Appendix
A. Full ACE results

As described in Section 5.1, we evaluated DNNSs on datasets
generated using each GCM (see Figure Al). For each
set of results, we run CDRA to estimate the per variable
ACEp(V :v — 0). The full set of results for all GCMs
and imaging factors can be seen in Table A2. Average error
(Aacg) is found in Table 3. We also show the per-GCM
mean Top-1 accuracy in Table A4 as well as the single node
Top-1 accuracy for level 1 corruption severity in Table A5.

These results provide several insights (consistent with
those discussed in the main manuscript). First, we see that
mean accuracy alone gives little information about what
factors affecting image quality have the strongest effect on
DNN accuracy. The mean accuracies per GCM indicate
that under compounded corruptions, task DNN accuracy is
significantly degraded. However, from mean accuracy alone,
we cannot interpret which factors of the imaging process
may be driving this substantial decrease. In contrast, CDRA
is able to accurately identify the sensitivities of DNNs to
specific imaging factors grounded by knowledge or informed
assumptions about the imaging domain (in the form of the
causal DAG).

Second, we see that the value of the individual ACE
values is strongly linked to the topology of the DAG. For
example, the presence of impulse noise (I N) occurs in a
majority of the GCMs, and across these models, AC'E val-
ues range from ~ —13 up to ~ —3. We also observe that
ACE,.. for the single factor GCMs (which represent the
current state-of-practice) is not predictive of AC' E, . for the
more complex GCMs (e.g. compare I N in Table A3 with
IN in Table A1). Since the error analysis shows that our
estimates ACE (V :v— 0) are close to the ground truth
values, we can see that the single factor GCMs are in gen-
eral not informative of DNN sensitivities in more complex
real-world domains. These results further underscore that
when knowledge of the specific imaging domain is avail-
able, it can be used to effectively estimate fine-grained DNN
sensitivities.

Lastly, we re-emphasize that we can run CDRA directly
on complex image data and still obtain accurate estimates
of the ACE);(V :v— ) values. Each GCM in this experi-
ment produces a wide diversity of imaging conditions and
compounded corruptions that prior work is able to evaluate
effectively.

B. Full DAG misspecification results

Table B7 contains the full set of results illustrating how AC'
estimation error changes as a function of misspecifications of
the GCM DAG. Both tables show how much the estimation
error deviates from the baseline estimation error and each

cell is an average over all factors in the GCM. The results
show that misspecifications of the DAG contribute less than
1% additional error to the AC'E estimates. The mean and
standard deviation of this residual error increase slightly as
the degree of DAG misspecification error increases, but the
total AC'E error in the most extreme cases is still relatively
small.

C. Causal identification example

We provide here an example of the identification process for
variables in GCM 0 shown in full in Figure C2. Table C8
provides the set of variables identified as the adjustment set
W using the backdoor criterion to be included as input to the

A/C'\EM(V:U—H?) estimator (e.g. fi(w, v) from Sec. 3.2).

D. Sample images from GCMs

Figure D3 shows examples of images sampled from the
GCMs used for the experiments in Sections 5.1 and 5.2. The
examples in Figure D3 are sampled randomly from the full
set of 50k images and rendered using the process described
in Section 4. Note that the imaging conditions here are
more complex than if only a single factor is applied (i.e. the
approach used by the common corruptions framework), yet
the images are still interpretable. The low mean accuracies
in Table A4 show that these compounded corruptions have a
significant impact on DNN performance despite the adequate
interpretability of the images.

E. Rendered corruptions

The following describes how values from the GCM in Sec-
tion 5.3 were sampled, normalized, and used to render
CLEVR and MOVi-C variants. Because the imaging factors
correspond to continuous values in Blender, we specify func-
tional relationships between various factors in the GCM. For
each factor A, the normalized factor value is first computed
as
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where a4/, 4y is the associated directed edge weight for the
edge (A’, A), V4 the sampled value for the parent factor
A’, f : R — [0,1] a normalization function, and 8, *(Z)
the inverse CDF of a random variable Z ~ 3(a,b4), and
Ua ~ N(0,04) is an exogenous noise term. For experi-
ments in Sec. 4.4, the edge weights were each randomly
sampled from (-1, 1).

