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Abstract

We consider the problem of predicting measurable responses to scientific articles based primarily on their
text content. Specifically, we consider papers in two fields (economics and computational linguistics)
and make predictions about downloads and within-community citations. Our first two models investigate
temporal and spatial aspects of scientific community’s interests. A third model which jointly summarizes
scientific articles when making predictions is also presented. Lastly, we propose a generative approach to
explore what social factors influence written scientific articles.

1 Introduction

Written communication is an essential component of the complex social phenomenon of science. As such,
natural language processing is well-positioned to provide tools for understanding the scientific process, by
analyzing the textual artifacts (papers, proceedings, etc.) that it produces. This report is about modeling col-
lections of scientific documents to understand how their fextual content relates to how a scientific community
responds to them. While past work has often focused on citation structure (Borner et al., 2003; Qazvinian
and Radev, 2008), our emphasis is on the text content, following Ramage et al. (2010) and Gerrish and Blei
(2010).

In the first three models, instead of task-independent exploratory data analysis (e.g., topic modeling) or
multi-document summarization, we consider supervised models of the collective response of a scientific
community to a published article. There are many measures of impact of a scientific paper; ours come from
direct measurements of the number of downloads (from an established website where prominent economists
post papers before formal publication) and citations (within a fixed scientific community). We adopt a
discriminative approach that can make use of any text or metadata features, and show that simple lexical
features offer substantial power in modeling out-of-sample response and in forecasting response for future
articles. Realistic forecasting evaluations require methodological care beyond the usual best practices of
train/test separation, and we elucidate these issues. Our approaches substantially outperform text-ignorant
baselines on ground-truth predictions. Our last model uses a generative approach to model scientific liter-
ature. We show that written scientific communication is influenced by various social factors, and we can
uncover these factors by measuring language similarity between articles.

Our major contributions can be summarized as follows:
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Figure 1: Left: the distribution of log download counts for papers in the NBER dataset one year after posting. Right:
the distribution of within-dataset citations of ACL papers within three years of publication (outliers excluded for
readability).

e We introduce a new regularization technique that leverages the intuition that the relationship between
observable features and response should evolve smoothly over time (§3). This regularizer allows the
learner to rely more strongly on more recent evidence, while taking into account a long history of
training data. Our time series-inspired regularizer is computationally efficient in learning and is a
significant advance over earlier text-driven forecasting models that ignore the time variable altogether
(Kogan et al., 2009; Joshi et al., 2010). It permits flexibility in features and offers a novel and perhaps
more interpretable view of the data than summary statistics.

e We show how to use a multiple output regularized linear model to forecast and discover a regional
scientific community’s interest (§4). The model incorporates global and local features to capture cor-
relation between scientific responses in each region and applies “lasso” regularization to encourage
sparsity.

e We propose a latent variable regression model which jointly summarizes an article while making a pre-
diction (§5). In this model, there is a latent variable for each sentence in a document which determines
whether a sentence is included or not in the summary, and sentences that are not included in the sum-
mary are not considered when making the prediction for a document. We also discuss efficient learning
and inference procedures for this model.

e We introduce an influence language model (§6) to test which factors influence authors when writing a
scientific paper. Specifically, we investigate spatial, temporal, and social dimensions of written scien-
tific communication.

This report is an extended version of our earlier paper (Yogatama et al., 2011), which corresponds to most
of §3.

2 Data

We make use of two collections of scientific literature, one from the economics domain, and the other
from computational linguistics and natural language processing. Statistics are summarized in Table 1. All
experiments were conducted on these datasets or a subset of them.

2.1 NBER

Our first dataset consists of research papers in economics from the National Bureau of Economic Research
(NBER) from 1999 to 2009 (http://www.nber.org). Approximately 1,000 research economists are
affiliated with the NBER. New NBER working papers are posted to the website weekly. The papers are
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Dataset | # Avg. # | Response
Docs. | Words
NBER | 8,814 | 155 # downloads in first year (mean 761)

ACL 4,026 | 3,966 | atleast 1 citation in first 3 years? (54% no)

Table 1: Descriptive statistics about the datasets.

not yet peer-reviewed, but given the prominence of many economists affiliated with the NBER, many of the
papers are widely read. Text from the abstracts of the papers and related metadata are publicly available.
Full text is available to subscribers (universities typically have access).

The NBER provided us with download statistics for these papers. For each paper, we computed the total
number of downloads in the first year after each paper’s posting.! The download counts are log-normally
distributed, as shown in Figure 1, and so our regression models (§3) minimize squared errors in the log
space. Our download logs begin in 1999. We use the 8,814 papers from 1999-2009 period (there are 16,334
papers in the full dataset dating back to 1985). We used text from the abstracts in these experiments.

2.2 ACL

Our second dataset consists of research papers from the Association for Computational Linguistics (ACL)
from 1980 to 2006 (Radev et al., 2009a; Radev et al., 2009b). We have the full texts for papers (OCR
output) as well as structured citation data. There are 15,689 papers in the whole dataset. For the citation
prediction task, we include conference papers from ACL, EACL, HLT, and NAACL.> We remove journal
papers, since they are characteristically different from conference papers, as well as workshop papers. We
do include short papers, interactive demo session papers, and student research papers that are included in
the companion volumes for these conferences (such papers are cited less than full papers, but many are still
cited). The resulting dataset contains 4,026 papers. The number of papers in each year varies because not
all conferences are annual.

We look at citations in the three-year window following publication, excluding self-citations and only
considering citations from papers within these conferences. Figure 1 shows a histogram; note that many
papers (54%) are not cited at all, and the distribution of citations per paper is neither normal nor log-normal.
We organize the papers into two classes: those with zero citations and those with non-zero citations in the
three-year window.

3 Temporal Model

First, we explore a class of models which captures first-order temporal effects under the intuition that the
model should make use of a long history of training data but rely more strongly on more recent evidence.
Our forecasting approach is based on generalized linear models for regression and classification. The models
are trained with an £o-penalty, often called a “ridge” model (Hoerl and Kennard, 1970).> For the NBER data,
where (log) number of downloads is nearly a continuous measure, we use linear regression. For the ACL
data, where response is the binary cited-or-not variable we use logistic regression, often referred to as a

"For the vast majority of papers, most of the downloads occur soon after the paper’s posting. We explored different measures
with different download windows (two years, for example) with broadly similar results. We leave a more detailed analysis of the
time series patterns of downloads to future work.

