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Motivation

We propose Locating Intervention Target (LIT) algorith-

m, which includes Recovery phase and Matching phase.

Causal structure learning from interventional data
§ We may not fully control the interv. target
§ Intervention  is done by an unknown source

Task: Learn interv. targets from multi-domain data
Existing method: (possibly a byproduct)
§ Limited to linear systems
§ Requiring exponential CI / invariance tests 
§ Unable to handle latent confounders

• Two obs. var., one latent
• Two noises change across 

environments

Matching Phase (Cont’d)

Simulations

<latexit sha1_base64="BoLloR3hLMpuGpTeegONJTffdmQ=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsKfWFbSibNtKGZzJDcEcrQv3DjQhG3/o07/8ZMOwutHggczrmXnHv8WAqDrvvlFFZW19Y3ipulre2d3b3y/kHLRIlmvMkiGemOTw2XQvEmCpS8E2tOQ1/ytj+5zfz2I9dGRKqB05j3QzpSIhCMopUeeiHFsR+kjdmgXHGr7hzkL/FyUoEc9UH5szeMWBJyhUxSY7qeG2M/pRoFk3xW6iWGx5RN6Ih3LVU05KafzhPPyIlVhiSItH0KyVz9uZHS0Jhp6NvJLKFZ9jLxP6+bYHDdT4WKE+SKLT4KEkkwItn5ZCg0ZyinllCmhc1K2JhqytCWVLIleMsn/yWts6p3Wb24P6/UbvI6inAEx3AKHlxBDe6gDk1goOAJXuDVMc6z8+a8L0YLTr5zCL/gfHwDycWRAg==</latexit>

T

Recovery Phase
Recover the noises                                                  up to permut-
ation and component-wise invertible transformations  
using contrastive learning approach.

<latexit sha1_base64="9HLDxeQzok3XJNcT2NDIHx2hx1s="></latexit>

NT = {Ni|Xi 2 T}

§ Mixing function: 
§ Auxiliary / domain variable 

<latexit sha1_base64="yOVzypO/JHQcUqNXiBWJBCMn1Lc=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBHqpsyIr41QdONKKtgHtKVk0kwbmskMSUYow3yAG3/FjQtF3PoB7vwbM+0UtPVA4OSce7n3HjfkTGnb/rYWFpeWV1Zza/n1jc2t7cLObl0FkSS0RgIeyKaLFeVM0JpmmtNmKCn2XU4b7vA69RsPVCoWiHs9CmnHx33BPEawNlK3UGz7WA9cL24m6BJNP/2kNKW3yZGpssv2GGieOBkpQoZqt/DV7gUk8qnQhGOlWo4d6k6MpWaE0yTfjhQNMRniPm0ZKrBPVSceH5OgQ6P0kBdI84RGY/V3R4x9pUa+ayrTFdWsl4r/ea1IexedmIkw0lSQySAv4kgHKE0G9ZikRPORIZhIZnZFZIAlJtrklzchOLMnz5P6cdk5K5/enRQrV1kcOdiHAyiBA+dQgRuoQg0IPMIzvMKb9WS9WO/Wx6R0wcp69uAPrM8fcm2bQA==</latexit>

X = g(N)
<latexit sha1_base64="vOzMu3M0YAhHuheb2DFFusXaGZI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4Kon4dSx68diCaQttKJvtpF272YTdjVBKf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXpoJr47rfzsrq2vrGZmGruL2zu7dfOjhs6CRTDH2WiES1QqpRcIm+4UZgK1VI41BgMxzeTf3mEyrNE/lgRikGMe1LHnFGjZXqfrdUdivuDGSZeDkpQ45at/TV6SUsi1EaJqjWbc9NTTCmynAmcFLsZBpTyoa0j21LJY1RB+PZoRNyapUeiRJlSxoyU39PjGms9SgObWdMzUAvelPxP6+dmegmGHOZZgYlmy+KMkFMQqZfkx5XyIwYWUKZ4vZWwgZUUWZsNkUbgrf48jJpnFe8q8pl/aJcvc3jKMAxnMAZeHANVbiHGvjAAOEZXuHNeXRenHfnY9664uQzR/AHzucPtG2M4w==</latexit>

U

§ SCM:                                                                   not given as input
• Partitioned into                under latent conf.   

§ Soft intervention:
§ We collect data from        domains

§ Goal:  Recover        (                 )

<latexit sha1_base64="laey/ihECOrnvIagtL1OuTPwOMY=">AAACD3icbVDLSsNAFJ3UV62vqks3g0WpUEoivjZC1Y0rqWDbQBPCZDpph04mYWYilFC/wI2/4saFIm7duvNvnLZZaOuBC4dz7uXee/yYUalM89vIzc0vLC7llwsrq2vrG8XNraaMEoFJA0csEraPJGGUk4aiihE7FgSFPiMtv3818lv3REga8Ts1iIkboi6nAcVIackr7tsePQ88Wq5feLQCbzx6UIEPWnQoh06IVM8PUnvoFUtm1RwDzhIrIyWQoe4Vv5xOhJOQcIUZkrJtmbFyUyQUxYwMC04iSYxwH3VJW1OOQiLddPzPEO5ppQODSOjiCo7V3xMpCqUchL7uHF0op72R+J/XTlRw5qaUx4kiHE8WBQmDKoKjcGCHCoIVG2iCsKD6Voh7SCCsdIQFHYI1/fIsaR5WrZPq8e1RqXaZxZEHO2AXlIEFTkENXIM6aAAMHsEzeAVvxpPxYrwbH5PWnJHNbIM/MD5/AIr9myM=</latexit>

