Reusing the Task-specific Classifier as a Discriminator:
Discriminator-free Adversarial Domain Adaptation

Supplementary Material

This supplementary material provides more details that
are not presented in the main paper due to space limitations.
In the following sections, we first provide the proof of the
implicitly constructed discriminator D = ||C||, satisfying
the K-Lipschitz constraint. Then, we prove that the expected
target risk can be bounded by the expected and empirical
measures of the Nuclear-norm 1-Wasserstein discrepancy
(NWD) on the source and target domains. Finally, more im-
plementation details, experimental results, and insight analy-
sis are presented, including the detailed comparisons on the
VisDA-2017 dataset, the extra comparisons on the Domain-
Net [15] dataset, and analyses regarding toy experiments,
Proxy A-distance, self-correlation matrix, convergence, and
trade-off parameters (A and 7).

A. K-Lipschitz constraint

To prove that the implicitly constructed discriminator
D = ||C||, satisfies the K-Lipschitz constraint, where the
classifier C' consists of a fully connected layer L, (-) and a
softmax function S,,, (-), we first analyze L. (-) and Sy, (),
respectively.

Definition 1. Given two metric spaces (M, d,,) and (N, dy,),
where d,,, denotes the metric on the compact set M C R™
and d,, is the metric on the compact set N C R"™, a function
h: M — N is called K-Lipschitz continuous if there exists
a real constant K > 0 (the minimum K called Lipschitz
constant) such that, for Ym1, mo € M, the following holds

dn (h(m1), h(m2))

< K. 1
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Proposition 1. Given two metric spaces (F,|-|) and (O, |-|),
where F C R?% and O C R* denote the compact in-
put feature set and output set, respectively, |-| denotes the
Frobenius norm in O or F. Then, for every input feature
f € F, the Lipschitz constant K of the fully connected layer
L.(f) =Wf+b where L. (-) : F — O maps the feature
f € F to the output o € O, W € R¥*4 denotes the weight
matrix, and b € R¥ denotes the bias vector, has a upper
bound |W|| .

Proof. Given features f1, fo € F, if fi = f5, we have
‘h(fl) — h(f2)| = K|f1 — f2| = 0, and if fl 7é fg, we

have
|Le (f1) = Le (f2)l = (W fr + b) = (W f2 + D)
=W (fi— f2)l-

Meanwhile, the spectral norm of the matrix W induced by
| f| is defined as

(Wl

|| H2 = max |f| = Omax;

where 0, i1s the maximum singular value obtained by sin-
gular value decomposition (SVD) on the matrix W. There-
fore, according to Definition 1, the Lipschitz constant K is
||W|,. Additionally, the Frobenius norm of the matrix W is
defined as

k

d
||W||F = ZZWZQJ =

T
Dot
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where r = min {k, d}, o; denotes the i-th singular value.
Thus, for every f1, fo € F', we have

[Le (f1) = Le (f2)| = W (f1 = f2)]
< Wy 1 fr = f2l
= K|f1 — fo
<|Wllg i = fal.-

O

According to Proposition 1, |[W|| can be an upper
bound of the Lipschitz constant K. As a widely used strat-
egy, the weight decay (implemented with Frobenius norm
regularization), which improves the generalization perfor-
mance of a DNN model through minimizing an additional
term \o || W7, (where \g is a trade-off parameter), can si-
multaneously enforce the fully connected layer to satisfy the
K-Lipschitz constraint.

Definition 2. (Remark 4.6.10 in [19]) Given a function
h: M — N, where M and N denote the compact subsets
of R™ and R™, h will satisfy K-Lipschitz continuous if there
exists a real constant K > 0 (the minimum K called Lips-
chitz constant), such that, for any my, ms € M, my # ms,
all the first partial derivatives are bounded by K.

Proposition 2. Given the compact output set O C R* and
prediction set P C R, the softmax function S, (-) : O —
P mapping the output o € O to the prediction p € P satisfies
the I-Lipschitz constraint.

Proof. Letp = S,, (0), where p; is in the range from 0 to 1,



forVi € 1...k, then, we have
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For simplicity, we denote Z?:l €% as 3. Then, the Jacobian
matrix can be written as
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According to the quotient rule, when ¢ = j, we have
Op;  e%% —elie%

80j 22
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=pi (1 —p;).

