJozkBNLKNPC3orZiGrKwAZVsiGQ5ZdXSfOyRtwauSeV+k0eRxGdoFNURQRdoTq6Qw3kIYY0ekav6M15cl6cd+dj0Vpw8plj9AfO5w+CSJHW</latexit>

µU,2
i (t)

<latexit sha1_base64="ztPYemKLchf61StwRosR1FoYHyg=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBQiSNjNRY+LXjxGcJNAsgmzk0kyZGZ2mZlVwpL/8OJBEa/+izc/wn9w8jhoYkFDUdVNd1eUcKaN6345K6tr6xubua389s7u3n7h4LCm41QRGpCYx6oRYU05kzQwzHDaSBTFIuK0Hg1vJn79gSrNYnlvRgkNBe5L1mMEGyu1WyLtsHYWXFTGJXPeKRTdsjsFWibenBT9U/HtA0C1U/hsdWOSCioN4VjrpucmJsywMoxwOs63Uk0TTIa4T5uWSiyoDrPp1WN0ZpUu6sXKljRoqv6eyLDQeiQi2ymwGehFbyL+5zVT07sKMyaT1FBJZot6KUcmRpMIUJcpSgwfWYKJYvZWRAZYYWJsUHkbgrf48jKpVcqeW/buvKJ/DTPk4BhOoAQeXIIPt1CFAAgoeIIXeHUenWfnzXmfta4485kj+APn4wc0gJPV</latexit><latexit sha1_base64="n2gN7d3/DCbUDaRGslfgcmG+UC4=">AAAB9XicbVDLSgNBEOyNrxhfUW96GYxCBAm7uegxKIJ4iuAmgWQTZiezyZCZ3WVmVglL/sOLB0W8+i8eBD/Cf3DyOGi0oKGo6qa7y485U9q2P63MwuLS8kp2Nbe2vrG5ld/eqakokYS6JOKRbPhYUc5C6mqmOW3EkmLhc1r3Bxdjv35HpWJReKuHMfUE7oUsYARrI7VbIumwduqelEdFfdzJF+ySPQH6S5wZKVQOxdf13sdltZN/b3UjkggaasKxUk3HjrWXYqkZ4XSUayWKxpgMcI82DQ2xoMpLJ1eP0JFRuiiIpKlQo4n6cyLFQqmh8E2nwLqv5r2x+J/XTHRw5qUsjBNNQzJdFCQc6QiNI0BdJinRfGgIJpKZWxHpY4mJNkHlTAjO/Mt/Sa1ccuySc+MUKucwRRb24QCK4MApVOAKquACAQkP8ATP1r31aL1Yr9PWjDWb2YVfsN6+Ad6ilRQ=</latexit><latexit sha1_base64="n2gN7d3/DCbUDaRGslfgcmG+UC4=">AAAB9XicbVDLSgNBEOyNrxhfUW96GYxCBAm7uegxKIJ4iuAmgWQTZiezyZCZ3WVmVglL/sOLB0W8+i8eBD/Cf3DyOGi0oKGo6qa7y485U9q2P63MwuLS8kp2Nbe2vrG5ld/eqakokYS6JOKRbPhYUc5C6mqmOW3EkmLhc1r3Bxdjv35HpWJReKuHMfUE7oUsYARrI7VbIumwduqelEdFfdzJF+ySPQH6S5wZKVQOxdf13sdltZN/b3UjkggaasKxUk3HjrWXYqkZ4XSUayWKxpgMcI82DQ2xoMpLJ1eP0JFRuiiIpKlQo4n6cyLFQqmh8E2nwLqv5r2x+J/XTHRw5qUsjBNNQzJdFCQc6QiNI0BdJinRfGgIJpKZWxHpY4mJNkHlTAjO/Mt/Sa1ccuySc+MUKucwRRb24QCK4MApVOAKquACAQkP8ATP1r31aL1Yr9PWjDWb2YVfsN6+Ad6ilRQ=</latexit><latexit sha1_base64="WNxvavQMyHLcGpj1caDlKlWuVI4=">AAAB9XicbVBNTwIxEO36ifiFevTSSEwwMWSXix6JXjxi4gIJLKRbutDQdjftrIZs+B9ePGiMV/+LN/+NBfag4EsmeXlvJjPzwkRwA6777aytb2xubRd2irt7+weHpaPjpolTTZlPYxHrdkgME1wxHzgI1k40IzIUrBWOb2d+65Fpw2P1AJOEBZIMFY84JWClXlemfd7L/MvatAIX/VLZrbpz4FXi5aSMcjT6pa/uIKapZAqoIMZ0PDeBICMaOBVsWuymhiWEjsmQdSxVRDITZPOrp/jcKgMcxdqWAjxXf09kRBozkaHtlARGZtmbif95nRSi6yDjKkmBKbpYFKUCQ4xnEeAB14yCmFhCqOb2VkxHRBMKNqiiDcFbfnmVNGtVz6169165fpPHUUCn6AxVkIeuUB3doQbyEUUaPaNX9OY8OS/Ou/OxaF1z8pkT9AfO5w+D0JHX</latexit>