Xi = fi(PAi, Ni), Xi 2 X

<latexit sha1_base64="HZnziTDzb6WluIYjWdnJUFdYSuo=">AAACEHicbVDLSsNAFJ3UV62vqks3g0VaoZREfG2EqhtXUqEvaEKYTCft0MkkzEyEEuofuPFX3LhQxK1Ld/6N0zYLbT1w4XDOvdx7jxcxKpVpfhuZhcWl5ZXsam5tfWNzK7+905RhLDBp4JCFou0hSRjlpKGoYqQdCYICj5GWN7ge+617IiQNeV0NI+IEqMepTzFSWnLzxbZLL3yXlmqXLi3D26JLD8vwQas25dAOkOp7flIfufmCWTEngPPESkkBpKi5+S+7G+I4IFxhhqTsWGaknAQJRTEjo5wdSxIhPEA90tGUo4BIJ5k8NIIHWulCPxS6uIIT9fdEggIph4GnO8cXyllvLP7ndWLlnzsJ5VGsCMfTRX7MoArhOB3YpYJgxYaaICyovhXiPhIIK51hTodgzb48T5pHFeu0cnJ3XKhepXFkwR7YByVggTNQBTegBhoAg0fwDF7Bm/FkvBjvxse0NWOkM7vgD4zPH+15m1A=</latexit>

Xi = fi(PAi, N
0
i), Xi 2 T

<latexit sha1_base64="l8rFMHzflWwwnUm1d4rj2yhsXdg="></latexit>

T := {Xi|9d, d0 2 [D], pd(Ni) 6= pd0(Ni)}

<latexit sha1_base64="wRGiuknLAa/3fuKIoPxeFMfINwQ=">AAACAXicbZDLSsNAFIZP6q3WW9SN4GawCK5KIt5AFwU3LgQr2Au0oUymk3bo5MLMRCghbnwVNy4UcetbuPNtnLQRtPWHgY//nMOc87sRZ1JZ1pdRmJtfWFwqLpdWVtfWN8zNrYYMY0FonYQ8FC0XS8pZQOuKKU5bkaDYdzltusPLrN68p0KyMLhTo4g6Pu4HzGMEK211zZ12x8dq4HrJTXqOfvg6dbpm2apYY6FZsHMoQ65a1/zs9EIS+zRQhGMp27YVKSfBQjHCaVrqxJJGmAxxn7Y1Btin0knGF6RoXzs95IVCv0Chsft7IsG+lCPf1Z3ZinK6lpn/1dqx8s6chAVRrGhAJh95MUcqRFkcqMcEJYqPNGAimN4VkQEWmCgdWkmHYE+fPAuNw4p9Ujm+PSpXL/I4irALe3AANpxCFa6gBnUg8ABP8AKvxqPxbLwZ75PWgpHPbMMfGR/fY4iW2Q==</latexit>

[O;L]

<latexit sha1_base64="roqdACC6apFMLTmnQYQL/ADuNys=">AAACAnicbVDLSsNAFL3xWesr6krcDBbBVUnE17Loxp0V+oImlMl00g6dPJiZCCUEN/6KGxeKuPUr3Pk3TtoI2npg4Mw593LvPV7MmVSW9WUsLC4tr6yW1srrG5tb2+bObktGiSC0SSIeiY6HJeUspE3FFKedWFAceJy2vdF17rfvqZAsChtqHFM3wIOQ+YxgpaWeue8EWA09P21kDsEx+vneZj2zYlWtCdA8sQtSgQL1nvnp9COSBDRUhGMpu7YVKzfFQjHCaVZ2EkljTEZ4QLuahjig0k0nJ2ToSCt95EdCv1Chifq7I8WBlOPA05X5hnLWy8X/vG6i/Es3ZWGcKBqS6SA/4UhFKM8D9ZmgRPGxJpgIpndFZIgFJkqnVtYh2LMnz5PWSdU+r57dnVZqV0UcJTiAQzgGGy6gBjdQhyYQeIAneIFX49F4Nt6M92npglH07MEfGB/fkW+Xjg==</latexit>

T \O

<latexit sha1_base64="nKmfocFW39sCTNBvMUhn0TSRLT0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQDx4TMA9IljA76SRjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPR7dRvPqHSPJIPZhyjH9KB5H3OqLFS7a5bLLlldwayTLyMlCBDtVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46O3RCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9lMu48SgZPNF/UQQE5Hp16THFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGmdl77J8UTsvVW6yOPJwBMdwCh5cQQXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A5qpjNI=</latexit>

D

Proposition 1: Assume                                                      . Under 

certain conditions on       , the recovery is possible when:
a) and      is invertible;
b) and      invertible                                         s. t.

