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Motivations

Why does your model make the predictions it makes?

1. Systematicity with regard to specific phenomena
2. Robustness
3. Unwanted biases
4. Weaknesses an adversary could exploit

https://github.com/cgpotts/cs224u/blob/master/
feature_attribution.ipynb
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captum.ai

1. Integrated gradients (Sundararajan et al. 2017)
2. Gradients
3. Saliency Maps (Simonyan et al. 2013)
4. DeepLift (Shrikumar et al. 2017)
5. Deconvolution (Zeiler and Fergus 2014)
6. LIME (Ribeiro et al. 2016)
7. Feature ablation
8. Feature permutation
9. . . .
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Axioms

Sensitivity
If two inputs x and x′ differ only at dimension i and lead to
different predictions, then feature fi has non-zero attribution.

M([1,0,1]) = positive
M([1,1,1]) = negative

Implementation invariance
If two models M and M′ have identical input/output behavior,
then the attributions for M and M′ are identical.
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Sundararajan et al. 2017
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Gradients · inputs

InputXGradienti(M,x) =
∂M(x)

∂xi
· xi
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Gradients · inputs
+Q/2n�ii`

J�v Rd- kykR

(R), ]]]6Q` #Qi? 7mM+iBQMb- i?2 <7Q`r�`/< K2i?Q/ Q7 <KQ/2H< Bb mb2/X
<s< Bb �M UK t MV i2MbQ` Q7 �ii`B#miBQMbX lb2 <i�`;2ib4LQM2< 7Q`
KQ/2Hb rBi? b+�H�` QmiTmib- 2Hb2 bmTTHv � GQM;h2MbQ` ;BpBM; �
H�#2H 7Q` 2�+? 2t�KTH2X]]]

(k), BKTQ`i iQ`+?
/27 ;`�/ntnBMTmiUKQ/2H- s- i�`;2ib4LQM2V,

sX`2[mB`2bn;`�/ 4 h`m2
v 4 KQ/2HUsV
v 4 v B7 i�`;2ib Bb LQM2 2Hb2 v(HBbiU`�M;2UH2MUvVVV- i�`;2ib)
U;`�/b- V 4 iQ`+?X�miQ;`�/X;`�/UvXmM#BM/UV- sV
`2im`M ;`�/b  s

(j), 7`QK +�TimKX�ii` BKTQ`i AMTmis:`�/B2Mi
/27 +�TimKn;`�/ntnBMTmiUKQ/2H- s- i�`;2iV,

sX`2[mB`2bn;`�/ 4 h`m2
�KQ/ 4 AMTmis:`�/B2MiUKQ/2HV
`2im`M �KQ/X�ii`B#mi2Us- i�`;2i4i�`;2iV

( ),

( ),

( ),

( ),

( ),

( ),

( ),

( ),

( ),

R
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Gradients · inputs( ),

( ),

(9), 7`QK bFH2�`MX/�i�b2ib BKTQ`i K�F2n+H�bbB7B+�iBQM
7`QK bFH2�`MXK2i`B+b BKTQ`i +H�bbB7B+�iBQMn`2TQ`i- �++m`�+vnb+Q`2
7`QK iQ`+?nb?�HHQrnM2m`�Hn+H�bbB7B2` BKTQ`i hQ`+?a?�HHQrL2m`�H*H�bbB7B2`

(8), s- v 4 K�F2n+H�bbB7B+�iBQMU
Mnb�KTH2b4Ryyy- Mn+H�bb2b4k- Mn72�im`2b49- MnBM7Q`K�iBp249- Mn`2/mM/�Mi4yV