When i #£ j, we have
Op; 0 —elie%
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Therefore, we have

7 _:{ pi(l—p;) i=j

I —pipj L F ]
Therefore, given p; in the range from 0 to 1, J; ; can be
bounded by 1. Thus, according to Definition 2, softmax
function satisfies the 1-Lipschitz constraint. O

B. Generalization Bound

In this section, we first provide the proof for Lemma 1
and Theorem 1. Then, based on Theorem 1, we prove that
the expected target risk can be bounded by the expected
and empirical measures of NWD on the source and target
domains.

Lemma 1. (Lemma 1 of [16]; Lemmal of [18]) Let vs, vy €
P (F) denote the probability measures of the source and
target domain features, p (f°, f*) be the cost of transporting
a unit of material from location f*° satisfying f* ~ v to
location f* satisfying f* ~ v, W1 (vs, ;) represent the
NWD, and K denote a Lipschitz constant. Given a family of
classifiers C € H1 and a ideal classifier C* € Hy satisfying
the K-Lipschitz constraint, where H1 is a subspace of H, the
following holds for every C,C* € H;.

les (C,C*) — et (C,C")| < 2KW; (vs, 1) . (2)

Proof. For every C,C* € H; satisfying the K-Lipschitz
constraint, according to the triangle inequality, we have
C () =C (< () = ()]
+|C( ) =Cr ()]
<[jer)-c()
+|C () = (f)]
+]Cr () - ()]
Therefore, for every f1, fo € F, the following holds,
Sy _ (O* EAY t\ _ x t
() = C* ()] \?(f) C N ¢ o
p(f, f")
For simplicity, we denote the discrepancy term
les (C,C*) — e, (C,C*)| as dis. Thus, given f1, fo € F,

and C”’ denotes the labeling function C’ : F — [0, 1], for
every C, C* € H;, we have
dis =E,, [|C (') — C* (f* )I] E,, [IC(f*) = C* ()]
< suwp B, [O'(f)] - By, [C' ()]
ICrll <K
= 2KW1 (US7 Vt) .
O

Theorem 1. Based on Lemma 1, for every C' € H1, the

following holds
Et (C) <€S (C)+2KW1 (Vsayt)+77*a (3)

where n* = e, (C*) + & (C*) is the risk of ideal joint
hypothesis, which is a sufficiently small constant.

Proof. Based on Lemma 1, we have

et (C) e (CF) +e.(CF,0)
=e: (C") + e, (C,C*) + &, (C*,C) — e (C, C7)
=6 (C*)+e5(C,C") + &4 (C,C*) —e4 (C,C")
< e (C*) 465 (C,C*) + 2KW7 (vs, 1)
< t(C*)JrEs( ) +es (CF) + 2KW (vs, 1)
es (C) +2KWy (v, 1) + 1.

O

Therefore, the expected target risk can be bounded by the
expected measures of the NWD on the source and target do-
main distributions. Furthermore, we show the convergence
of the empirical measures to the expected measures of the
NWD on the source and target domain samples.

Definition 3. Given p > 1 and ) > 0, a probability measure
v on F satisfies T, (n) if the inequality

W (V' v) < %H(V'|V), 4)



where y "y
" log T dv, 5)

holds for any probability measure V'

Lemma 2. (Theorem 2.1 of [1]; Theorem 1 of [ 16]; Theorem
20f [18]) Let v € P (F) be a probability measure in repre-
sentation space JF, where F is a subspace of RY, satisfying
Ty (n*) inequality. Let 0 = vazl d¢, be its associated
empirical measure defined on a sample set { fl}f\il of size
N drawn i.id from v. Then for any d’ > d and ' < n*,
there exists some constant Ny depending on d' and some

square exponential moment of v such that for any € > 0 and
N > Npmax (67(d+2), 1), the following holds

P(Wi (v,9) > ] < exp (’;N) C®

where d', 1 can be calculated explicitly.