, where                     and                              .

<latexit sha1_base64="pmLdFH/bro5/PH/VGBDof/Lwo/Y=">AAACEnicbVDLSsNAFJ3UV62vqks3g0VoQUsivpZFXbizQl/QhDKZTtqhk0mcmQglzTe48VfcuFDErSt3/o3TNqBWD1w4nHMv997jhoxKZZqfRmZufmFxKbucW1ldW9/Ib241ZBAJTOo4YIFouUgSRjmpK6oYaYWCIN9lpOkOLsZ+844ISQNeU8OQOD7qcepRjJSWOvmS7VNevDyw9uHI9pHqu158nYxK0O6R22+plow6+YJZNieAf4mVkgJIUe3kP+xugCOfcIUZkrJtmaFyYiQUxYwkOTuSJER4gHqkrSlHPpFOPHkpgXta6UIvELq4ghP150SMfCmHvqs7xyfKWW8s/ue1I+WdOTHlYaQIx9NFXsSgCuA4H9ilgmDFhpogLKi+FeI+EggrnWJOh2DNvvyXNA7L1kn5+OaoUDlP48iCHbALisACp6ACrkAV1AEG9+ARPIMX48F4Ml6Nt2lrxkhntsEvGO9fD02dJg==</latexit>

min(D � 1, |O|) � |T|

<latexit sha1_base64="d2enRs/minT1KGs587Nm0hA+Afw=">AAAB/XicbVDLSsNAFJ3UV62v+ti5CRbBVUnE10YounHhooJ9QBvKZHrTDp1MwsyNEEPxV9y4UMSt/+HOv3H6WGjrgYHDOfdyzxw/Flyj43xbuYXFpeWV/GphbX1jc6u4vVPXUaIY1FgkItX0qQbBJdSQo4BmrICGvoCGP7ge+Y0HUJpH8h7TGLyQ9iQPOKNopE5xrx1S7PtBdju8bEMYY6oBO8WSU3bGsOeJOyUlMkW1U/xqdyOWhCCRCap1y3Vi9DKqkDMBw0I70RBTNqA9aBkqaQjay8bph/ahUbp2ECnzJNpj9fdGRkOt09A3k6OsetYbif95rQSDCy/jMk4QJJscChJhY2SPqrC7XAFDkRpCmeImq836VFGGprCCKcGd/fI8qR+X3bPy6d1JqXI1rSNP9skBOSIuOScVckOqpEYYeSTP5JW8WU/Wi/VufUxGc9Z0Z5f8gfX5AxB6laM=</latexit>

L = ;
<latexit sha1_base64="Anp3US/vYUQ/PjtlGeoKUpS3tvw=">AAACAHicbVC7TsNAEDzzDOEVoKCgsYiQqCIb8SojaCgogkQeUmxF58s6OeV8NndrpMhKw6/QUIAQLZ9Bx99wSVxAwkgrjWZ2tbsTJIJrdJxva2FxaXlltbBWXN/Y3Nou7ew2dJwqBnUWi1i1AqpBcAl15CiglSigUSCgGQyux37zEZTmsbzHYQJ+RHuSh5xRNFKntO9FFPtBmN2OPAkPHkQJDjVgp1R2Ks4E9jxxc1ImOWqd0pfXjVkagUQmqNZt10nQz6hCzgSMil6qIaFsQHvQNlTSCLSfTR4Y2UdG6dphrExJtCfq74mMRloPo8B0js/Vs95Y/M9rpxhe+hmXSYog2XRRmAobY3ucht3lChiKoSGUKW5utVmfKsrQZFY0IbizL8+TxknFPa+c3Z2Wq1d5HAVyQA7JMXHJBamSG1IjdcLIiDyTV/JmPVkv1rv1MW1dsPKZPfIH1ucPtSuXJA==</latexit>

L 6= ;

<latexit sha1_base64="tMwv2IDHOHw6Hb2IhgiZiMveBDA=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9oFtKZn0ThuayQxJRihD/8KNC0Xc+jfu/Bsz7Sy09UDgcM695Nzjx4Jr47rfTmFldW19o7hZ2tre2d0r7x80dZQohg0WiUi1fapRcIkNw43AdqyQhr7Alj++zfzWEyrNI/lgJjH2QjqUPOCMGis9dkNqRn6QDqf9csWtujOQZeLlpAI56v3yV3cQsSREaZigWnc8Nza9lCrDmcBpqZtojCkb0yF2LJU0RN1LZ4mn5MQqAxJEyj5pyEz9vZHSUOtJ6NvJLKFe9DLxP6+TmOC6l3IZJwYlm38UJIKYiGTnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs8eZk0z6reZfXi/rxSu8nrKMIRHMMpeHAFNbiDOjSAgYRneIU3RzsvzrvzMR8tOPnOIfyB8/kD5qSRFQ==</latexit>g
<latexit sha1_base64="AHf/qrQlyqZPav6L43eC883qFns=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dllZlYMSz7CiwdFvPo93vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/Vbj6g0j+WDGSfoR3QgecgZNVZqdfHJ7tC9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2bkTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp76TPFTIjxpZQpri9lbAhVZQZm1DJhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awGAEz/AKb07ivDjvzse8teDkM4fwB87nD5/gj8Y=</latexit>