✓U,1
i

<latexit sha1_base64="WA5eLzl1YZ0mYp/2D7+2tEo3N6I=">AAAB9XicbVC7TsNAEFyHVwivACWNRUCiQJFNA6UFDWWQcBIpcaLz5Zyccmdbd2tQZOU/aChAiJZ/oeMj+AcujwISRlppNLOr3Z0wFVyj43xZhZXVtfWN4mZpa3tnd6+8f1DXSaYo82kiEtUMiWaCx8xHjoI1U8WIDAVrhMObid94YErzJL7HUcoCSfoxjzglaKROGwcMSZd3cv/cHXfLFafqTGEvE3dOKt6J/PYAoNYtf7Z7Cc0ki5EKonXLdVIMcqKQU8HGpXamWUrokPRZy9CYSKaDfHr12D41Ss+OEmUqRnuq/p7IidR6JEPTKQkO9KI3Ef/zWhlGV0HO4zRDFtPZoigTNib2JAK7xxWjKEaGEKq4udWmA6IIRRNUyYTgLr68TOoXVdepunduxbuGGYpwBMdwBi5cgge3UAMfKCh4ghd4tR6tZ+vNep+1Fqz5zCH8gfXxA9zTlEM=</latexit><latexit sha1_base64="KJVdxLdbnws69pZR2Pwh4/I7QpA=">AAAB9XicbVDLSgNBEJyNrxhfUW96WYyCBwk7XvQYFEE8RXCTQLIJs5NJMmRmdpnpVcKS//DiQRGv/osHwY/wH5w8DppY0FBUddPdFcaCG/C8LyezsLi0vJJdza2tb2xu5bd3KiZKNGU+jUSkayExTHDFfOAgWC3WjMhQsGrYvxz51XumDY/UHQxiFkjSVbzDKQErNRvQY0BavJn6J3jYyhe8ojeGO0/wlBRKh/L7Zu/zqtzKfzTaEU0kU0AFMaaOvRiClGjgVLBhrpEYFhPaJ11Wt1QRyUyQjq8eukdWabudSNtS4I7V3xMpkcYMZGg7JYGemfVG4n9ePYHOeZByFSfAFJ0s6iTChcgdReC2uWYUxMASQjW3t7q0RzShYIPK2RDw7MvzpHJaxF4R3+JC6QJNkEX76AAdI4zOUAldozLyEUUaPaJn9OI8OE/Oq/M2ac0405ld9AfO+w+HBJWC</latexit><latexit sha1_base64="KJVdxLdbnws69pZR2Pwh4/I7QpA=">AAAB9XicbVDLSgNBEJyNrxhfUW96WYyCBwk7XvQYFEE8RXCTQLIJs5NJMmRmdpnpVcKS//DiQRGv/osHwY/wH5w8DppY0FBUddPdFcaCG/C8LyezsLi0vJJdza2tb2xu5bd3KiZKNGU+jUSkayExTHDFfOAgWC3WjMhQsGrYvxz51XumDY/UHQxiFkjSVbzDKQErNRvQY0BavJn6J3jYyhe8ojeGO0/wlBRKh/L7Zu/zqtzKfzTaEU0kU0AFMaaOvRiClGjgVLBhrpEYFhPaJ11Wt1QRyUyQjq8eukdWabudSNtS4I7V3xMpkcYMZGg7JYGemfVG4n9ePYHOeZByFSfAFJ0s6iTChcgdReC2uWYUxMASQjW3t7q0RzShYIPK2RDw7MvzpHJaxF4R3+JC6QJNkEX76AAdI4zOUAldozLyEUUaPaJn9OI8OE/Oq/M2ac0405ld9AfO+w+HBJWC</latexit><latexit sha1_base64="xkimEYJi9TOSVZdddyqWXg/0eN8=">AAAB9XicbVA9TwJBEN3DL8Qv1NJmIzGxMOTWRkuijSUmHpDAQfaWATbsfWR3TkMu/A8bC42x9b/Y+W9c4AoFXzLJy3szmZkXJEoadN1vp7C2vrG5Vdwu7ezu7R+UD48aJk61AE/EKtatgBtQMgIPJSpoJRp4GChoBuPbmd98BG1kHD3gJAE/5MNIDqTgaKVuB0eAvCe7mXfBpr1yxa26c9BVwnJSITnqvfJXpx+LNIQIheLGtJmboJ9xjVIomJY6qYGEizEfQtvSiIdg/Gx+9ZSeWaVPB7G2FSGdq78nMh4aMwkD2xlyHJllbyb+57VTHFz7mYySFCESi0WDVFGM6SwC2pcaBKqJJVxoaW+lYsQ1F2iDKtkQ2PLLq6RxWWVuld2zSu0mj6NITsgpOSeMXJEauSN14hFBNHkmr+TNeXJenHfnY9FacPKZY/IHzucPLDKSRQ==</latexit>

