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ABSTRACT

While domain adaptation has been actively researched in recent years, most theo-
retical results and algorithms focus on the single-source-single-target adaptation
setting. Naive application of such algorithms on multiple source domain adapta-
tion problem may lead to suboptimal solutions. We propose a new generalization
bound for domain adaptation when there are multiple source domains with labeled
instances and one target domain with unlabeled instances. Compared with existing
bounds, the new bound does not require expert knowledge about the target distribu-
tion, nor the optimal combination rule for multisource domains. Interestingly, our
theory also leads to an efficient learning strategy using adversarial neural networks:
we show how to interpret it as learning feature representations that are invariant
to the multiple domain shifts while still being discriminative for the learning task.
To this end, we propose two models, both of which we call multisource domain
adversarial networks (MDAN:S): the first model optimizes directly our bound, while
the second model is a smoothed approximation of the first one, leading to a more
data-efficient and task-adaptive model. The optimization tasks of both models
are minimax saddle point problems that can be optimized by adversarial training.
To demonstrate the effectiveness of MDANSs, we conduct extensive experiments
showing superior adaptation performance on three real-world datasets: sentiment
analysis, digit classification, and vehicle counting.

1 INTRODUCTION

The success of machine learning algorithms has been partially attributed to rich datasets with abundant
annotations (Krizhevsky et al.l 2012} [Hinton et al., 2012; |[Russakovsky et al.,[2015)). Unfortunately,
collecting and annotating such large-scale training data is prohibitively expensive and time-consuming.
To solve these limitations, different labeled datasets can be combined to build a larger one, or synthetic
training data can be generated with explicit yet inexpensive annotations (Shrivastava et al., 2016).
However, due to the possible shift between training and test samples, learning algorithms based on
these cheaper datasets still suffer from high generalization error. Domain adaptation (DA) focuses on
such problems by establishing knowledge transfer from a labeled source domain to an unlabeled target
domain, and by exploring domain-invariant structures and representations to bridge the gap (Pan &
Yang, [2010). Both theoretical results (Ben-David et al.,|2010; [Mansour et al., 2009a; Mansour &
Schain|, 2012;Xu & Mannor} 2012;|Gopalan et al.,[2014) and algorithms (Becker et al., 2013; [Hoffman
et al.,[2012;[Ajakan et al., [2014} |Ghifary et al.| 2015 Jhuo et al.| 2012) for DA have been proposed.
Recently, DA algorithms based on deep neural networks produce breakthrough performance by
learning more transferable features (Glorot et al.,[2011; Donahue et al.| [2014; [Yosinski et al., 2014;
Bousmalis et al.,|2016; [Long et al.,[2015). Most theoretical results and algorithms with respect to DA
focus on the single-source-single-target adaptation setting (Ganin et al., [2016; Tzeng et al., 2015}
2017). However, in many application scenarios, the labeled data available may come from multiple
domains with different distributions. As a result, naive application of the single-source-single-target
DA algorithms may lead to suboptimal solutions. Such problem calls for an efficient technique for
multiple source domain adaptation. [Hoffman et al|(2012); /Gan et al.|(2016); Zhang et al.| (2015)
explore multisource DA methods, but they are based on non-deep architectures and their performance
have much space to be improved.

In this paper, we theoretically analyze the multiple source domain adaptation problem and propose
an adversarial learning strategy based on our theoretical results. Specifically, we prove a new
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generalization bound for domain adaptation when there are multiple source domains with labeled
instances and one target domain with unlabeled instances. Our theoretical results build on the seminal
theoretical model for domain adaptation introduced by Ben-David et al.|(2010), where a divergence
measure, known as the H-divergence, was proposed to measure the distance between two distributions
based on a given hypothesis space H. Our new result generalizes the bound (Ben-David et al.| 2010,
Thm. 2) to the case when there are multiple source domains. The new bound has an interesting
interpretation and reduces to (Ben-David et al.|| 2010, Thm. 2) when there is only one source domain.
Technically, we derive our bound by first proposing a generalized H-divergence measure between two
sets of distributions from multi-domains. We then prove a PAC bound (Valiant, 1984)) for the target
risk by bounding it from empirical source risks, using tools from concentration inequalities and the
VC theory (Vapnikl [1998). Compared with existing bounds, the new bound does not require expert
knowledge about the target domain distribution (Mansour et al.| |2009b), nor the optimal combination
rule for multiple source domains (Ben-David et al.,|2010). Our results also imply that it is not always
beneficial to naively incorporate more source domains into training, which we verify to be true in our
experiments.

Interestingly, our bound also leads to an efficient implementation using adversarial neural networks.
This implementation learns both domain invariant and task discriminative feature representations
under multiple domains. Specifically, we propose two models (both named MDANs) by using neural
networks as rich function approximators to instantiate the generalization bound we derive (Fig. [)).
After proper transformations, both models can be viewed as computationally efficient approximations
of our generalization bound, so that the goal is to optimize the parameters of the networks in order to
minimize the bound. The first model optimizes directly our generalization bound, while the second is
a smoothed approximation of the first, leading to a more data-efficient and task-adaptive model. The
optimization problem for each model is a minimax saddle point problem, which can be interpreted
as a zero-sum game with two participants competing against each other to learn invariant features.
Both models combine feature extraction, domain classification, and task learning in one training
process. MDANS is generalization of the popular domain adversarial neural network (DANN) (Ganin
et al.| 2016) and reduce to it when there is only one source domain. We propose to use stochastic
optimization with simultaneous updates to optimize the parameters in each iteration. To demonstrate
the effectiveness of MDANSs as well as the relevance of our theoretical results, we conduct extensive
experiments on real-world datasets, including both natural language and vision tasks. We achieve
superior adaptation performances on all the tasks, validating the effectiveness of our models.

2 PRELIMINARY

We first introduce the notation used in this paper and review a theoretical model for domain adaptation
when there is only one source and one target domain (Kifer et al.| [2004; |Ben-David et al., |2007;
Blitzer et al., 2008} Ben-David et al., [2010). The key idea is the 7{-divergence to measure the
discrepancy between two distributions. Other theoretical models for DA exist (Cortes et al.| 2008}
Mansour et al., 2009ajc; |Cortes & Mohri, |2014); we choose to work with the above model because
this distance measure has a particularly natural interpretation and can be well approximated using
samples from both domains.

Notations We use domain to represent a distribution D on input space X and a labeling function
f X — [0,1]. In the setting of one source one target domain adaptation, we use (Dg, fs) and
(D, fr) to denote the source and target domain, respectively. A hypothesis is a binary classification
function h : X — {0, 1}. The error of a hypothesis h w.r.t. a labeling function f under distribution
Dg is defined as: eg(h, f) = Exwps[|h(x) — f(x)]]. When f is also a hypothesis, then this
definition reduces to the probability that h disagrees with f under Dg: Exps[|h(x) — f(x)]] =

Exnps[I(f(x) # h(x))] = Prewps (f(x) # h(x)).

We define the risk of hypothesis h as the error of h w.r.t. a true labeling function under domain Dg,
ie., es(h) :=eg(h, fs). As common notation in computational learning theory, we use £5(h) to
denote the empirical risk of & on the source domain. Similarly, we use er(h) and €7 (h) to mean the
true risk and the empirical risk on the target domain. #-divergence is defined as follows:

Definition 2.1. Let # be a hypothesis class for instance space X', and .44, be the collection of subsets
of X that are the support of some hypothesis in H, i.e., Az, := {h~*({1}) | h € H}. The distance
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between two distributions D and D’ based on H is:

dn(D,D'):=2 sup |Pr(A) — Pr(A)|
AcAy D D

When the hypothesis class H contains all the possible measurable functions over X, dy (D, D’)
reduces to the familiar total variation. Given a hypothesis class H, we define its symmetric difference
w.rt. itself as: HAH = {h(x) ® b/(x) | h,h/ € H}, where @ is the xor operation. Let h* be
the optimal hypothesis that achieves the minimum combined risk on both the source and the target
domains:
h* :=argmineg(h) +er(h)
hEH
and use )\ to denote the combined risk of the optimal hypothesis h*:

Ai=eg(h®) +er(h7)

Ben-David et al.|(2007)) and Blitzer et al.| (2008)) proved the following generalization bound on the
target risk in terms of the source risk and the discrepancy between the source domain and the target
domain:

Theorem 2.1 ((Blitzer et al., 2008))). Let H be a hypothesis space of V' C-dimension d and Ug, U be

unlabeled samples of size m each, drawn from Dg and Dr, respectively. Let JH A be the empirical
distance on Ug and U7 ; then with probability at least 1 — § over the choice of samples, for each
heH,

2dlog(2m) + log(4/96) N

1~
ET(h) < €s(h) + édHAH(Us,UT) + 4\/ o

A (1
The generalization bound depends on ), the optimal combined risk that can be achieved by hypothesis
in H. The intuition is that if A is large, then we cannot hope for a successful domain adaptation. One
notable feature of this bound is that the empirical discrepancy distance between two samples /s and
Uy can usually be approximated by a discriminator to distinguish instances from these two domains.