9
<latexit sha1_base64="a25a8Uhk0JhGuMwF7S83JJsg2AU="></latexit>

g̃ : R|O| ! R|O|
<latexit sha1_base64="qINz0FScUmedpsDWBEhyNY3m0is=">AAACLnicbZBLSwMxEMez9VXrq+rRS7AI7aXsii8QoSiCJ63QF3RLyabZNjT7IMkKZckn8uJX0YOgIl79GGb7QlsHAr/8Z4aZ+Tsho0Ka5puRWlhcWl5Jr2bW1jc2t7LbOzURRByTKg5YwBsOEoRRn1QllYw0Qk6Q5zBSd/pXSb7+QLiggV+Rg5C0PNT1qUsxklpqZ69tSVmHxLaHZM9x465S+QnfqQK8gNPvrWpPyypKnU+4pgrtbM4smsOA82CNIQfGUW5nX+xOgCOP+BIzJETTMkPZihGXFDOiMnYkSIhwH3VJU6OPPCJa8fBcBQ+00oFuwPXzJRyqvzti5Akx8BxdmawoZnOJ+F+uGUn3rBVTP4wk8fFokBsxKAOYeAc7lBMs2UADwpzqXSHuIY6w1A5ntAnW7MnzUDssWifF4/ujXOlybEca7IF9kAcWOAUlcAPKoAoweATP4B18GE/Gq/FpfI1KU8a4Zxf8CeP7B4BVqgo=</latexit>

g̃(O) = (NT;V)
<latexit sha1_base64="EHlPqAc+0+IGIBmTXLb1NluFEo0=">AAACCHicbVC7TsMwFL3hWcorwMiAoUJiqhLEa6xgYSwSaSs1VeW4TmvVcSLbQaqijiz8CgsDCLHyCWz8DU6bAVqOZen4nHvle0+QcKa043xbC4tLyyurpbXy+sbm1ra9s9tQcSoJ9UjMY9kKsKKcCepppjltJZLiKOC0GQxvcr/5QKVisbjXo4R2ItwXLGQEayN17QM/wnoQhFljjPyEygT5h/kpHl7XrjhVZwI0T9yCVKBAvWt/+b2YpBEVmnCsVNt1Et3JsNSMcDou+6miCSZD3KdtQwWOqOpkk0XG6NgoPRTG0lyh0UT93ZHhSKlRFJjKfGw16+Xif1471eFVJ2MiSTUVZPpRmHKkY5SngnpMUqL5yBBMJDOzIjLAEhNtsiubENzZledJ47TqXlTP784qtesijhLswxGcgAuXUINbqIMHBB7hGV7hzXqyXqx362NaumAVPXvwB9bnD6xhmHk=</latexit>

V ?? U
<latexit sha1_base64="U7OOp7avw51JxCuIXtXuwHWGn8k=">AAACIXicbVDLSsNAFJ3UV62vqEs3o0VwVRLx0WXRjSup0LSFJoTJdNIOnTyYmQgl5lfc+CtuXCjSnfgzTtoUtPUMA2fOuZe593gxo0IaxpdWWlldW98ob1a2tnd29/T9g7aIEo6JhSMW8a6HBGE0JJakkpFuzAkKPEY63ug29zuPhAsahS05jokToEFIfYqRVJKr1+0AyaHnp+0M2jHhMbSP8zN/FO595qZz3soy+GS5etWoGVPAZWIWpAoKNF19YvcjnAQklJghIXqmEUsnRVxSzEhWsRNBYoRHaEB6ioYoIMJJpxtm8FQpfehHXN1Qwqn6uyNFgRDjwFOV+ZRi0cvF/7xeIv26k9IwTiQJ8ewjP2FQRjCPC/YpJ1iysSIIc6pmhXiIOMJShVpRIZiLKy+T9nnNvKpdPlxUGzdFHGVwBE7AGTDBNWiAO9AEFsDgGbyCd/ChvWhv2qc2mZWWtKLnEPyB9v0DMO6jlA==</latexit>

V ?? NT|U

<latexit sha1_base64="Z8qOxVoNJDTCdjDdMp+kswK8CS4=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjSupYB/YlpJJM21oJjMkd4Qy9C/cuFDErX/jzr8x085CqwcCh3PuJeceP5bCoOt+OYWl5ZXVteJ6aWNza3unvLvXNFGiGW+wSEa67VPDpVC8gQIlb8ea09CXvOWPrzO/9ci1EZG6x0nMeyEdKhEIRtFKD92Q4sgP0ttpv1xxq+4M5C/xclKBHPV++bM7iFgScoVMUmM6nhtjL6UaBZN8WuomhseUjemQdyxVNOSml84ST8mRVQYkiLR9CslM/bmR0tCYSejbySyhWfQy8T+vk2Bw2UuFihPkis0/ChJJMCLZ+WQgNGcoJ5ZQpoXNStiIasrQllSyJXiLJ/8lzZOqd149uzut1K7yOopwAIdwDB5cQA1uoA4NYKDgCV7g1THOs/PmvM9HC06+sw+/4Hx8A8CnkPw=</latexit>

N

X1 X2

XL

Invertibility holds when the model is a linear SCM, 
nonlinear ANM, or            are MLPs with ReLU activation 
function and positive coefficients.

