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• Linear Causal Bandits: Unknown Graph and Soft Interventions, NeurIPS 2024.
Unknown graph, improved upper bound matches lower bound (Yan and Tajer)

• Robust Causal Bandits for Linear Models, JSAIT 2024.
Extends results to nonstationary linear SEMs (Yan, Mukherjee, Varıcı, Tajer)

• Causal Bandits with General Causal Models and Interventions, AISTATS 2024
Known graph, general SCMs, similar regret results (Yan, Wei, Katz, Sattigeri, Tajer)

Causal Bandits Regret Bounds

Simulations

Causal Information in Algorithm Design
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:max. causal path length
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Bandit Problem:
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expected reward : µa , Ea[XN ]

best intervention : a⇤ , argmax
a2A

µa

<latexit sha1_base64="Y/FFb97h2Mk4Wo85eYeSRzIQng0="></latexit>at time t: select at based on {X(s), as : s 2 [t� 1]}
<latexit sha1_base64="IB4TvKGsVVeJRdo1cWj/jL1fA/Y="></latexit>

cumulative regret: E[R(T )] , Tµa⇤ �
PT

t=1 µat

main
setting

Lattimore et al., 2016
Sen et al., 2017
Lu et al., 2020

Nair et al., 2021

Yabe et al., 2018 (simple regret, binary RV)
Maiti et al., 2022 (atomic interventions, binary RV)

Feng and Chen, 2023 (binary RV)
THIS PAPER, JMLR’23

Bilodeau et al., 2022
de Kroon et al., 2022 (no regret guarantees)

Lu et al., 2021 (atomic interventions)
Bilodeau et al., 2022 (regret scales with |𝒜|)
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X3

<latexit sha1_base64="HIrfBwLwNP4v0gwVQ9pgxOXIIrk=">AAAB9HicdVDLSgMxFM3UVx1fVZdugq3gQkpmxNruim5cVrAPaIeSSTNtaCYzJplCGfodblwo4taPceffmGkrqOiBC4dz7uXee/yYM6UR+rByK6tr6xv5TXtre2d3r7B/0FJRIgltkohHsuNjRTkTtKmZ5rQTS4pDn9O2P77O/PaESsUicaenMfVCPBQsYARrI3k9Fdilq37qnJ3PSv1CEZWRQaUCM+JUkWNIrVZ13Rp05hZCRbBEo1947w0ikoRUaMKxUl0HxdpLsdSMcDqze4miMSZjPKRdQwUOqfLS+dEzeGKUAQwiaUpoOFe/T6Q4VGoa+qYzxHqkfnuZ+JfXTXRQ9VIm4kRTQRaLgoRDHcEsAThgkhLNp4ZgIpm5FZIRlphok5NtQvj6FP5PWm7ZqZQvbt1ivbqMIw+OwDE4BQ64BHVwAxqgCQi4Bw/gCTxbE+vRerFeF605azlzCH7AevsE8OqQ5w==</latexit>

B1,3

<latexit sha1_base64="esklOPRpH+/UTZBwoMr6fazqSj0=">AAAB9HicdVDLSgMxFM3UVx1fVZdugq3gQkpmxNruim5cVrAPaIeSSTNtaCYzJplCGfodblwo4taPceffmGkrqOiBC4dz7uXee/yYM6UR+rByK6tr6xv5TXtre2d3r7B/0FJRIgltkohHsuNjRTkTtKmZ5rQTS4pDn9O2P77O/PaESsUicaenMfVCPBQsYARrI3k9Fdilq37qnp3PSv1CEZWRQaUCM+JUkWNIrVZ13Rp05hZCRbBEo1947w0ikoRUaMKxUl0HxdpLsdSMcDqze4miMSZjPKRdQwUOqfLS+dEzeGKUAQwiaUpoOFe/T6Q4VGoa+qYzxHqkfnuZ+JfXTXRQ9VIm4kRTQRaLgoRDHcEsAThgkhLNp4ZgIpm5FZIRlphok5NtQvj6FP5PWm7ZqZQvbt1ivbqMIw+OwDE4BQ64BHVwAxqgCQi4Bw/gCTxbE+vRerFeF605azlzCH7AevsE8nKQ6A==</latexit>