2EMNLP is a relatively recent conference, and, in this collection, complete data for its papers postdate the end of the last training
period, so we chose to exclude it from our dataset.

3Preliminary experiments found no consistent benefit from ¢; (“lasso””) models, though we note that ¢, -regularization leads to
sparse, compact models that may be more interpretable. We also experimented with structured sparsity, i.e., group “lasso” and
fused “lasso”, but the results were not encouraging and the training procedure was considerably more complex.
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“maximum entropy” model (Berger et al., 1996) or a log-linear model. We briefly review the class of
models. Then, we describe a time series model appropriate for time series data.

3.1 Generalized Linear Models

Consider a model that predicts a response 4 given a vector input = (21, ..., 24) € R% Our models are
linear functions of & and parameterized by the vector 3. Given a corpus of M document features, X, and
responses Y, we estimate:

B = argming R(8) + L(8, X,Y) (1)
where £ is a model-dependent loss function and R is a regularization penalty to encourage models with
small weight vectors. We describe models and loss functions first and then turn to regularization.

For the NBER data, the (log) number of downloads is continuous, and so we use least-squares linear
regression model. The loss function is the sum of the squared errors for the M documents in our training

data:
M

LB, X.Y) =S (5 — i)
i=1

where the prediction rule for new documents is: § = Z?:o Bjxj. Probabilistically, this equates to an
assumption that ﬁT:c is the mean of a normal (i.e., Gaussian) distribution from which random variable y is
drawn.

For the ACL data, we predict y from a discrete set C (specifically, the binary set of zero citations or more
than zero citations), and we use logistic regression. This model assumes that for the ith training input x;,
the output y; is drawn according to:

(i | 20) = (x0T 1) /(Loee o0 1)

where there is a feature vector 3, for each class ¢ € C. Under this interpretation, parameter estimation is
maximum a posteriori inference for 3, and R(3) is a log-prior for the weights. The loss function is the
negative log likelihood for the M documents:

M
LB, X,Y) == logp(yi | ).
=1

The prediction rule for a new document is: § = argmax,.c Z?:o Bc,jxj. Generalized linear models and
penalized regression are well-studied with an extensive literature (McCullagh and Nelder, 1989; Hastie
et al.,, 2009). We leave other types of models, such as Poisson (Cameron and Trivedi, 1998) or ordinal
(McCullagh, 1980) regression models, to future work.

3.2 Ridge Regression

With large numbers of features, regularization is crucial to avoid overfitting. In ridge regression (Hoerl and
Kennard, 1970), a standard method to which we compare the time series regularization discussed in §3.3,
the penalty R((3) is proportional to the ¢2-norm of 3:

R(B) = MBIl = Y, 82

where ) is a regularization hyperparameter that is tuned on development data or by cross-validation.* This
penalty pushes many (3; close (but not completely) to zero. In practice, we multiply the penalty by the
number of examples M to facilitate tuning of A.

“The linear regression has a bias o that is always active. The logistic regression also has an unpenalized bias 3. o for each class
c. This weight is not regularized.



The ridge linear regression model can be interpreted probabilistically as each coefficient 3; is drawn
i.i.d. from a normal distribution with mean 0 and variance 2\ .

3.3 Time Series Regularization

Scientific text has distinct time series properties that reflect temporal variation in interests and techniques.
A simple way to capture temporal variation is to conjoin traditional features with a time variable. Here, we
divide the dataset into 7" time steps (years). In the new representation, the feature space expands from R?
to R7*4. For a document published at year ¢, the elements of & are non-zero only for those features that
correspond to year-t; that is zp ; = 0 for all ¢’ # ¢.

Estimating this model with the new features using the £s-penalty would be effectively estimating separate
models for each year under the assumption that each [3; ; is independent; even for features that differed only
temporally (e.g., 3¢ ; and ;41 ;). This seems at odds with our intuitive understanding of scientific trends.

In this work, we apply time series regularization to GLMs, enabling models that have coefficients that
change over time but prefer gradual changes across time steps. Boyd and Vandenberghe (2004, §6.3) de-
scribe a general version of this sort of regularizer. To our knowledge, such regularizers have not previously
been applied to temporal modeling of text.

The time series regularization penalty becomes:

T d

T od
R(B) = )\ZZ@% + )\az Z (Brj — Br-1,)”

t=1 j=1 t=2 j=0

It includes a standard /»-penalty on the coefficients, and a penalty for differences between coefficients for
adjacent time steps to induce smooth changes.”> Similar to the previous model, in practice, we multiply the
regularization constant A by % to facilitate tuning of A for datasets with different numbers of examples M
and numbers of time steps T'. The new parameter, «, controls the smoothness of the estimated coefficients.
Setting o to zero imposes no penalty for time-variation in the coefficients and results in independent ridge
regressions at each time step. Also, when the number of examples is constant across time steps, setting a
large o parameter (o — 00) results in a single ridge regression over all years since it imposes 3; j = B3i41,;
forallt € T.
The partial derivative is:

OR/0OBy; = 2B,
+ 1{t > 1}2 (Bt — Bi-1,5)
+ 1{t < T2 a(Br; — Brv1,5)

This time series regularization can be applied more generally, not just to linear and logistic regression.

With either ridge regularization or this time series regularization scheme, Eq. 1 is an unconstrained con-
vex optimization problem for the linear models we describe here. There exist a number of optimization
procedures for it; we use the L-BFGS quasi-Newton algorithm (Liu and Nocedal, 1989).

Probabilistic Interpretation

We can interpret the time series regularization probabilistically as follows. Let the coefficient for the jth
feature over time be 3; = (B1,5: 824, B1,5)- B ; are draws from a multivariate normal distribution with a

3Our implementation of the time series regularizer does not penalize the magnitude of the weight for the bias feature (as in ridge
regression). It does, however, penalize the difference in the bias weight between time steps (as with other features).
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Figure 2: Time series regression as a graphical model; the variables X ; and Y; are the sets of feature vectors and

response variables from documents dated ¢.

tridiagonal precision matrix X! = A € RT*T:

R

[1+a —« 0
—a 142« — 0
A=)\ 0 — 14+ 2« —Q
0 0 —a 142«

The form of R((3) follows from noting:
—2logp(B; a, A) = B;Aﬂj + constant

The squared difference between adjacent time steps comes from the off-diagonal entries in the precision
matrix.® Figure 2 shows a graphical representation of the time series regularization in our model. Its Markov
chain structure corresponds to the off-diagonals.