<latexit sha1_base64="q3tMRodRKGcYAomU6+FP9xaSy74=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cK1haaUDbbTbt0swm7E6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjLdYIhPdCanhUijeQoGSd1LNaRxK3g5Ht1O//cS1EYl6wHHKg5gOlIgEo2iltp9HPeFPetWaW3dnIMvEK0gNCjR71S+/n7As5gqZpMZ0PTfFIKcaBZN8UvEzw1PKRnTAu5YqGnMT5LNzJ+TEKn0SJdqWQjJTf0/kNDZmHIe2M6Y4NIveVPzP62YYXQe5UGmGXLH5oiiTBBMy/Z30heYM5dgSyrSwtxI2pJoytAlVbAje4svL5PGs7l3WL+7Pa42bIo4yHMExnIIHV9CAO2hCCxiM4Ble4c1JnRfn3fmYt5acYuYQ/sD5/AFyRI+o</latexit>

{fi}

T-faithfulness assumption
d-separation between noise and observed variable on 
the augmented graph is equivalent to independency.

X1 X2

XL

NX1

NL

X1 X2

NL

NX1

Causal 
Diagram

Augmented 
Graph

§ Indicator set       : 
• Includes all noises in 

<latexit sha1_base64="SGJQGnBOo6TAcHgWUQUSxBdE+Cs="></latexit>

Ii = {Ñj |Ñj 6?? Xi}
<latexit sha1_base64="/iMgLFvBqphIL8XJypJs6xxJuO8=">AAACDHicbVDLSgMxFL3js9ZX1aWbYBHqpsyIr2XVjSup0Bd0hpJJM21oJjMkGaEM8wFu/BU3LhRx6we4829MH4K2HggczjmX3Hv8mDOlbfvLWlhcWl5Zza3l1zc2t7YLO7sNFSWS0DqJeCRbPlaUM0HrmmlOW7GkOPQ5bfqD65HfvKdSsUjU9DCmXoh7ggWMYG2kTqF4KUqtDjtyCY6RG2Ld94P0NuukP7yWZSZll+0x0DxxpqQIU1Q7hU+3G5EkpEITjpVqO3asvRRLzQinWd5NFI0xGeAebRsqcEiVl46PydChUbooiKR5QqOx+nsixaFSw9A3ydGKatYbif957UQHF17KRJxoKsjkoyDhSEdo1AzqMkmJ5kNDMJHM7IpIH0tMtOkvb0pwZk+eJ43jsnNWPr07KVaupnXkYB8OoAQOnEMFbqAKdSDwAE/wAq/Wo/VsvVnvk+iCNZ3Zgz+wPr4BokebaA==</latexit>

An(Xi) \NT

Matching under causal sufficiency

Match the recovered noises in          to           by comparing 
between          and        (or       )

<latexit sha1_base64="KPvSXsA6u9oydAKxd/FtJODoo/o=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaL4CokrUbdFd24kgp9QRvCZDpph04ezEyEErLxV9y4UMStn+HOv3HSpqCiBy4czrmXe+/xYkaFNM1PrbS0vLK6Vl6vbGxube/ou3sdESUckzaOWMR7HhKE0ZC0JZWM9GJOUOAx0vUm17nfvSdc0ChsyWlMnACNQupTjKSSXP1gECA59vz0NnPTBW9lmatXTcO+tOp2HZqGOUNOLLtm2tAqlCoo0HT1j8EwwklAQokZEqJvmbF0UsQlxYxklUEiSIzwBI1IX9EQBUQ46eyBDB4rZQj9iKsKJZyp3ydSFAgxDTzVmZ8ofnu5+JfXT6R/4aQ0jBNJQjxf5CcMygjmacAh5QRLNlUEYU7VrRCPEUdYqswqKoTFp/B/0qkZlm2c3Z1WG1dFHGVwCI7ACbDAOWiAG9AEbYBBBh7BM3jRHrQn7VV7m7eWtGJmH/yA9v4F7fGXSw==</latexit>

NT

<latexit sha1_base64="z/7Keu15mFzm0iYpNsqpzx2P4C4=">AAACCHicdVDLSsNAFJ3UV62vqEsXDhbBVUhajborunElFfoQmlAmk0k7dPJgZiKUkKUbf8WNC0Xc+gnu/BsnbRUVPTBw7jn3MvceL2FUSNN810pz8wuLS+Xlysrq2vqGvrnVEXHKMWnjmMX82kOCMBqRtqSSkeuEExR6jHS90Xnhd28IFzSOWnKcEDdEg4gGFCOppL6+60jKfJI5IZJDL8gu87z/VbRUoVdNwz616nYdmoY5QUEsu2ba0JopVTBDs6+/OX6M05BEEjMkRM8yE+lmiEuKGckrTipIgvAIDUhP0QiFRLjZ5JAc7ivFh0HM1YsknKjfJzIUCjEOPdVZrCh+e4X4l9dLZXDiZjRKUkkiPP0oSBmUMSxSgT7lBEs2VgRhTtWuEA8RR1iq7CoqhM9L4f+kUzMs2zi6Oqw2zmZxlMEO2AMHwALHoAEuQBO0AQa34B48giftTnvQnrWXaWtJm81sgx/QXj8Al2ibAQ==</latexit>