(e), KQ/ 4 hQ`+?a?�HHQrL2m`�H*H�bbB7B2`UV

(d), n 4 KQ/X7BiUs- vV

6BMBb?2/ 2TQ+? Ryyy Q7 Ryyyc 2``Q` Bb yXRdN88y9jNRRNjjNR

(3), sni2MbQ` 4 iQ`+?X6HQ�ih2MbQ`UsV
vni2MbQ` 4 iQ`+?XGQM;h2MbQ`UvV

(N), + 4 +�TimKn;`�/ntnBMTmiUKQ/XKQ/2H- sni2MbQ`- i�`;2i4vni2MbQ`V

(Ry), T 4 ;`�/ntnBMTmiUKQ/XKQ/2H- sni2MbQ`- i�`;2ib4vni2MbQ`V

(RR), +XK2�MU�tBb4yV

(RR), i2MbQ`U(yXRR98- yXk3Rk- yX89kN- yXRjey)- ;`�/n7M4IJ2�M"�+Fr�`/R=V

(Rk), TXK2�MU�tBb4yV

(Rk), i2MbQ`U(yXRR98- yXk3Rk- yX89kN- yXRjey)- ;`�/n7M4IJ2�M"�+Fr�`/R=V

(Rj), T`2/ 4 KQ/XT`2/B+iUsV

(R9), +T`2/ 4 +�TimKn;`�/ntnBMTmiUKQ/XKQ/2H- sni2MbQ`- i�`;2i4iQ`+?XGQM;h2MbQ`UT`2/VV

(R8), +T`2/XK2�MU�tBb4yV

(R8), i2MbQ`U(yXRk8N- yXjyNy- yX8jdk- yXR9ek)- ;`�/n7M4IJ2�M"�+Fr�`/R=V

k
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Gradients · inputs fails sensitivity

M(x) = 1−max(0,1− x)

M(0) = 1−max(0,1− 0) = 1− 1 = 0
M(2) = 1−max(0,1− 2) = 1− 0 = 1

InputXGradient(M,0) = max(0, sign(1− 0)) · 0 = 1 · 0 = 0
InputXGradient(M,2) = max(0, sign(1− 2)) · 2 = 0 · 2 = 0
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Example from Sundararajan et al. 2017
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Integrated gradients: Intuition
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Core computation

IGi(M,x,x
′) =

5
︷      ︸︸      ︷
(xi − x′i ) ·

4
︷︸︸︷

m
∑

k=1

3
︷                             ︸︸                             ︷

∂M(

2
︷                     ︸︸                     ︷
x′ +

1
︷︸︸︷

k

m
· (x− x′))

∂xi
·

4
︷︸︸︷

1

m

1. Generate α = [1, . . . ,m]

2. Interpolate inputs between baseline x′ and actual input x
3. Compute gradients for each interpolated input
4. Integral approximation through averaging
5. Scaling to remain in the space region as the original
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Adapted from the TensorFlow integrated gradients tutorial

https://www.tensorflow.org/tutorials/interpretability/integrated_gradients
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Sensitivity again

M(x) = 1−max(0,1− x)

M(0) = 1−max(0,1− 0) = 1− 1 = 0
M(2) = 1−max(0,1− 2) = 1− 0 = 1

InputXGradient(M,0) = max(0, sign(1− 0)) · 0 = 1 · 0 = 0
InputXGradient(M,2) = max(0, sign(1− 2)) · 2 = 0 · 2 = 0

IGi(M,2,0) = (2− 0) ·
∑













max(0, sign(1− 0.00)
max(0, sign(1− 0.02)
max(0, sign(1− 0.04)

...
max(0, sign(1− 2.00)













·
1

m
≈ 1
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Feed-forward example
B;n+H�bbB}2`nbbi

J�v Rd- kykR

(R), 7`QK +QHH2+iBQMb BKTQ`i *QmMi2`
7`QK +�TimKX�ii` BKTQ`i AMi2;`�i2/:`�/B2Mib
7`QK MHiFX+Q`Tmb BKTQ`i biQTrQ`/b
7`QK QT2`�iQ` BKTQ`i Bi2K;2ii2`
BKTQ`i Qb
7`QK bFH2�`MXK2i`B+b BKTQ`i +H�bbB7B+�iBQMn`2TQ`i
BKTQ`i iQ`+?
7`QK iQ`+?nb?�HHQrnM2m`�Hn+H�bbB7B2` BKTQ`i hQ`+?a?�HHQrL2m`�H*H�bbB7B2`
BKTQ`i bbi