There is a rich literature on time series analysis (Box et al., 2008; Hamilton, 1994). The prior distribution
over the sequence (1 j, ..., r,;) that our regularizer posits is closely linked to a first-order autoregressive
process, AR(1).

3.4 Experiments

For each of the datasets in §2, we test our models for two tasks: forecasting about future papers (i.e., making
predictions about papers that appeared after a training dataset) and modeling held-out papers from the past
(i.e., making predictions within the same time period as the training dataset, on held-out examples).

For the NBER dataset, the task is to predict the number of downloads a paper will receive in its first year
after publication. For the ACL dataset, the task is to predict whether a paper will be cited at all (by another
ACL paper in our dataset) within the first three years after its publication. These two tasks correspond to
different measures of impact of a scholarly work. To our knowledge, clean, reliable citation counts are
not available for the NBER dataset; nor are download statistics available for the ACL dataset. Table 2
summarizes the variables of interest, model types, and evaluation metrics for the tasks.

SConsistent with the previous section, we assume that parameters for different features, 3 ; and 3, are independent.
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NBER ACL
Response log(#downloads+1) | 1{#citations > 0}
GLM type || normal / squared-loss | logistic / log-loss
Metric 1 mean absolute error accuracy
Metric 2 Kendall’s 7 Kendall’s 7

Table 2: Summary of the setup for the NBER download and ACL citation prediction experiments.

Features
NBER metadata features

e Authors’ last names. We treat each name as a binary feature. If a paper has multiple authors, all authors
are used and they have equal weights regardless of their ordering.

e NBER program(s).” There are 19 major research programs at the NBER (e.g., Monetary Economics,
Health Economics, etc.).

ACL metadata features

e Authors’ last names as binary features.
e Conference venues. We use first letter of the ACL anthology paper ID, which correlates with its confer-
ence venue (e.g., P for the ACL main conference, H for the HLT conference, etc.).?

Text features

e Binary indicator features for the presence of each unigram, bigram, and trigram. For the NBER data, we
have separate features for titles and abstracts. For the ACL data, we have separate features for titles and
full texts. We pruned text features by document frequency (details in §3.4).

e Log transformed word counts. We include features for the numbers of words in the title and the abstract
(NBER) or the full text (ACL).

Extrapolation

The lag between a paper’s publication and when its outcome (download or citation count) can be observed
poses a unique methodological challenge. Consider predicting the number of downloads over g future time
steps. If ¢ is the time of forecasting, we can observe the texts of all articles published before ¢t. However,
any article published in the interval [t — g, t] is too recent for the outcome measurement of y to be taken. We
refer to the interval [t — g, ¢] as the “forecast gap” (see Figure 3 for an illustration). Since recent articles are
sometimes the most relevant predictions at ¢, we do not want to ignore them. Consider a paper at time step
t',t — g < t' < t. To extrapolate its number of downloads, we consider the observed number in [¢, ¢], and
then estimate the ratio r of downloads that occur in the first ¢ — ¢’ time steps, against the first g time steps,
using the fully observed portion of the training data. We then scale the observed downloads during [t', ¢] by
r~! to extrapolate. The same method is used to extrapolate citation counts.

In preliminary experiments, we observed that extrapolating responses for papers in the forecast gap led to
better performance in general. For example, for the ridge regressions trained on all past years with the full
feature set, the error dropped from 262 to 259 when using extrapolation compared to without extrapolation.

7 Almost all NBER papers are tagged with one or more programs (we assign untagged papers a “null” tag). The complete list of
NBER programs can be found at http://www.nber.org/programs

8Papers in the ACL dataset have a tag which shows which workshop, conference, or journal they appeared in. However,
sometimes a conference is jointly held with another conference, such that meta information in the dataset is different even though
the conference is the same. For this reason, we simply use the first letter of the paper ID.
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Figure 3: Above, a timeline showing how a measurement follows a paper’s date of publication. Below, the emergence
of the forecast gap, a period prior to the testing period during which papers may be published, but their influence
measurements are not known. Papers during the forecast gap are most highly relevant to test-time trends.

Also, the extrapolated download counts were quite close to the true values (which we have but do not use
because of the forecast gap): for example, the mean absolute error of the extrapolated responses was 99 when
extrapolated based on the median of the fully observed portion of the training data (measured monthly).

Forecasting NBER Downloads

In our first set of experiments, we predict the number of downloads of an NBER paper within one year of
its publication.

We compare four approaches for predicting downloads. The first is a baseline that simply uses the median
of the log of the training and development data as the prediction.” The second and third use GLMs with ridge
regression-style regularization (§3.2), trained on all past years (“all years”) and on the single most recent
past year (“one year”), respectively. The last model (“time series”) is a GLM with time series regularization
(83.3).

We divided papers by year. Figure 4 illustrates the experimental setup. We held out a random 20% of
papers for each year from 1999-2007 as a test set for the task of modeling the past. To define the feature set
and tune hyperparameters, we used the remaining 80% of papers from 1999-2005 as our training data and
the remaining papers in 2006 as our development data. After pruning,'” we have 37,251 total features, of
which 2,549 are metadata features. When tuning hyperparameters, we simulated the existence of a forecast
gap by using extrapolated responses for papers in the last year of the training data instead of their true
responses. We considered A € 5{21=5,6} ‘and o € 5132+~1:=2} and selected those that led to the best
performance on the development set.

We then used the selected feature set and hyperparameters to test the forecasting and modeling capabilities
of each model. For forecasting, we predicted numbers of downloads of papers in 2008 and 2009. We used
the baseline median, ridge regression, and time series regularization models trained on papers in 1999-2007
and 1999-2008, respectively. We treated the last year of the training data (2007 and 2008, respectively)
as a forecast gap, since we would not have observed complete responses of papers in these years when
forecasting. For the “one year” models, we trained ridge regressions only on the most recent past year, using

“Making predictions using the median leads to performance that is very similar to using the mean.
For NBER, text features appearing in less than 0.1% or more than 99.9% of the training documents were removed. For ACL,
the thresholds were 2% and 98%.



