TIME-DEPENDENT REPRESENTATION FOR NEURAL EVENT SEQUENCE PREDICTION

Yang Li Google Research & Machine Intelligence Mountain View, CA 94043, USA liyang@google.com

Nan Du Google Brain Mountain View, CA 94043, USA dunan@google.com

Samy Bengio Google Brain Mountain View, CA 94043, USA bengio@google.com

ABSTRACT

Existing sequence prediction methods are mostly concerned with time-independent sequences, in which the actual time span between events is irrelevant and the distance between events is simply the difference between their order positions in the sequence. While this time-independent view of sequences is applicable for data such as natural languages, e.g., dealing with words in a sentence, it is inappropriate and inefficient for many real world events that are observed and collected at unequally spaced points of time as they naturally arise, e.g., when a person goes to a grocery store or makes a phone call. The time span between events can carry important information about the sequence dependence of human behaviors. In this work, we propose a set of methods for using time in sequence prediction. Because neural sequence models such as RNN are more amenable for handling token-like input, we propose two methods for time-dependent event representation, based on the intuition on how time is tokenized in everyday life and previous work on embedding contextualization. We also introduce two methods for using next event duration as regularization for training a sequence prediction model. We discuss these methods based on recurrent neural nets. We evaluate these methods as well as baseline models on five datasets that resemble a variety of sequence prediction tasks. The experiments revealed that the proposed methods offer accuracy gain over baseline models in a range of settings.

1 INTRODUCTION

Event sequence prediction is a task to predict the next event^1 based on a sequence of previously occurred events. Event sequence prediction has a broad range of applications, e.g., next word prediction in language modeling (Józefowicz et al., 2016), next place prediction based on the previously visited places, or next app to launch given the usage history. Depending on how the temporal information is modeled, event sequence prediction often decomposes into the following two categories: discrete-time event sequence prediction and continuous-time event sequence prediction.

Discrete-time event sequence prediction primarily deals with sequences that consist of a series of tokens (events) where each token can be indexed by its order position in the sequence. Thus such a sequence evolves synchronously in natural unit-time steps. These sequences are either inherently time-independent, e.g, each word in a sentence, or resulted from sampling a sequential behavior at an equally-spaced point in time, e.g., busy or not busy for an hourly traffic update. In a discrete-time event sequence, the distance between events is measured as the difference of their order positions. As

1We use "event" in this paper for real world observations instead of "token" that is often used in sequence problems, e.g., words in a sentence. But they are equivalent to a sequence model.

arXiv:1708.00065v3 [cs.LG] 22 Jan 2018

a consequence, for discrete-time event sequence modeling, the primary goal is to predict what event will happen next.

Continuous-time event sequence prediction mainly attends to the sequences where the events occur asynchronously. For example, the time interval between consecutive clinical visits of a patient may potentially vary largely. The duration between consecutive log-in events into an online service can change from time to time. Therefore, one primary goal of continuous-time event sequence prediction is to predict when the next event will happen in the near future.

Although these two tasks focus on different aspects of a future event, how to learn a proper representation for the temporal information in the past is crucial to both of them. More specifically, even though for a few discrete-time event sequence prediction tasks (e.g., neural machine translation), they do not involve an explicit temporal information for each event (token), a proper representation of the position in the sequence is still of great importance, not to mention the more general cases where each event is particularly associated with a timestamp. For example, the next destination people want to go to often depends on what other places they have gone to and how long they have stayed in each place in the past. When the next clinical visit (Choi et al., 2016a) will occur for a patient depends on the time of the most recent visits and the respective duration between them. Therefore, the temporal information of events and the interval between them are crucial to the event sequence prediction in general. However, how to effectively use and represent time in sequence prediction still largely remains under explored.

A natural and straightforward solution is to bring time as an additional input into an existing sequence model (e.g., recurrent neural networks). However, it is notoriously challenging for recurrent neural networks to directly handle continuous input that has a wide value range, as what is shown in our experiments. Alternatively, we are inspired by the fact that humans are very good at characterizing time span as high-level concepts. For example, we would say "watching TV for a little while" instead of using the exact minutes and seconds to describe the duration. We also notice that these high-level descriptions about time are event dependent. For example, watching movies for 30 minutes might feel much shorter than waiting in the line for the same amount of time. Thus, it is desirable to learn and incorporate these time-dependent event representations in general. Our paper offers the following contributions:

• We propose two methods for time-dependent event representation in a neural sequence prediction model: time masking of event embedding and event-time joint embedding. We use the time span associated with an event to better characterize the event by manipulating its embedding to give a recurrent model additional resolving power for sequence prediction.