B2,3

<latexit sha1_base64="GW1F+kcSoF5bXPxQExkRnOAthGk=">AAAB6nicbVDLSgNBEOyNr7gajXr0MhgCnsKuoOYYEMRjRPOAZAmzk9lkyMzsMjMrhCWf4MWDIl7FD/ETvPk3Th4HTSxoKKq66e4KE8608bxvJ7e2vrG5ld92d3YLe/vFg8OmjlNFaIPEPFbtEGvKmaQNwwyn7URRLEJOW+Hoauq3HqjSLJb3ZpzQQOCBZBEj2Fjprt3ze8WSV/FmQKvEX5BSrfCZlq/dj3qv+NXtxyQVVBrCsdYd30tMkGFlGOF04nZTTRNMRnhAO5ZKLKgOstmpE1S2Sh9FsbIlDZqpvycyLLQei9B2CmyGetmbiv95ndRE1SBjMkkNlWS+KEo5MjGa/o36TFFi+NgSTBSztyIyxAoTY9NxbQj+8surpHlW8S8q57c2jSrMkYdjOIFT8OESanADdWgAgQE8wjO8ONx5cl6dt3lrzlnMHMEfOO8/YJeQGw==</latexit>

X1

<latexit sha1_base64="kOFFBxnNewrD+ftLKDL6WvsOKas=">AAAB6nicbVDLSgNBEOz1GVejUY9eBkPAU9gNqDkGBPEY0TwgWcLsZDYZMju7zEMISz7BiwdFvIof4id482+cPA6aWNBQVHXT3RWmnCnted/O2vrG5tZ2bsfd3cvvHxQOj5oqMZLQBkl4ItshVpQzQRuaaU7bqaQ4DjlthaOrqd96oFKxRNzrcUqDGA8EixjB2kp37V6lVyh6ZW8GtEr8BSnW8p+mdO1+1HuFr24/ISamQhOOler4XqqDDEvNCKcTt2sUTTEZ4QHtWCpwTFWQzU6doJJV+ihKpC2h0Uz9PZHhWKlxHNrOGOuhWvam4n9ex+ioGmRMpEZTQeaLIsORTtD0b9RnkhLNx5ZgIpm9FZEhlphom45rQ/CXX14lzUrZvyif39o0qjBHDk7gFM7Ah0uowQ3UoQEEBvAIz/DicOfJeXXe5q1rzmLmGP7Aef8BYhuQHA==</latexit>

X2

<latexit sha1_base64="/tB1w14cT2j4In5Ng7kfekbmB+M=">AAAB6nicbVDLSgNBEOz1GVejUY9eBkPAU9hV1BwDgniMaB6QLGF2MpsMmZ1d5iGEJZ/gxYMiXsUP8RO8+TdOHgdNLGgoqrrp7gpTzpT2vG9nZXVtfWMzt+Vu7+R39wr7Bw2VGElonSQ8ka0QK8qZoHXNNKetVFIch5w2w+HVxG8+UKlYIu71KKVBjPuCRYxgbaW7VvesWyh6ZW8KtEz8OSlW85+mdO1+1LqFr04vISamQhOOlWr7XqqDDEvNCKdjt2MUTTEZ4j5tWypwTFWQTU8do5JVeihKpC2h0VT9PZHhWKlRHNrOGOuBWvQm4n9e2+ioEmRMpEZTQWaLIsORTtDkb9RjkhLNR5ZgIpm9FZEBlphom45rQ/AXX14mjdOyf1E+v7VpVGCGHBzBMZyAD5dQhRuoQR0I9OERnuHF4c6T8+q8zVpXnPnMIfyB8/4DY5+QHQ==</latexit>

X3

<latexit sha1_base64="HWZ+P5JzHeizRGJQh/Fe27kObpQ=">AAAB+nicdVDLSsNAFJ3UV62vVJduBltBREqS2oe7ohuXFewD2lgm00k7dPJgZqKUmE9x40IRt36JO//GSVtBRQ9cOJxzL/fe44SMCmkYH1pmaXlldS27ntvY3Nre0fO7bRFEHJMWDljAuw4ShFGftCSVjHRDTpDnMNJxJhep37klXNDAv5bTkNgeGvnUpRhJJQ30fF+4ueL5TXycDGLrpJwUB3rBKJ3Vq1bFgkbJMGpWuZoSq3ZqlaGplBQFsEBzoL/3hwGOPOJLzJAQPdMIpR0jLilmJMn1I0FChCdoRHqK+sgjwo5npyfwUClD6AZclS/hTP0+ESNPiKnnqE4PybH47aXiX14vkm7djqkfRpL4eL7IjRiUAUxzgEPKCZZsqgjCnKpbIR4jjrBUaeVUCF+fwv9J2yqZ1VLlyio06os4smAfHIAjYIIaaIBL0AQtgMEdeABP4Fm71x61F+113prRFjN74Ae0t09jj5LI</latexit>