NBER Experiments
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ACL Experiments
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Figure 4: An illustration of how the datasets were segmented for the experiments. Portions of data for which we report
results are shaded. Time spans are not to scale.

papers in 2007 and 2008, respectively, as training data.!! To test the additive benefit of text features, we
trained models with just metadata features (NBER programs and authors, denoted “Meta”) and with both
metadata and text features (denoted “Full™).

To evaluate the modeling capabilities, we trained the ridge regression and time series regularization mod-
els on papers from 1999-2008 and predicted the numbers of downloads of held-out papers in 1999-2007.
For comparison, we also trained ridge regression models on each individual year (“one year”) and predicted
the numbers of downloads of the held-out papers in the corresponding year.

Table 3 shows mean absolute errors for each method on both forecasting test splits, and mean absolute
errors averaged across papers over nine modeling test splits. For interpretability, we report predictions in
terms of download counts, though the models were trained with log counts (§2.1). The results show that
even a simple n-gram representation of text contains a valuable, learnable signal that is predictive of future
downloads. While the time series model did not significantly outperform ridge regression at predicting
future downloads, it did result in significantly better performance for modeling papers in the past.

Papers from the most recent past year in a training set have incomplete responses, so the models were trained on extrapolated
responses for that year. For the NBER development set from 2005, a ridge regression on just 2004 papers (for which extrapolation
is needed) outperformed a regression on just 2003 (for which extrapolation is not needed), 278 to 367 mean absolute error. For the
ACL development set from 2001, a regression on just 2000 (for which extrapolation is needed) led to slightly lower performance
(59% versus 61%) than a regression on just 1998 (for which extrapolation is not needed), probably due to the relatively small
number of conferences and papers in 2000. For consistency with the other models and with the NBER experiments, we evaluated
regressions on the most recent (extrapolated) year in our ACL experiments.
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Modeling | Forecasting

Features | -~ Model | 1999 97 | 2008 2009
- median 333 371 | 397
Meta one year 279 354 | 375
Meta all years 303 334 | 378
Meta time series 279 353 | 375
Full one year 271 346 | 351
Full all years 265 1300 | 339
Full time series 1245 *321 | *332

Table 3: Mean absolute errors for the NBER download predictions. “x” indicates statistical significance between time
series models using metadata features and the full feature set. “t” indicates statistical significance between the time
series and ridge regression models using the full feature set (Wilcoxon signed-rank test, p < 0.01).

Modeling Forecasting

Feat. | Model | 1980 03 | 2004 2005 2006

- majority 55 56 60 50
Meta | one year 61 56 54 62
Meta | all years 65 58 53 60
Meta | time series 66 56 53 56
Full | one year 69 70 64 67
Full all years 67 69 70 70
Full | time series 70 69 | *70 | *T72

T3]

Table 4: Classification accuracy (%) for predicting whether ACL papers will be cited within three years. “x” indicates
statistical significance between time series models using metadata features and the full feature set (binomial sign test,
p < 0.01). With the full feature set, differences between the time series and ridge (all years) models are not statistically
significant at the 0.01 level, but for the modeling task p is estimated at 0.026, and for the 2006 forecasting task, p is
estimated at 0.050.

Forecasting ACL Citations

We now turn to the problem of predicting citation levels. Recall that here we aim to predict whether an
ACL paper will be cited within our dataset within three years. Our experimental setup (Figure 4) is similar
to the setup for the NBER dataset, except that we use logistic regression to model the discrete cited-or-not
response variable. We also make the simplifying assumption that all citations occur at the end of each year.
Therefore, the forecast gap is only two years (we have observed complete citations in the test year).

After feature pruning, there were 30,760 total features, of which 1,694 are metadata features. We consid-
ered A € 5{ZL=8=9} (“Full”) and \ € 5{21 1112} (“Meta”); and a € 5{65:0~1} (both “Full” and
“Meta”), selecting the best values using the development data.

Again, we compare four methods: a baseline of always predicting the most frequent class in the training
data, “all years” and “one year” logistic regression models, and a logistic regression with the time series
regularizer.

For the forecasting task, we used papers in 2004, 2005, and 2006 as test sets. As the training sets for the
“all years” and time series models, we used papers from 1980 up to the last year before each test set, with
the last two years extrapolated. As the training sets for the “one year” models, we used papers from the year
immediately before the test set, with extrapolated responses.

To evaluate modeling capabilities, we predicted citation levels of held-out papers in 1980-2003. We used
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NBER ACL
08 ’09 | ’04 05 06
Meta | oneyear | .29 | .22 | .17 | .08 | .16
Meta | allyears | .31 | .22 | .15 | .12 | .21
Meta | time series | .29 | .22 | .14 | .10 | .17
Full one year | .35 | 31 | .44 | 39 | .33
Full all years | 43 | 37 | 42| 43 | 40
Full | time series | 43 | .38 | 47 | 44 | 43

Feat. Model

Table 5: Kendall’s 7 rank correlation for future prediction models on both datasets.

the “all years” and time series models trained on 1980-2005. We trained “one year” models separately for
each year and predicted downloads for the held-out papers in that year.

Table 4 shows classification accuracy for each model on the test data for both the forecasting and modeling
tasks. It is again clear that adding text significantly improved the performance of the model. Also, the time
series regression model shows a small, though not statistically significant, gain for modeling whether past
papers will be cited—as well as similarly small gains on two of the three forecasting test years.

Ranking

We can also use the models for ranking to help decide which papers are expected to have the greatest
impact. With rankings, we can use the same metric both for download and citation predictions. For the
NBER data, we ranked test-set papers based on the predicted numbers of downloads and computed the
correlation to the actual numbers of downloads. For the ACL data, we ranked papers based on the probability
of being cited (within the next three years) and computed the correlation to the actual numbers of citations.'?

To measure ranking models’ ranking quality, we used Kendall’s 7, a nonparametric statistic that measures
the similarity of two different orderings over the same set of items. Here, the items are scientific papers
and the two metrics are the gold standard numbers of downloads (or citations) and model predictions for the
numbers of downloads, or citation probabilities. If ¢ is the chance that a randomly drawn pair of items will
be ranked in the same way by the two metrics, then 7 = 2(¢ — 0.5).

