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Abstract. Shared-private models can significantly improve the performance of
cross-domain learning. These methods use a shared encoder for all domains and
a private encoder for each domain. One issue is that domain-specific knowledge
is separately learned, without interaction with each other. We consider tackling
this problem through a shared-private LSTM (SP-LSTM), which allow domain-
specific parameters to be updated on a three-dimensional recurrent neural net-
work. The advantage of SP-LSTM is that it allows domain-private information to
communicate with each other during the encoding process, and it is faster than
LSTM due to the parallel mechanism. Results on text classification across 16
domains indicate that SP-LSTM outperforms state-of-the-art shared-private ar-
chitecture.
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1 Introduction

When faced with multiple domains datasets, multi-task learning, as an effective ap-
proach to transfer knowledge from one text domain to another [1,2,3,4,5,6,7], which
can improve the performance of a single task [8], has been paid much attention by re-
searchers. In recent years, with the rise of deep learning, the neural-based model for
multi-task learning has been widely applied as a common technique in many tasks
of natural language processing. Such as, sequence tagging [9,10], syntactic parsing
[6,11,12,13,14], named entity recognition [7,15], text classification [8,16,17], etc. Com-
pared with discrete representations, the neural-based model can allow efficient knowl-
edge sharing across more than two domains.

It has been shown that, however, the vanilla multi-task learning does not always
yield benefit between different NLP tasks [21,22]. And even sometimes, the optimiza-
tion of one task can reduce the performance of other tasks. There has been an investi-
gation into which tasks are more “compatible” with each other in a multi-task learning
environment, therefore, the transfer learning can only be conducted between selected
tasks [23,24]. Another different line of work tries to solve the problem from a modeling
perspective, which is to learn common knowledge to share between tasks while keeping
task-specific knowledge private [12,25,26,27].
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Fig. 1: Shared-private models.

As shown in Fig. 1(a), multi-domains training model [18,19] is introduced. A set
of shared parameters are used as a general extractor, followed by an output layer of
each domain. Given an input, a shared representation is generated, which is passed a
private output layer with domain-specific parameters. And in the work of [20] (Fig. 1
(b)), a self-attention of each domain is used to learn domain descriptor vectors based
on the general representation. Connecting domain descriptor vectors and the shared
representation as the final sentence representation for each sentence. These models take
a set of parameters for a general extractor, and a set of parameters of each domain is
used to distinguish private information. However, a limitation is that they only use an
output layer for each domain, and sentence vectors are from the same domain-agnostic
representation, resulting in weak utilization of domain knowledge. Therefore, under the
circumstances, it is hard to ensure that the shared extractor can fully extract domain
knowledge, the final outputs thus are difficult to complete the task.

One state-of-the-art system for multi-task learning, shown in Fig. 1 (c), is a standard
shared-private network [8] with common parameters shared across domains, as well as
a set of private parameters for each domain. Given an input, both the shared and the
private parameters are used for predicting the output. The set of shared parameters are
regularized to remove domain-dependent information. To this end, adversarial training
is typically used, by maximizing the cross-entropy in predicting the input domain with
the shared parameters.

This method separates domain-specific information from domain-common informa-
tion by adding model parameters. The approach, however, transfers knowledge across
domains mainly through shared parameters that represent common knowledge across
all domains but do not represent more fine-grained similarities across certain subsets of
domains. Furthermore, multiple sets of LSTM are used, which not only has a number
of model parameters that scale with the number of domains but also its computation is
non-parallel because of the inherent sequential nature endows of LSTM. Accordingly,
the method may be less useful when the number of domains is very large. Besides that,
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these models do not dynamically model domain-specific and domain-common infor-
mation inside the encoder.