B⇤
2,3

<latexit sha1_base64="dTg9hRF64P2iXIFdL1E6RkpRSxA=">AAAB+nicdVDLSsNAFJ3UV62vVJduBltBREqS2oe7ohuXFewD2lgm00k7dPJgZqKUmE9x40IRt36JO//GSVtBRQ9cOJxzL/fe44SMCmkYH1pmaXlldS27ntvY3Nre0fO7bRFEHJMWDljAuw4ShFGftCSVjHRDTpDnMNJxJhep37klXNDAv5bTkNgeGvnUpRhJJQ30fF+4ueL5TXycDGLzpJwUB3rBKJ3Vq1bFgkbJMGpWuZoSq3ZqlaGplBQFsEBzoL/3hwGOPOJLzJAQPdMIpR0jLilmJMn1I0FChCdoRHqK+sgjwo5npyfwUClD6AZclS/hTP0+ESNPiKnnqE4PybH47aXiX14vkm7djqkfRpL4eL7IjRiUAUxzgEPKCZZsqgjCnKpbIR4jjrBUaeVUCF+fwv9J2yqZ1VLlyio06os4smAfHIAjYIIaaIBL0AQtgMEdeABP4Fm71x61F+113prRFjN74Ae0t09iB5LH</latexit>

B⇤
1,3

<latexit sha1_base64="6KyES5Am5oxS4ZAz0X8rG2brRYQ="></latexit>

X = (X1, . . . , XN )>

<latexit sha1_base64="i+TvVD+FjAHDn7CntXc0dRXN4c4=">AAACE3icbVC7TsMwFHXKq4RXgZHFokVCDFVSxGOsxMKEikQfUlNVjnvTWnWcyHYqVVH/gYVfYWEAIVYWNv4Gp+0ALUe2dHzOvbbv8WPOlHacbyu3srq2vpHftLe2d3b3CvsHDRUlkkKdRjySLZ8o4ExAXTPNoRVLIKHPoekPbzK/OQKpWCQe9DiGTkj6ggWMEm2kbuHMU4HtURAaJBN9m2VkZI7GxWZ5HhZRD3DpvNQtFJ2yMwVeJu6cFNEctW7hy+tFNAnNbZQTpdquE+tOSqRmlMPE9hIFMaFD0oe2oYKEoDrpdKYJPjFKDweRNFtoPFV/d6QkVGoc+qYyJHqgFr1M/M9rJzq47qRMxIkGQWcPBQnHOsJZQLjHJFDNx4YQKpn5K6YDIgk1wSjbhOAujrxMGpWye1m+uK8Uq3fzOPLoCB2jU+SiK1RFt6iG6oiiR/SMXtGb9WS9WO/Wx6w0Z817DtEfWJ8/PLKdIg==</latexit>intervention on
node 3

<latexit sha1_base64="/uRcNPxXIQcYPHQ/VeN3tsgb4Ic="></latexit>

objective: maximize a utility g(X; a) of the network over A

(w.l.o.g) reward Y = sink node XN

sequential design of interventions ! bandit framework!

<latexit sha1_base64="qcU68Je2ay25/U7k+veA3D0CfJI="></latexit>

Expected rewards: µa = hf(Ba), ⌫i , f(Ba) =
PL

`=0[B
`
a]N , ⌫ = E[✏]

<latexit sha1_base64="zEtnS7tgAb2dwCefackQzPURA4o="></latexit>

goal: use only G and achieve optimal regret O(
p
T )

main contribution: regret upper bound Õ(dL+ 1
2

p
NT )

continuous RV, large space |A| = exp(N), soft interventions!