Table 5 shows Kendall’s 7 for each model for the forecasting tasks (i.e., prediction of future citations
or downloads) in both datasets. As in the previous experiments, we see small benefits for the time series
regression model on most held-out data splits—and larger benefits for including text features along with
metadata features.

3.5 Analysis

An advantage of the time series regularized regression model is its interpretability. Inspecting feature co-
efficients in the model allows us to identify trends and changes of interests over time within a scientific
community.

Trends

First, we illustrate the difference between the time series and the other models in Figure 5, for NBER
models’ weights for unemployment rate and inflation rate appearing in a paper’s abstract. The year-to-year
weights of “one year” models fluctuate substantially, and the “all years” model is necessarily constant, but
the time series regularizer gives a smooth trajectory that reflects the underlying trend in paper downloads.

2Here, we use models of responses to individual papers for ranking (i.e., in a pointwise ranking scheme). Time series regular-
ization could also be applied to ranking models that model pairwise preferences to optimize metrics like Kendall’s 7 directly, as
discussed by Joachims (2002).
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Figure 6: Feature trends: term frequencies vs. model coefficients over time in the ACL corpus. Term freq. is the
fraction of tokens (or bigrams for m.z.) that year, that are the term, averaged over a centered five-year window.

We leave to future research whether there is a link between this trend in download weights and the measured
quantities in the macroeconomy. Over this period, US unemployment did rise and US inflation fell.
Previous work has examined the flow of ideas as trends in word and phrase frequencies, as in the Google
Books Ngram Viewer (Michel et al., 2011).'* Topic models have been used extensively to explore trends in
low-dimensional spaces (Blei and Lafferty, 2006; Wang et al., 2008; Wang and McCallum, 2006; Ahmed and
Xing, 2010). By contrast, our approach allows us to examine trends in the impact of text related to specific
observation variables: the coefficient trendline for a feature illustrates its association with measurements of
scholarly impact (citation and download frequency).

Text frequencies can be quite different from the discriminative weights our model assigns to features.
Figure 6 illustrates the (3; ; trends in the ACL time series model for some selected terms that occur frequently
in conference session titles. On the left are term frequencies (with smoothing, since year-to-year frequencies
are bumpy). Most terms decline over time. On the right, by contrast, are the weights learned by our time
series model. They tell a very different story: for example, parsing has shown a definite increase in interest,
while interest in grammars (e.g., formalisms) has declined somewhat. These trends have face validity, giving

Bhttp://ngrams.googlelabs.com
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Figure 7: Analysis of author citation coefficients. Every point is one ACL author, and the vertical axis shows the
citation coefficient, compared to (a) the number of documents co-authored by the author; and (b) the proportion of
an author’s papers that are cited within three years. The vertical bar is the macro-averaged citation proportion across
authors, 41%.

credence to our analysis; they also broadly agree with Hall et al. (2008).

Authors

The regression method also allows analysis of author influence, since we fit a coefficient for each of the
authors in the ACL dataset. Figure 7(a) addresses the following question: do prolific authors get cited more
often, even after accounting for the content of their papers?'# The effect is present but relatively small
according to our model: the total number of papers co-authored by an author has a weak correlation to the
author’s citation prediction coefficient (7 = 0.16).

Next, does the model provide more information than the simple citation probability of an author? Fig-
ure 7(b) compares coefficients to an author’s papers’ probability of being cited. Since we did not prune
author features, there are many authors with only a few papers, resulting in unsmoothed probabilities of 0,
0.5, 1, etc. (these correspond to the vertical “bands” in the plot). By contrast, the /5-penalty of the model
naturally assigned coefficients close to zero for such authors if it is justified.

In general, the simple probability agrees with the coefficient, but there are differences. The semantics
of the regression imply we are measuring the relative citation probability of an author, controlling for text
and venue effects. If an author has a high citation prediction coefficient but a low citation probability, that
implies the author has better-cited work than would be expected according to the n-grams in his or her
papers. We have omitted names of authors from the figure for clarity and confidentiality, but high outlier
authors tend to be well-known researchers in the ACL community. Obviously, since the prediction model
is not perfect, it is not possible to completely verify this hypothesis, but we feel this analysis is reasonably
suggestive.

“More precisely: if a prolific author and a non-prolific author write a paper, does the prolific author’s paper have a higher
probability of being cited than the non-prolific author’s, all other things being equal?
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4 Spatial Model

We now turn our attention to a spatial model which captures regional differences in scientific interests. For
example, economists in North America might be interested in different “topics”!3 than economists in Africa.
In this section, we introduce a model which predicts scientific responses and identifies trends in different
regions. We make use of the NBER dataset, so we will consider downloads as the responses.

4.1 Model

Consider a model that predicts an output y given an input X for an article. When predicting regional
downloads, y, is the number of downloads in region , and ) __ ¥, is the total number of downloads for a
paper in all regions. For the multiple output linear regression model, for each region, given a vector input
x € R?, the prediction 7. € R is computed as:

d d
gr - Z ﬁgxg + Zﬂrlxlv
g=0 =0

where (3 is a matrix of coefficients parameterizing the model. Each (3, is shared (global) feature which fires
in every region, and each (3,; is unshared (local) feature which fires only in region r. Local features are
constructed by conjoining 3, with region r for each r € R. Since there are d global features, we have rd
local features. When making predictions about y,., we only consider global features 34 and relevant local
features 3,..

We can write the model in matrix notation:

Y = XB+E,

where Y € RM*E ig the response matrix, X € RM*2¢ is the input matrix, 3 € R24*® is the parameter
matrix, and E € RM*R ig the error matrix.
For this model, the regularized paramater estimate becomes:

M R
arg Hgn R(B)+> > (yij — i)
i=1 j=1
£ regularization (“lasso”) is especially good for this task, since we expand the feature space and many
textual features are irrelevant to the regional values being predicted. It yields sparse models with several
thousand non-zero weights from hundreds of thousands of features, which can easily be interpreted to reveal
scientific community’s interests in each region. Specifically, R((3) is defined as'®:

R
R(B) = AgllBgll + X > 11Brlly

d TZlR d
= )‘QZ ‘ﬁg’ + A ZZ ‘ﬁrl"
g=1 r=1[=1

We use the orthant-wise limited memory quasi-Newton (OWL-QN) method (Andrew and Gao, 2007), an
unconstrained optimization method which is based on the L-BFGS quasi-Newton algorithm, to estimate the
parameters of the model.