3 A NEW GENERALIZATION BOUND FOR MULTIPLE SOURCE DOMAIN
ADAPTATION

In this section we first generalize the definition of the discrepancy function dy (-, -) that is only
appropriate when we have two domains. We will then use the generalized discrepancy function to
derive a generalization bound for multisource domain adaptation. We conclude this section with a
discussion and comparison of our bound and existing generalization bounds for multisource domain
adaptation (Mansour et al.,2009¢; Ben-David et al., |2010). We refer readers to appendix for proof
details and we mainly focus on discussing the interpretations and implications of the theorems.

Let {Dg,}% ;| and Dr be k source domains and the target domain, respectively. We define the
discrepancy function dy (D7; {Ds, }¥_,) induced by H to measure the distance between Dz and a
set of domains {Dg, }¥_, as follows:

Definition 3.1.

dy(Dr; {Dg,}r_,) := maxdy (Dr; Ds,) = 2max sup |Pr(A) — Pr(A)|
i€[k] i€lk] AcAy Dr Ds,

Again, let h* be the optimal hypothesis that achieves the minimum combined risk:

h* := arg min <ET(h) + ma‘XESi(h‘))
heH i€lk]

and define

A:=¢ep(h*) + maxeg, (h*)
1€ (K]

i.e., the minimum risk that is achieved by h*. The following lemma holds for Vh € H:
Theorem 3.1. e (h) < mMaxX;e k] es, (h) + %dHAH(DT; {DSi}i'c:l) + A
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Remark. Let us take a closer look at the generalization bound: to make it small, the discrepancy
measure between the target domain and the multiple source domains need to be small. Otherwise we
cannot hope for successful adaptation by only using labeled instances from the source domains. In
this case there will be no hypothesis that performs well on both the source domains and the target
domain. It is worth pointing out here that the second term and the third term together introduce a
tradeoff (regularization) on the complexity of our hypothesis class H. Namely, if H is too restricted,
then the third term A can be large while the discrepancy term can be small. On the other hand, if
‘H is very rich, then we expect the optimal error, A, to be small, while the discrepancy measure
dyan(Dr;{Ds, }¥_,) to be large. The first term is a standard source risk term that usually appears
in generalization bounds under the PAC-learning framework (Valiant, |1984; |[Vapnik, 1998)). Later we
shall upper bound this term by its corresponding empirical risk.

The discrepancy distance dyaz (Dr;{Ds,}¥ ;) is usually unknown. However, we can bound
dyan(Dr; {Ds, }¥_,) from its empirical estimation using i.i.d. samples from D7 and {Dg, }*_;:
Theorem 3.2. Let D7 and {Dg, }_, be the target distribution and k source distributions over X. Let

‘H be a hypothesis class where VCdim(#H) = d. If Dy and {ZSS }k_| are the empirical distributions
of Dy and {Dg, }¥_, generated with m i.i.d. samples from each domain, then for ¢ > 0, we have:

Pr (|dn(Dr: (Ds,}) — dn(Brs (s, )| 2 ) < 4k () exp (-me?9)

The main idea of the proof is to use VC theory (Vapnik, |1998)) to reduce the infinite hypothesis space
to a finite space when acting on finite samples. The theorem then follows from standard union bound
and concentration inequalities. Equivalently, the following corollary holds:

Corollary 3.1. Let Dy and {Dg, }¥_, be the target distribution and k source distributions over X'. Let
H be a hypothesis class where VCdim(#H) = d. If Dz and {Dg, }*_, are the empirical distributions

of Dr and {Dg, }le generated with m i.i.d. samples from each domain, then, for 0 < § < 1, with
probability at least 1 —  (over the choice of samples), we have:

~ ~ 2 4k em
dy (Dr {Dsi}le) — du(Dr; {DST:}?:J‘ < 2\/m <10g r + dlog d)
Note that multiple source domains do not increase the sample complexity too drastically: it is only
the square root of a log term in Corollary. [3.1| where k appears.

Similarly, we do not usually have access to the true error max;c(] €s; (k) on the source domains,
but we can often have an estimate (max;cx) €s,(h)) from training samples. We now provide
a probabilistic guarantee to bound the difference between max;ci) €5, (h) and max;e Es, (h)
uniformly for all h € H:

Theorem 3.3. Let {Dg, }*_; be k source distributions over X. Let H be a hypothesis class where
VCOdim(H) = d. If {Dg, }¥_, are the empirical distributions of {Dg, }X_; generated with m i.i.d.
samples from each domain, then, for € > 0, we have:

Pr (sup
heH

Again, Thm. [3.3|can be proved by a combination of concentration inequalities and a reduction from
infinite space to finite space, along with the subadditivity of the max function. Equivalently, we have
the following corollary hold:

i€ k] i€ k]

d
maxeg, (h) — maxé\si(h)’ > e) < 2k (%) exp(—2me?)

Corollary 3.2. Let {Dg, }¥_, be k source distributions over X'. Let H be a hypothesis class where

VCdim(H) = d. If {Dg, }k_| are the empirical distributions of {Dg, }*_; generated with m i.i.d.
samples from each domain, then, for 0 < § < 1, with probability at least 1 — § (over the choice of
samples), we have:

1 2k me
(h) — e (W] < 1/ — [log == + dlog —
sup Izié?g](esl( ) ?é?}s](ffs,,( )‘ < \/2m <0g 5 +dlog— )
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Combining Thm.[3.1]and Corollaries. 3.1} B.2]and realizing that VCdim(HAH) < 2V Cdim(H) (An{
thony & Bartlett, 2009), we have the following theorem:

Theorem 3.4. Let Dr and {Dg, }¥_, be the target distribution and k source distributions over X. Let
H be a hypothesis class where VCdim(H) = d. If Dy and {Dg, }*_, are the empirical distributions

of Dr and {Ds, }¥_, generated with m i.i.d. samples from each domain, then, for 0 < § < 1, with
probability at least 1 — § (over the choice of samples), we have:

1 4k me 1 ~ ~ 2 8k me
< £g. — [ log — log — — Dr:{Dg Ve — [ log — 4+ 2dlog —
ET(h)—?é?,j](ES'L(h)+\/2m(Og 5 +dlog ) >+2dHAH( ;5 sz}ll)+\/m<og 5 + 2dlog 2d>+/\

= maxZ2g, (h) + ldHAH(ﬁT; {(Ds Y ) +0 <\/1 <log ky dlog me)) +A )
ic[k] 2 m 1) d

Remark. Thm. 3.4 has a nice interpretation for each term: the first term measures the worst case
accuracy of hypothesis i on the k source domains, and the second term measures the discrepancy
between the target domain and the k source domains. For domain adaptation to succeed in the
multiple sources setting, we have to expect these two terms to be small: we pick our hypothesis i
based on its source training errors, and it will generalize only if the discrepancy between sources and
target is small. The third term bounds the additional error we may incur because of the possible bias
from finite samples. The last term A is the optimal error we can hope to achieve. Hence, if A is large,
one should not hope the generalization error to be small by training on the source domains. |'| It is
also worth pointing out that these four terms appearing in the generalization bound also capture the
tradeoff between using a rich hypothesis class H and a limited one as we discussed above: when
using a richer hypothesis class, the first and the last terms in the bound will decrease, while the value
of the second term will increase; on the other hand, choosing a limited hypothesis class can decrease
the value of the second term, but we may incur additional source training errors and a large A due
to the simplicity of 7. One interesting prediction implied by Thm. [3.4]is that the performance on
the target domain depends on the worst empirical error among multiple source domains, i.e., it is
not always beneficial to naively incorporate more source domains into training. As we will see in
the experiment, this is indeed the case in many real-world problems. One alternative approach to
obtain an upper bound for multiple source domains is to apply Thm. 2.T|repeatedly & times, one for
each source and target pair, followed by a union bound to combine them. It is easy to show that this
approach can lead to a slightly tighter upper bound with the same asymptotic order in terms of m and
k as the one in Thm. However, as we will see in the next section, the bound in Thm. provides
a nice decoupling of the four terms so that minimizing the bound leads to two practical learning
algorithms. As a comparison, the alternative bound cannot be minimized as it requires knowledge of
unknown quantities \;, Vi € [k], i.e., the optimal error on each pair of source and target domains.