<latexit sha1_base64="wk+qcqWPzPXbFSQxdE4Lkf7PQ4M="></latexit>

a = {1} ! Ba :
h
[B⇤]1 [B]2 [B]3 [B]4

i

a = {3} ! Ba :
h
[B]1 [B]2 [B⇤]3 [B]4

i

LinSEM-UCB Overview

Ci(t)
<latexit sha1_base64="Vqa5pnLyUm5S4AA7fA0c87sK0GI=">AAAB+XicbVDLSsNAFL3xWesr6k43wSrUTUncKK4K3bisYB/QhjCZTtqhk0mYuSmU0KV/4caFIm79E3f+jdPHQlsPDBzOuZd75oSp4Bpd99taW9/Y3Nou7BR39/YPDu2j46ZOMkVZgyYiUe2QaCa4ZA3kKFg7VYzEoWCtcFib+q0RU5on8hHHKfNj0pc84pSgkQLb7sYEB5SIvDYJeBmvArvkVtwZnFXiLUipevp0AQb1wP7q9hKaxUwiFUTrjuem6OdEIaeCTYrdTLOU0CHps46hksRM+/ks+cS5NErPiRJlnkRnpv7eyEms9TgOzeQ0p172puJ/XifD6NbPuUwzZJLOD0WZcDBxpjU4Pa4YRTE2hFDFTVaHDogiFE1ZRVOCt/zlVdK8rnhuxXvwStU7mKMAZ3AOZfDgBqpwD3VoAIURPMMrvFm59WK9Wx/z0TVrsXMCf2B9/gBy85RB</latexit><latexit sha1_base64="9jviU30TeRcrKIh8QXTC+xl+Iac=">AAAB+XicbVDLSsNAFL2pr1pfUXe6CQahbkriRnFV6MaNUME+oA1hMp20QyeTMDMplFBc+RduXCji1r0f4c4fce2k7UJbDwwczrmXe+YECaNSOc6XUVhZXVvfKG6WtrZ3dvfM/YOmjFOBSQPHLBbtAEnCKCcNRRUj7UQQFAWMtIJhLfdbIyIkjfmdGifEi1Cf05BipLTkm2Y3QmqAEctqE5+W1Zlv2k7FmcJaJu6c2NWjB/v7/uaj7puf3V6M04hwhRmSsuM6ifIyJBTFjExK3VSSBOEh6pOOphxFRHrZNPnEOtVKzwpjoR9X1lT9vZGhSMpxFOjJPKdc9HLxP6+TqvDSyyhPUkU4nh0KU2ap2MprsHpUEKzYWBOEBdVZLTxAAmGlyyrpEtzFLy+T5nnFdSrurWtXr2CGIhzDCZTBhQuowjXUoQEYRvAIz/BiZMaT8Wq8zUYLxnznEP7AeP8BynSWwA==</latexit><latexit sha1_base64="9jviU30TeRcrKIh8QXTC+xl+Iac=">AAAB+XicbVDLSsNAFL2pr1pfUXe6CQahbkriRnFV6MaNUME+oA1hMp20QyeTMDMplFBc+RduXCji1r0f4c4fce2k7UJbDwwczrmXe+YECaNSOc6XUVhZXVvfKG6WtrZ3dvfM/YOmjFOBSQPHLBbtAEnCKCcNRRUj7UQQFAWMtIJhLfdbIyIkjfmdGifEi1Cf05BipLTkm2Y3QmqAEctqE5+W1Zlv2k7FmcJaJu6c2NWjB/v7/uaj7puf3V6M04hwhRmSsuM6ifIyJBTFjExK3VSSBOEh6pOOphxFRHrZNPnEOtVKzwpjoR9X1lT9vZGhSMpxFOjJPKdc9HLxP6+TqvDSyyhPUkU4nh0KU2ap2MprsHpUEKzYWBOEBdVZLTxAAmGlyyrpEtzFLy+T5nnFdSrurWtXr2CGIhzDCZTBhQuowjXUoQEYRvAIz/BiZMaT8Wq8zUYLxnznEP7AeP8BynSWwA==</latexit><latexit sha1_base64="WUAFXAT1kiIbhDOKSbxYsFhnwos=">AAAB+XicbVDLSsNAFL2pr1pfUZdugkWom5K4UVwVunFZwT6gDWEynbZDJ5Mwc1MooX/ixoUibv0Td/6NkzYLbT0wcDjnXu6ZEyaCa3Tdb6u0tb2zu1ferxwcHh2f2KdnHR2nirI2jUWseiHRTHDJ2shRsF6iGIlCwbrhtJn73RlTmsfyCecJ8yMylnzEKUEjBbY9iAhOKBFZcxHwGl4HdtWtu0s4m8QrSBUKtAL7azCMaRoxiVQQrfuem6CfEYWcCraoDFLNEkKnZMz6hkoSMe1ny+QL58ooQ2cUK/MkOkv190ZGIq3nUWgm85x63cvF/7x+iqM7P+MySZFJujo0SoWDsZPX4Ay5YhTF3BBCFTdZHTohilA0ZVVMCd76lzdJ56buuXXv0as27os6ynABl1ADD26hAQ/QgjZQmMEzvMKblVkv1rv1sRotWcXOOfyB9fkDFGCTPg==</latexit>