ÑT
<latexit sha1_base64="z/7Keu15mFzm0iYpNsqpzx2P4C4=">AAACCHicdVDLSsNAFJ3UV62vqEsXDhbBVUhajborunElFfoQmlAmk0k7dPJgZiKUkKUbf8WNC0Xc+gnu/BsnbRUVPTBw7jn3MvceL2FUSNN810pz8wuLS+Xlysrq2vqGvrnVEXHKMWnjmMX82kOCMBqRtqSSkeuEExR6jHS90Xnhd28IFzSOWnKcEDdEg4gGFCOppL6+60jKfJI5IZJDL8gu87z/VbRUoVdNwz616nYdmoY5QUEsu2ba0JopVTBDs6+/OX6M05BEEjMkRM8yE+lmiEuKGckrTipIgvAIDUhP0QiFRLjZ5JAc7ivFh0HM1YsknKjfJzIUCjEOPdVZrCh+e4X4l9dLZXDiZjRKUkkiPP0oSBmUMSxSgT7lBEs2VgRhTtWuEA8RR1iq7CoqhM9L4f+kUzMs2zi6Oqw2zmZxlMEO2AMHwALHoAEuQBO0AQa34B48giftTnvQnrWXaWtJm81sgx/QXj8Al2ibAQ==</latexit>

ÑT
<latexit sha1_base64="JlHZMVeekfF+u1xL6W+QQ1xb2xM=">AAAB8XicdVDLSsNAFL2pr1pfVZduBovgqiStRt0V3bisYB/YhjKZTtqhk0mYmQgl9C/cuFDErX/jzr9x0kZQ0QMDh3PuZc49fsyZ0rb9YRWWlldW14rrpY3Nre2d8u5eW0WJJLRFIh7Jro8V5UzQlmaa024sKQ59Tjv+5CrzO/dUKhaJWz2NqRfikWABI1gb6a4fYj32g7Q7G5QrdtW9cOpuHdlVe46MOG7NdpGTKxXI0RyU3/vDiCQhFZpwrFTPsWPtpVhqRjidlfqJojEmEzyiPUMFDqny0nniGToyyhAFkTRPaDRXv2+kOFRqGvpmMkuofnuZ+JfXS3Rw7qVMxImmgiw+ChKOdISy89GQSUo0nxqCiWQmKyJjLDHRpqSSKeHrUvQ/adeqjls9vTmpNC7zOopwAIdwDA6cQQOuoQktICDgAZ7g2VLWo/VivS5GC1a+sw8/YL19Ag6YkTE=</latexit>

X
<latexit sha1_base64="breQFJxiEf74f55wY9XG6Chba9k=">AAAB8XicdVDLSsNAFL3xWeur6tLNYBFclaTVqLuiG3dWsA9sQ5lMJ+3QySTMTIQS+hduXCji1r9x5984aSOo6IGBwzn3MuceP+ZMadv+sBYWl5ZXVgtrxfWNza3t0s5uS0WJJLRJIh7Jjo8V5UzQpmaa004sKQ59Ttv++DLz2/dUKhaJWz2JqRfioWABI1gb6a4XYj3yg/R62i+V7Yp77tTcGrIr9gwZcdyq7SInV8qQo9EvvfcGEUlCKjThWKmuY8faS7HUjHA6LfYSRWNMxnhIu4YKHFLlpbPEU3RolAEKImme0Gimft9IcajUJPTNZJZQ/fYy8S+vm+jgzEuZiBNNBZl/FCQc6Qhl56MBk5RoPjEEE8lMVkRGWGKiTUlFU8LXpeh/0qpWHLdycnNcrl/kdRRgHw7gCBw4hTpcQQOaQEDAAzzBs6WsR+vFep2PLlj5zh78gPX2CQDrkSg=</latexit>

O

Algorithm 1: LIT algorithm

1 Obtain ÑT and I; U X; K ;;
2 for Xi 2 X do
3 if (I) holds then remove Xi (from U);

4 else if (IV) holds then remove Xi; // latent
5 else if (II) holds then add Xi to K, remove Xi;

6 Partition U into disjoint subsets U1, · · · ,Ur

according to the indicator sets;

7 for Ui 2 {U1, · · · ,Ur} do
8 Add Xik 2 Ui satisfying (III) to K (resp.

variables not satisfying (III-L));