Comparison with Existing Bounds First, it is easy to see that, upto a multiplicative constant, our
bound in (2) reduces to the one in Thm. 2.1 when there is only one source domain (k = 1). Hence
Thm. @can be treated as a generalization of Thm. @ Blitzer et al.| (2008) give a generalization
bound for semi-supervised multisource domain adaptation where, besides labeled instances from
multiple source domains, the algorithm also has access to a fraction of labeled instances from the
target domain. Although in general our bound and the one in (Blitzer et al., 2008, Thm. 3) are
incomparable, it is instructive to see the connections and differences between them: on one hand, the
multiplicative constants of the discrepancy measure and the optimal error in our bound are half of
those in|Blitzer et al.|(2008))’s bound, leading to a tighter bound; on the other hand, because of the
access to labeled instances from the target domain, their bound is expressed relative to the optimal
error rate on the target domain, while ours is in terms of the empirical error on the source domain.
Finally, thanks to our generalized definition of d#(Dr;{Ds,}¥_,), we do not need to manually
specify the optimal combination vector « in (Blitzer et al., 2008, Thm. 3), which is unknown in
practice. Mansour et al.| (2009b) also give a generalization bound for multisource domain adaptation
under the assumption that the target distribution is a mixture of the k sources and the target hypothesis
can be represented as a convex combination of the source hypotheses. While the distance measure we
use assumes 0-1 loss function, their generalized discrepancy measure can also be applied for other
loss functions (Mansour et al., 2009agc:b)).

'Of course it is still possible that 7 (k) is small while ) is large, but in domain adaptation we do not have
access to labeled samples from Dr.
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4 MULTISOURCE DOMAIN ADAPTATION WITH ADVERSARIAL NEURAL
NETWORKS

In this section we shall describe a neural network based implementation to minimize the generalization
bound we derive in Thm. [3:4] The key idea is to reformulate the generalization bound by a minimax
saddle point problem and optimize it via adversarial training.

Domain label Bl =]
Desired | e SEECEEEE) =51 e=— 52T _____ —— (55 T){ Domain
Task | ————1 ' % v L — =" iClassier
[ 4 eeees
k | . min éT,S{ 109 z exp {ET»S;' }:
e H iE[k]
w H Gradient Reversal
Feature —
Extractor i... .= :

Figure 1: MDANSs Network architecture. Feature extractor, domain classifier, and task learning are
combined in one training process. Hard version: the source that achieves the minimum domain classi-
fication error is backpropagated with gradient reversal; Smooth version: all the domain classification
risks over k source domains are combined and backpropagated adaptively with gradient reversal.

Suppose we are given samples drawn from k source domains {Dg;, }, each of which contains m
instance-label pairs. Additionally, we also have access to unlabeled instances sampled from the target
domain Dr. Once we fix our hypothesis class H, the last two terms in the generalization bound (2))
will be fixed; hence we can only hope to minimize the bound by minimizing the first two terms, i.e.,
the maximum source training error and the discrepancy between source domains and target domain.
The idea is to train a neural network to learn a representation with the following two properties:
1). indistinguishable between the k source domains and the target domain; 2). informative enough
for our desired task to succeed. Note that both requirements are necessary: without the second
property, a neural network can learn trivial random noise representations for all the domains, and
such representations cannot be distinguished by any discriminator; without the first property, the
learned representation does not necessarily generalize to the unseen target domain. Taking these two
properties into consideration, we propose the following optimization problem:

~ 1 ~ o

minimize m?ls]( (ﬁs,i (h) + idq.mq.[ (Dr; {Dsi}f:1)> 3)
i€

One key observation that leads to a practical approximation of dyaz (Dr; {ﬁg}le) from Ben-

David et al.|(2007) is that computing the discrepancy measure is closely related to learning a classifier

that is able to disintuish samples from different domains:

1

~ ~ 1
: k = — 1 R = R =
dyan(Dr;{Ds, }i—1) IZIéE[lk)j; 1-2 hem?-tlgH 5 gA I(h(x) =1)+ 7 EA I(h(x =0))
XNDT XNDsi

Let &5, (h) be the empirical risk of hypothesis / in the domain discriminating task. Ignoring the
constant terms that do not affect the optimization formulation, moving the max operator out, we can
reformulate (3) as:
minimize max (s (k) — min &rg (b 4

i€[k] ( si(h) hEHAH 5:(7) @)
The two terms in (@) exactly correspond to the two criteria we just proposed: the first term asks for an
informative feature representation for our desired task to succeed, while the second term captures the
notion of invariant feature representations between different domains.

Inspired by [Ganin et al (2016), we use the gradient reversal layer to effectively implement (@) by
backpropagation. The network architecture is shown in Figure. [T} The pseudo-code is listed in Alg.[T]
(the hard version). One notable drawback of the hard version in Alg. [I]is that in each iteration the
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Algorithm 1 Multiple Source Domain Adaptation via Adversarial Training

1: for ¢t = 1to oo do

2: Sample {SV}%_ and T® from {Dg, }*_, and Dr, each of size m
3: fori=1tokdo

4 Compute Eit = é\Sft) (h) — minh/eHAH é\T(”,S;t) (h/)

5: Compute wgt) = exp(?ﬁt))

6:  end for

7. # Hard version

8:  Selecti®) := arg max;e ] ?:ﬁt)

9:  Update parameters via backpropagating gradient of ?:f(tt))

10:  # Smoothed version
11: fori=1tokdo

12: Normalize wit) — wgt)/ Zi’e[k] wg,t)

13:  end for

14:  Update parameters via backpropagating gradient of ) . clk] wgt)gﬁt)
15: end for

algorithm only updates its parameter based on the gradient from one of the £ domains. This is data
inefficient and can waste our computational resources in the forward process. To improve this, we
approximate the max function in (@) by the log-sum-exp function, which is a frequently used smooth
approximation of the max function. Define &;(h) := &g, (h) — minp eyan Er,s, (A'):

1
maxég;(h) =~ —lo exp(v&; (h
max€i(h) ~ gg{;} p(1&:(h))

where v > 0 is a parameter that controls the accuracy of this approximation. As v — oo,
% log 3, (i) exp(7€i(h)) — max;e(y £;(h). Correspondingly, we can formulate a smoothed ver-
sion of (@) as:

1
minimize 5 log Z exp (’y(gsi(h) — min &rg, (k) (5)

W EHAH )
i€ [k]
During the optimization, (5) naturally provides an adaptive weighting scheme for the k& source
domains depending on their relative error. Use 6 to denote all the model parameters, then:

) _ expyEi(h)  0gi(h) ©)
D ireik) €XpEi(h) 00

The approximation trick not only smooths the objective, but also provides a principled and adaptive
way to combine all the gradients from the & source domains. In words, (6 says that the gradient of
MDAN is a convex combination of the gradients from all the domains. The larger the error from
one domain, the larger the combination weight in the ensemble. Formally, we show that (B) also
corresponds to minimizing an upper bound of the generalization error on the target domain. But
different from Thm. [3.4] where the worst case #-divergence is considered, the following theorem
characterizes the divergence between the target and multiple source domains using a weighted
combination of divergences between the target domain and each source domain. As we will see in
Sec. 5] the optimization problem (5) often leads to better generalizations in practice, which may
partly be explained by the ensemble effect of multiple sources implied by the upper bound.