[B]i
<latexit sha1_base64="pqkRtQPqOJCu5Q56dKxuoSQIg/U=">AAAB7HicbZA9SwNBEIbn4leMX1E7bRajYBXubBSroI1lBC8JXI6wt5lLluztHbt7QggprW0sFLH1B9n5b9x8FJr4wsLD+86wMxNlgmvjut9OYWV1bX2juFna2t7Z3SvvHzR0miuGPktFqloR1Si4RN9wI7CVKaRJJLAZDW4nefMRleapfDDDDMOE9iSPOaPGWn5wE3Z4p1xxq+5UZBm8OVRqR0+nYFXvlL/a3ZTlCUrDBNU68NzMhCOqDGcCx6V2rjGjbEB7GFiUNEEdjqbDjsmZdbokTpV90pCp+7tjRBOth0lkKxNq+noxm5j/ZUFu4qtwxGWWG5Rs9lGcC2JSMtmcdLlCZsTQAmWK21kJ61NFmbH3KdkjeIsrL0Pjouq5Ve/eq9SuYaYiHMMJnIMHl1CDO6iDDww4PMMrvDnSeXHenY9ZacGZ9xzCHzmfP8ywj2Y=</latexit><latexit sha1_base64="R7ifDSnMG7zmMALwDHjhQuHFm6k=">AAAB7HicbZC7SgNBFIbPxluMt6idNoOLYBV2bSJWQRsbIYKbBDZLmJ3MJkNmZ5eZWSEswcraxkIRWx/Dh7DzRaydXApN/GHg4//PYc45YcqZ0o7zZRWWlldW14rrpY3Nre2d8u5eQyWZJNQjCU9kK8SKciaop5nmtJVKiuOQ02Y4uBznzTsqFUvErR6mNIhxT7CIEayN5fkXQYd1yrZTcSZCi+DOwK4dPNjf99cf9U75s91NSBZToQnHSvmuk+ogx1Izwumo1M4UTTEZ4B71DQocUxXkk2FH6Ng4XRQl0jyh0cT93ZHjWKlhHJrKGOu+ms/G5n+Zn+noLMiZSDNNBZl+FGUc6QSNN0ddJinRfGgAE8nMrIj0scREm/uUzBHc+ZUXoXFacZ2Ke+PatXOYqgiHcAQn4EIVanAFdfCAAINHeIYXS1hP1qv1Ni0tWLOeffgj6/0HJECR5Q==</latexit><latexit sha1_base64="R7ifDSnMG7zmMALwDHjhQuHFm6k=">AAAB7HicbZC7SgNBFIbPxluMt6idNoOLYBV2bSJWQRsbIYKbBDZLmJ3MJkNmZ5eZWSEswcraxkIRWx/Dh7DzRaydXApN/GHg4//PYc45YcqZ0o7zZRWWlldW14rrpY3Nre2d8u5eQyWZJNQjCU9kK8SKciaop5nmtJVKiuOQ02Y4uBznzTsqFUvErR6mNIhxT7CIEayN5fkXQYd1yrZTcSZCi+DOwK4dPNjf99cf9U75s91NSBZToQnHSvmuk+ogx1Izwumo1M4UTTEZ4B71DQocUxXkk2FH6Ng4XRQl0jyh0cT93ZHjWKlhHJrKGOu+ms/G5n+Zn+noLMiZSDNNBZl+FGUc6QSNN0ddJinRfGgAE8nMrIj0scREm/uUzBHc+ZUXoXFacZ2Ke+PatXOYqgiHcAQn4EIVanAFdfCAAINHeIYXS1hP1qv1Ni0tWLOeffgj6/0HJECR5Q==</latexit><latexit sha1_base64="BW5htlYePpId2ybC0h6xhkIRZZo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0m8KJ6KXjxWMLWQhrLZbtqlm03YnQgl9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5USaFQdf9dipr6xubW9Xt2s7u3v5B/fCoY9JcM+6zVKa6G1HDpVDcR4GSdzPNaRJJ/hiNb2f+4xPXRqTqAScZDxM6VCIWjKKV/OAm7It+veE23TnIKvFK0oAS7X79qzdIWZ5whUxSYwLPzTAsqEbBJJ/WernhGWVjOuSBpYom3ITF/NgpObPKgMSptqWQzNXfEwVNjJkkke1MKI7MsjcT//OCHOOrsBAqy5ErtlgU55JgSmafk4HQnKGcWEKZFvZWwkZUU4Y2n5oNwVt+eZV0Lpqe2/TuvUbruoyjCidwCufgwSW04A7a4AMDAc/wCm+Ocl6cd+dj0Vpxyplj+APn8wduHY5j</latexit>