• We propose to use next event duration as a regularizer for training a recurrent sequence prediction model. Specifically, we define two flavors of duration-based regularization: one is based on the negative log likelihood of duration prediction error and the other measures the cross entropy loss of duration prediction in a projected categorical space.

• We evaluated these proposed methods as well as several baseline methods on five datasets (four are public). These datasets span a diverse range of sequence behaviors, including mobile app usage, song listening pattern, and medical history. The baseline methods include vanilla RNN models and those found in the recent literature. These experiments offer valuable findings about how these methods improve prediction accuracy in a variety of settings.

2 BACKGROUND

In recent years, recurrent neural networks (RNN) especially with Long-Short Term Memory (LSTM) (Hochreiter & Schmidhuber, 1997) have become popular in solving a variety of discretetime event sequence prediction problems, including neural machine translation (Bahdanau et al., 2014), image captioning (Xu et al., 2015) and speech recognition (Soltau et al., 2016). In a nutshell, given the sequence of previously occurred events, {e_1, e_2, ..., e_t}, the conditional probability P(e_{t+1}|{e_1, e_2, ..., e_t}) = P(e_{t+1}|h_t, θ) of the next event e_{t+1} is estimated by using a recurrent neural network with parameters θ and the hidden state vector h_t = f(h_{t−1}, e_t, θ) which is assumed to encode the information of the past events.

To feed an event into a recurrent neural network, the event, often described as a categorical variable, needs to be represented in a continuous vector space. A common way to achieve this is to use embedding (Bengio et al., 2003) x_t = 1(e_t)E^x where 1(e_t) is a one-hot vector. For the jth event in the vocabulary V, e^j , its one-hot vector has 0s for all the entries except the jth entry being 1. E^x ∈ R^{|V |×E} is the embedding matrix, where |V | is the number of unique events (the vocabulary size) and E is the embedding dimension. The use of embedding provides a dense representation for an event that improves learning (Turian et al., 2010). Through training, the embedding vector of an event encodes its meaning relative to other events. Events that are similar tend to have embedding vectors closer to each other in the embedding space than those that are not.

On the other hand, temporal point processes are mathematical abstractions for the continuous-time event sequence prediction task by explicitly modeling the inter-event interval as a continuous random variable. Since the occurrence of an event may be triggered by what happened in the past, we can essentially specify different models for the timing of the next event given what we have already known so far. Very recently, (Du et al., 2016; Mei & Eisner, 2017; Xiao et al., 2017a;b) focus on expanding the flexibility of temporal point processes using recurrent neural networks where the prediction of the next event time is based on the current hidden state h_t of RNN. However, all of these work use the direct concatenation between the inter-event interval and the respective event embedding as the input to the recurrent layer where the representation of the temporal information is limited.

Because it is not clear how to properly represent time as input, in this work, we intend to let the model learn a proper representation for encoding temporal information in a sequence, similar to learning embeddings for words. Rather than proposing a new model, our approach should be considered an "embedding" approach for time that can be used by general event sequence prediction models, including models proposed previously (Du et al., 2016; Mei & Eisner, 2017).

3 TIME-DEPENDENT EVENT REPRESENTATION

There are two notions about time spans in a sequential behavior: duration and intervals. Duration is how long an event lasts, e.g., listening to music for an half hour, and an interval is the time span between two adjacent events. To unify both types of time spans, we treat the idle period when no event is occurring (e.g., the person is not using any app for an app usage sequence) as a special event. Thus, duration becomes an inherent property of an event–the interval between two events is the duration of an idle event (see Figure 1).

Event

Event Idle Idle Event e_1, d_1 e_2, d_2 e_3, d_3 e_{t-1}, d_{t-1} e_t, d_t

Figure 1: An interval is treated as the "duration" of an idle event.

With this, h_t = f(h_{t−1}, e_t, d_t; θ) where d_t is the duration of event e_t . We here propose two methods to bring continuous time, d_t , into a neural sequence prediction model. Both achieve timedependent event representation by manipulating event embedding vectors using time. Our methods are schematically illustrated in Figure 2.