Theorem 4.1. Let D and {Dg, }¥_, be the target distribution and k source distributions over
X. Let H be a hypothesis class where VCdim(H) = d. If Dy and {Dg, }¥_, are the empirical
distributions of Dy and {Dg, }*_; generated with m i.i.d. samples from each domain, then, Vo €
Rﬁ_, Zie[k] a; = 1, for 0 < § < 1, with probability at least 1 — § (over the choice of samples), we
have:

N 1 ~ o~ 1 k
er(h) < Z o - (551.(11) + idHAH(DT;DSi» + 0 (\/m (1og 5 + dlog TIZ;)) +Aa (D

i€ k]

01 ~ N /
505 log Z exp (’y(asi (h) — i Ers, (h") |
i€ (k] i€[k]

where )\, is a constant that only depends on H.



Under review as a conference paper at ICLR 2018

By a proper choice of « in the upper bound of Thm. 1] we obtain the following upper bound that is
minimized by the optimization problem (3).

Theorem 4.2. Choose «; = exp(&;(h))/ X e expEj(h) with E(h) = Es,(h) +
Ldyuan (lST; Dg, ), we have

k
er(h) <log Z exp(&;(h)) + O (\/rln (log 5 + dlog nj)) + A" (8)

i€ k]

where \* is a constant that only depends on H.

Remark. It is not hard to see that, up to constant that does not depend on the training errors on
multiple domains, the upper bound given by Thm. .2]is tighter than that of Thm. [3.4] We also note
that both sample complexity bounds given in Thm. [3.4] and Thm. f.2] are optimal in terms of the
number of training instances m in each source domain, as it matches the Q(1/1/m) lower bound in
the non-realizable binary classification scenario (Mohri et al., 2012, Thm. 3.7).

We summarize this algorithm in the smoothed version of Alg.[I} Note that both algorithms, including
the hard version and the smoothed version, reduce to the DANN algorithm (Ganin et al., 2016) when
there is only one source domain.

5 EXPERIMENTS

We evaluate both hard and soft MDANSs and compare them with state-of-the-art methods on three
real-world datasets: the Amazon benchmark dataset (Chen et al., 2012) for sentiment analysis, a digit
classification task that includes 4 datasets: MNIST (LeCun et al., [1998)), MNIST-M (Ganin et al.|
2016), SVHN (Netzer et al.,[2011)), and SynthDigits (Ganin et al., 2016)), and a public, large-scale
image dataset on vehicle counting from multiple city cameras (Zhang et al., [2017). Details about
network architecture and training parameters of proposed and baseline methods, and detailed dataset
description will be introduced in the appendix.

5.1 AMAZON REVIEWS

Domains within the dataset consist of reviews on a specific kind of product (Books, DVDs, Electronics,
and Kitchen appliances). Reviews are encoded as 5000 dimensional feature vectors of unigrams and
bigrams, with binary labels indicating sentiment. We conduct 4 experiments: for each of them, we
pick one product as target domain and the rest as source domains. Each source domain has 2000
labeled examples, and the target test set has 3000 to 6000 examples. During training, we randomly
sample the same number of unlabeled target examples as the source examples in each mini-batch. We
implement the Hard-Max and Soft-Max methods according to Alg.[I] and compare them with three
baselines: MLPNet, marginalized stacked denoising autoencoders (mSDA) (Chen et al., 2012)), and
DANN (Ganin et al.,[2016). DANN cannot be directly applied in multiple source domains setting. In
order to make a comparison, we use two protocols. The first one is to combine all the source domains
into a single one and train it using DANN, which we denote as Combine-DANN. The second protocol
is to train multiple DANNs separately, where each one corresponds to a source-target pair. Among all
the DANNSs, we report the one achieving the best performance on the target domain. We denote this
experiment as Best-Single-DANN. For fair comparison, all these models are built on the same basic
network structure with one input layer (5000 units) and three hidden layers (1000, 500, 100 units).

Table 1: Sentiment classification accuracy.

. ) . . MDANs
Train/Test | MLPNet mSDA  Best-Single-DANN Combine-DANN Hard-Max — Sofi-Max
D+E+K/B 0.7655 0.7698 0.7650 0.7789 0.7845 0.7863
B+E+K/D 0.7588 0.7861 0.7732 0.7886 0.7797 0.8065
B+D+K/E 0.8460 0.8198 0.8381 0.8491 0.8483 0.8534
B+D+E/K 0.8545 0.8426 0.8433 0.8639 0.8580 0.8626
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Table 2: p-values under Wilcoxon test.

| MLPNet mSDA Best-Single-DANN  Combine-DANN Hard-Max

| Soft-Max  Soft-Max Soft-Max Soft-Max Soft-Max
B 0.550 0.101 0.521 0.013 0.946
D 0.000 0.072 0.000 0.051 0.000
E 0.066 0.000 0.097 0.150 0.022
K 0.306 0.001 0.001 0.239 0.008

Results and Analysis We show the accuracy of different methods in Table[I] Clearly, Soft-Max
significantly outperforms all other methods in most settings. When Kitchen is the target domain,
cDANN performs slightly better than Soft-Max, and all the methods perform close to each other.
Hard-Max is typically slightly worse than Soft-Max. This is mainly due to the low data-efficiency
of the Hard-Max model (Section @] Eq. ] Eq. [5). We argue that with more training iterations, the
performance of Hard-Max can be further improved. These results verify the effectiveness of MDANs
for multisource domain adaptation. To validate the statistical significance of the results, we run
a non-parametric Wilcoxon signed-ranked test for each task to compare Soft-Max with the other
competitors, as shown in Table 2] Each cell corresponds to the p-value of a Wilcoxon test between
Soft-Max and one of the other methods, under the null hypothesis that the two paired samples have
the same mean. From these p-values, we see Soft-Max is convincingly better than other methods.

5.2 DIGITS DATASETS

Following the setting in (Ganin et al.l 2016), we combine four popular digits datasets (MNIST,
MNIST-M, SVHN, and SynthDigits) to build the multisource domain dataset. We take each of
MNIST-M, SVHN, and MNIST as target domain in turn, and the rest as sources. Each source domain
has 20, 000 labeled images and the target test set has 9, 000 examples.

Baselines We compare Hard-Max and Soft-Max of MDANSs with ten baselines: i). Best-Single-
Source. A basic network trained on each source domain (20, 000 images) without domain adaptation
and tested on the target domain. Among the three models, we report the one achieves the best
performance on the test set. ii). Combine-Source. A basic network trained on a combination of
three source domains (20, 000 images for each) without domain adaptation and tested on the target
domain. iii). Best-Single-DANN. We train DANNSs (Ganin et al.,2016)) on each source-target domain
pair (20, 000 images for each source) and test it on target. Again, we report the best score among
the three. iv). Combine-DANN. We train a single DANN on a combination of three source domains
(20,000 images for each). v). Best-Single-ADDA. We train ADDA (Tzeng et al., 2017) on each
source-target domain pair (20, 000 images for each source) and test it on the target domain. We
report the best accuracy among the three. ADDA is an unsupervised adversarial adaptation method,
which first learns a discriminative representation using the labels in the source domain and then a
separate encoding that maps the target data to the same space using an asymmetric mapping learned
through a domain-adversarial loss. vi).Combine-ADDA. We train ADDA on a combination of three
source domains (20, 000 images for each). vii). Best-Single-MTAE. We train MTAE (Ghifary et al.,
2015) on each source-target domain pair (20, 000 images for each source) and test it on the target
domain. We report the best accuracy among the three. MTAE is feature learning algorithm that
extends the standard denoising autoencoder framework by substituting corruption with naturally
occurring inter-domain variability in the appearance of objects. It learns to transform the original
image into analogs in multiple related domains, thereby learns features that are robust to variations
across domains. The learned features are then used as inputs to the classifier. viii). Combine-MTAE.
We train MTAE on a combination of three source domains (20, 000 images for each). ix). MDAC.
MDAC (Zhang et al.,|2015)) is a multiple source domain adaptation algorithm that explores causal
models to represent the relationship between the features X and class label Y. It models Px | Py
(the process to generate effect X from cause Y) on the target domain as a linear mixture of those
on source domains, and estimate all involved parameters by matching the target-domain feature
distribution. As MDAC is designed for multiple source domain adaptation, we directly train MDAC
on a combination of three source domains. x). Target-only. It is the basic network trained and tested
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on the target data. It serves as an upper bound of DA algorithms. All the MDANSs and baseline
methods are built on the same basic network structure to put them on a equal footing.