<latexit sha1_base64="4YQJY/Miv9JZAbYrM/3t2P4W1zw=">AAAB83icbVDLSgNBEJyNryS+ol4EL4NBiAfDrojmGOLFYwTzgM0SZiezyZDZ2WWmV4hLwK/w4kERr178FG+CH+PkcdBoQUNR1U13lx8LrsG2P63M0vLK6lo2l1/f2NzaLuzsNnWUKMoaNBKRavtEM8ElawAHwdqxYiT0BWv5w8uJ37plSvNI3sAoZl5I+pIHnBIwUsetleDEOfa6KR93C0W7bE+B/xJnTorV/buv3P17rd4tfHR6EU1CJoEKorXr2DF4KVHAqWDjfCfRLCZ0SPrMNVSSkGkvnd48xkdG6eEgUqYk4Kn6cyIlodaj0DedIYGBXvQm4n+em0BQ8VIu4wSYpLNFQSIwRHgSAO5xxSiIkSGEKm5uxXRAFKFgYsqbEJzFl/+S5mnZOS+fXZs0KmiGLDpAh6iEHHSBqugK1VEDURSjB/SEnq3EerRerNdZa8aaz+yhX7DevgH1sZP1</latexit>

[B(t� 1)]i

<latexit sha1_base64="XvidC+3KtUbvmoH3YXUYbqtk3zU=">AAAB/HicbVDLSsNAFJ3UV62vaMGNm6FFqC5KIqJdFrpxWcE+oK1hMp20YyeTMDMRQoi/4kIXirh16Ue4c+PO/3D6WGjrgQuHc+7l3nvckFGpLOvTyCwtr6yuZddzG5tb2zvm7l5TBpHApIEDFoi2iyRhlJOGooqRdigI8l1GWu6oNvZbt0RIGvArFYek56MBpx7FSGnJMfNJFyMGa+l1cpw6yU1aUkeOWbTK1gRwkdgzUqwWHt4L31/7dcf86PYDHPmEK8yQlB3bClUvQUJRzEia60aShAiP0IB0NOXIJ7KXTI5P4aFW+tALhC6u4ET9PZEgX8rYd3Wnj9RQzntj8T+vEymv0ksoDyNFOJ4u8iIGVQDHScA+FQQrFmuCsKD6VoiHSCCsdF45HYI9//IiaZ6U7bPy6aVOowKmyIIDUAAlYINzUAUXoA4aAIMY3IMn8GzcGY/Gi/E6bc0Ys5k8+APj7QcIgpgP</latexit>

C⇤
j (t)

<latexit sha1_base64="oKTe2pfSMDwhUd14nQRN61NPkuk=">AAAB+XicbVDLSsNAFJ34rPUVHzs3g0WogiUpoi6LblxWsA9IY5hMJ+3YySTMTAol5E/cuFDEbfFH3PkL7t07fSy09cCFwzn3cu89fsyoVJb1aSwsLi2vrObW8usbm1vb5s5uXUaJwKSGIxaJpo8kYZSTmqKKkWYsCAp9Rhp+73rkN/pESBrxOzWIiRuiDqcBxUhpyTNN5+o+PcmK6tQ+dr30IfPMglWyxoDzxJ6SQmX/+11+DbtVz/xotSOchIQrzJCUjm3Fyk2RUBQzkuVbiSQxwj3UIY6mHIVEuun48gweaaUNg0jo4gqO1d8TKQqlHIS+7gyR6spZbyT+5zmJCi7dlPI4UYTjyaIgYVBFcBQDbFNBsGIDTRAWVN8KcRcJhJUOK69DsGdfnif1csk+L53d6jTKYIIcOACHoAhscAEq4AZUQQ1g0AeP4Bm8GKnxZLwab5PWBWM6swf+wBj+ABfllxQ=</latexit>