Normalized factor values are mapped back to Blender
settings to enable physics-based scene rendering. The final
Blender setting is calculated for each factor. For increas-
ing factors, the normalized V} is rescaled to [min 4, max 4|



Table Al. True ACEqcc(V:0—1) (%) calculated for each GCM, imaging factor, and task DNN. Each value represents the expected
change in accuracy as a result of increasing the corruption severity associated with the corresponding variable. Note how AC'E changes for
different nodes as a function of the DAG topology. Values close to 0 (or > 0) indicate higher robustness.

GCM 0 1 2
DNN/Factor | G IN N P S | ¢C G GN 1IN P | B D G OGN N

ConvNext-B | -53 -45 -34 -69 -81 |-225 -24 49 -125 -24 |-064 -83 -33 -1.8 -63
ResNet50 70 -70 36 53 -11.5|-272 -48 -59 -124 -39 | 004 -124 -47 -41 -13.6

Swin-B -48 -49 40 91 73 |-171 38 47 99 -83 | 044 91 32 -18 46
GCM 3 4 5
DNN/Factor | D G IN N P | G IN P S SN | B D G IN P

ConvNext-B | -53 -34 50 -29 42 | 41 46 -126 -96 -55 | -14 -54 -035 -35 -64
ResNet50 80 -59 86 41 -026| 47 -76 -136 -11.0 -86 | -1.7 -73 022 -63 -82

Swin-B 57 29 51 37 -62 | 33 47 -152 -84 48 | -1.1 -47 -046 -42  -69
GCM 6 7 8
DNN / Factor B C GN N S D GN IN N S C GN IN P S

ConvNext-B | -85 -289 -108 -193 94 |-138 -35 -63 -29 95 |-192 -129 -128 -57 -7.8
ResNet50 -48 -280 -126 -124 -106 | -188 -50 -88 -53 -11.6 | -232 ~-11.2 -120 -63 -10.5
Swin-B -56 -170 -99 -105 -10.1 | -123 -34 -53 -33 87 |-140 -121 -109 -103 -85

GCM 9
DNN/Factor | B G IN N S |

ConvNext-B | 030 -75 -7.7 -67 -7.1
ResNet50 -0.15 98 -125 99 93
Swin-B 030 -66 -65 -63 -6.6

Table A2. Estimated A/C\EMC(V :0—1) (%) calculated for each GCM and factor Each value represents the expected change in accuracy
as a result of increasing the corruption severity associated with the corresponding variable. Note how AC'E changes for different nodes as a
function of the DAG topology. Values close to 0 (or > 0) indicate higher robustness.

GCM 0 1 2
DNN / Factor G IN N P S ‘ C G GN IN P B D G GN N

ConvNext-B | -57 -66 -35 82 -74 |-218 -21 42 98 -19 | 20 -87 -27 -26 -70
ResNet50 -7.1 -89 47 56 -122]-262 -37 -51 -121  -41 -1.7  -109 -39 32 -141
Swin-B -48 6.1 -3.8 -103 -67 |-166 -34 -39 -88 -79 | -14 -90 -38 -24 51

GCM 3 4 5
DNN/Factor | D G IN N P | G IN P S SN | B D G IN P

ConvNext-B | -60 -30 -53 -20 -50 | 45 -57 -128 -88 42 |-056 -55 -005 -40 -75
ResNet50 93 -53 -85 44 -017 | -55 -79 -140 -11.0 -83 |-075 -75 047 -62 -84
Swin-B 55 25 52 26 15 | 40 -46 -140 -78 43 |-064 -50 -073 -34 -66

GCM 6 7 8
DNN/Factor | B C GN N S | D GN IN N S | ¢ GN N P S

ConvNext-B | -68 -29.7 -119 -188 -7.6 |-139 -27 -68 -40 -103]-177 -100 -121 -67 -80
ResNet50 | 29 -284 -115 -127 -106 | -181 -42 -89 -43 -107 | 225 -85 -121 -69 -1LI
Swin-B -48 -182 96 -105 -84 |-120 -29 -52 -39 -80 |-126 -93 -103 -11.1 -88
GCM 9
DNN/Factor | B G IN N S |

ConvNext-B | 0.20 -6.7 -6.6 -5.9 -6.9
ResNet50 -0.33 -10.7 -11.5 -89 -10.1
Swin-B -0.82 -5.6 5.1 -6.5 -5.8

Table A3. True AC Eq.. for GCMs in common corruptions framework. Each column represents the ACE(V :0— 1) for a DAG with a
single corruption variable and edge pointing to the corrupted image (as in the common corruptions framework of Figure 2a).