3.1 CONTEXTUALIZING EVENT EMBEDDING WITH TIME MASK

Recent work by (Choi et al., 2016b) revealed that in neural machine translation the embedding vector of a word encodes multiple meanings of the word. As a result, it requires a recurrent layer to sacrifice its capacity to disambiguate a word based on its context, instead of focusing on its main task for learning the higher-level compositional structure of a sentence. To address this problem, they used a mask computed based on all the words in a sentence to contextualize the embedding of a target word.

Based on this recent work, we propose a method to learn a time mask to "contextualize" event embedding, by which we hope a time-dependent embedding would give the recurrent layer additional

To do so, we first project the scalar duration value onto a vector space, where W_d ∈ R^{1×P} is the weight matrix, b_d ∈ R^P is the bias vector, and P is the projection size.

p^d = d_tW_d + b_d (4)

We then compute the soft one-hot encoding, s^d, of a duration value by applying a softmax function to the projection vector, p^d. Softmax has been typically used in the output layer (Graves, 2012) and in the attention mechanisms (Bahdanau et al., 2014; Xu et al., 2015) for selecting one out of many. The ith entry of the encoding vector is calculated as the following and p^d_i is the ith entry in p^d.

s^d_i = exp(p^d_i ) ∑_P

k=1 exp(p^d_k) (5) All the entries in the soft one-hot encoding are positive. Similar to a regular one-hot encoding, ∑_P

i=1 s^d_i = 1. We then project the soft one-hot encoding onto a time embedding space, g_d. It has the same dimension as the event embedding. E^s ∈ R^{P ×E} is the embedding matrix.

g_d = s^dE^s (6)

Embedding for a regular one-hot encoding essentially takes a single row of the embedding matrix that is corresponding to the non-zero entry as the embedding vector. In contrast, embedding for a soft one-hot encoding computes a weighted sum over all the rows in the embedding matrix. Finally, we form the joint embedding of an event and its duration by taking the mean of their embedding vectors, which is then fed to the recurrent layer.

x_t ← x_t + g_d 2 (7) 4 NEXT EVENT DURATION AS A REGULARIZER

While our goal here is to predict next event, it can help learning by introducing an additional loss component based on the prediction of the next event duration (see Figure 2). The duration prediction of the next event at step t, d^′_{t+1}, is computed from a linear transformation of the recurrent layer. A loss defined on the prediction error of d^′_{t+1} provides additional information during back propagation, acting like a regularizer. Optionally, one can use the concatenation of the recurrent layer output and a hidden layer on the path for event prediction to regularize more layers. We discuss two alternatives for the loss function over d^′_{t+1}.

4.1 NEGATIVE LOG LIKELIHOOD OF TIME PREDICTION ERROR

A common way for the loss over a continuous value is to use the squared error. Here, it is (d^′_{t+1} − d_{t+1})^2 where d_{t+1} is the observed duration of the next event. However, such a loss needs to be at the same scale as that of of event prediction, which is typically a log likelihood of some form. Hinton and Van Camp (Hinton & van Camp, 1993) have shown that minimizing the squared error can be in fact formulated as maximizing the probability density of a zero-mean Gaussian distribution. Note that this does not require duration to obey a Gaussian distribution but rather the prediction error. We define our regularizer, R^N_t , as the negative log likelihood of duration prediction error at step t.

R^N_t =

(d^′_{t+1} − d_{t+1})^2 2σ^2_i (8) The variance, σ_i, is seeded with an initial value (e.g., the variance of duration values in the training data) and updated iteratively during training based on the duration prediction error distribution of the learned model at each update i.

4.2 CROSS ENTROPY LOSS ON TIME PROJECTION

In Section 3.2, we proposed to use softmax to project a continuous duration value onto a categorical space. Using the same technique, by projecting both d^′_{t+1} and d_{t+1} onto a categorical space, we can then compute a cross entropy loss based on the two projections as another regularizer R^X_t .

R^X_t = − P∑ k=1 P roj_k(d_{t+1}) log P roj_k(d^′_{t+1}) (9)

P roj is the softmax projection process we defined in Equation 4 and 5, P roj_k is the kth entry in the projection vector. When event-time joint embedding and R^X_t are both used, the embedding and the regularizer can use the same projection function, i.e., sharing the same projection weights (Equation 4). 5 EXPERIMENTS

In this section, we evaluate the effectiveness of our proposed approaches on the following five real-world datasets across a diverse range of domains.