[B⇤(t� 1)]j

<latexit sha1_base64="qmwmiZrWNQwxtZzSR4WNMec1m50=">AAAB8nicbVC7SgNBFL0bXzG+4qOzWQyCWITdIGoZtLGMYB6wWcPsZDYZMzuzzMwKYdnPsLFQxNZO/BE7f8He3smj0OiBC4dz7uXee4KYUaUd58PKzc0vLC7llwsrq2vrG8XNrYYSicSkjgUTshUgRRjlpK6pZqQVS4KigJFmMDgf+c1bIhUV/EoPY+JHqMdpSDHSRvK8s+v0MPM76U3WKZacsjOG/Ze4U1Kq7ny9qc/Xfq1TfG93BU4iwjVmSCnPdWLtp0hqihnJCu1EkRjhAeoRz1COIqL8dHxyZu8bpWuHQpri2h6rPydSFCk1jALTGSHdV7PeSPzP8xIdnvop5XGiCceTRWHCbC3s0f92l0qCNRsagrCk5lYb95FEWJuUCiYEd/blv6RRKbvH5aNLk0YFJsjDLuzBAbhwAlW4gBrUAYOAO3iAR0tb99aT9TxpzVnTmW34BevlGxsllY4=</latexit>

[B⇤]j
<latexit sha1_base64="HbswvR/JxHguiERZ5u/PTvt2WTs=">AAAB9XicbVDLSsNAFJ3UV62vWpduBovQVUmKqMuiG5cV7AOaWCaTSTt0MgkzN0oJ/Qa3blwo4tZ/8BPc+SHunT4W2nrgwuGce7n3Hj8RXINtf1m5ldW19Y38ZmFre2d3r7hfauk4VZQ1aSxi1fGJZoJL1gQOgnUSxUjkC9b2h5cTv33HlOaxvIFRwryI9CUPOSVgpNuuC1wEDF94vYyPe8WyXbWnwMvEmZNyveRWvj8e3Eav+OkGMU0jJoEKonXXsRPwMqKAU8HGBTfVLCF0SPqsa6gkEdNeNr16jI+NEuAwVqYk4Kn6eyIjkdajyDedEYGBXvQm4n9eN4Xw3Mu4TFJgks4WhanAEONJBDjgilEQI0MIVdzciumAKELBBFUwITiLLy+TVq3qnFZPrk0aNTRDHh2iI1RBDjpDdXSFGqiJKFLoET2jF+veerJerbdZa86azxygP7DefwDZaZW7</latexit>

[B̃]i

<latexit sha1_base64="4dTqkFWFXjdHAC/S+5FJCLBheis=">AAAB+3icbVDLSsNAFJ34rPUVqzs3g0UQFyUpoi6LblxWsA9IY5hMJu3YySTMTMQS8ituXCjiTvoj7vwF9+6dPhbaeuDC4Zx7ufceP2FUKsv6NBYWl5ZXVgtrxfWNza1tc6fUlHEqMGngmMWi7SNJGOWkoahipJ0IgiKfkZbfvxz5rXsiJI35jRokxI1Ql9OQYqS05Jklp6MoCwi8uM2Oc9fL7nLPLFsVaww4T+wpKdf2vofy671X98yPThDjNCJcYYakdGwrUW6GhKKYkbzYSSVJEO6jLnE05Sgi0s3Gt+fwUCsBDGOhiys4Vn9PZCiSchD5ujNCqidnvZH4n+ekKjx3M8qTVBGOJ4vClEEVw1EQMKCCYMUGmiAsqL4V4h4SCCsdV1GHYM++PE+a1Yp9Wjm51mlUwQQFsA8OwBGwwRmogStQBw2AwQN4BM/gxciNJ+PVeJu0LhjTmV3wB8bwB5o2mJM=</latexit>

[B̃⇤]j

<latexit sha1_base64="Bj4Lhmc9v2cy1pAKywLSp4LsQO0=">AAAB8XicbVDLSgNBEOz1EWN8RT16GQyCp7AbRD0GvXhMwDwwCWF2tpMMmZ1dZmaFEPIRgggeFPHiwT/x6E38GSePgyYWNBRV3XR3+bHg2rjul7O0vLKaWkuvZzY2t7Z3srt7VR0limGFRSJSdZ9qFFxixXAjsB4rpKEvsOb3L8d+7RaV5pG8NoMYWyHtSt7hjBor3TQNFwGSizZtZ3Nu3p2ALBJvRnLFVPn74+HurdTOfjaDiCUhSsME1brhubFpDakynAkcZZqJxpiyPu1iw1JJQ9St4eTiETmySkA6kbIlDZmovyeGNNR6EPq2M6Smp+e9sfif10hM57w15DJODEo2XdRJBDERGb9PAq6QGTGwhDLF7a2E9aiizNiQMjYEb/7lRVIt5L3T/EnZplGAKdJwAIdwDB6cQRGuoAQVYCDhHp7g2dHOo/PivE5bl5zZzD78gfP+A13XlG0=</latexit>