✓U,2
i

<latexit sha1_base64="6KXQWpKXXDtJVOUJj6bSQWXBOdw=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBQ8SNjNRY+LXjxGcJNAsgmzk9lkyOyDmV4lLPkPLx4U8eq/ePMj/Acnj4MmFjQUVd10dwWpFBpt+8taWV1b39gsbBW3d3b39ksHh3WdZIpxjyUyUc2Aai5FzD0UKHkzVZxGgeSNYHgz8RsPXGmRxPc4Srkf0X4sQsEoGqnTxgFH2hWd3Luojrulsl2xpyDLxJmTsnsafbsAUOuWPtu9hGURj5FJqnXLsVP0c6pQMMnHxXameUrZkPZ5y9CYRlz7+fTqMTkzSo+EiTIVI5mqvydyGmk9igLTGVEc6EVvIv7ntTIMr/xcxGmGPGazRWEmCSZkEgHpCcUZypEhlClhbiVsQBVlaIIqmhCcxZeXSb1aceyKc+eU3WuYoQDHcALn4MAluHALNfCAgYIneIFX69F6tt6s91nrijWfOYI/sD5+AN5YlEQ=</latexit><latexit sha1_base64="IDxyxWJ+qZ1qMLmlUj7KrsecZXk=">AAAB9XicbVDLSgNBEJyNrxhfUW96GYyCBwm7uegxKIJ4iuAmgWQTZieTZMjM7DLTq4Ql/+HFgyJe/RcPgh/hPzh5HDRa0FBUddPdFcaCG3DdTyezsLi0vJJdza2tb2xu5bd3qiZKNGU+jUSk6yExTHDFfOAgWD3WjMhQsFo4uBj7tTumDY/ULQxjFkjSU7zLKQErtZrQZ0DavJX6J6VRO19wi+4E+C/xZqRQPpRf13sfl5V2/r3ZiWgimQIqiDENz40hSIkGTgUb5ZqJYTGhA9JjDUsVkcwE6eTqET6ySgd3I21LAZ6oPydSIo0ZytB2SgJ9M++Nxf+8RgLdsyDlKk6AKTpd1E0EhgiPI8AdrhkFMbSEUM3trZj2iSYUbFA5G4I3//JfUi0VPbfo3XiF8jmaIov20QE6Rh46RWV0hSrIRxRp9ICe0LNz7zw6L87rtDXjzGZ20S84b9+IiZWD</latexit><latexit sha1_base64="IDxyxWJ+qZ1qMLmlUj7KrsecZXk=">AAAB9XicbVDLSgNBEJyNrxhfUW96GYyCBwm7uegxKIJ4iuAmgWQTZieTZMjM7DLTq4Ql/+HFgyJe/RcPgh/hPzh5HDRa0FBUddPdFcaCG3DdTyezsLi0vJJdza2tb2xu5bd3qiZKNGU+jUSk6yExTHDFfOAgWD3WjMhQsFo4uBj7tTumDY/ULQxjFkjSU7zLKQErtZrQZ0DavJX6J6VRO19wi+4E+C/xZqRQPpRf13sfl5V2/r3ZiWgimQIqiDENz40hSIkGTgUb5ZqJYTGhA9JjDUsVkcwE6eTqET6ySgd3I21LAZ6oPydSIo0ZytB2SgJ9M++Nxf+8RgLdsyDlKk6AKTpd1E0EhgiPI8AdrhkFMbSEUM3trZj2iSYUbFA5G4I3//JfUi0VPbfo3XiF8jmaIov20QE6Rh46RWV0hSrIRxRp9ICe0LNz7zw6L87rtDXjzGZ20S84b9+IiZWD</latexit><latexit sha1_base64="ZeN/ZA1uKQFU4t1E4eJGFagDWus=">AAAB9XicbVA9TwJBEJ3zE/ELtbTZSEwsDLmj0ZJoY4mJByRwkL1lgQ17e5fdOQ258D9sLDTG1v9i579xgSsUfMkkL+/NZGZemEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMHGqGfdZLGPdCqnhUijuo0DJW4nmNAolb4bj25nffOTaiFg94CThQUSHSgwEo2ilbgdHHGlPdDP/sjrtlcpuxZ2DrBIvJ2XIUe+Vvjr9mKURV8gkNabtuQkGGdUomOTTYic1PKFsTIe8bamiETdBNr96Ss6t0ieDWNtSSObq74mMRsZMotB2RhRHZtmbif957RQH10EmVJIiV2yxaJBKgjGZRUD6QnOGcmIJZVrYWwkbUU0Z2qCKNgRv+eVV0qhWPLfi3Xvl2k0eRwFO4QwuwIMrqMEd1MEHBhqe4RXenCfnxXl3Phata04+cwJ/4Hz+AC23kkY=</latexit>

µW,2
i (t)