5We define topics very loosely here. In our model, topics are represented as bags of words.

1SIn our experiments, during parameter sweeps, we always set penalties to global features Ag and local features \; to the same
value.
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Region Baseline (Mean) | LR| SR| MR |

Overall 51.22 | 4821 | 45.86 | 47.36
North America 105.67 | 120.86 | 94.03 | 97.01
South America 28.76 | 24.41 | 29.18 | 25.72
Western Europe 102.88 | 86.39 | 86.95 | 90.93
Eastern Europe 23.26 | 19.50 | 20.99 | 20.60

Africa 9.06 8.06 | 876 | 8.94

Asia 79.85 | 70.81 | 73.60 | 80.90
Australia 8.50 747 752 | 742

Table 6: Mean absolute error for NBER regional download prediction. Overall results are macro-averaged across
regions. LR is a linear regression model trained on the whole dataset without local features (except a bias feature for
each region). SR is a linear regression model trained on each region separately. MR is the multiple output regression
model with global and local features.

4.2 Experiments
Data splits and features

Since 2005, the NBER started to log IP addresses of downloaders. We map these IP addresses to regions
using GeolP.!” In this experiment, we arbitrarily divided the world into seven regions (North America, South
America, Western Europe, Eastern Europe, Africa, Asia, Australia), and predicted the number of downloads
in six months in each region.'® We used 3588 papers from 2005-08 to train the model, 508 papers from the
first half of 2009 as the development set, and tested the model on 555 papers from the first half of 2010.
Since we had to expand the feature space to incorporate global and local features resulting in a large number
of features, we did not use the full NBER feature set but only used meta features and unigram text features.

Results

We compared the mean absolute errors of the multiple output linear regression models with global and
local features (“MR” model) to R = 7 separate ¢1-regularized linear regression models (one for each region)
with only local features (“SR” model), to a single ¢;-regularized regression model trained on the whole
dataset with bias features for each region (“LR” model), and to a simple baseline which always uses the
mean of the training and development data as the prediction.

Table 6 shows the results of our experiments. The results suggest that introducing globally shared fea-
tures does not yield consistent performance improvements compared to training a separate linear regression
model for each region, nor does it give consistent benefits over a single global model with regional biases.
Nonetheless, our model was able to discover distinctive regional features which reveal regional scientific
interests, as described in the next section.

4.3 Analysis

Although using both global and local features did not result in performance improvements over other mod-
els, it allows us to directly compare community’s interests across the world by inspecting highly weighted
features in the resulting model. For example, according to the model, most people regardless of regions read

"http://www.maxmind.com/app/city

8Note that this is different than the previous experiments where we predicted the number of downloads one year after a paper’s
publication date. We chose six months since we have smaller dataset with IP addresses and we wanted to have a reasonable number
of papers for training.
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Figure 8: Regionally popular words. Borders are only for illustration purpose and are not accurate.

papers about productivity, bailout, and economics, but are less interested in papers about gambles, safety,
and protective.

Figure 8 and Figure 9 show popular and unpopular words in each region respectively. We can see that
Asian readers are more interested in chinese, trade, market, firm, and value, but are less interested in words
such as causal and war. On the other hand, readers in North America are interested in hispanic, medicare,
and health, among others. This tells us that readers in different parts of the world do not share similar
interests in economics papers, but rather choose to focus on papers about specific “topics” (represented
by words in our model) more closely related to their regions. Importantly, similar to our temporal model,
the results here also have face validity, indicating that the model learned reasonably suggestive feature
coefficients. It further supports our hypothesis that inspecting feature coefficients learned by a linear model
allows us to discover social phenomena in a scientific community.

S Latent Variable Logistic Regression Model

In this section, we consider a model that incorporates latent variables to determine whether a sentence is
included or not when making a prediction. Under this model, if we regard the selected sentences as a sum-
mary of a document under consideration, the model can be understood as a response-guided summarization
model. We describe the model first and show experimental results subsequently.

5.1 Model

Consider a document with S sentences. Our model is a Markov random field with an input variable x, a
latent variable h = (hq, ho, ..., hg), and a response variable y € {0, 1}. The graphical representation of
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the model is presented in Figure 10. The model has three parameters, 6, ¢, and 8 with parametric form

exp (05 (. he) + ¢ S5y Flhoshe1) + B X5, S, hey))
p(y, hlz) = >y Z(Y'|x;0,9,8) 7

S S S
Z(y|w;0,0,8) = > exp (e D @) > fRLE )+ B fla, h;,y’>>
h' s=1 s=2 s=1

With the independence assumption shown in the figure, the partition function Z(y'|x; 8, ¢, 3) factors as
follows:

S S
Z(y’lw;O,cb,B):ZeXp <0-Zf(:c,h’s)+¢‘2f( D+8 Zf (, 1,y )
= s=2
+0- f(xz,h

—HZexp f(z,hl)

c hl h2>
where ¢ = (cy, ¢, cs—1) are cliques in the graph, each consisting four variables x, hg, hs11,y, and
(he, hZ) € {{0,0), (0, 1), (1,0), (1, 1)}.

The conditional likelihood of the corpus is obtained by marginalizing out the latent variables h

L£(6, ZlogZP vi, hilzi; 0, ¢, 3).

=1 h;
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Figure 10: Graphical model representation of the latent variable logistic regression model.