Common corruptions framework

DNN/Factor | B | C | D | G | GN| IN | N | P | S | SN
ConvNext-B | -4.4 | -72 | -144 | -82 | -9.0 | -124 | -100| -95 | -58 | -9.4
ResNet50 | -4.7 | -14.1 | -19.6 | -10.6 | -16.7 | -29.1 | -19.0 | -12.8 | -11.8 | -16.8

Swin-B | -44 | -70 | -156 | 93 | -88 |-108 | -98 | -94 | -64 | 93
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Figure Al. DAGs for the randomly generated GCMs used to produce the data and results of Table A2. Edges from each factor in V to
X and between {X, Y, Y, M} are omitted for visual clarity.

Table B7. Effect of DAG errors on ACE estimation for N edge errors. Calculated as the deviation from the baseline estimation error
(in %) when the DAG is correctly specified. Close to 0 is best. (See Table B6 for baseline errors)

(a) Missing edges (b) Added edges
DNN ConvNext-B ResNet50 Swin-B DNN ConvNext-B ResNet50 Swin-B
Ng 1 2 4 | 1 2 4 | 1 2 4 Ng 1 2 4 11 2 4 1 2 4
0 -0.10 -0.28 -0.21 | -0.17 -0.27 -0.31 | -0.06 -0.15 -0.15 0 -0.01 -0.02 -0.02 | 0.01 -0.01 -0.00 | 0.00 0.00 0.01
1 -0.27 003 055 | -0.14 0.06 038 | -0.12 024 0.82 1 0.06 0.11 0.10 | 0.05 0.12 0.10 | 0.07 0.12 0.10
2 0.06 0.11 0.31 0.15 024 064 | 006 0.12 0.33 2 0.01 0.00 -0.07 | 0.04 0.06 -0.03 | 0.02 0.03 -0.03
3 0.19 0.31 049 | 0.21 0.41 0.55 0.19 037 0.55 3 0.02 0.04 0.04 | 0.03 0.04 -0.00]| 0.04 0.07 0.06
4 0.08 0.09 006 | 0.09 0.06 -0.04 | 0.09 0.07 0.00 4 -0.00 0.01 0.01 | -0.02 -0.04 -0.02 |-0.03 -0.05 -0.03
5 -0.04 0.02 0.08 | -0.05 0.16 032 |-0.01 0.14 0.26 5 -0.03 -0.02 -0.04 | -0.02 -0.01 -0.07 | -0.07 -0.05 -0.02
6 024 050 077 | 0.15 035 0.80 | 022 053 091 6 0.00 -0.03 -0.03 | -0.01 -0.04 -0.03 | 0.01 -0.01 -0.01
7 0.12 0.16 023 | -0.08 -0.12 -0.02 | 0.02 0.08 0.01 7 0.12  0.11 0.14 | 0.03 001 0.04 | 007 0.06 0.09
8 0.29  0.64 1.6 021 044 0.83 | 029 0.60 1.3 8 0.06 0.07 0.17 | 0.04 0.04 0.17 | 0.01 0.01 0.11
9 0.01 0.06 046 | 0.08 022 064 | 005 0.06 0.39 9 0.03 0.05 004 | 005 006 002 | 006 0.07 0.05
Mean | 0.06 0.17 044 | 004 0.16 038 | 0.07 021 044 Mean | 0.03 0.03 0.04 | 002 0.02 0.02 | 0.02 0.03 0.03
Std 0.50 0.79 1.3 045 073 1.0 044 078 1.2 Std 0.rr 013 013 | 010 0.13 0.14 | 0.11 0.13 0.11




Table C8. Backdoor variables obtained via causal
/ identification for GCM 0 in Figure C2
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Figure C2. Causal DAG for GCM 0 including the node M corresponding to
the correctness metric.
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Figure D3. A random subset of images rendered according to the settings sampled from each corresponding GCM. The nature and severity
of imaging conditions are diverse across GCMs illustrating how changes in the GCM DAG topology can have a measurable impact on the
image quality. Images best viewed digitally.

where min 4, maxy4 correspond to the minimum, maximum mapped to [min4, max,]. For centered corruptions, the
settings to be allowed in Blender respectively. For decreas- value is first rescaled to V) € [miny4, max,4] and then ad-
ing factors, the value 1 — V4 is computed first and then |Vi—nal

justed according to where n 4

max(|ming —nal|,/maxa —nal)



Table A4. Mean Top-1 Accuracy for each of the GCM datasets.