<latexit sha1_base64="rN1sp/RKCzoPX80lLOGuADHNftA=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBQiSNjNRY+LXjxGMA9INmF2MpsMmZldZmaVsOQ/vHhQxKv/4s2P8B+cPA6aWNBQVHXT3RUmnGnjul/Oyura+sZmbiu/vbO7t184OKzrOFWE1kjMY9UMsaacSVozzHDaTBTFIuS0EQ5vJn7jgSrNYnlvRgkNBO5LFjGCjZU6bZF2WSdrXFTGJXPeLRTdsjsFWibenBT9U/HtA0C1W/hs92KSCioN4VjrlucmJsiwMoxwOs63U00TTIa4T1uWSiyoDrLp1WN0ZpUeimJlSxo0VX9PZFhoPRKh7RTYDPSiNxH/81qpia6CjMkkNVSS2aIo5cjEaBIB6jFFieEjSzBRzN6KyAArTIwNKm9D8BZfXib1Stlzy96dV/SvYYYcHMMJlMCDS/DhFqpQAwIKnuAFXp1H59l5c95nrSvOfOYI/sD5+AE3lJPX</latexit><latexit sha1_base64="hSwG3DveXaKUQlHuVzY4tMrhvf4=">AAAB9XicbVDLSgNBEOyNrxhfUW96GYxCBAm7uegxKIJ4imAekGzC7GSSDJmZXWZmlbDkP7x4UMSr/+JB8CP8ByePg0YLGoqqbrq7gogzbVz300ktLC4tr6RXM2vrG5tb2e2dqg5jRWiFhDxU9QBrypmkFcMMp/VIUSwCTmvB4GLs1+6o0iyUt2YYUV/gnmRdRrCxUqsp4jZrJbWT4ihvjtvZnFtwJ0B/iTcjudKh+Lre+7gst7PvzU5IYkGlIRxr3fDcyPgJVoYRTkeZZqxphMkA92jDUokF1X4yuXqEjqzSQd1Q2ZIGTdSfEwkWWg9FYDsFNn09743F/7xGbLpnfsJkFBsqyXRRN+bIhGgcAeowRYnhQ0swUczeikgfK0yMDSpjQ/DmX/5LqsWC5xa8Gy9XOocp0rAPB5AHD06hBFdQhgoQUPAAT/Ds3DuPzovzOm1NObOZXfgF5+0b4baVFg==</latexit><latexit sha1_base64="hSwG3DveXaKUQlHuVzY4tMrhvf4=">AAAB9XicbVDLSgNBEOyNrxhfUW96GYxCBAm7uegxKIJ4imAekGzC7GSSDJmZXWZmlbDkP7x4UMSr/+JB8CP8ByePg0YLGoqqbrq7gogzbVz300ktLC4tr6RXM2vrG5tb2e2dqg5jRWiFhDxU9QBrypmkFcMMp/VIUSwCTmvB4GLs1+6o0iyUt2YYUV/gnmRdRrCxUqsp4jZrJbWT4ihvjtvZnFtwJ0B/iTcjudKh+Lre+7gst7PvzU5IYkGlIRxr3fDcyPgJVoYRTkeZZqxphMkA92jDUokF1X4yuXqEjqzSQd1Q2ZIGTdSfEwkWWg9FYDsFNn09743F/7xGbLpnfsJkFBsqyXRRN+bIhGgcAeowRYnhQ0swUczeikgfK0yMDSpjQ/DmX/5LqsWC5xa8Gy9XOocp0rAPB5AHD06hBFdQhgoQUPAAT/Ds3DuPzovzOm1NObOZXfgF5+0b4baVFg==</latexit><latexit sha1_base64="fPcLtOxaLJILhoX4MHrewbORNgc=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBAiSNjNRY9BLx4jmAckmzA7mSRDZmeXmV4lLPkPLx4U8eq/ePNvnCR70MSChqKqm+6uIJbCoOt+O2vrG5tb27md/O7e/sFh4ei4YaJEM15nkYx0K6CGS6F4HQVK3oo1p2EgeTMY38785iPXRkTqAScx90M6VGIgGEUrdTth0hPdtHlZmZbwolcoumV3DrJKvIwUIUOtV/jq9COWhFwhk9SYtufG6KdUo2CST/OdxPCYsjEd8raliobc+On86ik5t0qfDCJtSyGZq78nUhoaMwkD2xlSHJllbyb+57UTHFz7qVBxglyxxaJBIglGZBYB6QvNGcqJJZRpYW8lbEQ1ZWiDytsQvOWXV0mjUvbcsnfvFas3WRw5OIUzKIEHV1CFO6hBHRhoeIZXeHOenBfn3flYtK452cwJ/IHz+QOG5JHZ</latexit>