(k), aahn>PJ1 4 QbXT�i?XDQBMU]/�i�]- ]b2MiBK2Mi]V

(j), biQTrQ`/b 4 b2iUbiQTrQ`/bXrQ`/bU^2M;HBb?^VV

(9), /27 T?BUi2tiV,
`2im`M *QmMi2`U(r 7Q` r BM i2tiXHQr2`UVXbTHBiUV B7 r MQi BM biQTrQ`/b)V

(8), /27 7BinKHTUs- vV,
KQ/ 4 hQ`+?a?�HHQrL2m`�H*H�bbB7B2`U2�`HvnbiQTTBM;4h`m2V
KQ/X7BiUs- vV
`2im`M KQ/

(e), 2tT2`BK2Mi 4 bbiX2tT2`BK2MiU
bbiXi`�BMn`2�/2`Uaahn>PJ1V- T?B- 7BinKHT- bbiX/2pn`2�/2`Uaahn>PJ1VV

aiQTTBM; �7i2` 2TQ+? jdX o�HB/�iBQM b+Q`2 /B/ MQi BKT`Qp2 #v iQH4R2@y8 7Q` KQ`2
i?�M Ry 2TQ+?bX 6BM�H 2``Q` Bb yXdR3kkekk9R39yjej

T`2+BbBQM `2+�HH 7R@b+Q`2 bmTTQ`i

M2;�iBp2 yXek8 yXedR yXe9d 9k3
M2mi`�H yXk9e yXRkd yXRed kkN

TQbBiBp2 yXej9 yXd93 yXe3e 999

�++m`�+v yX83N RRyR
K�+`Q �p; yX8yk yX8R8 yX8yy RRyR

r2B;?i2/ �p; yX88y yX83N yX8ej RRyR

R
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Feed-forward example

(d), +H�bbB7B2` 4 2tT2`BK2Mi(^KQ/2H^)

(3), +H�bbB7B2`X+H�bb2bn

(3), (^M2;�iBp2^- ^M2mi`�H^- ^TQbBiBp2^)

(N), sni2bi 4 2tT2`BK2Mi(^�bb2bbn/�i�b2ib^)(y)(^s^)
vni2bi 4 (+H�bbB7B2`X+H�bb2bnXBM/2tUH�#2HV

7Q` H�#2H BM 2tT2`BK2Mi(^�bb2bbn/�i�b2ib^)(y)(^v^))
T`2/b 4 (+H�bbB7B2`X+H�bb2bnXBM/2tUH�#2HV

7Q` H�#2H BM 2tT2`BK2Mi(^T`2/B+iBQMb^)(y))
7M�K2b 4 2tT2`BK2Mi(^i`�BMn/�i�b2i^)(^p2+iQ`Bx2`^)X;2in72�im`2nM�K2bUV

(Ry), B; 4 AMi2;`�i2/:`�/B2MibU+H�bbB7B2`XKQ/2HV

(RR), #�b2HBM2 4 iQ`+?Xx2`QbUR- 2tT2`BK2Mi(^i`�BMn/�i�b2i^)(^s^)Xb?�T2(R)V

(Rk), �ii`b 4 B;X�ii`B#mi2U
iQ`+?X6HQ�ih2MbQ`Usni2biV- #�b2HBM2- i�`;2i4iQ`+?XGQM;h2MbQ`UT`2/bVV

( ),

( ),

( ),

( ),

( ),

( ),

( ),

( ),

( ),

( ),

( ),

( ),

( ),

( ),

k
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Feed-forward example

(Rj), /27 2``Q`n�M�HvbBbU;QH/4R- T`2/B+i2/4kV,
2``nBM/ 4 (B 7Q` B- U;- TV BM 2MmK2`�i2UxBTUvni2bi- T`2/bVV

B7 ; 44 ;QH/ �M/ T 44 T`2/B+i2/)
�ii`nHQQFmT 4 +`2�i2n�ii`nHQQFmTU�ii`b(2``nBM/)V
`2im`M �ii`nHQQFmT- 2``nBM/