Although we can use any regularization technique, for simplicity, we apply “ridge” penalty to each feature
coefficient and so our full objective function becomes:

argmin £(0, ¢, 8) + R(0) + R(¢) + R(B)
0,0.8

We use L-BFGS to estimate the parameters of this model. The first derivatives with respect to the regu-
larization terms are the same as in the previous section, while the first derivatives with respect to the loss
function are:

M
oL
aiek - ZEpe,tt,B(hslm,yi) [fk(a:’w hs)] - Epe,¢,3(hs,y’|a:i) [fk(wz, hs)}
=1
or U
% = ZEP6,¢,ﬁ(h57hs+1\wi,yi) [fk(hsa hs—l—l)] - Epe,¢,,3(h57hs+1,y’|wi) [fk(h37 hs+1)]
=1
o L ,
Tﬁk = ZEP6,¢,B(h.s|mi,yi) [fi(xi, hs,vi)] — B o5 (s |2:) [fk(:cz, hs,y )]
=1

Since the graph forms a chain once we observe y, inference in this model can be performed efficiently
using belief propagation. To compute the partition function, we can simply run belief propagation twice
by fixing y to 0 and 1 respectively. As an alternative to marginalizing the latent variables, we can instead
maximize h. In this setting, inference can be solved using the well-known Viterbi algorithm. Lastly, we use
the following rule to make a prediction:

A Z(y|x; 0, ¢, )
= argmax p(y|z; 0, ¢, B3) = argmax
§ = argn (y|x:; 0,6, 8) & Sy 20, 0,0)

We note that this model can be easily generalized to handle multiclass classification problems.

5.2 Experiments

Data splits and features

Since the current model only works for categorical responses, we tested it on the ACL dataset to predict
whether a paper will be cited or not within three years after its publication. We used the same data split as in
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the previous section, but we segmented every document into sentences using MxTerminator'® (Ratnaparkhi,
1996), and we removed papers with less than ten sentences (most likely these papers have OCR errors).

Recall that in this model, we have three sets of features f(x, hs), f(hs, hs+1), and f(x, hs,y). The first
feature set f(x, hs) is used to predict whether a sentence is included or not in making the prediction. For
a sentence s, we have a bias, unigrams, bigrams, and trigrams of the sentence as features. More recently,
we have been experimenting with including document position features which indicate the position of the
sentence in the document. For example, a sentence can be located in the middle or at the end of the doc-
ument. Sentences in abstracts and conclusions sections are arguably more important than sentences in the
experiments section. For this reason, sentences in different parts of the document should have different
probabilities to be included in making predictions. We normalize the position of the sentence relative to the
beginning of the document with the document length, so every sentence has a position from 0 to 1. We have
three thresholds at 0.25, 0.5, 0.75, and four binary features for each area between the thresholds. Note that
out of these four position features, only one will fire for every sentence. We observed that introducing the
document position feature leads to a small improvement in overall document prediction accuracy. However,
the results reported here did not include this feature since we have not had full results for these experiments
as of the submission of this report.

The second feature set f(hs, hst1) is parameterized by ¢p. We only have a single feature which fires when
hs is equal to hg1 (which indicates whether sentence s and sentence s+ 1 are both selected or not selected).
To encourage the model to select block of sentences for interpretability of the summary, we put a prior on ¢
to promote hs and hg;1 to have the same value by incorporating it in the regularization term R(¢).

The last feature set f(x, hs,y) are binary features for unigrams, bigrams, and trigrams of every selected
sentence in the document. We also have a bias feature for every article. In these preliminary experiments,
we did not use unigrams, bigrams, and trigrams for the title of the document, and meta features such as
publication venue and authors which always fire, although they can easily be incorporated to the model.

Results

Table 7 shows experimental results on the ACL dataset. We tested four different inference strategies for
training and testing time, since we can either marginalize or maximize over the latent variables at each case.
We compared the method with a vanilla logistic regression model trained on the whole document with #5-
penalty. For the latent variable logistic regression model, results are averaged over five runs. There are a few
hyperparameters that need to be tuned for this the model. First, we have A, the regularization penalty. We
tried A € {1019-~=7=81 selecting the best value using the development data. The prior for ¢ was set to
0.1 and 0.01 and the bias feature for sentence inclusion (6y) was set to —2.0 and —0.1 when training using
sum and max inference respectively. These numbers were selected to get a reasonable number of sentences
for the summary and were tuned on the development data. Although our preliminary results are not strong,
we believe that the model still has a lot of potential. Specifically, with a better initialization technique and
introduction of more features for selecting sentences, we believe that the results will eventually be better
compare to vanilla ridge logistic regression model.

6 Influence Language Model

We aim to estimate parameters for a log-linear distribution of influence among scientific papers, that takes
into account features such as geographical proximity, source institutions, author names, and temporal prox-
imity measures. We make the assumption that influence can be approximated by similarity of language.
Specifically, we assume that whether a document z; has been influenced by a past document xj, can be

Yftp://ftp.cis.upenn.edu/pub/adwait/jmx/
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Forecasting

2004 2005 2006

- majority 56 60 50
Text LR 70 70 71
Text | max-max 63 60 59
Text | max-sum 63 58 57
Text | sum-max 61 62 57
Text | sum-sum 67 67 66

Feat. Model

Table 7: Classification accuracy (%) for predicting whether ACL papers will be cited within three years. The models
here use only text (no metadata features). “Max” and “sum” refer to the type of inference (hard or soft) performed
during learning and during test-time prediction (e.g., “max-sum” means hard inference during learning, soft inference
at test time).

modeled using the probability assigned to the words and multi-word phrases in ; according to a language
model estimated from xy,.

The goal of the model is to test what factors affect influence. Suppose we have a parameter vector 3. A
parameter in 3 being reliably non-zero provides evidence that the corresponding feature significantly affects
influence. For example, we can ask questions about the effects of time and geography: a negative weight
on a measure of geographic distance would indicate that papers are more likely to be influenced by papers
from nearby institutions (e.g., Harvard and Yale versus Harvard and the University of Chicago).

6.1 Model

Let j be the index for a current document and k be the index for a past document. Let f(z, z,) be a function
that returns a vector of feature values for a specified pair of current and past documents, and let N; be the
number of word tokens in the sequence w;. The log likelihood function for the model is:

Nj
logp(W | 3,0,x) =Y > log > pglzji =k | xj,zx)pe(w = wji | k, hyq) 2
7 i k

pe is a fixed language model probability for the current word wj; given the previous words hj; (i.e., the
history). pg is a log-linear distribution over past documents:

exp(ﬁTf(l'j, xk))
> exp(BTf(x), 2},))

p(zji = k| zj,21) = 3)

The generative process for each document z; is:

e For each word w; in x;:

— Draw a past document , from a multinomial exp(3' f(z;,z1))/Z

— Draw w; from p(w; | ¢, hij), where ), is a fixed language model for document .