As Fig. 1 (d) draws, we consider a new solution for addressing these issues, that is,
by using a shared-private LSTM (SP-LSTM) to extract both the domain-specific and
the shared representation simultaneously, which allows domain-private and domain-
common representations dynamically interact with each other during the encoding pro-
cess. Given an input, SP-LSTM can internally compute both shared and private repre-
sentations owing to the shared-private paradigm [8]. The main idea is to model hidden
states of all words with the domain knowledge at each recurrent step, and the state is
able to get the knowledge from domain-private and domain-common. At each step, each
sentence has a single state, which is composed of word-level states and two sentence-
level states. And each state is updated recurrently by exchanging information between
respective contexts for learning knowledge of local and non-local contexts. Therefore,
all states can be computed in parallel as drawn Fig. 2.

The results on a 16-domain classification task show that our method is superior
to the standard shared-private model, and gives the best accuracy compared with other
methods in the literature. Our code isreleased at https: //github.com/haiming-wu/
SP-LSTM.

2 Related Work

Multi-domain Learning The work of jointly learning multiple domains can improve
generalization proposed by [18,19]. A general encoder is used for all domain, and mul-
tiple output layers for prediction. Another work [20] adopts a general network with
shared sentence representation, and multiple sets of parameters of attention to better
capture domain characteristics. Our work is similar to theirs, but we have a set of
shared word-level parameters for computing each word-level state, and multiple sets
of domain-specific parameters are used to exchange sentence-level states. And domain-
specific sentence state is used to update word-level states within a sentence.

Adversarial training Adversarial network is first used for generative model [28],
and in the work [8], they take adversarial training to separate domain-common features
from separate domain-specific features. A task discriminator is used to map the shared
representation of sentence to a probability distribution, and estimate the task label of
the sentence. Nevertheless, the shared representation from the shared encoder does not
want to be identified. Formally, it is transformed into a minimax problem. Finally, the
shared domain information is stored in the shared parameters that do not contain any
domain-specific knowledge. In similar spirits, we adopt adversarial training to ensure
the shared sentence-level parameters do not store domain-specific information.

Sentence-state LSTM Sentence-state LSTM [31](SLSTM) is an alternative re-
current neural network structure. SLSTM views the whole sentence as a single state,
which consists of sub-states for individual words and a whole sentence-level state. And
states can be updated recurrently by exchanging information between their contexts.
SP-LSTM adopts the same calculation mechanism as SLSTM, and captures the shared
and domain-specific information by setting two sentence-level states.
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3 Setting

Task Input a sentence s = {wy, wa, ..., Wy, }, where w; is the i-th word, n is the number
of words and all word comes from a vocabulary V. The goal is to build a model F’,
which can predict the sentiment label y € {0, 1} as a binary classification task.

Text Classifier Firstly, We map word w; to an embedding x; by a embedding matrix
RIVIX" where |V| is the size of vocabulary V, h is the hidden size, the sentence is
thus mapped into = {z1, x2, ..., Z,, }. Then, encoder is used to represent the sequence
x as a representation, which can be expressed as follows:

h = Encoder(z, 0) (H

where h denotes the representation of output, 8 denotes parameters.
Secondly, the representation h is passed into a softmax classification layer:

9 = softmax(W_.h + b,.) )

where ¢ is the prediction probability distribution, W, b. are weight and bias term,
correspondingly.

Training We train the model on a specified training corpus D*"® by minimizing the
cross-entropy between the predicted distribution ¢ and the true distribution y:

|Dtra |

Lioss = — Y, vilog(f) 3)
=1

where | D] is the size of D", y; and §; are distributions about i-th sample.

Multi-domain Learning Setting: Given datasets with multiple domains, multi-
tasking learning attempts to investigate the correlation between these related domains
to improve the performance of each dataset. Suppose there are m domains {D;}™,,
and each of them comes from a domain i. Dy, contains |Dy| data points (s";?, d, yf)
where j € {1,2,...,|Dy|}, s¥ is a sequence includes ‘s;| words {whwg,...,w'sﬂ},
dj, is a domain label (since we use 1 to m to number each domain, d;, = k) and yj
indicates the sentiment label (e.g. yf € {0, 1} for binary sentiment classification). The
task is to learn a classification function F’ trained on multiple source domain which will
be used for each domain.