9 return K

<latexit sha1_base64="AHPrPHkRY/Aeq3ZKFhH2BY6+2rw=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia1l0o7sK9gFNKJPppB06mYR5CCX0N9y4UMStP+POv3HSZqGtBwYO59zLPXPClDOlXffbKa2srq1vlDcrW9s7u3vV/YO2SowktEUSnshuiBXlTNCWZprTbiopjkNOO+H4Nvc7T1QqlohHPUlpEOOhYBEjWFvJ92OsRwTz7H6K+tWaW3dnQMvEK0gNCjT71S9/kBATU6EJx0r1PDfVQYalZoTTacU3iqaYjPGQ9iwVOKYqyGaZp+jEKgMUJdI+odFM/b2R4VipSRzayTyjWvRy8T+vZ3R0HWRMpEZTQeaHIsORTlBeABowSYnmE0swkcxmRWSEJSba1lSxJXiLX14m7bO6d1m/eDivNW6KOspwBMdwCh5cQQPuoAktIJDCM7zCm2OcF+fd+ZiPlpxi5xD+wPn8AdmlkZM=</latexit>I

Theorem 1: The intervention targets can be uniquely 

identified based on         ,        and using three conditions.
<latexit sha1_base64="AHPrPHkRY/Aeq3ZKFhH2BY6+2rw=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia1l0o7sK9gFNKJPppB06mYR5CCX0N9y4UMStP+POv3HSZqGtBwYO59zLPXPClDOlXffbKa2srq1vlDcrW9s7u3vV/YO2SowktEUSnshuiBXlTNCWZprTbiopjkNOO+H4Nvc7T1QqlohHPUlpEOOhYBEjWFvJ92OsRwTz7H6K+tWaW3dnQMvEK0gNCjT71S9/kBATU6EJx0r1PDfVQYalZoTTacU3iqaYjPGQ9iwVOKYqyGaZp+jEKgMUJdI+odFM/b2R4VipSRzayTyjWvRy8T+vZ3R0HWRMpEZTQeaHIsORTlBeABowSYnmE0swkcxmRWSEJSba1lSxJXiLX14m7bO6d1m/eDivNW6KOspwBMdwCh5cQQPuoAktIJDCM7zCm2OcF+fd+ZiPlpxi5xD+wPn8AdmlkZM=</latexit>I

<latexit sha1_base64="ZACz9bCH7kJXgt8LBrCs7q9/8YY=">AAACCHicbVDLSsNAFJ34rPUVdenCYBFclUR8LYtuXEmFvqAJZTK5aYdOJmFmIpTQpRt/xY0LRdz6Ce78GydtEG09MHDuOfcy9x4/YVQq2/4yFhaXlldWS2vl9Y3NrW1zZ7cl41QQaJKYxaLjYwmMcmgqqhh0EgE48hm0/eF17rfvQUga84YaJeBFuM9pSAlWWuqZB66iLIDMjbAa+GF2Ox73foqGLsyKXbUnsOaJU5AKKlDvmZ9uEJM0Aq4Iw1J2HTtRXoaFooTBuOymEhJMhrgPXU05jkB62eSQsXWklcAKY6EfV9ZE/T2R4UjKUeTrznxFOevl4n9eN1XhpZdRnqQKOJl+FKbMUrGVp2IFVABRbKQJJoLqXS0ywAITpbMr6xCc2ZPnSeuk6pxXz+5OK7WrIo4S2keH6Bg56ALV0A2qoyYi6AE9oRf0ajwaz8ab8T5tXTCKmT30B8bHN1i4mtY=</latexit>

ÑT
<latexit sha1_base64="H9nnF44JcOse9B7KljPtnAhOh0I=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9oFtKZn0ThuayQxJRihD/8KNC0Xc+jfu/Bsz7Sy09UDgcM695Nzjx4Jr47rfTmFldW19o7hZ2tre2d0r7x80dZQohg0WiUi1fapRcIkNw43AdqyQhr7Alj++zfzWEyrNI/lgJjH2QjqUPOCMGis9dkNqRn6Qtqf9csWtujOQZeLlpAI56v3yV3cQsSREaZigWnc8Nza9lCrDmcBpqZtojCkb0yF2LJU0RN1LZ4mn5MQqAxJEyj5pyEz9vZHSUOtJ6NvJLKFe9DLxP6+TmOC6l3IZJwYlm38UJIKYiGTnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs8eZk0z6reZfXi/rxSu8nrKMIRHMMpeHAFNbiDOjSAgYRneIU3RzsvzrvzMR8tOPnOIfyB8/kDz9mRBg==</latexit>

X

Matching under latent confounding

Theorem 2: By adding Cond. (IV) and changing (III), LIT 

can return a superset of the true intervention targets.

§ LIT: Checking Cond (I) - (III) for all variables
§ Requires quadratic CI tests: Bounded by 

<latexit sha1_base64="3owMjZP8JiaAWpC76CUSkCesgW0=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBVUmKr2XRjcsKfUEby2QyaYdOMmFmIpQ0Szf+ihsXirj1E9z5N07aINp64MLhnHu59x43YlQqy/oyCkvLK6trxfXSxubW9o65u9eSPBaYNDFnXHRcJAmjIWkqqhjpRIKgwGWk7Y6uM799T4SkPGyocUScAA1C6lOMlJb65uGkFyA1dP2kkU562OPqR+ikk7tq3yxbFWsKuEjsnJRBjnrf/Ox5HMcBCRVmSMqubUXKSZBQFDOSlnqxJBHCIzQgXU1DFBDpJNNHUnisFQ/6XOgKFZyqvycSFEg5DlzdmR0p571M/M/rxsq/dBIaRrEiIZ4t8mMGFYdZKtCjgmDFxpogLKi+FeIhEggrnV1Jh2DPv7xIWtWKfV45uz0t167yOIrgAByBE2CDC1ADN6AOmgCDB/AEXsCr8Wg8G2/G+6y1YOQz++APjI9vFtGaqQ==</latexit>

|T| · |X|2

§ Graphical characterization: Auxiliary graph
§ Can handle latent intervention targets, i.e., 
§ More informative than baselines when 