r1
<latexit sha1_base64="RT9GTEOS9CbK3nJP3qtJp8GvYqU=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFUmbnQjFt24rGgv0I4lk2ba0ExmSDJCGQq+gBsXirj1Xdy7821Mp11o6w+Bj/8/h5xzgkRwbTzv2yksLa+srhXX3Y3Nre2d0u5eQ8epoqxOYxGrVkA0E1yyuuFGsFaiGIkCwZrB8GqSNx+Y0jyWd2aUMD8ifclDTomx1q26x91S2at4udAi4BmULz7d80cAqHVLX51eTNOISUMF0bqNvcT4GVGGU8HGbifVLCF0SPqsbVGSiGk/y0cdoyPr9FAYK/ukQbn7uyMjkdajKLCVETEDPZ9NzP+ydmrCMz/jMkkNk3T6UZgKZGI02Rv1uGLUiJEFQhW3syI6IIpQY6/j2iPg+ZUXoXFSwV4F3+By9RKmKsIBHMIxYDiFKlxDDepAoQ9P8AKvjnCenTfnfVpacGY9+/BHzscPb0+PYw==</latexit><latexit sha1_base64="I6ZjkkocTIJkQhNK6uq2ql2GMHU=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFUmbuxGLLpxWdFeoB1LJs20oZnMkGSEMvQR3LhQxKW+i3s34tuYXhba+kPg4//PIeecIBFcG8/7dnJLyyura/l1d2Nza3unsLtX13GqKKvRWMSqGRDNBJesZrgRrJkoRqJAsEYwuBznjXumNI/lrRkmzI9IT/KQU2KsdaPucKdQ9EreRGgR8AyK5x/uWfL25VY7hc92N6ZpxKShgmjdwl5i/Iwow6lgI7edapYQOiA91rIoScS0n01GHaEj63RRGCv7pEET93dHRiKth1FgKyNi+no+G5v/Za3UhGU/4zJJDZN0+lGYCmRiNN4bdbli1IihBUIVt7Mi2ieKUGOv49oj4PmVF6F+UsJeCV/jYuUCpsrDARzCMWA4hQpcQRVqQKEHD/AEz45wHp0X53VamnNmPfvwR877D2DekNc=</latexit><latexit sha1_base64="I6ZjkkocTIJkQhNK6uq2ql2GMHU=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFUmbuxGLLpxWdFeoB1LJs20oZnMkGSEMvQR3LhQxKW+i3s34tuYXhba+kPg4//PIeecIBFcG8/7dnJLyyura/l1d2Nza3unsLtX13GqKKvRWMSqGRDNBJesZrgRrJkoRqJAsEYwuBznjXumNI/lrRkmzI9IT/KQU2KsdaPucKdQ9EreRGgR8AyK5x/uWfL25VY7hc92N6ZpxKShgmjdwl5i/Iwow6lgI7edapYQOiA91rIoScS0n01GHaEj63RRGCv7pEET93dHRiKth1FgKyNi+no+G5v/Za3UhGU/4zJJDZN0+lGYCmRiNN4bdbli1IihBUIVt7Mi2ieKUGOv49oj4PmVF6F+UsJeCV/jYuUCpsrDARzCMWA4hQpcQRVqQKEHD/AEz45wHp0X53VamnNmPfvwR877D2DekNc=</latexit><latexit sha1_base64="IWLnF7i1nQMlWuO3z87lLRtDD94=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFW5ttAzaWEY0H5CcYW+zlyzZ2zt254QQ8hNsLBSx9RfZ+W/cJFdo4oOBx3szzMwLUyUt+v63V1hb39jcKm6Xdnb39g/Kh0dNm2SGiwZPVGLaIbNCSS0aKFGJdmoEi0MlWuHoZua3noSxMtEPOE5FELOBlpHkDJ10bx5pr1zxq/4cZJXQnFQgR71X/ur2E57FQiNXzNoO9VMMJsyg5EpMS93MipTxERuIjqOaxcIGk/mpU3LmlD6JEuNKI5mrvycmLLZ2HIeuM2Y4tMveTPzP62QYXQUTqdMMheaLRVGmCCZk9jfpSyM4qrEjjBvpbiV8yAzj6NIpuRDo8surpHlRpX6V3tFK7TqPowgncArnQOESanALdWgAhwE8wyu8ecp78d69j0VrwctnjuEPvM8fABeNlg==</latexit>

r2
<latexit sha1_base64="y8/LLfN0gBPjeWH1o09X3xnbL4U=">AAAB6nicbZC7SgNBFIbPeo3rLWppMxgEq7CbRhsxaGMZ0VwgWcPs5GwyZHZ2mZkVQgj4AjYWitj6LvZ2vo2TS6GJPwx8/P85zDknTAXXxvO+naXlldW19dyGu7m1vbOb39uv6SRTDKssEYlqhFSj4BKrhhuBjVQhjUOB9bB/Nc7rD6g0T+SdGaQYxLQrecQZNda6Vfeldr7gFb2JyCL4MyhcfLrnjwBQaee/Wp2EZTFKwwTVuul7qQmGVBnOBI7cVqYxpaxPu9i0KGmMOhhORh2RY+t0SJQo+6QhE/d3x5DGWg/i0FbG1PT0fDY2/8uamYnOgiGXaWZQsulHUSaISch4b9LhCpkRAwuUKW5nJaxHFWXGXse1R/DnV16EWqnoe0X/xi+UL2GqHBzCEZyAD6dQhmuoQBUYdOEJXuDVEc6z8+a8T0uXnFnPAfyR8/EDcNOPZA==</latexit><latexit sha1_base64="VNok7jcfNmljZO+2KO1qPwltums=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmutGNWHTjsqK9QDuWTJppQzPJkGSEMvQR3LhQxKW+i3s34tuYXhba+kPg4//PIeecMOFMG8/7dnJLyyura/l1d2Nza3unsLtX1zJVhNaI5FI1Q6wpZ4LWDDOcNhNFcRxy2ggHl+O8cU+VZlLcmmFCgxj3BIsYwcZaN+qu3CkUvZI3EVoEfwbF8w/3LHn7cqudwme7K0kaU2EIx1q3fC8xQYaVYYTTkdtONU0wGeAebVkUOKY6yCajjtCRdbookso+YdDE/d2R4VjrYRzayhibvp7PxuZ/WSs10WmQMZGkhgoy/ShKOTISjfdGXaYoMXxoARPF7KyI9LHCxNjruPYI/vzKi1Avl3yv5F/7xcoFTJWHAziEY/DhBCpwBVWoAYEePMATPDvceXRenNdpac6Z9ezDHznvP2JikNg=</latexit><latexit sha1_base64="VNok7jcfNmljZO+2KO1qPwltums=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmutGNWHTjsqK9QDuWTJppQzPJkGSEMvQR3LhQxKW+i3s34tuYXhba+kPg4//PIeecMOFMG8/7dnJLyyura/l1d2Nza3unsLtX1zJVhNaI5FI1Q6wpZ4LWDDOcNhNFcRxy2ggHl+O8cU+VZlLcmmFCgxj3BIsYwcZaN+qu3CkUvZI3EVoEfwbF8w/3LHn7cqudwme7K0kaU2EIx1q3fC8xQYaVYYTTkdtONU0wGeAebVkUOKY6yCajjtCRdbookso+YdDE/d2R4VjrYRzayhibvp7PxuZ/WSs10WmQMZGkhgoy/ShKOTISjfdGXaYoMXxoARPF7KyI9LHCxNjruPYI/vzKi1Avl3yv5F/7xcoFTJWHAziEY/DhBCpwBVWoAYEePMATPDvceXRenNdpac6Z9ezDHznvP2JikNg=</latexit><latexit sha1_base64="byC7lZGNeuPZlEljOEq1QZzavYw=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzGxInc0UhJtLDHKRwIn2Vv2YMPe3mV3zoRc+Ak2Fhpj6y+y89+4wBUKvmSSl/dmMjMvSKQw6LrfTmFjc2t7p7hb2ts/ODwqH5+0TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTm7nfeeLaiFg94DThfkRHSoSCUbTSvX6sDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/FsO5nQiUpcsWWi8JUEozJ/G8yFJozlFNLKNPC3krYmGrK0KZTsiF4qy+vk3at6rlV786rNK7zOIpwBudwCR5cQQNuoQktYDCCZ3iFN0c6L86787FsLTj5zCn8gfP5AwGbjZc=</latexit>