Theorem 2. (Theorem 3 of [16]; Theorem 3 of [18]) Un-
der the assumption of Lemma 1 and Lemma 2, let two
probability measures vy, vy € P (F) of the source and
target domain features satisfy the Ty (n*) inequality, F
and F; be two sample sets of size Ns and N; drawn i.i.d
from us and vy, respectively. Let Vs = ]\} Efvl dps and

U = Nf Z 1 0yt be the associated empirical measures.
Then for any d’ > dandn < n*, there exists some con-
stant No depending on d' such that for any 5§ > 0 and

min (N, Ny) > Ny max (5*(‘1'*2), 1) with probability at
least 1 — ¢ for all C, the following holds

et (C) <es (C) + 2KWy (D5, 1) + 0*
s () (i)

where n* = g5 (C*)+e4 (C*) is a sufficiently small constant
representing the ideal combined risk.

Proof. Based on Lemma | and Lemma 2, we have

e (C) <es (C) + 2KWy (vg, 1) + 1
gs (C) + 2KW, (Vs,ﬁs) +2KWy (Us, 1) +1*
)+ 2KWy (04, v0) + 17

+2K\/2log< ) /NJI

<es (C) +2KW1 (Ds, 0) + 1

e )

C. Implementation details

The proposed method is implemented based on the Py-
Torch framework running on a GPU (Tesla-V100 32 GB).
Following the existing methods [6, 13], the ResNet50 or
ResNet101 pretrained on the ImageNet is used as the feature
extractor GG, in which we use the bottleneck layer used in [8]
to replace the last fully connected layer. Classifier C' is a
fully connected layer depending on the specific task . The
setting of the gradient reverse layer follows that of [6]. The
SGD optimizer is used to train the model with a moment
of 0.9, a weight decay of le-3, a batch size of 36, and a
cropped image size of 224x224. The initial learning rate of
classifier C'is set to Se-3, which is 10 times larger than that
of the feature extractor G. Additionally, to facilitate model
training, we use the annealing strategy [5] for the decay of
the learning rate. One can refer to our provided code for
more implementation details.

D. Detailed results on VisDA-2017

The detailed results on VisDA-2017 are shown in Table 1.
The proposed DALN achieves an average accuracy of 80.6
%, outperforming the existing SOTA methods. Combining
the proposed NWD with other methods, the performances of
these methods are substantially improved by 22.6%, 7.5%,
5.2%, and 4.9% for the DANN, CDAN, MDD, and MCC,
respectively. In particular, the improvements are evidently
exhibited on categories including bus, car, person, and truck.
These results come from the proposed NWD helping these
methods distinguish some confusing class pairs such as bus
and car, and train and truck.

E. Extra experiments on DomainNet

We further conduct an experiment on DomainNet [15]
(containing 0.6 million images, 345 categories, and 6 sub-
domains), which consists of 30 sub-experiments. And the
batch size is 64 for DomainNet. As the results shown in
Table 2, DALN outperforms the previous SOTA methods
impressively in terms of the average accuracy. Such en-
couraging results demonstrate the superiority of DALN for
processing complex datasets.

F. Insight Analysis

Toy examples. We perform toy experiments to discuss the
inter twinning moons 2D problem [14], helping analyze the
learned decision boundary. The presented examples consider
two cases. One case is generating balanced samples for
both the source and target domains, and the other studies
the class imbalance problem by reducing the samples of one
class in the target domain. Specifically, for the first case, we
generate 300 samples for two classes of the source samples
labeled 0 and 1, and each class has 150 samples. As shown



Table 1. Classification accuracy (%) on VisDA-2017 for unsupervised domain adaptation (using ResNet-101 as the backbone). T denotes
that the results are reproduced using the publicly released code. The best accuracy is indicated in bold red and the second best accuracy is

indicated in undelined blue.