• Electrical Medical Records. MIMIC II medical dataset is a collection of de-identified clinical visit records of Intensive Care Unit patients for seven years. The filtered dataset released by (Du et al., 2016) include 650 patients and 204 diseases. The goal is to predict which major disease will happen to a given patient.

• Stack Overflow Dataset. The Stack Overflow dataset includes two years of user awards on a question-answering website. The awarded badges are treated as the events. (Du et al., 2016) collected 6,000 users with a total of 480,000 events. The goal is to predict the next badge a user will receive.

• Financial Transaction Dataset. (Du et al., 2016) collected a long stream of high frequency transactions for a single stock from NYSE where the events correspond to the "buy" and "sell" actions. The task is to predict the next action a user might take.

• App Usage Dataset. Mobile users often use a large number of apps, ranging from tens to hundreds. It is time consuming to find a target app on mobile devices. One promising way to address this problem is to predict the next app a user will use based on their app usage history. Being able to predict next apps also allows the mobile platform to preload an app in memory to speed up its startup. We have collected 5,891 app usage sequences comprising of 2.8 million app usage events. The task is to predict the next app that will be used for a given user.

• Music Recommendation. The music dataset represents the longitudinal listening habits of 992 users (Last.FM, 2009; Celma, 2010) involving millions of listening events. The goal is to predict the next five unique songs that the user has not listened given the user’s listen history.

5.1 DATA PREPARATION

For the MIMIC II, Stack Overflow, and Financial data, we follow (Du et al., 2016) to pre-process the data and seek to predict every single held-out event from the history. We evaluate the prediction accuracy with the binary 0-1 loss.

For the app usage data, to avoid users who participated in the data collection only briefly, we exclude sequences that have fewer than 50 app launches or if the time span of the sequence is shorter than a week. This resulted in 5,891 app usage sequences, one from each unique user. These sequences include 2,863,095 app usage events and the longest sequence spanned 551 days. We split the dataset on users into the training (80%), validation (10%) and test (10%) such that each user is only in one of these partitions. Hence there is no intersection of users between training, validation and test sets. For an event that has fewer than 5 occurrences in the training dataset, we assign it the OOV id for out of vocabulary. In total, there are 7,327 events in the vocabulary, including 7,325 unique apps, the idle event and the OOV (out of vocabulary). In practice, predicting the next 5 apps is often desired so we use Precision@K to evaluate the performance.

For the music recommendation, each listen event has a timestamp. We removed sequences that are shorter than 50 and songs that have fewer than 50 listens. We thus generate a collection of examples where each example consists of a listen history and a set of 5 unique songs to recommend. To do so, we split each original listen sequence into segments. We first take the 40 events out in order from the beginning of the sequence as the listen history, and then take more events out from the beginning of the sequence until we find 5 unique songs that have not occurred in the listen history. We do so repeatedly to extract each example until we exhaust all the original sequences. This data processing resulted in 221,920 sequence examples with 71,619 unique songs (the vocabulary size). We then allocate these sequence examples for the training (80%), validation (10%) and test (10%). Because the original dataset does not have the duration information for each listen event, we did not inject the additional idle event in the sequence to differentiate duration versus intervals. Because in practice, the ranking order of the recommended music often matters, we further use MAP@K and Prevision@K to evaluate the performance.

5.2 MODEL CONFIGURATIONS

We compare with the following five models: NoTime in which a simple LSTM sequence model is used; TimeConcat in which we feed time (log transformed) directly into the recurrent layer along the event embedding; TimeMask (Section 3.1) and TimeJoint (Section 3.2) for generating time-dependent event embedding as input to the recurrent layer; and RMTPP for the model introduced previously by (Du et al., 2016). Moreover, we also include four regularized models based on R^X_t and R^N_t defined earlier. For TimeMask, the size of the time context vector is C = 32, and we use ReLu for the activation function in ϕ in Equation 2. For TimeJoint, we chose the projection size, P = 30 (Equation 4). For the App Usage and Music Recommendation experiments, we use a two-layer hierarchical softmax (Morin & Bengio, 2005) for the output layer due to the large vocabulary size, while we use a full sofmax for the rest experiments.