B̃a

<latexit sha1_base64="VReMgDCTyzg94ZXxgF2adLrS/sg="></latexit>

UCBa(t) = max
B̃a

hf(B̃a), ⌫i

s.t. [B̃a]i 2 I(i /2 a) · Ci(t) + I(i 2 a) · C⇤
i (t)

<latexit sha1_base64="kRaup1FHbX3M43klwJxgN6nPekg="></latexit>

Theorem (upper bound): The regret of LinSEM-UCB

E[R(T )] = O(dL+
1
2

p

NT )

<latexit sha1_base64="XU78ODfHQ/SiNl9Y7FGeTSxnitE="></latexit>

Theorem (minimax lower bound): Regret of any algorithm

E[R(T )] = ⌦(d
L
2 +2

p
T )

<latexit sha1_base64="pBrtONH5nXDzx6N9eG97x0K9yVk="></latexit> share
information

contact: bvarici@andrew.cmu.edu

<latexit sha1_base64="MIE3J9Q2Wt6NHQvU8w6W8BTg9BY=">AAACN3icdVBdaxNBFJ1t/WjjR2N97MvFVBCEsNnaJApCqQg+qFQ0bSATw93J3XTo7Mx2Zl YIS/5VX/wbvumLD4r46j9wto2gogcGDud+zLknLZR0Po4/Riurly5fubq23rh2/cbNjeatzUNnSitoIIwydpiiIyU1Dbz0ioaFJcxTRUfpyZO6fvSOrJNGv/HzgsY5zrTMpEAfpEnzJXdZgwvSnqzUM6i4QjsjeB72oYXXT188An56WuIUtofwGHiO/jjNqv3FW+5NAUO4D5wKJ5XR24vGpNmK2w/73WQ3gbgdx71kp1uTpPcg2YFOUGq02BIHk+YHPjWizIMBodC5UScu/LhC66VQtGjw0lGB4gRnNApUY05uXJ3fvYC7QZlCZmx42sO5+vtEhblz8zwNnbVt93etFv9VG5U+648rqYvSkxYXH2WlAm+gDhGm0pLwah4ICiuDVxDHaFGEFF0dwq9L4f/kMGl3uu3dV0lrr7+MY41tsTvsHuuwHttjz9gBGzDBztgn9oV9jd5Hn6Nv0feL1pVoOXOb/YHox0/rUqq5</latexit>

Linear SEM: X = B>X + ✏

<latexit sha1_base64="YyH/MkyzdOl5DEM4MUizzzZf9Ls="></latexit>- Causal graph G: known vs. unknown
- Interventional distributions {Pa : a 2 A}: known vs. unknown
- Intervention models: atomic vs. multi-node, do vs. soft
- Random variables: binary or continuous

<latexit sha1_base64="8zpeC8u9n6pR8sN77dngJpkE9es="></latexit>

- optimal dependence on horizon
p
T

- no explicit dependence on cardinality |A|

- estimation errors aggregate along G: d parents, L deep

<latexit sha1_base64="VFzgx0bXS7xyCjS/ss5FPjJvuLA="></latexit>

- why? max. number of causal paths ⇡ dL

- factor
p
N in upper-bound: relaxed in follow-up

<latexit sha1_base64="7d49Wn1LWpB4Sc67PMSEMYOJ7Jk="></latexit>

- 2N vectors ! 2N intervention distributions

[B(t)]i and [B⇤(t)]i : via least-squares Xi(1 : t) & Xpa(i)(1 : t)

- Upper confidence bound (UCB)-based strategy
- Form confidence intervals Ci(t), choose a with largest upside:

at = argmaxa2AUCBa(t)

<latexit sha1_base64="sY2uoruUFUvRDwgI2ZkKgwIWiDo="></latexit>

- Linear Gaussian SEMs, hierarchical graphs |A| = 2d(L�1)

- LinSEM-Thompson sampling (ours) vs. non-causal UCB
- Varying d and L: effect is consistent with theory.

<latexit sha1_base64="3Is4TXpxxc41HdePMHJyCi3imGA="></latexit>- A: set of possible interventions
- B: unknown weight matrix, ✏ = (✏1, . . . , ✏N ): bounded noise
- Soft intervention on node i: changes cond. dist. of Xi

<latexit sha1_base64="Pc7Z9IFM7kQj18Ysix0PAtT3UAM="></latexit>

- Discrete setting: changes the column [B]i to fixed [B⇤]i.
- Intervention space A = 2[N ], so |A| = 2N , denote a 2 A

- Intervention weights Ba: [Ba]i =

(
[B⇤]i, if i 2 a

[B]i, otherwise

Journal-to-conference track