Method plane bcycl bus car horse knife mcycl person plan sktbrd train truck Avg
ResNet-101 [7] 551 533 619 59.1 806 179 79.7 312 810 265 735 85 524
WDGRL' [18] 854 542 762 414 689 568 869 482 572 519 81.8 272 613
MCD [17] 87.0 609 837 640 889 796 847 769 88.6 403 830 258 719
BSP [2] 924 610 810 575 89.0 80.6 90.1 77.0 842 779 821 384 759
SWD [9] 90.8 825 81.7 705 917 695 863 775 874 63,6 856 292 764
BNM [3] 89.6 615 769 550 893 69.1 813 65.5 90.0 473 8.1 30.1 704
GVB-GD' [4] 90.1 687 819 61.7 912 673 90.2 76.5 902 778 903 410 772
DADA [20] 929 742 825 650 909 938 872 742 899 715 865 487 7938
TSA[11] - - - - - - - - - - - - 78.6
SCDAT [12] 93.1 84.6 782 522 90.8 952 81.0 772  91.1 805 89.1 435 797
DALN(Ours) 960 863 743 500 924 947 835 764 91.0 872 884 474 80.6
DANN [6] 819 777 828 443 812 295 65.1 28.6 519 546 828 78 574
DANN+NWD  96.0 736 843 483 880 928 894 782 89.1 909 887 403 80.0
CDAN [13] 852 669 83.0 508 842 749 88.1 745 834 760 819 380 739
CDAN+NWD 948 800 842 56.0 923 915 90.1 787 88.0 91.1 889 414 814
MDD [21] 80.1 613 837 518 90.7 838 89.7 773 902 86.6 822 445 768
MDD+NWD 940 81.0 862 635 905 97.0 875 763 88.6 865 8.2 482 82.0
MCC [8] 88.1 803 805 715 90.1 932 850 716 894 738 850 369 788
MCC+NWD 96.1 827 768 714 92,5 96.8 88.2 81.3 922 887 84.1 53.7 837

(a) Normal: Source only (b) Normal: DANN

(e) Sparse: Source only (f) Sparse: DANN

(c) Normal: MDD (d) Normal: DALN

(g) Sparse: MDD (h) Sparse: DALN

Figure 1. Comparisons of decision boundaries on a toy example dataset. Red points and green points denote classes 0 and 1 of source data,
respectively. Blue points are target data generated by rotating the source data distribution by 30 degrees. In the second row, we reduce the
number of samples to 1/4 for the upper moon of the target domain via a sampling strategy, which thus generates imbalanced class samples.
The orange and green regions are classified as classes 0 and 1 by the final decision boundary, respectively.

in Fig. 1, samples corresponding to O are denoted by an
upper moon, while samples corresponding to 1 are denoted
by a lower moon. Then, the target samples are generated
by rotating the data distribution of the source samples by 30

degrees, resulting in a domain shift for the target domain.

In this case, the number of samples of each class in the
two domains are equal. In contrast, for the second case,
we reduce the number of samples to 38 for the upper moon

of the target domain via a sampling strategy, which thus
generates imbalanced class samples. As shown in Fig. 1, for
the first case, the model trained on the source-only data can
correctly classify the source samples, but cannot perform
properly in the overall target samples. DANN improves the
decision boundary, but some samples in the upper moon
are misclassified. MDD and DALN successfully classify
both the source and target samples, but the proposed DALN



achieves better classification performances compared with
MDD. For the second case, except our DALN, both the
DANN and MDD cannot learn a favorable decision boundary
for the target samples. Some samples in the upper moon and
lower moon are misclassified.

Table 2. Accuracy(%) on DomainNet for UDA. In each sub-table,
the column-wise domains are selected as the source domain and
the row-wise domains are selected as the target domain.

ResNet-101 [7]| clp inf pnt qdr rel skt Avg.|[SCDA(21)[I12]|clp inf pnt qdr rel skt Avg.
clp - 19.337.511.152241.0 32.2 clp 18.639.3 5.1 55.044.1 324
inf 302 - 312 3.6 440279274 inf 29.6 - 340 1.4 463254273
pnt 39.618.7 - 4.9 545363 30.8 pnt 44.119.0 - 2.6 56.242.032.8
qdr 70 09 1.4 4.1 83 43 qdr 30.0 49 150 - 254198 19.0
rel 48.422249.4 64 - 38833.0 rel 54.022.551.9 23 - 425346
skt 46.9 15.4 37.0 10.947.0 - 314 skt 556185447 6.4 532 - 357
Avg. 344153313 7.4 40.4 30.5 26.6 Avg. 42.6 16.7 37.0 3.6 47.2 34.8 30.3
BCDM(21) [10]| clp inf pnt qdr rel skt Avg.|| DALN(Ours) |clp inf pnt qdr rel skt Avg.
clp - 19.938515.153.243.9 34.1 clp - 20.040.211.4 57.545.4 34.9
inf 319 - 327 6.9 447285289 inf 352 - 347 47 47.929.0 30.3
pnt 425198 - 7.9 54.538532.6 pnt 453192 - 3.2 57.440.0 33.0
qdr 230 40 95 - 169162139 qdr 275 42 132 - 21.816.6 16.7
rel 519249512 87 - 406355 rel 55.622.854.0 5.1 - 404356
skt 53.720.546.013.1534 - 371 skt 59.019.946.0 83 563 - 379
Avg. 40.6 17.8 35.6 10.3 44.3 33.5 30.4 Avg. 44.517.237.6 6.5 48.234.3 314