4 Method

In this paper, we propose a novel recurrent neural network for multi-task learning,
namely, shared-private LSTM (SP-LSTM). As the name suggests that shared param-
eters are learned through all domains, while private parameters for their own domain.
The architecture of our proposed model is illustrated in Fig. 2, which shows that the
model mainly has two parts: encoding network of SP-LSTM, regularizer by adversarial
training. In the following sections, we will describe each part in detail.
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Fig. 2: Shared-private LSTM.

4.1 Shared-private LSTM

Shared-private LSTM (SP-LSTM) is designed for multi-task learning, which has three
parts at each recurrent step ¢: hidden vectors of word-level, domain-specific and the
shared sentence states. When calculating each state, word hidden state h; extracts syn-
tactic and semantic information for word w; under the sentential context, private state
g extracts knowledge for the whole sentence from domain k& and shared state g. ex-
tracts the common knowledge for all the whole sentence. Based on the previous work,
we set < s >, < /s > at both ends of each sentence. The hidden state at time step ¢
thus can be denoted by:

Ht:<h6’ht1a“-ah;+lvgliagz> (4)
where h! denotes the hidden state for each word w; and g}, g’ are sentence hidden
states, the former denotes domain-specific for domain k, the latter is common represen-
tation.

SP-LSTM updates all states with a recurrent state transition process, which enriches
the state representations incrementally. Then we set h? = x;, and gg, g° all are the
average of h". At the recurrent step from time ¢ — 1 to ¢, the state transitions of word-
level from hf-*l to h!, and the exchange of the sentence-level from giil to g and
g.7! to gt. Besides that, current cell ¢f, ¢t ¢! are used to complete this transition of
w;, g*, g¢ respectively as simple as LSTM.

Word-level hidden As shown in Fig. 2, the solid green lines identify that each hid-

den vector hﬁ is computed based on the vector of z;, the hidden vectors hﬁj, h,f_ 1 , hf;%

under the sentential context and sentence hidden vectors gf;l ,g! 1. At the same time,

seven gates are utilized to balance the knowledge: 4! is a input gate to restrict the orig-
inal information of w;, I}, f},r! are gates that control information flow from hidden

vectors h! 1, h!™!, hf__& k! is a gate controlling information flow from sentence hid-

den vector g,i*1 of domain k. s! is a gate that controls information flow from g’~!

c )
which denotes the influence of common information on h!. o! is an output gate from
the cell state ¢! to hidden state h!.
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The process can be formally expressed as follows:
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where &! is the concatenation of hidden vectors of a context window. The values of
it 1t f1,r!, k! and ¢! are normalized so that the sum of them is 1. 8, = {W,, U, V,,

b, }(xz € {i,l, f,r k,s,u,o0}) are model parameters that will be shared by all domains.
o 1is the sigmoid function.

Note that the representation g,t;l of private is used to update the state of each word,
so that domain-specific knowledge is allowed to be captured during encoding. Further-
more, all the parameters 6., are shared across all domains.

Domain-specific Sentence State Thereafter, g}, g’ are domain-private and shared
hidden representation. As Fig. 2 draws, blue dashed lines denote the calculation process
from g, ' to g¢~!. Besides that, the values of g, g both are computed based on the
values of hz_l for all ¢ € [0, n + 1]. The formulas are formally presented as follows:

h =avg(hf ' R, RLY)
fi, = o(Wigh ' + Uphi ™ + byy)

it 61" = o([Wik, Wok]Tg;f;_l + [Uir, Uok]T h + [bi, bok]T)

t t t ft ft st
Tros - Frninys B = softmax(fro, - Fringn)s ) (6)
n+1
t ot -1 t t—1
Cp =1 OC, +kai®ci
i=0

gl = o, ® tanh(c})

where fio, fii, ., f,i(n 1) and it are gates that control the information from ¢ *, ¢f ™!

e cﬁ;rll and c’,f;l, respectively, and they are normalized. o, is an output gate of g}. The

parameters 0, = {Wy, Upk, bzi, © € {i, f}} are private of the domain k.

