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Abstract

We show that sampling latent variables multi-
ple times at a gradient step helps in improving
a variational autoencoder and propose a simple
and effective method to better exploit these la-
tent variables through hidden state averaging.
Consistent gains in performance on two differ-
ent datasets, Penn Treebank and Yahoo, indi-
cate the generalizability of our method.!

1 Introduction

Introducing latent variables to neural language
models would help in generating plausible sen-
tences that reflect sentential semantics (Bowman
et al., 2016). The success of learning latent vari-
ables is also beneficial to various natural lan-
guage processing (NLP) tasks such as sentence
compression (Miao and Blunsom, 2016) and text
style transfer (Shen et al., 2017). One of the
widely-used latent variable models is the varia-
tional autoencoder (VAE) (Kingma and Welling,
2014; Rezende et al., 2014). When applying the
VAE to text data, recurrent neural networks are
typically utilized for both the encoder and the de-
coder. Training the VAE with a high-capacity de-
coder such as a long short-term memory (LSTM)
network (Hochreiter and Schmidhuber, 1997) can
be challenging. The LSTM is powerful enough to
model the underlying data distribution without the
use of latent variables.

In this paper, we take a closer look at one of the
components in an LSTM-VAE model, namely the
latent variable sampling scheme. Fig. 1 illustrates
our baseline LSTM-VAE model built upon Bow-
man et al. (2016)’s model. At each gradient step
(i.e., a minibatch run), most previous work pairs
an input sentence with a single latent variable de-
noted by z. This would be sufficient in some
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Figure 1: Baseline LSTM-VAE model.

tasks but not necessarily effective in text model-
ing. At the beginning of training, the latent vari-
able z contains a small amount of information
about the input sentence. Many latent units of z
are pulled towards the prior early to optimize an
objective function before they capture useful in-
formation (Hoffman et al., 2013; Sgnderby et al.,
2016). Without a cost annealing strategy or a con-
straint on the decoder (Bowman et al., 2016; Chen
et al., 2017; Yang et al., 2017), z would be en-
tirely ignored for the remaining training steps. In
our work, we aim at developing a simple variant
of the LSTM-VAE model to address this common
training issue. We observe that pairing the input
sentence with multiple latent variables improves
latent variable usage. In addition, we present
a method that leverages multiple latent variables
to further boost the performance of the baseline
LSTM-VAE model.

Our contributions are as follows: We suggest
sampling the latent variables multiple times at
each gradient step. We propose a simple method to
better exploit these latent variables through hidden
state averaging. We evaluate the proposed method
on two different datasets, Penn Treebank and Ya-
hoo, and compare to the best results published in
the literature. Our empirical results show that our
method can effectively make use of the latent vari-
ables, leading to the state-of-the-art performance.
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2 Related work

Bowman et al. (2016) first proposed an LSTM-
VAE model for text. They observed the posterior-
collapse problem in which the approximate pos-
terior collapses to the prior, and the model ig-
nores the latent variable. They suggested two
techniques to alleviate this issue: cost annealing
(called warm-up in (Sgnderby et al., 2016)) and
word dropout. Weakening the decoder with word
dropout forces the latent variable to encode more
information, but their LSTM-VAE model still un-
derperforms against the standard LSTM language
model. Yang et al. (2017) proposed to replace the
LSTM decoder with a dilated convolutional neural
network (CNN) (van den Oord et al., 2016) to con-
trol the contextual capacity. However, their posi-
tive results also came from initializing the encoder
with a pre-trained LSTM language model. Guu
et al. (2018) first proposed using the von Mises—
Fisher (vMF) distribution to model the VAE in-
stead of using the Gaussian distribution. However,
the vMF distribution presupposes that all data are
directional unit vectors. Other applications of
the vMF distribution can be found in (Davidson
et al., 2018; Xu and Durrett, 2018). Kim et al.
(2018) presented a semi-amortized (SA) approach
to training the VAE, while He et al. (2019) pro-
posed an aggressive inference network training.
However, their training algorithms are computa-
tionally expensive since they require backpropa-
gating through the decoder or the encoder multi-
ple times. Our method is simpler and easy to im-
plement. In practice, we just place a loop before
reparameterization and do averaging.

3 Background

Let x = [wy,ws, ..., wr| be a sentence represen-
tation, where w; is the t-th word. Assume that
x is generated from a continuous latent variable
z using a random process X ~ pg(x|z) parame-
terized by 6. By applying the standard language
model (Bengio et al., 2003), we get:

T
po(x|z) = Hpe(wt!wlzt—l,z)- )
t=1

Given a dataset X = {x(1), ... x(M}, we typi-
cally fit the model by maximizing the average log-
marginal likelihood + Ziv log pe(x¥). We can
express an individual log-marginal likelihood by
log pe(x) = log [ pe(x|z)p(z)dz, where p(z) is

the prior on z. Unfortunately, the integral over
z is intractable (Hoffman et al., 2013). Alterna-
tively, we would sample z directly from the poste-
rior distribution pg(z|x). However, pg(z|x) is also
intractable since pg(z|x) = po(x|z)p(z)/pe(x).