w1
<latexit sha1_base64="rNBq64G86DH6z+mSC1WBKU4dqMw=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFUmbuxGLLpxWdFeoB1LJs20oZnMkGSUMhR8ATcuFHHru7h359uYXhba+kPg4//PIeecIBFcG8/7dnJLyyura/l1d2Nza3unsLtX13GqKKvRWMSqGRDNBJesZrgRrJkoRqJAsEYwuBznjXumNI/lrRkmzI9IT/KQU2KsdfNwhzuFolfyJkKLgGdQPP90zx4BoNopfLW7MU0jJg0VROsW9hLjZ0QZTgUbue1Us4TQAemxlkVJIqb9bDLqCB1Zp4vCWNknDZq4vzsyEmk9jAJbGRHT1/PZ2Pwva6UmLPsZl0lqmKTTj8JUIBOj8d6oyxWjRgwtEKq4nRXRPlGEGnsd1x4Bz6+8CPWTEvZK+BoXKxcwVR4O4BCOAcMpVOAKqlADCj14ghd4dYTz7Lw579PSnDPr2Yc/cj5+AHbtj2g=</latexit><latexit sha1_base64="HCJmM2oAs9qNCzVYg88oE2CAQxI=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFUmbnQjFt24rGgv0I4lk2ba0ExmSDJKGfoIblwo4lLfxb0b8W1MLwtt/SHw8f/nkHNOkAiujed9O7mFxaXllfyqu7a+sblV2N6p6ThVlFVpLGLVCIhmgktWNdwI1kgUI1EgWD3oX4zy+h1TmsfyxgwS5kekK3nIKTHWur6/xe1C0St5Y6F5wFMonn24p8nbl1tpFz5bnZimEZOGCqJ1E3uJ8TOiDKeCDd1WqllCaJ90WdOiJBHTfjYedYgOrNNBYazskwaN3d8dGYm0HkSBrYyI6enZbGT+lzVTE574GZdJapikk4/CVCATo9HeqMMVo0YMLBCquJ0V0R5RhBp7HdceAc+uPA+1oxL2SvgKF8vnMFEe9mAfDgHDMZThEipQBQpdeIAneHaE8+i8OK+T0pwz7dmFP3LefwBofJDc</latexit><latexit sha1_base64="HCJmM2oAs9qNCzVYg88oE2CAQxI=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFUmbnQjFt24rGgv0I4lk2ba0ExmSDJKGfoIblwo4lLfxb0b8W1MLwtt/SHw8f/nkHNOkAiujed9O7mFxaXllfyqu7a+sblV2N6p6ThVlFVpLGLVCIhmgktWNdwI1kgUI1EgWD3oX4zy+h1TmsfyxgwS5kekK3nIKTHWur6/xe1C0St5Y6F5wFMonn24p8nbl1tpFz5bnZimEZOGCqJ1E3uJ8TOiDKeCDd1WqllCaJ90WdOiJBHTfjYedYgOrNNBYazskwaN3d8dGYm0HkSBrYyI6enZbGT+lzVTE574GZdJapikk4/CVCATo9HeqMMVo0YMLBCquJ0V0R5RhBp7HdceAc+uPA+1oxL2SvgKF8vnMFEe9mAfDgHDMZThEipQBQpdeIAneHaE8+i8OK+T0pwz7dmFP3LefwBofJDc</latexit><latexit sha1_base64="r1W1oINPFYvpqdu5drz7rJOili8=">AAAB6nicbVA9SwNBEJ3zM8avqKXNYhCswq2NlkEby4jmA5Iz7G32kiV7e8funBJCfoKNhSK2/iI7/42b5ApNfDDweG+GmXlhqqRF3//2VlbX1jc2C1vF7Z3dvf3SwWHDJpnhos4TlZhWyKxQUos6SlSilRrB4lCJZji8nvrNR2GsTPQ9jlIRxKyvZSQ5QyfdPT3QbqnsV/wZyDKhOSlDjlq39NXpJTyLhUaumLVt6qcYjJlByZWYFDuZFSnjQ9YXbUc1i4UNxrNTJ+TUKT0SJcaVRjJTf0+MWWztKA5dZ8xwYBe9qfif184wugzGUqcZCs3ni6JMEUzI9G/Sk0ZwVCNHGDfS3Ur4gBnG0aVTdCHQxZeXSeO8Qv0KvaXl6lUeRwGO4QTOgMIFVOEGalAHDn14hld485T34r17H/PWFS+fOYI/8D5/AAe1jZs=</latexit>