9
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Shared Sentence State Subsequent to that, g’ is calculated with the calculation
process is similar to that of g}, which denoted by green dashed lines of Fig.2.

flo = 0(Wyegt ™ + Uypch! ™ + by.)
[i,68]T = o([Wie, Woe] T g1 + [Uie, Une] B+ [bic, boc] )

t t -t £t £t ot
01+ Fe(nt1) te = softmax(feo, -, Fegna1ys )

(7
n+1
ch=itod 1 +Y fiod!
i=0
gl = o}, ® tanh(c!)
where fly, ..., z(n +1) and 4, are gates, and they are normalized. o, is the output gate

forgt. 0. = {Wae, Uge, bee, © € {1, f}} are model parameters shared with all domains.
At last, we take the tuple (g7, g”) as the output of SP-LSTM at the last time step
T'. Then, we adopt SP-LSTM to encode a sequence w?, which is described as follows:

(hy,s5) = (gi,gc ); = SP-LSTM(a}, 0., O, 6.) ®)

3227

k

where hé? and s

common.

The difference between SP-LSTM and other RNNs (LSTM, Bi-LSTM, GRU) is
due to their different recurrent states. The traditional model RNNs only uses one state
to represent the sequence from the beginning to a certain word, While SP-LSTM uses
a structural state to represent the full sentence, which consists of two sentence-level
states and n + 2 word-level states, simultaneously. Different from RNNSs, h§ is used to
represent w; at each step t. As t increases from 0, each word-level and sentence-level
states are enriched with increasingly deeper context information.

From the perspective of multi-task learning, RNNs transfers knowledge from one
end of the sentence to the other. Accordingly, on the one hand, the number of time steps
scales with the size of the input, and on the other hand, RNNs can not capture shared
and private knowledge simultaneously. In contrast, SP-LSTM we proposed not only
allows bi-directional information flow at each word simultaneously, but also allows it
between sentence-level state and every word-level state. At each step, each h; captures
an increasingly larger n-gram context, and they will be used for communication between
gr, and g.. So that SP-LSTM is able to dynamically capture the shared and private
knowledge. Then, the number of recurrent steps of SP-LSTM is decided by the end-task
performance rather than the sentence size, and it is more suitable for the representation
of multi-domain.

are the final representations of domain-specific and the domain-

4.2 Regularizer: ADV

Adversarial Training Inspired by the generative adversarial networks (GAN) [28], we
incorporate adversarial networks as a regularizer to maintain the common information
which is stored by common parameters 6..
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In theory, GAN is used to simulate a distribution P, that is similar to the real data
distribution Py4t4(;)» GAN thus builds a generative network G and a discriminative
model D that check whether the input is real data, and then, the generative network
G will be trained to generate better samples that are similar to the real data, which
indicates that the data distribution P, generated by the generative network tends to
be consistent with the distribution Py,q(,) of the real data. It is formally expressed as:

Lady = min max(Ey py,. [log D(@)] + B (2 [log(1 — D(G(2))]) )

where 0, 0p are parameters of generative network and discriminative model respec-
tively. From the optimization formula, the negative cross-entropy is used as a loss func-
tion. And the aim of G is generating a sample that D do not know whether it is real
data, so the output from the maximum optimizer is minimized.

Therefore, adversarial training can be applied in our model to optimize parameters
0. and 0;. So a softmax function is used as task discriminator to estimate which
domain the input data comes from. Formally:

D(s?,BD) = softmax(WDsf +bp) (10)

where D(s?, fp) is the prediction probability distribution of domain label, 8p =
{wp, bp} are model parameters.
Then, we define an adversarial loss L4, with minimax optimization function:

tra
m [PV

_ : k
Lo = —rrb%X(rg}anZl Zl dy, log[D(s%,0p))) (1)
- =

where L4, is minimized the cross-entropy of domain label to fine-tune discriminative
model, but maximized for 6. of the common model parameters. In our implementation,
we use the control gradient method to complete the above calculation.