Results and Analysis The classification accuracy is shown in Table[3] The results show that MDAN
outperforms all the baselines in the first two experiments and is comparable with Best-Single-DANN
in the third experiment. For the combined sources, MDANSs always perform better than the source-
only baseline (MDANs vs. Combine-Source). However, a naive combination of different training
datasets can sometimes even decrease the performance of the baseline methods. This conclusion
comes from three observations: First, directly training DANN on a combination of multiple sources
leads to worse results than the source-only baseline (Combine-DANN vs. Combine-Source); Second,
The performance of Combine-DANN can be even worse than the Best-Single-DANN (the first and
third experiments); Third, directly training DANN on a combination of multiple sources always
has lower accuracy compared with our approach (Combine-DANN vs. MDANSs). We have similar
observations for ADDA and MTAE. Such observations verify that the domain adaptation methods
designed for single source lead to suboptimal solutions when applied to multiple sources. It also
verifies the necessity and superiority of MDAN for multiple source adaptation. Though MDAC
is designed for multiple source domain adaptation, it has obviously lower accuracy than MDANS.
Furthermore, we observe that adaptation to the SVHN dataset (the third experiment) is hard. In this
case, increasing the number of source domains does not help. We conjecture this is due to the large
dissimilarity between the SVHN data to the others. Surprisingly, using a single domain (best-Single
DANN) in this case achieves the best result. This indicates that in domain adaptation the quality
of data (how close to the target data) is much more important than the quantity (how many source
domains). As a conclusion, this experiment further demonstrates the effectiveness of MDANSs when
there are multiple source domains available, where a naive combination of multiple sources using
DANN may hurt generalization.

Table 3: Accuracy on digit classification. Mt: MNIST; Mm: MNIST-M, Sv: SVHN, Sy: SynthDigits.

Method | Sv+Mm+Sy/Mt  Mt+Sv+Sy/Mm  Mm+Mt+Sy/Sv

Best-Single-Source 0.964 0.519 0.814
Best-Single-DANN 0.967 0.591 0.818
Best-Single-ADDA 0.968 0.657 0.800
Best-Single-MTAE 0.862 0.534 0.703
Combine-Source 0.938 0.561 0.771
MDAC 0.755 0.563 0.604
Combine-DANN 0.925 0.651 0.776
Combine-ADDA 0.927 0.682 0.804
Combine-MTAE 0.821 0.596 0.701
MDAN-Hard-Max 0.976 0.663 0.802
MDAN-Soft-Max 0.979 0.687 0.816

Target-only 0.987 0.901 0.898

Table 4: Counting error statistics. S is the number of source cameras; T is the target camera id.

MDANs MDANSs

S| T Hard-Max | Soft-Max DANN FCN T Hard-Max | Soft-Max DANN FCN

2 | A 1.8101 1.7140 1.9490 | 1.9094 || B 2.5059 2.3438 2.5218 | 2.6528
3] A 1.3276 1.2363 1.3683 | 1.5545 || B 1.9092 1.8680 2.0122 | 2.4319
4 1A 1.3868 1.1965 1.5520 | 1.5499 || B 1.7375 1.8487 2.1856 | 2.2351
51A 1.4021 1.1942 1.4156 | 1.7925 || B 1.7758 1.6016 1.7228 | 2.0504
6| A 1.4359 1.2877 2.0298 | 1.7505 || B 1.5912 1.4644 1.5484 | 2.2832
71 A 1.4381 1.2984 1.5426 | 1.7646 || B 1.5989 1.5126 1.5397 | 1.7324
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Figure 3: Source&target camera map.  Figure 4: Counting error over different source numbers.

5.3 WEBCAMT VEHICLE COUNTING DATASET

WebCamT is a public dataset for vehicle counting from large-scale city camera videos, which has
low resolution (352 x 240), low frame rate (1 frame/second), and high occlusion. It has 60,000
frames annotated with vehicle bounding box and count, divided into training and testing sets, with
42,200 and 17, 800 frames, respectively. Here we demonstrate the effectiveness of MDANS to count
vehicles from an unlabeled target camera by adapting from multiple labeled source cameras: we
select 8 cameras that each has more than 2, 000 labeled images for our evaluations. As shown in
Fig. B} they are located in different intersections of the city with different scenes. Among these 8
cameras, we randomly pick two cameras and take each camera as the target camera, with the other 7
cameras as sources. We compute the proxy A-distance (PAD) (Ben-David et al.} 2007) between each
source camera and the target camera to approximate the divergence between them. We then rank the
source cameras by the PAD from low to high and choose the first £ cameras to form the k source
domains. Thus the proposed methods and baselines can be evaluated on different numbers of sources
(from 2 to 7). We implement the Hard-Max and Soft-Max MDANs according to Alg.[T] based on
the basic vehicle counting network FCN (Zhang et al 2017). We compare our method with two
baselines: FCN (Zhang et al., [2017), a basic network without domain adaptation, and DANN
2016), implemented on top of the same basic network. We record mean absolute error (MAE)
between true count and estimated count.

Results and Analysis The counting error of different methods is compared in Table[d The Hard-
Max version achieves lower error than DANN and FCN in most settings for both target cameras.
The Soft-Max approximation outperforms all the baselines and the Hard-Max in most settings,
demonstrating the effectiveness of the smooth and adaptative approximation. The lowest MAE
achieved by Soft-Max is 1.1942. Such MAE means that there is only around one vehicle miscount
for each frame (the average number of vehicles in one frame is around 20). Fig.[2]shows the counting
results of Soft-Max for the two target cameras under the 5 source cameras setting. We can see that the
proposed method accurately counts the vehicles of each target camera for long time sequences. Does
adding more source cameras always help improve the performance on the target camera? To answer
this question, we analyze the counting error when we vary the number of source cameras as shown
in Fig. ] From the curves, we see the counting error goes down with more source cameras at the
beginning, while it goes up when more sources are added at the end. This phenomenon corresponds
to the prediction implied by Thm. [3.4](the last remark in Section[3): the performance on the target

11
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domain depends on the worst empirical error among multiple source domains, i.e., it is not always
beneficial to naively incorporate more source domains into training. To illustrate this prediction better,
we show the PAD of the newly added camera (when the source number increases by one) in Fig. [4]
By observing the PAD and the counting error, we see the performance on the target can degrade when
the newly added source camera has large divergence from the target camera.

6 CONCLUSION

We derive a new generalization bound for DA under the setting of multiple source domains with
labeled instances and one target domain with unlabeled instances. The new bound has interesting
interpretation and reduces to an existing bound when there is only one source domain. Following
our theoretical results, we propose MDANS to learn feature representations that are invariant under
multiple domain shifts while at the same time being discriminative for the learning task. Both hard
and soft versions of MDANSs are generalizations of the popular DANN to the case when multiple
source domains are available. Empirically, MDANSs outperform the state-of-the-art DA methods on
three real-world datasets, including a sentiment analysis task, a digit classification task, and a visual
vehicle counting task, demonstrating its effectiveness for multisource domain adaptation.
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A OUTLINE

Organization of the appendix: 1). For the convenience of exposition in showing our technical proofs,
we first introduce the technical tools that will be used during our proofs in Sec.[B] 2). We provide
detailed proofs for all the claims, lemmas and theorems presented in the main paper in Sec.[C] 3). We
describe more experimental details in Sec. D] including dataset description, network architecture and
training parameters of the proposed and baseline methods, and more analysis of the experimental
results. 4). We introduce and discuss more related work about domain adaptation in Sec.

B TECHNICAL TOOLS

Definition B.1 (Growth function). The growth function 113; : N — N for a hypothesis class H is
defined by:

Vim €N, Thy(m) = max {(h(z1). ... h(zn)) | h e HY

where X,,, = {x1,...,2,,} is a subset of X’ with size m.