Variational inference approximates the poste-
rior distribution pg(z|x) with a variational family
of distributions g¢(z|x) parameterized by ¢. We
wish that g4 (z|x) is close to pg(z|x). We measure
this closeness by the Kullback—Leibler (KL) diver-
gence: KL(gg(z|x)||pe(z|x)). Instead of maxi-
mizing the true log-marginal likelihood, we maxi-
mize its lower bound:

log pe(x) > log pg(x) — KL(qe(2[%)|[pe(z|x))
= IEqd,(z|x) [logpg(x]z)]
— KL(qg¢(2[x)[p(2))- (2)

The above equation is typically referred to as
the evidence lower bound (ELBO) (Hoffman and
Johnson, 2016). The ELBO consists of two terms:
the expected reconstruction term and the KL-
divergence term. We can solve the KL-divergence
term analytically given that both the prior p(z)
and the variational posterior g (z|x) are Gaussian
(see Kingma and Welling (2014)’s Appendix B).
We then need to rewrite the expected reconstruc-
tion term into some closed-form expression (de-
tailed in §4) so that we can maximize it by apply-
ing stochastic optimization methods.

Optimizing the ELBO forms the VAE archi-
tecture in which ¢4 (z|x) encodes x into a latent
variable z, and pg(x|z) decodes z to reconstruct
x. The gradient of the ELBO w.r.t. ¢ can have
low variance by applying the reparameterization
trick (Kingma and Welling, 2014) that estimates
z ~ ¢ (z|x) usingz = p + o © €, where mean p
and variance o2 are outputs of some neural net-
works, and € ~ N(0,1).

4 Proposed method

Having covered the technical background, we now
describe our two extensions to improve the base-
line LSTM-VAE model in Fig. 1. The baseline
model approximates the expected reconstruction
term by sampling one latent variable z ~ g¢(z|x)
at each gradient step (Bowman et al., 2016). Thus,
By (z%)[10g po (x|2)] ~ log pe(x|2).

Our first extension is to improve the sampling
by using a Monte Carlo estimate of the expected
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Figure 2: Example of sampling two latent variables us-
ing different random noise vectors drawn from the stan-
dard Gaussian distribution.
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Figure 3: Example of averaging two hidden states at
each decoding step.

reconstruction term (Kingma and Welling, 2014):
1L
Eq¢(z|x) [log Peo (X|Z)]%Z Z log pe (X|Z(l) )7 (3)
=1

where z!) = p 4+ o © € and €V ~ N(0,1).
Sampling latent variables multiple times at each
gradient step should result in a better approxima-
tion of the expected reconstruction term. Fig. 2
shows an example of sampling two latent vari-
ables. Note that we use the same p and o for
both latent variables. By using the language model
from Eq. (1), we can decompose the reconstruc-
tion term as:

T
logpe(x|z") = " log pa(wiwr.—1,2"). 4)
t=1
Let V be a fixed size vocabulary of words in
a dataset. Given the entire history of previous
words wy.y = [w1, ..., w] and the latent variable
z(), we compute the distribution over the possi-
ble corresponding values of w1 by applying a
linear transformation to the decoder hidden state
followed by a softmax:

po (w1 |wi.e, z(l)) = softmax(hgl)l\/[l),
h) = dec(h |, w,), (5)
h{) = Myz®),

where M; € R™*Vl and My, € R™*" are the
trainable weight matrices, hgl) € R™ is the de-

coder hidden state, z() € R™ is the latent variable
at each sampling step [, and w; € R? is the embed-
ding vector of the word w;. We compute p and o2
used in the reparameterization trick by:

n = Mssr,

log 02 = Mysr, ©)
st = enc(si—1,wy),t =1,...,T
so =0,

where M3, My € R™ ™ are the trainable weight
matrices and s € R™ is the last encoder hidden
state.

Our second extension is to exploit multiple la-
tent variables to directly improve the expressive-
ness of the decoder. Instead of computing the sep-
arate reconstruction terms and taking the average
of them as in Eq. (3), we combine the decoder hid-
den states at each time step ¢:

L
- 1 !
ht:L;hp, (7)

where each hidden state is initialized with a differ-
ent latent variable z("). Fig. 3 shows an example of
averaging two hidden states at each decoding step.
Thus our distribution of w;,; becomes:

po(Wet1|wiy,z) = softmax(fltMl). (8)

Here we drop the superscript (1) since all hidden
states hil) are averaged into flt.