w2
<latexit sha1_base64="pwdql0CLHR+HAcHTjnmWWCnrA/g=">AAAB6nicbZDLSgMxFIbP1Fsdb1WXboJFcFVmutGNWHTjsqK9QDuWTJppQzPJkGSUMhR8ATcuFHHru7h359uYXhba+kPg4//PIeecMOFMG8/7dnJLyyura/l1d2Nza3unsLtX1zJVhNaI5FI1Q6wpZ4LWDDOcNhNFcRxy2ggHl+O8cU+VZlLcmmFCgxj3BIsYwcZaNw935U6h6JW8idAi+DMonn+6Z48AUO0UvtpdSdKYCkM41rrle4kJMqwMI5yO3HaqaYLJAPdoy6LAMdVBNhl1hI6s00WRVPYJgybu744Mx1oP49BWxtj09Xw2Nv/LWqmJToOMiSQ1VJDpR1HKkZFovDfqMkWJ4UMLmChmZ0WkjxUmxl7HtUfw51dehHq55Hsl/9ovVi5gqjwcwCEcgw8nUIErqEINCPTgCV7g1eHOs/PmvE9Lc86sZx/+yPn4AXhxj2k=</latexit><latexit sha1_base64="UBR8kNmjGChtDIr3qIgZ3nqLFIk=">AAAB6nicbZDLSgMxFIbPeK3jrerSTbAIrspMN7oRi25cVrQXaMeSSTNtaCYZkoxShj6CGxeKuNR3ce9GfBvTy0Jbfwh8/P855JwTJpxp43nfzsLi0vLKam7NXd/Y3NrO7+zWtEwVoVUiuVSNEGvKmaBVwwynjURRHIec1sP+xSiv31GlmRQ3ZpDQIMZdwSJGsLHW9f1tqZ0veEVvLDQP/hQKZx/uafL25Vba+c9WR5I0psIQjrVu+l5iggwrwwinQ7eVappg0sdd2rQocEx1kI1HHaJD63RQJJV9wqCx+7sjw7HWgzi0lTE2PT2bjcz/smZqopMgYyJJDRVk8lGUcmQkGu2NOkxRYvjAAiaK2VkR6WGFibHXce0R/NmV56FWKvpe0b/yC+VzmCgH+3AAR+DDMZThEipQBQJdeIAneHa48+i8OK+T0gVn2rMHf+S8/wBqAJDd</latexit><latexit sha1_base64="UBR8kNmjGChtDIr3qIgZ3nqLFIk=">AAAB6nicbZDLSgMxFIbPeK3jrerSTbAIrspMN7oRi25cVrQXaMeSSTNtaCYZkoxShj6CGxeKuNR3ce9GfBvTy0Jbfwh8/P855JwTJpxp43nfzsLi0vLKam7NXd/Y3NrO7+zWtEwVoVUiuVSNEGvKmaBVwwynjURRHIec1sP+xSiv31GlmRQ3ZpDQIMZdwSJGsLHW9f1tqZ0veEVvLDQP/hQKZx/uafL25Vba+c9WR5I0psIQjrVu+l5iggwrwwinQ7eVappg0sdd2rQocEx1kI1HHaJD63RQJJV9wqCx+7sjw7HWgzi0lTE2PT2bjcz/smZqopMgYyJJDRVk8lGUcmQkGu2NOkxRYvjAAiaK2VkR6WGFibHXce0R/NmV56FWKvpe0b/yC+VzmCgH+3AAR+DDMZThEipQBQJdeIAneHa48+i8OK+T0gVn2rMHf+S8/wBqAJDd</latexit><latexit sha1_base64="DBCsaJjtb2Ix07i7lv5K9+aTtLI=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmIzGxInc0WhJtLDHKRwIn2VvmYMPe3mV3T0Mu/AQbC42x9RfZ+W9c4AoFXzLJy3szmZkXJIJr47rfTmFtfWNzq7hd2tnd2z8oHx61dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+nvntR1Sax/LeTBL0IzqUPOSMGivdPT3U+uWKW3XnIKvEy0kFcjT65a/eIGZphNIwQbXuem5i/Iwqw5nAaamXakwoG9Mhdi2VNELtZ/NTp+TMKgMSxsqWNGSu/p7IaKT1JApsZ0TNSC97M/E/r5ua8NLPuExSg5ItFoWpICYms7/JgCtkRkwsoUxxeythI6ooMzadkg3BW355lbRqVc+terdepX6Vx1GEEziFc/DgAupwAw1oAoMhPMMrvDnCeXHenY9Fa8HJZ47hD5zPHwk5jZw=</latexit>

– Two patient classes: (1) Covid and (2) non-Covid

– Infinite capacity ward, finite capacity ICU

– When ICU is at capacity, patients occupy and block ward beds
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Stochastic Control Problem

• Network of hospitals H
• Discrete-time control over a finite horizon of length T