Roughly, the growth function 113 (m) computes the maximum number of distinct ways in which m
points can be classified using hypothesis in . A closely related concept is the Vapnik—Chervonenkis
dimension (VC dimension) (Vapnikl, [1998)):

Definition B.2 (VC dimension). The VC-dimension of a hypothesis class 7 is defined as:
VCOdim(H) = max{m : IIy;(m) = 2™}

A well-known result relating V Cdim(#) and the growth function IIy;(m) is the Sauer’s lemma:

Lemma B.1 (Sauer’s lemma). Let H be a hypothesis class with V' Cdim(#) = d. Then, for m > d,
the following inequality holds:

i <3 (7) < ()

The following concentration inequality will be used:

Theorem B.1 (Hoeffding’s inequality). Let X1, ..., X, be independent random variables where
each X is bounded by the interval [a;, b;]. Define the empirical mean of these random variables by
X :=1%" X, thenVe > 0:
— — 2n?e?
Pr(|X —E[X]| >¢) <2exp (n)
(1% - EL%) 2 <) o

The VC inequality allows us to give a uniform bound on the binary classification error of a hypothesis
class ‘H using growth function:

Theorem B.2 (VC inequality). Let IT3; be the growth function of hypothesis class H. For h € H,
let £(h) be the true risk of h w.r.t. the generation distribution D and the true labeling function h*.
Similarly, let &, (k) be the empirical risk on a random i.i.d. sample containing n instances from D,
then, for Ve > 0, the following inequality hold:

Pr (21612 le(h) — én(h)| > 5) < 8IIy(n) exp (—ne?/32)

Although the above theorem is stated for binary classification error, we can extend it to any bounded
error. This will only change the multiplicative constant of the bound.

C PROOFs
For all the proofs presented here, the following lemma shown by Blitzer et al.[(2008) will be repeatedly

used:
Lemma C.1 ((Blitzer et al}, 2008)). Vh,h' € H, |es(h,h’) —er(h, k)| < 3duan(Ds,Dr).
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C.1 PRrROOF OF THM.[3.1]

One technical lemma we will frequently use to prove Thm. [3.1]is the triangular inequality w.r.t.
ep(h), Vh € H:

Lemma C.2. For any hypothesis class H and any distribution D on &, the following triangular
inequality holds:

Vho W' f €H, ep(h, W) <eplh, f)+ep(f,h)

Proof.

ep(h, h') = Exup[|h(x) = b (x)]] < Ex~p||h(x) = f(x)|+]f(x) = f(X)[] = ep(h, f) +en(f, 1)

Now we are ready to prove Thm. 3.1}
Theorem 3.1. er(h) < maxX;e k] es,(h) + %dHAH('DT; {'Dsi}?:l) + A

Proof. Vh € H, define iy, := arg max;c €s, (h, h*):

er(h) <er(h®) +er(h,h")
=er(h*) +er(h,h*) —maxeg, (h,h") + maxeg, (h, h*)
i€ [k] i€ [k]
SET(h*)HET( h*) —es;, (b, h)| +€s,, (h, h7)
<er(h)+ d’HAH(DT7DS ) +es, (hh")

1 . .
< er(h”) + Sduan(Pr; {Ds,}i1) +€s,, (b, h")

1
< ET(h*) + §d’HA'H(DT; {,Dsi}le) + €S, (h) + €Sy, (h*)

1
<er(h)+ 2dHAH(DTa {Ds, }i_y) +m%€>]¢€s (h) +Hé%€>]<fs (h")

1
= maxes, (h) + A+ §dHAH(DT; {Ds,}r))

The first and the fifth inequalities are due to the triangle inequality, and the third inequality is based
on Lemma The second holds due to the property of | - | and the others follow by the definition of
‘H-divergence. |

C.2 PROOF OF THM.

Theorem 3.2. Let D7 and {Dg, }_, be the target distribution and k source distributions over X. Let

‘H be a hypothesis class where VCdim(#H) = d. If Dy and {Dgi }k_| are the empirical distributions
of Dy and {Dg, }¥_, generated with m i.i.d. samples from each domain, then for ¢ > 0, we have:

Pr (Jan(Dr; (D5, ) — du(Brs (Bs Y| 2 ) < 4k (5) exp (~me? )
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Proof.
Pr (|dsu(Dri (D, Yy) - du(Drs (Ds V)| 2 €)
€
= Pr | lmax su Pr(A) — Pr(A)| — max su Pr(A) — Pr(A4)]| > =
(W S [B5(4) = Pra)] —max sup [Pr(4) = Pr(4) _2>
< Pr [ max sup || Pr(4) — Pr(A4)| — | Pr(4) — Pr(4)]| > =
i€lk] AcAy | Pr Ds, Dr ﬁsi 2

=Pr|Jelk],3A € Ay : |DP£(A) —Zl;r (A)| — | Pr(A4) — Pr(4)]

S; Dr Ds

€
> =
_2>
gZH(HAeAH:

5
k
<> m <3A € A | Pr(4) = Pr(A)| +| Pr(4) = Pr(4)] > )

| Pr(4) = Pr(4) = | Pr(4) - Pr (4)

< 2kPr (EIA €Ay : |DPr(A) —Pr(A)| > )
T D

< 26 Mgy () Pr (| Pr(4) - P > § )

< 2k - Tl4,,(m) - 2exp(—2me? /16)
em

< 4k( ¥ )dexp(—m62/8)

The first inequality holds due to the sub-additivity of the max function, and the second inequality is
due to the union bound. The third inequality holds because of the triangle inequality, and we use the
averaging argument to establish the fourth inequality. The fifth inequality is an application of the
VC-inequality, and the sixth is by the Hoeffding’s inequality. Finally, we use the Sauer’s lemma to
prove the last inequality. ]

C.3 PROOF OF THM.[3.3|

We now show the detailed proof of Thm.

Proof.

sup max |eg, (h) — g, (h)| > €
heH 1€[k]

max sup |eg, (h) — &g, (h)| > e)
i€[k] hen

Pr <Sup
heH

(h) —maxég,(h)| >¢) <P
riré%ces,,() Iiréf[ﬁes,( )‘ 6) < Pr

=Pr

7N N

< iPr (Sup les; (h) —€s,(h)| = 6)

heH
k- Iy (m) Pr (les, (h) — €s,(h)] = €)
k- TI3(m) - 2 exp(—2me?)

< ok (me

d
7) exp(—2me?)

Again, the first inequality is due to the subadditivity of the max function, and the second inequality
holds due to the union bound. We apply the VC-inequality to bound the third inequality, and
Hoeffding’s inequality to bound the fourth. Again, the last one is due to Sauer’s lemma. ]
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C.4 DERIVATION OF THE DISCREPANCY DISTANCE AS CLASSIFICATION ERROR

We show that the #-divergence is equivalent to a binary classification accuracy in discriminating
instances from different domains. Suppose Ay, is symmetric, i.e., A € Ay, & X\A € Ay, and we
have samples {S;}*_, and T from {Dg, }%_, and D7 respectively, each of which is of size m, then:

duaw(Dri{Ds;}i=y) = max sup | Pr(4) - Pr(4)|

ZG[k] A€CAuAH 'ﬁT 'Dsi
=max sup | Pr (h(x)=1)— Pr (h(x=1))]
i€lk] heHAH x~Dr x~Dsg,

max sup 1—| Pr (h(x)=1)+ Pr (h(x=0))
i€[k] heHAH x~Dr x~Ds,

. 1 1
= frelf[i;:]( 1- 2h€InHl£H 5 Zﬁ I(h(x) =1) + P Zﬁ I(h(x =0))
x~Dr x~Ds;

C.5 PRrROOF OF THM. 4]

Theorem 4.1. Let Dr and {Dg, }¥_; be the target distribution and k source distributions over
X. Let H be a hypothesis class where VCdim(#H) = d. If Dy and {Dg, }¥_, are the empirical
distributions of Dy and {Dsg, }*_, generated with m i.i.d. samples from each domain, then, Vo €
R’j_, Zie[k] a; = 1, for 0 < § < 1, with probability at least 1 — § (over the choice of samples), we
have:

=R 1 ~ o~ 1 k
er(h) < Y ai- (Es,(h) + Sduan(Dri Ds,)) + O <\/m <1og 5 +dlog ”Zf)) A (D

i€ k]

where )\, is a constant that only depends on H.

Proof. We first extend the definition of H-divergence in the multiple sources setting from Def. [3.1]to
the case where a convex combination « is used to combine all the single source divergence measures.
Under this new divergence measure, we prove similar concentration results like Thm. Thm. [3.2]
and Thm. By choosing « to be proportional to exp(€;), we obtain the upper bound in Thm. (4.1
using a combination of Jensen’s inequality and the arithmetic-geometric mean inequality.