5 Experiments

5.1 Datasets and training details

We experiment on two datasets: Penn Treebank
(PTB) (Marcus et al., 1993) and Yahoo (Zhang
etal., 2015). Training/validation/test sets are iden-
tical to (Bowman et al., 2016; Xu and Durrett,
2018) for PTB and (Yang et al., 2017; Kim et al.,
2018) for Yahoo. We use single-layer unidirec-
tional LSTMs as an encoder and a decoder. Con-
figurations of our baseline model (LSTM-VAE,
Fig. 1) are identical to (Xu and Durrett, 2018) for
PTB and (Yang et al., 2017; Kim et al., 2018) for
Yahoo. When the LSTM encoder is not applied,
our model falls back to a vanilla language model
(LSTM-LM). Table 1 summarizes data statistics
and our model configurations.

We use the last hidden state (not the cell state) of
the LSTM encoder and feed it through linear trans-

formations to get the mean p and the variance 2.
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PTB Yahoo
Training 42068 100000
Validation 3370 10000
Test 3761 10000
V] 10000 20000
d 100 512
m 400 1024
n 32 32

Table 1: Data statistics and model configurations.
|V| = vocabulary size; d = dimensionality of word
embeddings; m = number of LSTM hidden units; n =
dimensionality of latent variables.

We sample z using the reparameterization trick
and feed it through a linear transformation to get
the initial hidden state of the LSTM decoder while
setting the initial cell state to zero. We concate-
nate z with the word embedding at each decoding
step. We use dropout (Hinton et al., 2012) with
probability 0.5 on the input-to-hidden layers and
the hidden-to-softmax layers.

We initialize all model parameters and word
embeddings by sampling from &/(—0.1,0.1). We
train all models using stochastic gradient descent
(SGD) with the batch size of 32, the learning rate
of 1.0, and the gradient clipping at 5. The learning
rate decays by halves if the validation perplexity
does not improve. We train for 30 epochs or un-
til the validation perplexity has not improved for
3 times. All models are trained on NVIDIA Tesla
P40 GPUs.

Following previous work (Bowman et al., 2016;
S¢nderby et al., 2016), we apply KL cost anneal-
ing to all LSTM-VAE models. The multiplier on
the KL term is increased linearly from O to 1 dur-
ing the first 10 epochs of training.

We also try word dropout (Bowman et al., 2016)
during development but find that it is not effective
when combined with standard dropout. Our find-
ing conforms to (Kim et al., 2018). So we do not
apply word dropout to our models.

5.2 Main results

We report the upper bounds (i.e., the negative
ELBO in Eq. (2)) on NLL/PPL. We vary the num-
ber of latent variables L in the variational mod-
els to assess their impact on performance. LSTM-
VAE-AVG indicates the averaging of hidden states
at each decoding step in Eq. (8). We also report
the results of the inputless setting (Bowman et al.,
2016), which corresponds to dropping all ground
truth words during decoding.

Table 2 shows the results of various mod-
els. The LSTM-VAE-AVG models with multi-
ple latent variables provide the best improvements
in terms of NLL/PPL. The LSTM-VAE models
trained with more latent variables offer slight im-
provements over the baseline version (i.e., using
one latent variable) for the standard setting.

The baseline LSTM-VAE models have low KL
values and underperform against LSTM-LM for
the standard setting. Incorporating multiple latent
variables consistently helps in increasing the KL
values. Note that a high KL term does not neces-
sarily imply a better upper bound. Generally, we
do not expect the KL term to approach zero. When
KL(gg(2z|x)||p(z)) = 0, it indicates that z and x
are independent (i.e., q¢(z|x) = q¢(2z) = p(2)).
In other words, z learns nothing from x.

The LSTM-VAE-AVG models have relatively
high KL values (except the inputless setting on Ya-
hoo), while still maintaining better upper bounds
on NLL/PPL. These results suggest that our mod-
els with expressive decoders can effectively make
use of the latent variables.

5.3 Discussion

On PTB, LSTM-VAE-AVG (L = 10) achieves
the best results compared to previous work (Bow-
man et al., 2016; Xu and Durrett, 2018). On Ya-
hoo, LSTM-VAE-AVG (L = 5) slightly outper-
forms Kim et al. (2018)’s SA-VAE. Our model can
provide similar improvements while being sim-
pler. We also observe that our vanilla LSTM-
LM model and that of Kim et al. (2018) have bet-
ter results than Yang et al. (2017)’s models. One
plausible explanation is that Yang et al. (2017)
trained their models with Adam (Kingma and Ba,
2015), while we used SGD. For text modeling,
researchers have shown that SGD performs bet-
ter than other adaptive optimization methods such
as Adam (Wilson et al., 2017; Keskar and Socher,
2017).