The Loss Function of Model Considering that knowledge of each sentence is dis-
tributed between the shared and private representations, so the private vectors are joined
by the common one as the final representation. Then, we take a softmax function to
predict the probability distribution §/% of input s¥ likes Equation (2):

g}f = softmaX(Wtk[hf, Sﬂ + buk) 12

The loss Lyt of text classification can be computed as:

tra
m Dy

Licat ==, Y yFlog(i) (13)

k=1 j=1

where, yf denotes the real probability distribution.
To sum up, the training of L., is straightforward, its goal is to perform better
within its own domain. The adversarial loss L4, has two targets: not only helps the



Shared-private LSTM for Multi-domain Text Classification 9

The size of layers & window

-®- window =1 4
08700 ___ indow = 2 A
Py ’
=== window = 1 1 ‘-
0.8675 AN S
Ty ge” Y
> FE ,“" vy
& 0.8650 P Y ~.al V0
5 | gl Y X / Ssi
S / N ’ A
3 0.8625 1 VAW Y
© 0. [ S—— \\1 “/ Q\\‘
& NS 4 \
© 21 \
5 0.8600 - N ] \
g N Vi
2 s i \
[ 2}

085754 =77 N/ \
7

0.85501

0.8525

2 4 6 8 10 12
The number of steps

Fig. 3: Average accuracies with various window sizes and steps on four review development datas

main task achieve higher accuracy, but also keeps the common features away from
across private features of each domain. Thus, the total loss function as:

L= Ltemt + ALadv (14)

where ) is the hyper-parameter of the regularizer L g, .

S5 Experiments

5.1 Datasets and Settings

Datasets. In this experiment, we compare the SP-LSTM with state-of-the-art multi-task
methods of text classification on FDU-MTL [8]. FDU-MTL is composed of reviews
from different domains, in which there are 14 Amazon domains and two movies review
domains from the IMDB and the MR datasets. And we use the original split [8]. All
experiments are conducted using a GeForce GTX 1080ti GPU with 11GB memory.

Hyperparameters Glove 200-dimensional embeddings are adopted to initialize the
word embeddings for all of the models, and embeddings are fine-tuned during model
training for all tasks. Dropout [29] is applied to embedding hidden states and the output
of all encoder model, with a rate of 0.7. The Adam optimizer [30] is selected for all
models during the training process, with an initial learning rate of 0.0005. The batch
size is set to 4. The hyper-parameters A and S are 0.05.

5.2 Development Experiments

We choose four development data (MR, books, camera, magazines) to investigate the
effect with different configurations of SP-LSTMs on average accuracies. Fig. 3 draws
average accuracies of SP-LSTMs with three kinds of window sizes against the number
of recurrent steps. As can be seen from Fig. 3, when the number of steps increases from
1 to 12, accuracies are subject to certain fluctuations, and generally increase before
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Table 1: Results on the FDU-MTL dataset: the training corpus contains all domains

TSTM [ LSTM| LSTM+ SPISTM= SP-SLSTM
Model | "o | +aDV | ADV+Difr | PSAM | spvapigr | SPLSTM | ™ Ly pyy
Apparel | 8350 | 8600 | 8725 | 8500 | 88.00 3950 8875
Baby | 8675 | 88.00 | 87.00 | 90.00 | 89.75 89.75 90.75
Books | 8575 | 8450 | 8625 | 84.50 | 8825 88.50 89.00
Camera | 89.25 | 89.00 | 8825 | 89.50 | 91.00 91.00 91.50

Electronics | 8475 | 85.75 | 8575 | 8625 | 8825 8775 89.75
DVD | 8525 | 8575 | 8600 | 8725 | 87.50 88.50 88.75
Health | 8875 | 88.00 | 8750 | 8925 | 8725 90.75 90.00
IMDB | 8525 | 83.00 | 8625 | 8675 | 87.00 85.75 85.75
Kitchen | 84.25 | 8550 | 87.25 | 90.00 | 9075 88.50 88.50