/27 +`2�i2n�ii`nHQQFmTU�ii`bV,
Km 4 �ii`bXK2�MU�tBb4yVX/2i�+?UVXMmKTvUV
`2im`M bQ`i2/UxBTU7M�K2b- KmV- F2v4Bi2K;2ii2`URV- `2p2`b24h`m2V

(R9), �ii`bnHQQFmT- 2``nBM/ 4 2``Q`n�M�HvbBbU;QH/4R- T`2/B+i2/4kV

(R8), �ii`bnHQQFmT(, 8)

(R8), (U^X^- yXye33RRR9eNkR9eRRkV-
U^7BHK^- yXy93888jyjRd8ye3N9eV-
U^7mM^- yXy9yd98jy383383ed8V-
U^bQHB/^- yXyjk989j3j89dejNRNV-
U^-^- yXyk39kd888yej3kjy93V)

(Re), 2tnBM/ 4 2``nBM/(y)

(Rd), 2tT2`BK2Mi(^�bb2bbn/�i�b2ib^)(y)(^`�rn2t�KTH2b^)(2tnBM/)

(Rd), ^LQ QM2 ;Q2b mMBM/B+i2/ ?2`2 - r?B+? Bb T`Q#�#Hv 7Q` i?2 #2bi X^

(R3), 2tn�ii`nHQQFmT 4 +`2�i2n�ii`nHQQFmTU�ii`b(2tnBM/,2tnBM/YR)V

(RN), (U7- �V 7Q` 7- � BM 2tn�ii`nHQQFmT B7 � 54 y)

(RN), (U^#2bi^- yXdRke38ddyjNdedj9V-
U^X^- yXydyy3y8NRdjR8NNk9V-
U^-^- yXykdj3Rk33jkeRyRN99V-
U^QM2^- @yXy9y8NRdRjkdReyk8d8V-
U^;Q2b^- @yXkR3jj8deyRRyed3RkV-
U^T`Q#�#Hv^- @yXk3ey8Rjkdd8jRN8NdV)

( ),

j
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BERT example

x4 1 x7 2 x32 3 x43 4 x0 5

y
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BERT example

B;n#2`i

J�v Rd- kykR

?iiTb,ff+�TimKX�BfimiQ`B�Hbf"2`inaZl�.nAMi2`T`2i

(R), BKTQ`i iQ`+?
BKTQ`i iQ`+?XMMX7mM+iBQM�H �b 6
7`QK i`�Mb7Q`K2`b BKTQ`i �miQJQ/2H6Q`a2[m2M+2*H�bbB7B+�iBQM- �miQhQF2MBx2`
7`QK +�TimKX�ii` BKTQ`i G�v2`AMi2;`�i2/:`�/B2Mib
7`QK +�TimKX�ii` BKTQ`i pBbm�HBx�iBQM �b pBx

(k), r2B;?ibnM�K2 4 ^+�`/B77MHTfirBii2`@`Q#2`i�@#�b2@b2MiBK2Mi^

(j), iQF2MBx2` 4 �miQhQF2MBx2`X7`QKnT`2i`�BM2/Ur2B;?ibnM�K2V

(9), KQ/2H 4 �miQJQ/2H6Q`a2[m2M+2*H�bbB7B+�iBQMX7`QKnT`2i`�BM2/Ur2B;?ibnM�K2V

(8), /27 T`2/B+inQM2nT`Q#�Ui2tiV,
BMTminB/b 4 iQF2MBx2`X2M+Q/2U

i2ti- �//nbT2+B�HniQF2Mb4h`m2- `2im`Mni2MbQ`b4^Ti^V
KQ/2HX2p�HUV
rBi? iQ`+?XMQn;`�/UV,

HQ;Bib 4 KQ/2HUBMTminB/bV(y)
T`2/b 4 6XbQ7iK�tUHQ;Bib- /BK4RV

KQ/2HXi`�BMUV
`2im`M T`2/bXb[m22x2UyV

( ),

( ),

( ),

( ),

( ),

( ),

R
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https://captum.ai/tutorials/Bert_SQUAD_Interpret
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BERT example