For the MIMIC II, Stack Overflow, and Financial data, we follow (Du et al., 2016) for RMTPP’s model parameters. For the app usage data, we determined the parameters of each model based on the training and the validation datasets on a distributed parallel tuning infrastructure. We used LSTM units (Hochreiter & Schmidhuber, 1997) for the recurrent layer, and Rectified Linear Units (ReLu) (Nair & Hinton, 2010) for the activation function in the nonlinear projection layer. The event embedding dimension, the number of LSTM units, and the nonlinear projection layer size are all set to 128. For the music recommendation data, we use a setting similar to the app prediction experiment where we chose the embedding size as 128 and LSTM size as 256. We did not use the nonlinear projection layer after the LSTM layer for this task because it does not seem to help. We implemented all the models in TensorFlow (TensorFlow, 2017).

5.3 TRAINING AND TESTING

For the experiments based on MIMIC II, Stack Overflow and Financial Transaction datasets, we use the same training and testing strategy of (Du et al., 2016). For App Usage and Music Recommendation tasks, we selected the model architecture and hyper parameters with early stopping based on the validation dataset of each task, and report the performance of each model based on the test dataset.

For the App Usage experiment, we used truncated back-propagation through time with the number of unroll to be 30. We used an adaptive gradient descent optimizer (Zeiler, 2012), using a learning rate of 0.024 with a threshold for gradient clipping of 1.0, and a batch size of 32. We decided not to use dropout as it did not seem to improve accuracy on this task.

For the Music Recommendation experiment, we used the full sequence back-propagation through time with 2% dropout ratio on the recurrent layer for better generalization. We used the Adam optimizer by (Kingma & Ba, 2014) for adaptive learning with a learning rate of 0.00005 and a gradient clipping threshold at 1.0. The mini-batch size is 256.

We trained the models by minimizing the cross-entropy loss, plus the regularization loss if the duration regularizer is used, over all the sequences in the training dataset. The training for App Usage and

84.4 83.65 83.69

84.55 84.06

75

80

85

90

Methods

Accuracy %

Methods

NoTime TimeConcat RMTPP TimeMask TimeJoint

46.03

46.22 46.23 46.24

46.3

45.0

45.5

46.0

46.5

47.0

Methods

Accuracy %

Methods

NoTime TimeConcat RMTPP TimeMask TimeJoint

62.51 62.5 62.53

62.56

62.6

62.00

62.25

62.50

62.75

63.00

Methods

Accuracy %

Methods

NoTime TimeConcat RMTPP TimeMask TimeJoint

(a) MIMIC II (b) Stack Overflow (c) Financial Data

Figure 3: Prediction accuracy on (a) MIMIC II, (b) Stack Overflow, and (c) Financial Data.

Music Recommendation was conducted on a distributed learning infrastructure (Dean et al., 2012) with 50 GPU cores where updates are applied asynchronously across multiple replicas.

5.4 EXPERIMENTAL RESULTS

Table 1: Prediction accuracy on test dataset for next app prediction in percentages. Model Precision@1 Precision@5

NoTime 30.29 13.07 TimeConcat 31.03 12.98 RMTPP 31.31 12.9 TimeMask 31.29 13.13 TimeMask + R^X_t 31.3 13.15 TimeMask + R^N_t 31.41 13.1 TimeJoint 31.3 13.07 TimeJoint + R^X_t 31.53 13.09 TimeJoint + R^N_t 31.45 13.13

Table 2: Prediction accuracy on test dataset for music recommendation. The numbers are percentages. Model MAP5 MAP10 MAP20 Precision@5 Precision@10 Precision@20

NoTime 11.59 13.18 13.83 13.82 8.75 5.25 TimeConcat 11.41 12.85 13.51 13.53 8.63 5.19 RMTPP 11.51 12.93 13.59 13.62 8.66 5.19 TimeMask 11.74 13.18 13.83 13.79 8.81 5.28 TimeMask + R^X_t 11.71 13.17 13.82 13.81 8.76 5.25 TimeMask + R^N_t 11.69 13.16 13.8 13.81 8.76 5.30 TimeJoint 11.82 13.37 14.06 13.95 8.97 5.40 TimeJoint + R^X_t 12.02 13.51 14.2 14.12 9.01 5.43 TimeJoint + R^N_t 11.9 13.41 14.11 14.05 8.98 5.40