Let o« € R* be a > 0 and > iy @i = 1. Define dy o (Dr; {Dgs, }k_,) as follows:

Definition C.1.

dy.o(Dr; {Ds, }=y) == Y @i -dp(Dr;Ds,) =2 > ;- sup | Pr(A) — Pr(A)]
i€[k] ic[k] A€y Dr Ds;

It is easy to check that Def. [C.T]is a generalization of Def. 3.1 where « is chosen to be a one-hot
vector that has value 1 in the source domain with the largest discrepancy. Similarly, define A}, and A,
as follows:

hy=argmin [ er(h) + Y a;-es,(h) |, Aai=en(h®)+ Y a;-es, (k")
heH ic[k] ic[k]

Realizing that the proof of Thm. [3.1only depends on the subadditivity of the max operator, and the
fact that convex combination trivially satisfies subadditivity, we can easily show that the following
generalization bound holds for all such a:

1
er(h) < ) ai-es,(h) + A + gduan.a(Dri {Ds, }i) ©
1€ [K]
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The next step is to provide finite sample bounds for the first and the third terms of (9). To bound the
third term, we simply replace dy (Dr; {Dg, }%_,) in the proof of Thm. to dy.o(Dr;{Ds, }r ),
and use the following inequality:

Z ;- sup

i€ [k] A€An

| Pr(4) = Pr(4)] — | Pr(4) — Pr(4)]

Dr Ds, Dr Ds

[Br(4) = Pr(A)] = Pr(4) = Pr(4)

<Pr (32' €lk],3A € Ay :

k

<ZP1" <E|A€.AH

=1

| Pr(4) - Pr(4)] - [Pr(4) — Pr(4)]

Ds; Dr Ds;

where the first inequality is due to the fact that 3,y ait; > €/2 = Ji € [k], t; > €/2, otherwise
Ziem a;t; < €/2, and the second inequality is a simple union bound. All the other parts of the

proof of Thm. [3.2]still hold under dy; o (Dr; {Ds, }¥_,), hence we immediately have the following
lemma to estimate dy o (Dr; {Ds, }*_,) using finite samples:

Lemma C.3. Let D7 and {Dg, }%_; be the target distribution and k source distributions over X. Let
H be a hypothesis class where VCdim(#) = d. If Dz and {Dg, }*_, are the empirical distributions
of Dy and {Dg, }¥_, generated with m i.i.d. samples from each domain, then for ¢ > 0, we have:

Pr (|dsa(Drs (D5 Yo) — dagBrs (B Yio)| 2 €) < 4k (C00) exp (~me )

To bound the first term uniformly for all A € H, we have:

Lemma C4. Let {DS }k_| be k source distributions over X. Let H be a hypothesis class where

VCdim(#) = d. If {Dg, }k_| are the empirical distributions of {Dg, }*_; generated with m i.i.d.
samples from each domain, then, for € > 0, we have:

Pr | sup Z a;-eg,(h) — Z a;-€g,(h)| >e| <2k (%)dexp(—%ng)

heHt 1icik] i€[k]

The proof of the above lemma is as follows:

Pr{gop |30 auces = T e ) > | < e sup 30 ke 1) - s

her lick ic[k] heH ek
Z Qg - Sup |ES ) - ész(h)‘ > €
i€[k]
< Pr (az' € [H: supes, () — &, ()] > )
heH
k
< Pr ( sup |es, (h) —€s,(R)| > e)
e (e
< k- Iy (m) Pr ([es; (h) — €s,(h)| = €)
< k- Tl (m) - 2 exp(—2me?)
d
<2k (%) exp(—2me?)
The first inequality is due to the triangle inequality of | - |, and the second one is because of the

subadditivity of the sup function. The third inequality holds by a contrapositive argument. The fourth
one is by the union bound. We apply the VC-inequality to bound the fifth inequality, and Hoeffding’s
inequality to bound the sixth. Again, the last one is due to Sauer’s lemma.

To complete the proof, we simply combine Lemma and Lemma[C.4]into (9), and solve fore. W
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C.6 PROOF OF THM.[4.2]

Theorem 4.2. Choose «; = exp(&i(h))/ ;e exp(Ej(h)) with E(h) = Es,(h) +
Ldyan(Dr; Ds,), we have
(h) <1og 3" expE () + 0 (4|~ (log £ +dlog 2 ) | + » ®)
Er = gle[k] Xpl&q m g5 g d

where \* is a constant that only depends on .
Proof. Define a; = exp(Ei(h))/ 3 ey exp(E;(h)) with E(h) := &s,(h) + $dwan(Dr; Ds,),
then the first term of the R.H.S. of (7)) can be bounded as:

exp(Ei(h))
Zje[k] exp(&;(h))

-€i(h) = Eq[&5(h)] = Eq[log exp(&;(h))]
i€[k]

<log (E exp(&;(h )
—1o Zbe[k] exp (gz(h))
= log ( Zz‘e[k] exp(&;(h)) )

<log Y exp(&i(h))
i€ [k]

where the first inequality is due to the Jensen’s inequality, and the second one is based on the fact that
>oia? < (52, a;)* when a; > 0, Vi. [ ]

D DETAILS ABOUT EXPERIMENTS

In this section, we describe more details about the datasets and the experimental settings. We
extensively evaluate the proposed methods on three datasets: 1). We first evaluate our methods on
Amazon Reviews dataset (Chen et al., 2012) for sentiment analysis. 2). We evaluate the proposed
methods on the digits classification datasets including MNIST (LeCun et al.,|1998), MNIST-M (Ganin
et al., [2016), SVHN (Netzer et al., [2011), and SynthDigits (Ganin et al., 2016). 3). We further
evaluate the proposed methods on the public dataset WebCamT (Zhang et al., [2017)) for vehicle
counting. It contains 60,000 labeled images from 12 city cameras with different distributions. Due
to the substantial difference between these datasets and their corresponding learning tasks, we will
introduce more detailed dataset description, network architecture, and training parameters for each
dataset respectively in the following subsections.

D.1 DETAILS ON AMAZON REVIEWS EVALUATION

Amazon reviews dataset includes four domains, each one composed of reviews on a specific kind
of product (Books, DVDs, Electronics, and Kitchen appliances). Reviews are encoded as 5000
dimensional feature vectors of unigrams and bigrams. The labels are binary: 0 if the product is ranked
up to 3 stars, and 1 if the product is ranked 4 or 5 stars.

We take one product domain as target and the other three as source domains. Each source domain
has 2000 labeled examples and the target test set has 3000 to 6000 examples. We implement the
Hard-Max and Soft-Max methods according to Alg.[T] based on a basic network with one input layer
(5000 units) and three hidden layers (1000, 500, 100 units). The network is trained for 50 epochs with
dropout rate 0.7. We compare Hard-Max and Soft-Max with three baselines: Baseline 1: MLPNet. It
is the basic network of our methods (one input layer and three hidden layers), trained for 50 epochs
with dropout rate 0.01. Baseline 2: Marginalized Stacked Denoising Autoencoders (mSDA) (Chen
et al.,|2012). It takes the unlabeled parts of both source and target samples to learn a feature map
from input space to a new representation space. As a denoising autoencoder algorithm, it finds a
feature representation from which one can (approximately) reconstruct the original features of an
example from its noisy counterpart. Baseline 3: DANN. We implement DANN based on the algorithm
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described in (Ganin et al.,[2016) with the same basic network as our methods. Hyper parameters of
the proposed and baseline methods are selected by cross validation. Table[5|summarizes the network
architecture and some hyper parameters.

Table 5: Network parameters for proposed and baseline methods

Method Inputlayer Hidden layers Epochs Dropout Domains Adaptation weight ¥

MLPNet 5000 (1000, 500, 100) 50 0.01 N/A N/A N/A
DANN 5000 (1000, 500, 100) 50 0.01 1 0.01 N/A
MDAN 5000 (1000, 500, 100) 50 0.7 3 0.1 10

D.2 DETAILS ON DIGIT DATASETS EVALUATION

We evaluate the proposed methods on the digits classification problem. Following the experiments
in (Ganin et al.| |2016)), we combine four popular digits datasets-MNIST, MNIST-M, SVHN, and
SynthDigits to build the multi-source domain dataset. MNIST is a handwritten digits database with
60, 000 training examples, and 10, 000 testing examples. The digits have been size-normalized and
centered in a 28 x 28 image. MNIST-M is generated by blending digits from the original MNIST
set over patches randomly extracted from color photos from BSDS500 (Arbelaez et al., [2011; |Ganin
et al., [2016)). It has 59,001 training images and 9,001 testing images with 32 x 32 resolution.
An output sample is produced by taking a patch from a photo and inverting its pixels at positions
corresponding to the pixels of a digit. For DA problems, this domain is quite distinct from MNIST,
for the background and the strokes are no longer constant. SVHN is a real-world house number
dataset with 73, 257 training images and 26, 032 testing images. It can be seen as similar to MNIST,
but comes from a significantly harder, unsolved, real world problem. SynthDigits consists of 500; 000
digit images generated by |Ganin et al.| (2016) from WindowsTM fonts by varying the text, positioning,
orientation, background and stroke colors, and the amount of blur. The degrees of variation were
chosen to simulate SVHN, but the two datasets are still rather distinct, with the biggest difference
being the structured clutter in the background of SVHN images.