B;n#2`i

J�v Rd- kykR

?iiTb,ff+�TimKX�BfimiQ`B�Hbf"2`inaZl�.nAMi2`T`2i

(R), BKTQ`i iQ`+?
BKTQ`i iQ`+?XMMX7mM+iBQM�H �b 6
7`QK i`�Mb7Q`K2`b BKTQ`i �miQJQ/2H6Q`a2[m2M+2*H�bbB7B+�iBQM- �miQhQF2MBx2`
7`QK +�TimKX�ii` BKTQ`i G�v2`AMi2;`�i2/:`�/B2Mib
7`QK +�TimKX�ii` BKTQ`i pBbm�HBx�iBQM �b pBx

(k), r2B;?ibnM�K2 4 ^+�`/B77MHTfirBii2`@`Q#2`i�@#�b2@b2MiBK2Mi^

(j), iQF2MBx2` 4 �miQhQF2MBx2`X7`QKnT`2i`�BM2/Ur2B;?ibnM�K2V

(9), KQ/2H 4 �miQJQ/2H6Q`a2[m2M+2*H�bbB7B+�iBQMX7`QKnT`2i`�BM2/Ur2B;?ibnM�K2V

(8), /27 T`2/B+inQM2nT`Q#�Ui2tiV,
BMTminB/b 4 iQF2MBx2`X2M+Q/2U

i2ti- �//nbT2+B�HniQF2Mb4h`m2- `2im`Mni2MbQ`b4^Ti^V
KQ/2HX2p�HUV
rBi? iQ`+?XMQn;`�/UV,

HQ;Bib 4 KQ/2HUBMTminB/bV(y)
T`2/b 4 6XbQ7iK�tUHQ;Bib- /BK4RV

KQ/2HXi`�BMUV
`2im`M T`2/bXb[m22x2UyV

(e), /27 B;n2M+Q/BM;bUi2tiV,
T�/nB/ 4 iQF2MBx2`XT�/niQF2MnB/
+HbnB/ 4 iQF2MBx2`X+HbniQF2MnB/
b2TnB/ 4 iQF2MBx2`Xb2TniQF2MnB/
BMTminB/b 4 iQF2MBx2`X2M+Q/2Ui2ti- �//nbT2+B�HniQF2Mb46�Hb2V
#�b2nB/b 4 (T�/nB/)  H2MUBMTminB/bV
BMTminB/b 4 (+HbnB/) Y BMTminB/b Y (b2TnB/)
#�b2nB/b 4 (+HbnB/) Y #�b2nB/b Y (b2TnB/)
`2im`M iQ`+?XGQM;h2MbQ`U(BMTminB/b)V- iQ`+?XGQM;h2MbQ`U(#�b2nB/b)V

(d), /27 B;n7Q`r�`/UBMTmibV,
`2im`M KQ/2HUBMTmibVXHQ;Bib

R
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BERT example

(3), OH�v2` 4 KQ/2HX`Q#2`i�X2M+Q/2`XH�v2`(y)
H�v2` 4 KQ/2HX`Q#2`i�X2K#2//BM;b
B; 4 G�v2`AMi2;`�i2/:`�/B2MibUB;n7Q`r�`/- H�v2`V

(N), i2ti 4 ]h?Bb Bb BHHmKBM�iBM;5]

(Ry), i`m2n+H�bb 4 k O TQbBiBp2

(RR), BMTminB/b- #�b2nB/b 4 B;n2M+Q/BM;bUi2tiV

(Rk), �ii`b- /2Hi� 4 B;X�ii`B#mi2U
BMTminB/b- #�b2nB/b- i�`;2i4i`m2n+H�bb- `2im`Mn+QMp2`;2M+2n/2Hi�4h`m2V

(Rj), �ii`bXb?�T2

(Rj), iQ`+?XaBx2U(R- e- de3)V

(R9), b+Q`2b 4 �ii`bXbmKU/BK4@RV
b+Q`2b 4 Ub+Q`2b @ b+Q`2bXK2�MUVV f b+Q`2bXMQ`KUV