Effectiveness of Temporal Representation. Figure 3 presents the comparisons between all the models on three released public datasets. We can observe a consistent performance gain with using the proposed methods for time-dependent event embedding compared to the NoTime baseline and the simple TimeConcat approach. TimeJoint significantly outperformed all other methods on both the Stack Overflow and the Financial dataset, with p<0.05 using Paired T-test. But none of the methods for using time is able to improve accuracy on the MIMIC II dataset. This indicates that using time might not always help. However, when it does, our methods such as TimeJoint enable more efficient representation of time than simply using the scalar value of time in RNN models.

Our methods also outperformed RMTPP for event prediction. The performance gain of our models are more pronounced on the App Usage and Music Recommendation datasets as shown in Table 1 and 2. TimeJoint seems to outperform the rest on most measures and TimeMask also performs well compared to other previous methods. We also notice that using time directly without representing them appropriately in RNN, i.e., TimeConcat, can sometime hurt the performance.

Effectiveness of Event Duration Regularization. We demonstrate the performance boosting gained from our proposed temporal regularization in Table 1 and 2, respectively. We can observe that our proposed regularizers can bring additional performance gain on many cases. In particular, the crossentropy regularizer, R^X_t , is able to give consistent performance gain with the temporal embedding approaches.

Learned Time Representation. Our motivation in this work is to let the model learn a proper representation of time from data. We here briefly discuss what the TimeJoint approach learns about how to project a scalar value of time into a soft one-hot encoding 4. It seems that for small time periods, e.g., shorter than 20 seconds for the Next App prediction task, more dimensions are needed to express the differences of continuous time values. As the time period grows, we need less dimensions for representing time, e.g., two of the curves have converged to the same small values.

Figure 4: The projection of time learned by TimeJoint with P = 5. The X axis is in seconds and the Y axis is the projection of a time in each dimension defined in Equation 5.

6 CONCLUSIONS

We proposed a set of methods for leveraging the temporal information for event sequence prediction. Based on our intuition about how humans tokenize time spans as well as previous work on contextual representation of words, we proposed two methods for time-dependent event representation. They transform a regular event embedding with learned time masking and form time-event joint embedding based on learned soft one-hot encoding. We also introduced two methods for using next duration as a way of regularization for training a sequence prediction model. Experiments on a diverse range of real data demonstrate consistent performance gain by blending time into the event representation before it is fed to a recurrent neural network.

REFERENCES

Dzmitry Bahdanau, Kyunghyun Cho, and Yoshua Bengio. Neural machine translation by jointly learning to align and translate. CoRR, abs/1409.0473, 2014. URL http://arxiv.org/abs/ 1409.0473.

Yoshua Bengio, Réjean Ducharme, Pascal Vincent, and Christian Janvin. A neural probabilistic language model. J. Mach. Learn. Res., 3:1137–1155, March 2003. ISSN 1532-4435. URL http://dl.acm.org/citation.cfm?id=944919.944966.

O. Celma. Music Recommendation and Discovery in the Long Tail. Springer, 2010.

Edward Choi, Mohammad Taha Bahadori, Andy Schuetz, Walter F. Stewart, and Jimeng Sun. Doctor ai: Predicting clinical events via recurrent neural networks. In Proceedings of the 1st Machine Learning for Healthcare Conference, pp. 301–318, 2016a.

Heeyoul Choi, Kyunghyun Cho, and Yoshua Bengio. Context-dependent word representation for neural machine translation. CoRR, abs/1607.00578, 2016b. URL http://arxiv.org/abs/ 1607.00578.

Jeffrey Dean, Greg S. Corrado, Rajat Monga, Kai Chen, Matthieu Devin, Quoc V. Le, Mark Z.

Mao, Marc’Aurelio Ranzato, Andrew Senior, Paul Tucker, Ke Yang, and Andrew Y. Ng. Large scale distributed deep networks. In Proceedings of the 25th International Conference on Neural Information Processing Systems, NIPS’12, pp. 1223–1231, USA, 2012. Curran Associates Inc. URL http://dl.acm.org/citation.cfm?id=2999134.2999271.