<latexit sha1_base64="3g+2c9SlVadOE3kbKJRcWVDhOUc=">AAACEHicbVC7SgNBFJ31bXxFLW0Gg2gVdsVXKdpYWETIC7IhzE7uJoOzs+vMXSEs+QQbf8XGQhFbSzv/xslD0MQDA2fOuZd77wkSKQy67pczMzs3v7C4tJxbWV1b38hvblVNnGoOFR7LWNcDZkAKBRUUKKGeaGBRIKEW3F4O/No9aCNiVcZeAs2IdZQIBWdopVZ+348YdoMwK/d9zhL6873uU1/BnQ9Rgj0D2MoX3KI7BJ0m3pgUyBilVv7Tb8c8jUAhl8yYhucm2MyYRsEl9HN+aiBh/JZ1oGGpYhGYZjY8qE/3rNKmYaztU0iH6u+OjEXG9KLAVg72NZPeQPzPa6QYnjUzoZIUQfHRoDCVFGM6SIe2hQaOsmcJ41rYXSnvMs042gxzNgRv8uRpUj0seifF45ujwvnFOI4lskN2yQHxyCk5J1ekRCqEkwfyRF7Iq/PoPDtvzvuodMYZ92yTP3A+vgG7ZZ2u</latexit>

T \ L 6= ;

§ Compare the recovery of the intervention targets
§ PreDITEr: linear-Gaussian; UT-IGSP: causal sufficiency
§ # of CI tests: LIT  ~80;  PreDITEr ~30000
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(a)
• LIT: Recovers the targets
•
•
• Existing work (psi-FCI): 

Returns a superset 

<latexit sha1_base64="lRxWtB4JO7b3FX2oYaevzM2P+C8="></latexit>

I1 = {Ñ1}, I2 = I3 = {Ñ1, Ñ2}
<latexit sha1_base64="ldh9J3NPMfADfQ208VT8njblQiw=">AAACFXicbVDLSgMxFM3UV62vUZduokVwUcpMfS6LblxJBfuAzjBk0ts2NPMgyQhl7E+48VfcuFDEreDOvzGddqGtJ+RyOOdeknv8mDOpLOvbyC0sLi2v5FcLa+sbm1vm9k5DRomgUKcRj0TLJxI4C6GumOLQigWQwOfQ9AdXY795D0KyKLxTwxjcgPRC1mWUKC15ZslRjHcgvRl5FezEIGLs7Gcn4y3vGD/oapd0qXhm0SpbGfA8saekiKaoeeaX04loEkCoKCdStm0rVm5KhGKUw6jgJBJiQgekB21NQxKAdNNsqxE+1EoHdyOhb6hwpv6eSEkg5TDwdWdAVF/OemPxP6+dqO6Fm7IwThSEdPJQN+FYRXgcEe4wAVTxoSaECqb/immfCEKVDrKgQ7BnV54njUrZPiuf3p4Uq5fTOPJoDx2gI2Sjc1RF16iG6oiiR/SMXtGb8WS8GO/Gx6Q1Z0xndtEfGJ8/b5Kccg==</latexit>

Ñ2 ?? X3|X1, X2

<latexit sha1_base64="ofO7RIP3xKA6kGRvL4wi6oZ/Tqk=">AAACDXicbVDJSgNBEO2JW4xb1KOXxih4CjPidhGCXjx4iJANMiH0dGqSJj0L3TVCGPIDXvwVLx4U8erdm39jZxE08UHD6/eqqKrnxVJotO0vK7OwuLS8kl3Nra1vbG7lt3dqOkoUhyqPZKQaHtMgRQhVFCihEStggSeh7vWvR379HpQWUVjBQQytgHVD4QvO0Ejt/IEbMOx5floZupzF9Od7O6SXLgQxDjRgO1+wi/YYdJ44U1IgU5Tb+U+3E/EkgBC5ZFo3HTvGVsoUCi5hmHMTDTHjfdaFpqEhC0C30vE1Q3polA71I2VeiHSs/u5IWaD1IPBM5WhZPeuNxP+8ZoL+RSsVYZwghHwyyE8kxYiOoqEdoYCjHBjCuBJmV8p7TDGOJsCcCcGZPXme1I6Lzlnx9O6kULqaxpEle2SfHBGHnJMSuSFlUiWcPJAn8kJerUfr2Xqz3ielGWvas0v+wPr4BgSWnC0=</latexit>

T \ L = ;
Existing 
result 
(e.g., psi-
FCI)

Our  
result

Theoretically 
indistinguish-
able (unclear)

True int.
target