GCM / DNN ‘ ConvNext-B  ResNet50 Swin-B

0 60.9 39.8 59.7
1 53.4 334 55.8
2 68.2 48.1 67.2
3 62.4 42.5 60.9
4 58.2 35.8 574
5 66.0 49.4 64.2
6 51.6 342 594
7 60.2 353 60.9
8 48.8 279 514
9 64.7 41.2 64.6
Clean ‘ 83.7 76.1 83.2

is the nominal value that yields no/minimal effect of that
attribute on the rendered image. Normalization settings are
given in Tables E9 and E10.

F. CDRA for optical flow

For evaluating the robustness of optical flow methods, we
also render a new variant of the Kubric MOVi-C benchmark
dataset [2] using the same GCM DAG in Figure 5b and ac-
cording to the process described in Appendix E. We evaluate
three top performing baselines FlowNetC [1], PWCNet [3],
and RAFT [4] and use the standard average Endpoint Error
(EPFE) for measuring overall performance and use CDRA
to estimate ACEgpE.

Results: The results in Table F11 show little difference in
ACFEEgpg and EPFE between algorithms but large differ-
ences in AC Egpp for each factor. Whereas average FPE
is similar across all models, we observe that noise and defo-
cus have much larger adverse effects on P FE relative to the
other factors.

Discussion: These results indicate that CDRA exposes
sensitivities of the optical flow models not observed when
measuring only average performance on the dataset. These
insights enable more targeted downstream robustness in-
terventions in the DNN architecture design, training data
collection, or optimization strategy to address these sensitiv-
ities.

G. Compute resources and requirements

All experiments can be executed using a single, locally-
hosted NVIDIA A40 GPU with 48GB of memory. Data
generation with both the compositing and rendering meth-
ods required a single A40 GPU as well. The causal effect
estimation was conducted using a single laptop CPU.

The computational overhead for CDRA was mini-
mal compared to evaluations in the common corruptions
framework. The cost of evaluating task DNNs on do-

main/corrupted images is equivalent between both frame-
works. In our experiments, a small amount of additional com-

putation was necessary for estimating ACE MV iv—1)
which amounted to training a Random Forest Regressor on
the evaluation outputs (which required a single laptop CPU).
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Table AS. Mean Top-1 Accuracy for single factor GCMs (i.e. common corruptions framework - Fig. 2a) with corruption severity 1.

DNN/Factor B C D G GN IN N P S SN

ConvNext-B 793 765 693 755 747 713 737 742 779 743
ResNet50 714 62.1 565 655 594 470 57.1 633 643 593
Swin-B 787 76.1 675 739 744 723 734 738 768 739

Table B6. Baseline Aacr (%) calculated for each GCM and
averaged across all imaging factors in the GCM DAG.

GCM ‘ ConvNext-B  ResNet50 Swin-B

0 1.0 0.83 0.70

1 1.3 0.84 0.87

2 0.84 1.1 0.85

3 0.71 0.62 0.74

4 0.89 0.54 0.73

5 0.57 0.36 0.45

6 1.2 0.81 0.97

7 0.70 0.68 0.51

8 1.2 0.97 1.2

9 0.61 0.85 0.89
Mean (all GCMs) 0.91 0.76 0.79
Std (all GCMs) 0.79 0.74 0.72

Table E9. Directed edge weights a4, 4, for each edge in the GCM
of Section 5.3. Edge weights were sampled from ¢/(—1, 1).

Ai Aj ‘ Welght

L E -0.223
L D -0.800
E D 0.800
E N -0.322
D N -0.909




Table E10. Hyperparameters for each factor to sample corruption severities in Section 5.3

Factor Render Setting ‘ Corruption Type ba 76 oA
L Light Level Centered 2 2 (1+tanh)/2 1

E Exposure Centered 3 3 (1+4tanh)/2 0.1
D Defocus (via F-stop) Decreasing 2 5 (1+tanh)/2 0.1
N Noise (via render cycles) Decreasing 1 1 (1+tanh)/2 0.1

Table F11. Comparison of ACEgpg for multiple optical flow

baseline algorithms.

DNN/Factor ~ C E F L | EPE
FlowNetC 187 -194 577 -1.19 | 107
PWCNet 188 -19.5 580 -1.17 | 10.3
RAFT 188 -19.6 580 -1.18 | 10.3
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