We take MNIST-M, SVHN, and MNIST as target domain in turn, and the remaining three as sources.
We implement the Hard-Max and Soft-Max versions according to Alg.|I|based on a basic network,
as shown in Fig.[5] The baseline methods are also built on the same basic network structure to put
them on a equal footing. The network structure and parameters of MDANS are illustrated in Fig. [3
The learning rate is initialized by 0.01 and adjusted by the first and second order momentum in the
training process. The domain adaptation parameter of MDANS is selected by cross validation. In
each mini-batch of MDANS training process, we randomly sample the same number of unlabeled
target images as the number of the source images.

Desired Task
MaxPool Conv4 FC1 FC2 FC3
—> —>| — —>
2x2 3x3x256 2048x1 1024x1 10x1
Convl MaxPool Conv2 MaxPool Conv3 MaxPool FC4 FC5 FC6
e o o —>| —>| —>| —>
3x3x64 2x2 3x3x128 2x2 3x3x256 2x2 2048x1 2048x1 2x1
i | MaxPool FC7 FC8 FC9
——> —> —> —>
: 2x2 2048x1 2048x1 2x1
MaxPool FC10 FC11 FC12
——> —>| —> —
3 2x2 2048x1 2048x1 2x1

Domain Classifier

Figure 5: MDANSs network architecture for digit classification
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D.3 DETAILS ON WEBCAMT VEHICLE COUNTING

WebCamT is a public dataset for large-scale city camera videos, which have low resolution (352 x 240),
low frame rate (1 frame/second), and high occlusion. WebCamT has 60, 000 frames annotated
with rich information: bounding box, vehicle type, vehicle orientation, vehicle count, vehicle re-
identification, and weather condition. The dataset is divided into training and testing sets, with
42,200 and 17,800 frames, respectively, covering multiple cameras and different weather conditions.
WebCamT is an appropriate dataset to evaluate domain adaptation methods, for it covers multiple city
cameras and each camera is located in different intersection of the city with different perspectives and
scenes. Thus, each camera data has different distribution from others. The dataset is quite challenging
and in high demand of domain adaptation solutions, as it has 6,000, 000 unlabeled images from 200
cameras with only 60, 000 labeled images from 12 cameras. The experiments on WebCamT provide
an interesting application of our proposed MDANs: when dealing with spatially and temporally
large-scale dataset with much variations, it is prohibitively expensive and time-consuming to label
large amount of instances covering all the variations. As a result, only a limited portion of the dataset
can be annotated, which can not cover all the data domains in the dataset. MDAN provide an effective
solution for this kind of application by adapting the deep model from multiple source domains to the
unlabeled target domain.

We evaluate the proposed methods on different numbers of source cameras. Each source camera
provides 2000 labeled images for training and the test set has 2000 images from the target camera.
In each mini-batch, we randomly sample the same number of unlabeled target images as the source
images. We implement the Hard-Max and Soft-Max version of MDAN s according to Alg. [I] based
on the basic vehicle counting network FCN described in (Zhang et al.,[2017). Please refer to (Zhang
et al.,[2017) for detailed network architecture and parameters. The learning rate is initialized by 0.01
and adjusted by the first and second order momentum in the training process. The domain adaptation
parameter is selected by cross validation. We compare our method with two baselines: Baseline 1:
FCN. It is our basic network without domain adaptation as introduced in work (Zhang et al., 2017).
Baseline 2: DANN. We implement DANN on top of the same basic network following the algorithm
introduced in work (Ganin et al.,|[2016).

E MORE RELATED WORK

A number of adaptation approaches have been studied in recent years. From the theoretical aspect,
several theoretical results have been derived in the form of upper bounds on the generalization target
error by learning from the source data. A keypoint of the theoretical frameworks is estimating
the distribution shift between source and target. Kifer et al.| (2004) proposed the H-divergence to
measure the similarity between two domains and derived a generalization bound on the target domain
using empirical error on the source domain and the #-divergence between the source and the target.
This idea has later been extended to multisource domain adaptation (Blitzer et al., 2008) and the
corresponding generalization bound has been developed as well. Ben-David et al.|(2010) provide a
generalization bound for domain adaptation on the target risk which generalizes the standard bound on
the source risk. This work formalizes a natural intuition of DA: reducing the two distributions while
ensuring a low error on the source domain and justifies many DA algorithms. Based on this work,
Mansour et al.[(20094a) introduce a new divergence measure: discrepancy distance, whose empirical
estimate is based on the Rademacher complexity (Koltchinskii, [2001) (rather than the VC-dim).
Other theoretical works have also been studied such as (Mansour & Schain, [2012)) that derives the
generalization bounds on the target error by taking use of the robustness properties introduced in (Xu
& Mannor, 2012). See (Cortes et al., [2008; Mansour et al.,[2009ajc) for more details.

Following the theoretical developments, many DA algorithms have been proposed, such as instance-
based methods (Tsuboi et al.| 2009); feature-based methods (Becker et al.l 2013)); and parameter-
based methods (Evgeniou & Pontil, 2004). The general approach for domain adaptation starts
from algorithms that focus on linear hypothesis class (Blitzer et al., [2006}; |Germain et al.l 2013}
Cortes & Mohri, [2014). The linear assumption can be relaxed and extended to the non-linear setting
using the kernel trick, leading to a reweighting scheme that can be efficiently solved via quadratic
programming (Huang et al.,|2006;|Gong et al., |2013)). Recently, due to the availability of rich data
and powerful computational resources, non-linear representations and hypothesis classes have been
increasingly explored (Glorot et al., 201 1}; | Baktashmotlagh et al., [2013}; |Chen et al.,|2012; |Ajakan
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et al}2014; Ganin et al.,|2016). This line of work focuses on building common and robust feature
representations among multiple domains using either supervised neural networks (Glorot et al., 201 1)),
or unsupervised pretraining using denoising auto-encoders (Vincent et al., 2008} 2010).

Recent studies have shown that deep neural networks can learn more transferable features for
DA (Glorot et al., 2011} |Donahue et al., 2014; |Yosinski et al., [2014). Bousmalis et al.|(2016) develop
domain separation networks to extract image representations that are partitioned into two subspaces:
domain private component and cross-domain shared component. The partitioned representation is
utilized to reconstruct the images from both domains, improving the DA performance. Reference
(Long et al.l 2015) enables classifier adaptation by learning the residual function with reference
to the target classifier. The main-task of this work is limited to the classification problem. |Ganin
et al.[(2016) propose a domain-adversarial neural network to learn the domain indiscriminate but
main-task discriminative features. Although these works generally outperform non-deep learning
based methods, they only focus on the single-source-single-target DA problem, and much work
is rather empirical design without statistical guarantees. [Hoffman et al.[(2012) present a domain
transform mixture model for multisource DA, which is based on non-deep architectures and is difficult
to scale up.

Adversarial training techniques that aim to build feature representations that are indistinguishable
between source and target domains have been proposed in the last few years (Ajakan et al., [2014;
Ganin et al.|[2016). Specifically, one of the central ideas is to use neural networks, which are powerful
function approximators, to approximate a distance measure known as the H-divergence between two
domains (Kifer et al., |2004; Ben-David et al., 2007;2010). The overall algorithm can be viewed as a
zero-sum two-player game: one network tries to learn feature representations that can fool the other
network, whose goal is to distinguish representations generated from the source domain between
those generated from the target domain. The goal of the algorithm is to find a Nash-equilibrium of the
game, or the stationary point of the min-max saddle point problem. Ideally, at such equilibrium state,
feature representations from the source domain will share the same distributions as those from the
target domain, and, as a result, better generalization on the target domain can be expected by training
models using only labeled instances from the source domain.
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