• Decision epochs: End of each day, after all new admissions
have been realized

• State: W/ICU Occupancy and number of new arrivals for
each patient type k and hospital i ∈ H:
Qi(t) := (QW,1

i (t), QW,2
i (t), QU,1

i (t), QU,2
i (t)),

Ai(τ) := (AW,1
i (τ), AW,2

i (τ), AU,1
i (τ), AU,2

i (τ))

• Admissible policy: Mapping from the current state to the
number of new patients of each type to be transferred from
hospital i to hospital j, ∀i, j ∈ H

• Objective: Minimize the expected total cost over the horizon
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Stochastic Control Problem - Costs

Total cost is a weighted sum of:

⋄ Over-occupancy costs: Number of patient-days above ward
and ICU occupancy thresholds T W

i , T U
i

C
(1)
T =

∑
i∈H

∫ T

0
cW (QW

i (t)− T W
i )+ + cU (QU

i (t)− T U
i )+dt

⋄ Transfer costs (fixed cost dij and distance-dependent variable
cost bijk) for each hospital pair:

C
(2)
T =

∑
k∈K

∑
i∈H

∑
j∈H

Nk
ij(T )(bijk + dij)
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Stochastic Control Problem - Costs

⋄ COVID load inequity: Number of patient-days above a
hospital’s “fair COVID share”:

C
(3)
T =

∑
i∈H

cf
∫ T

0

(
QU,1

i (t) +QW,1
i (t)−

nU1
i + nW1

i∑
i∈H nU1

i + nW1
i

∑
i∈H

(QU,1
i (t) +QW,1

i (t))

)+

dt.

“fair COVID share” = proportional to bed capacity
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Solution Approach

• Fluid model of single hospital model
• Deterministic approximation of the transient dynamics without

transfers
• Justified by a FSLLN (Mandelbaum et al. 1998 and Zychlinski

et al. 2020)
• Accurately approximates the transient dynamics when the

system is “large”

• Associated fluid control problem for the entire network

• Translate the solution for the stochastic system using a model
predictive (rolling horizon) approach
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Solution Approach - Fluid Control

– q(t): number of COVID and non-COVID patients in the ward
and ICU at time t ≥ 0.

– pW,k
ij (t) and pU,kij (t) denote the fraction of class k ward and

ICU fluid arriving at hospital i that is transferred to hospital j.

min c
(1)
T + c

(2)
T + c

(3)
T

s.t.
∑
j∈H

pW,k
ij (t) = 1, ∀k ∈ K, i ∈ H, t ∈ [0, T ],

∑
j∈H

pU,kij (t) = 1, ∀k ∈ K, i ∈ H, t ∈ [0, T ],

qi(0) = qi, ∀i ∈ H,

DEs governing the dynamics of q(t).

– Non-convex, but can be solved through a MIP reformulation
after discretization
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Case Study - Setting

• 21 hospitals within the
GTA:

o Average daily acute bed
capacity of 8,534 beds

o Average daily
Medical/Surgical level 3
ICU bed capacity of 576

• Performance metrics:

1 Patient-days/hospital
over 95% occupancy in
wards and ICUs.

2 Patient-days/hospital
over fair share of COVID
patients.

• 3 different time periods:

1 Jan 15 - Jan 22, 2021

2 Feb 9 - Feb 16, 2021

3 Mar 22 - Mar 29, 2021
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Data Sources & Parameter Estimation

1 General Medicine Inpatient Initiative (GEMINI)

– Patient-level administrative and clinical data (7 hospitals)

2 Ministry of Health (MOH)

– Daily counts of ward capacity, occupancy, admissions, and
discharges.

3 Critical Care Info (CCIS)

– Daily counts of ICU capacity and occupancy.

4 GTA IMS transfer logs

– IMS directives for transfers, actual transfers that occurred.

• For some parameters, we pool data from the GEMINI
hospitals to get a pooled estimate, and apply it to all hospitals

• For others, we utilize hospital-specific occupancy data to
directly estimate hospital-specific parameters
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Validation

– Estimated 95% confidence bands for the ward and ICU occupancy
of each hospital in each time period under the no-transfer policy

– For 83% of the wards and 93% of ICUs (across all three periods)
the historical occupancies are within the confidence bands
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Case Study Results - Value of Patient Transfers

• Compared with no transfers (with daily transfer limit of 5):
13.4-21.0% reduction for the ward and 11.3-23.4% for the
ICU over-occupancy; 0.4%-9.2% for COVID load inequity

• COVID balancing has little impact on the over-occupancy
reductions
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Case Study Results - Value of Patient Transfers

ICU

Ward
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Case Study Results - Marginal Benefit of Increasing
Daily Transfer Limits

• In most cases majority of the benefits are achieved with max 5
transfers per day
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Optimal Trajectories

• Proactive ward transfers provide downstream benefits for ICU



18/19

Summary and Future Work

• A queueing network approach to guide patient transfer
decisions

• Evaluated the performance of the proposed framework in a
case study using real-data:

– Significant reduction in ICU and ward over-occupancy levels
– Much of the benefits can be realized with at most 5 daily

transfers per hospital
– Including COVID fair share in the objective can lead to

significant benefits for COVID balancing, while having little
effect on the over-occupancy reductions

• Extensions and future work:
• Model and data extensions
• Structure of optimal transfer policy
• Can the majority of the benefits be realized through sparsely

connected networks?
• Empirical evaluation of the impact of transfers
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