(R8), b+Q`2bXb?�T2

(R8), iQ`+?XaBx2U(R- e)V

(Re), T`2/nT`Q#b 4 T`2/B+inQM2nT`Q#�Ui2tiV

(Rd), T`2/n+H�bb 4 T`2/nT`Q#bX�`;K�tUV
T`2/n+H�bb

(Rd), i2MbQ`UkV

(R3), `�rnBMTmi 4 iQF2MBx2`X+QMp2`inB/bniQniQF2MbUBMTminB/bXiQHBbiUV(y)V
`�rnBMTmi 4 (tXbi`BTU]Ķ]V 7Q` t BM `�rnBMTmi)

(RN), b+Q`2npBb 4 pBxXoBbm�HBx�iBQM.�i�_2+Q`/U
rQ`/n�ii`B#miBQMb4b+Q`2bXb[m22x2UyV-
T`2/nT`Q#4T`2/nT`Q#bXK�tUV-
T`2/n+H�bb4T`2/n+H�bb-
i`m2n+H�bb4i`m2n+H�bb-
�ii`n+H�bb4LQM2-
�ii`nb+Q`24�ii`bXbmKUV-
`�rnBMTmi4`�rnBMTmi-
+QMp2`;2M+2nb+Q`24/2Hi�V

(ky), n 4 pBxXpBbm�HBx2ni2tiU(b+Q`2npBb)V

IASvi?QMX+Q`2X/BbTH�vX>hJG Q#D2+i=

k
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(3), OH�v2` 4 KQ/2HX`Q#2`i�X2M+Q/2`XH�v2`(y)
H�v2` 4 KQ/2HX`Q#2`i�X2K#2//BM;b
B; 4 G�v2`AMi2;`�i2/:`�/B2MibUB;n7Q`r�`/- H�v2`V

(N), i2ti 4 ]h?Bb Bb BHHmKBM�iBM;5]

(Ry), i`m2n+H�bb 4 k O TQbBiBp2

(RR), BMTminB/b- #�b2nB/b 4 B;n2M+Q/BM;bUi2tiV

(Rk), �ii`b- /2Hi� 4 B;X�ii`B#mi2U
BMTminB/b- #�b2nB/b- i�`;2i4i`m2n+H�bb- `2im`Mn+QMp2`;2M+2n/2Hi�4h`m2V

(Rj), �ii`bXb?�T2

(Rj), iQ`+?XaBx2U(R- e- de3)V

(R9), b+Q`2b 4 �ii`bXbmKU/BK4@RV
b+Q`2b 4 Ub+Q`2b @ b+Q`2bXK2�MUVV f b+Q`2bXMQ`KUV

(R8), b+Q`2bXb?�T2

(R8), iQ`+?XaBx2U(R- e)V

(Re), T`2/nT`Q#b 4 T`2/B+inQM2nT`Q#�Ui2tiV

(Rd), T`2/n+H�bb 4 T`2/nT`Q#bX�`;K�tUV
T`2/n+H�bb

(Rd), i2MbQ`UkV

(R3), `�rnBMTmi 4 iQF2MBx2`X+QMp2`inB/bniQniQF2MbUBMTminB/bXiQHBbiUV(y)V
`�rnBMTmi 4 (tXbi`BTU]Ķ]V 7Q` t BM `�rnBMTmi)

(RN), b+Q`2npBb 4 pBxXoBbm�HBx�iBQM.�i�_2+Q`/U
rQ`/n�ii`B#miBQMb4b+Q`2bXb[m22x2UyV-
T`2/nT`Q#4T`2/nT`Q#bXK�tUV-
T`2/n+H�bb4T`2/n+H�bb-
i`m2n+H�bb4i`m2n+H�bb-
�ii`n+H�bb4LQM2-
�ii`nb+Q`24�ii`bXbmKUV-
`�rnBMTmi4`�rnBMTmi-
+QMp2`;2M+2nb+Q`24/2Hi�V

(ky), n 4 pBxXpBbm�HBx2ni2tiU(b+Q`2npBb)V

IASvi?QMX+Q`2X/BbTH�vX>hJG Q#D2+i=

k 12 / 14
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