Nan Du, Hanjun Dai, Rakshit Trivedi, Utkarsh Upadhyay, Manuel Gomez-Rodriguez, and Le Song.

Recurrent marked temporal point processes: Embedding event history to vector. In Proceedings of the 22Nd ACM SIGKDD International Conference on Knowledge Discovery and Data Mining, KDD ’16, pp. 1555–1564, New York, NY, USA, 2016. ACM. ISBN 978-1-4503-4232-2. doi: 10.1145/2939672.2939875. URL http://doi.acm.org/10.1145/2939672.2939875.

Alex Graves. Supervised sequence labelling. In Supervised Sequence Labelling with Recurrent Neural Networks, pp. 5–13. Springer Berlin Heidelberg, 2012.

Geoffrey E. Hinton and Drew van Camp. Keeping the neural networks simple by minimizing the description length of the weights. In Proceedings of the Sixth Annual Conference on Computational Learning Theory, COLT ’93, pp. 5–13, New York, NY, USA, 1993. ACM. ISBN 0-89791-611-5. doi: 10.1145/168304.168306. URL http://doi.acm.org/10.1145/168304.168306.

Sepp Hochreiter and Jürgen Schmidhuber. Long short-term memory. Neural Comput., 9(8):1735– 1780, November 1997. ISSN 0899-7667. doi: 10.1162/neco.1997.9.8.1735. URL http://dx. doi.org/10.1162/neco.1997.9.8.1735.

Rafal Józefowicz, Oriol Vinyals, Mike Schuster, Noam Shazeer, and Yonghui Wu. Exploring the limits of language modeling. CoRR, abs/1602.02410, 2016. URL http://arxiv.org/abs/ 1602.02410.

Diederik P. Kingma and Jimmy Ba. Adam: A method for stochastic optimization. CoRR, abs/1412.6980, 2014. URL http://arxiv.org/abs/1412.6980.

Last.FM. Music. https://www.last.fm/, 2009.

Hongyuan Mei and Jason Eisner. The neural hawkes process: A neurally self-modulating multivariate point process. In NIPS, 2017.

Frederic Morin and Yoshua Bengio. Hierarchical probabilistic neural network language model. In AISTATS’05, pp. 246–252, 2005.

Vinod Nair and Geoffrey E. Hinton. Rectified linear units improve restricted boltzmann machines.

In Johannes Fürnkranz and Thorsten Joachims (eds.), Proceedings of the 27th International Conference on Machine Learning (ICML-10), pp. 807–814. Omnipress, 2010. URL http: //www.icml2010.org/papers/432.pdf.

Hagen Soltau, Hank Liao, and Hasim Sak. Neural speech recognizer: Acoustic-to-word LSTM model for large vocabulary speech recognition. CoRR, abs/1610.09975, 2016. URL http: //arxiv.org/abs/1610.09975.

TensorFlow. An open-source software library for Machine Intelligence. https://www.

tensorflow.org/, 2017.

Joseph Turian, Lev Ratinov, and Yoshua Bengio. Word representations: A simple and general method for semi-supervised learning. In Proceedings of the 48th Annual Meeting of the Association for Computational Linguistics, ACL ’10, pp. 384–394, Stroudsburg, PA, USA, 2010. Association for Computational Linguistics. URL http://dl.acm.org/citation.cfm?id=1858681. 1858721.

Shuai Xiao, Junchi Yan, Stephen Chu, Xiaokang Yang, and Hongyuan Zha. Modeling the intensity function of point process via recurrent neural networks. In AAAI, 2017a.

Shuai Xiao, Junchi Yan, Mehrdad Farajtabar, Le Song, Xiaokang Yang, and Hongyuan Zha. Joint modeling of event sequence and time series with attentional twin recurrent neural networks. 2017b. URL https://arxiv.org/abs/1703.08524.

Kelvin Xu, Jimmy Ba, Ryan Kiros, Kyunghyun Cho, Aaron C. Courville, Ruslan Salakhutdinov, Richard S. Zemel, and Yoshua Bengio. Show, attend and tell: Neural image caption generation with visual attention. CoRR, abs/1502.03044, 2015. URL http://arxiv.org/abs/1502. 03044.

Matthew D. Zeiler. ADADELTA: an adaptive learning rate method. CoRR, abs/1212.5701, 2012.

URL http://arxiv.org/abs/1212.5701.