Proxy A-distance. As shown in Fig. 2, we calculate the
proxy A-distance of the feature representations achieved by
different methods based on task A—W of Office-31. Note
that a smaller proxy .A-distance denotes better transferability.
The proposed DALN achieves the lowest proxy .A-distance,
demonstrating its superiority in learning transferable fea-
tures. Moreover, by taking the NWD as a regularizer for
DANN and MDD, their proxy .A-distances are considerably
decreased, demonstrating the effectiveness of the proposed
NWD in improving the transferability of the features.

20F 197
1.81

A-Distance
5

05

0.0

Source only  DALN DANN DANN+NWD

A->W

MDD MDD+NWD

Figure 2. Visualization of the proxy .A-distance on task A—W
of Office-31. Note that a smaller proxy .A-distance denotes better
transferability.

Self-correlation matrix. As shown in Fig. 3, the model
trained on the source-only data generates large values on
the off-diagonal elements for the target domain samples. In
contrast, with the adaptation of the proposed paradigm, the
values of the self-correlation matrix generated from the tar-
get samples are highly concentrated on the main diagonal as
shown in Fig. 3(b). Thus, the intra-class correlation [, is in-
creased and the inter-class correlation [, is decreased, which
demonstrates the effectiveness of the proposed method.

Convergence. We present the convergence curves of the test
accuracy, NWD, and MMD with respect to the number of

Predicted label

Predicted label

(a) Source only (b) DALN

Figure 3. The self-correlation matrices of the predictions on the
target domain on task A—W of Office-31. (Zoom in for a clear
visualization.)

iterations on tasks A—W and W— A of Office-31, as shown
in Fig. 4. Benefiting from the definite guidance meaning,
DALN achieves rapid convergence with competitive accu-
racy. In particular, it can be observed that minimizing the
NWD can also effectively decrease the widely-used maxi-
mum mean discrepancy (MMD), which also demonstrates
the effectiveness of the NWD.

Accuracy
MMD
—— NWD

MMD
—— NWD

00 M 00

0 3000 6000 9000 12000 15000 18000 21000 0 3000 6000 9000 12000 15000 18000 21000
Number of Iterations Number of Iterations

(a) A—>W (b) W—A

Figure 4. The test accuracy, NWD and MMD convergence curves
of the target domain on tasks A—W and W—A of Office-31.

Accuracy (%)
Accuracy (%)

0.50 075 1.00 125 1.50 le Se? le? 5e? le’!  set

(a) Influence of A (b) Influence of ~

Figure 5. The influence of A and  on tasks A—W and W—A of
Office-31.

Discussion of trade-off parameters A and ~. A is used to
balance the losses L.;s and L,,4,4. 7y is also a balance weight
used for taking the proposed NWD as a regularizer. Here, we
conduct influence analysis for these two parameters based
on tasks A=W and W— A of Office-31. As shown in Fig. 5,
DALN achieves the best performance when A ranges from
0.75 to 1.25. For the parameter v, pleasing results occur
when 7 is in the range of 0.005 to 0.01. Similar trends can
also be observed in other datasets. For simplicity, in this
work, we set A to 1 and v to 0.01 for all the experiments.



G. Limitations

Despite the simplicity and the impressive performance of
our method, here comes two problems in the training process.
One problem is that the SVD process takes some time to
compute the Nuclear norm, and the other problem is that
the performance always reaches the highest value early in
the training process and then decreases slowly. These two
problems will be explored in our future work.
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