We can maximize this function with respect to the pairwise metadata features 3 using Expectation Max-
imization (EM) algorithm. In the E-step, we fix 8 and compute, for all j and k, the expected number of
words in the present document x; for which the inuence variable for a word token corresponded to the past
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document xy,.

N,
Gin — i: pa(zji =k | zj, xp)po(w = wy; | k, hjs) @
’ pa(zji =K' | zj, 2p)po(w = wyi | K/, hyi)

Then, in the M-step, we maximize the following objective:

=Y alogp(zi =k | x5, 21)
ik

=> > gk |B"E(j,21) —log Y exp(Bf(x;, xk'))] )
ik Y

A standard convex optimizer can be used; we use the L-BFGS quasi-Newton algorithm (Liu and Nocedal,
1989). For computing the gradient, the partial derivative of this objective with respect to a single parameter
B 1s the following (which is analogous to Berg-Kirkpatrick et al., 2010):

ﬁ)zzzk:q]‘k 95, ——B f(xj,x) — 8ﬁmIOgZeXp l‘j,ﬂﬁk/))]
J

/

= . f’m Zj, T eXp(,@ f(l'],l‘k/))
Zj:zk:(bk .Tj,xk Z Zk// exp(ﬁ f(ij,.’L‘k//)) ]

kl

:ZZ%’k m (T, T)) me%,fﬁk' z—k/’ﬁ] ©)
ik

6.2 Experiments

Data splits and features

In this preliminary experiment, we use the NBER dataset to model influences on papers in 2009 from the
previous ten years (1999-2008). We pre-computed trigram language models using SRI Language Modeling
Toolkit.2? We have five pairwise features for each pair of document x; and x2
e 1{document z; and document xj, share co-authors. }
1{document z; and document xj, have contact info addresses (zipcodes) > 0 kilometers apart. }
1{document z; and document x;, have contact info addresses (zipcodes) > 100 kilometers apart. }
1{document z; and document xj, have contact info addresses (zipcodes) > 1000 kilometers apart. }

Year difference between document ; and document .

Results

Table 8 shows feature coefficients learned by our model after 46 EM iterations (chosen to limit runtime).
The results suggest that scientific papers are influenced by social, geographical, and temporal aspects. First,
the highly positive weight for the shared-coauthorship feature indicates that if two papers share at least a
co-author, the papers are more likely to be similar. Second, the year difference feature has a high negative
weight. It indicates that more recent papers have a higher probability to influence current paper. Last, we can
see that geographical distance also affects written scientific articles. Strong negative weights for increasing
distances between contact info addresses show that the more distant two papers are, the less likely they are
to influence each other.

Phttp://www.speech.sri.com/projects/srilm/
2 Additional features can be incorporated easily to the model.
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Feature Weight

Shared-coauthorship | 0.026
Year difference -0.051
Distance > 0 km -0.025
Distance > 100 km | -0.026
Distance > 1000 km | -0.015

Table 8: Feature weights learned by the influence language model.

7 Related Work

Previous work on modeling scientific literature mostly focused on citation graphs (Borner et al., 2003;
Qazvinian and Radev, 2008). Some researchers, e.g., Erosheva et al. (2004), have used text content. Most
of these are based on topic models: Gerrish and Blei (2010) measure scholarly impact, Hall et al. (2008)
study the “history of ideas”, and Ramage et al. (2010) rank universities based on scholarly output using topic
models. Our models were able to discover interesting trends without utilizing the citation graph, but we can
easily extend them to make use of it.

Download rates and citation prediction were two of the main tasks in the KDD Cup 2003 (McGovern
et al., 2003; Brank and Leskovec, 2003). Bethard and Jurafsky (2010) considered the problem slightly
differently and proposed an information retrieval approach to citation prediction. Our approach is novel in
that we formulate the problem as a forecasting task and we seek to predict future impact of articles.

Linear regression with text features has been used to predict financial risk (Kogan et al., 2009) and movie
revenues (Joshi et al., 2010). While the forecasts in those papers are similar to ours, those authors did not
consider a forecast gap or allowing the parameters of the model to vary over time.

Our time series regularization is closely related to the fused lasso (Tibshirani et al., 2005). It penalizes a
loss function by the ¢1-norm of the coefficients and their differences. The ¢1-penalty for differences between
coefficients encourages sparsity in the differences. We use the £2-norm to induce smooth changes across time
steps. We experimented with more advanced regularization techniques, both for individual coefficients and
pairs or groups of coefficients. However, we did not get consistent improvements, and the optimization
method becomes considerably more complex.

Our latent variable logistic model is inspired by related work in sentiment analysis (Yessenalina et al.,
2010). They made use of structural support vector machines to discover hidden explanations and only con-
sidered a subset of the sentences which best explain document sentiment when making a prediction. Similar
methods based on Markov random fields have also been proposed (McDonald et al., 2007; Tackstrom and
McDonald, 2011). Learning and inference in our summarization model are closely related to those of the
hidden conditional random fields (Quattoni et al., 2007).

The influence language model is a combination of multiple ideas: featurized log-linear parameterizations
in generative models (Berg-Kirkpatrick et al., 2010), Latent Dirichlet Allocation (Blei et al., 2003), and
language model interpolation (Hsu, 2007).

8 Conclusions and Future Work

We presented a statistical approach to predicting a scientific community’s response to an article and mod-
eling scientific literature, based on its textual content. We showed how temporal and spatial trends can be
discovered using methods based on generalized linear models. To improve the interpretability of the linear
model, we developed a novel time series regularizer that encourages gradual changes across time steps and
introduced a multiple output regression model with overlapping features. Our experiments showed that text
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features significantly improve accuracy of predictions over baseline models, and we found that the feature
weights reflect important trends in the literature. We also proposed a model which summarizes the document
while making predictions, and a model for discovering influential factors in written scientific communica-
tion.

There are many possibilities that we leave for future work. For example, we can have a model which
jointly explores spatial and temporal trends in a scientific literature or other related corpora. We can also
develop a model in which there is a base coefficient for each feature, and other (temporal or regional)
coefficients are drawn randomly with small perturbations from it. Extending the latent variable logistic
regression model to handle continuous response is also an interesting direction to pursue, although inference
in this model will not be straightforward. Additionally, we can make the latent variables represent other
structures instead of document summary. For the influence language model, experiments with richer feature
sets will reveal more interesting factors which affect written scientific communication.
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