Magazines | 9050 | 9225 | 9325 | 93.50 | 9425 94.00 94.00
MR | 7475 | 7475 | 7475 | 7725 | 7650 7400 7625
Music | 8275 | 8425 | 8325 | 8225 | 8525 84.75 85.25
Software | 86.50 | 87.50 | 8375 | 8675 | 90.00 89.75 90.75
Sports | 8650 | 8550 | 86.00 | 8925 | 9025 89.50 90.00
Toys | 86.00 | 85.75 | 8975 | 8925 | 89.00 91.00 88.75
video | 8400 | 8550 | 8375 | 87.00 | 89.50 88.75 88.75
AvgAcc. | 8528 | 85.60 | 8600 | 8711 | 888 3823 8853

reaching a maximum value, and then shows a downward trend. It indicates that the
effectiveness of recurrent information exchange in SP-LSTM state transition.

Besides, there are no significant differences in the peak accuracies given by different
window sizes. Considering efficiency, we choose a window size of 1 and set the number
of recurrent steps to 10 according to Fig. 3.

5.3 Results & Analysis

Table 1 shows the final results using different multi-task learning strategies. LSTM+DO
denotes the model adopts a general encoder with LSTM, and multiple output layers for
prediction. We reproduce it with an average accuracy of 85.28%.

LSTM+ADV denotes the adversarial shared-private model [8]. they use multiple
LSTM to encode sentence from different domains, adversarial training (ADV) is adopted
to model parameters. And LSTM-ADV-Diff is their model by adding orthogonality con-
straints (Diff) that maximizes the difference between shared and private parameters. Our
implementation of LSTM-ADV+Diff gives an averaged accuracy of 86.00%, which is
comparable to 86.10% reported by themselves.

MSAM denotes the method [20] of learning domain descriptor vectors for multi-
domain training. Which learns a general sentence-level vector by Bi-LSTM, and adopts
self-attention to learn a domain-specific descriptor vectors. Then, the connecting of the
general and domain-specific vectors is passed domain-specific output layers. We rework
it with our dataset, and an average accuracy of 87.11% is given.

SP-LSTM+ADV+Diff represents the model of [8], but instead of multiple LSTM,
it encodes the sentence only with an SP-LSTM we proposed, which adds orthogonality
constraints as regularizer. As can be seen from Table 1, the average accuracy of 88.28%
is given, which significantly outperforms LSTM+ADV+Diff, indicating that SP-LSTM
is better at encoding in multi-task learning environment. Therefore, We take this method
as our baseline.

SP-LSTM denotes our method, which is utilized to represent sentence and give the
shared and domain-specific vectors. It gives an average accuracy of 88.23%, which
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significantly outperforms existing methods. This shows that SP-LSTM is suitable for
the encoding of multi-domain.

By further adding the adversarial training regularizer, the performance of SP-LSTM+
ADV increases to 88.53%, which shows the effectiveness of adversarial training under
our framework. However, the orthogonality constraints are not still useful since the
average accuracy of SP-LSTM+ADV+Diff model is 88.28%, which indicates that SP-
LSTM and orthogonality constrains are incompatible, and Diff can not help improve the
performance of SP-LSTM. Meanwhile, SP-LSTM+ADV gives the best reported results
in the literature.

In addition, the advantage of our method is that it runs faster. Under the same model
parameters as LSTM+ADYV, the test time of our model was 8.30 seconds, while that of
LSTM+ADV was 9.62 seconds.

6 Conclusion

We investigate SP-LSTM for multi-domain text classification, which separates the domain-
specific and domain-common knowledge by using a set of shared word-level parame-
ters to encode word hidden states with domain knowledge, and using a set of shared
sentence-level parameters to extract the common information, using a set of domain-
specific parameters for storing private knowledge. Results on 16 domains show that our
method significantly outperforms traditional shared-private architectures for transfer
learning.
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