The ELBO has been commonly used to evalu-
ate the variational models (Bowman et al., 2016;
Yang et al., 2017; Xu and Durrett, 2018; Kim
et al., 2018). There also exists a line of work that
uses importance sampling to estimate the true log-
marginal likelihood (Rezende et al., 2014; Burda
etal., 2016; Tomczak and Welling, 2018; He et al.,
2019). We further conduct experiments by com-
puting the importance sampling estimates with
500 samples and comparing to He et al. (2019)’s
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Model Standard Inputless
NLL KL PPL NLL KL PPL
Bowman et al. (2016) LSTM-LM 100 - 116 135 - 600
LSTM-VAE 101 2 119 125 15 380
Xu and Durrett (2018) LSTM-LM 100 - 114 134 - 596
LSTM-VAE 99 44 109 125 6.3 379
LSTM-vMF-VAE 96 5.7 98 117 18.6 262
This work LSTM-LM 100.84+02 - 99.440.7 | 139.9+0.0 - 592.3+05
LSTM-VAE 102.5+02 1.5403 107.5+1.0 | 134.8404 3.8405 469.3+7.6
LSTM-VAE (L =5) 100.7403 2.1+£04 98.8+1.2 | 1347409 3.9409 468.1+£194
LSTM-VAE (L = 10) 100.4+02 2.2404 97.7+09 | 134.8408 3.5+1.0 468.2+16.2
LSTM-VAE-AVG (L =5) 973406 7.6+£09 84.64+24 | 118.8+05 10.6+£03 225.8+56
LSTM-VAE-AVG (L =10) 943404 8.1+02 73.8+15 | 113.8+10 9.64+05 179.7+83
(a) PTB
Model Standard Inputless
NLL KL PPL NLL KL PPL
Yang et al. (2017) CNN-LM 335.4 - 66.6 - - -
CNN-VAE + init 332.1 10.0 63.9 - - -
Kim et al. (2018) LSTM-LM 329.1 - 61.6 - - -
SA-VAE 327.5 7.2 60.4 - - -
This work LSTM-LM 328.44+0.2 - 61.140.2 | 507.440.0 - 574.0+0.0
LSTM-VAE 330.4404 1.5405 62.6+03[467.5+03 18.5+04 348.5+15
LSTM-VAE (L =5) 328.840.1 2.64+05 61.4+0.1[464.3+12 22.241.7 334.8+49
LSTM-VAE (L = 10) 329.1+0.1 2.8407 61.6+0.1|464.3+1.3 22.841.7 334.8455
LSTM-VAE-AVG (L =5) 327.3+05 12.2404 60.3+04|446.440.1 19.7+02 267.5+04
LSTM-VAE-AVG (L = 10) 328.5+13 10.8+1.0 61.2+1.0|441.44+05 16.8+02 251.2+15

(b) Yahoo

Table 2: Results on (a) PTB and (b) Yahoo test sets. For LSTM-LM, we show the exact negative log likelihood
(NLL) and perplexity (PPL). For the variational models, we show the upper bounds (i.e., the negative ELBO) on
NLL/PPL. The KL portion of the ELBO is given in the column alongside NLL. NLL/KL values are averaged
across examples. L indicates the number of latent variables at each gradient step. We report mean and standard
deviation computed across five training/test runs from different random initial starting points.

PTB Yahoo
NLLELBo NLLw NLLELgo NLLw
Heetal. (2019) LSTM-VAE-AIN + anneal - - 328.4+02 326.7+0.1
This work LSTM-VAE 102.54+02 102.14+02 | 330.4+04 329.640.2
LSTM-VAE-AVG (L =5) 97.340.6 95.1+08 | 327.3+05 324.0+0.5
LSTM-VAE-AVG (L = 10) 94.3+0.4 91.74+05 | 328.54+1.3 324.9+13

Table 3: Comparison of different NLL estimates on PTB and Yahoo test sets. NLL g go = the upper bounds
taken from Table 2; NLLw = the importance sampling estimates of NLL with 500 samples. We report mean and

standard deviation computed across five training/test runs from different random initial starting points.

aggressive inference network (AIN) training. Ta-
ble 3 shows a comparison of different NLL esti-
mates. Our results are consistent with those of (He
et al., 2019) in which the importance sampling
yields the tighter bounds than the ELBO.

6 Conclusion

We have shown that using multiple latent variables
at each gradient step can improve the performance
of the baseline LSTM-VAE model. The empirical

results indicate that our models combined with ex-
pressive decoders can successfully make use of the
latent variables, resulting in higher KL values and
better NLL/PPL results. Our proposed method is
simple and can serve as a strong baseline for latent
variable text modeling.
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