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Abstract

Labor economists regularly analyze employment data by fitting predictive models
to small, carefully constructed longitudinal survey datasets. Although modern
machine learning methods offer promise for such problems, these survey datasets are
too small to take advantage of them. In recent years large datasets of online resumes
have also become available, providing data about the career trajectories of millions
of individuals. However, the distribution of these large resume datasets differ in
meaningful ways from the survey datasets used for economic estimation; standard
econometric models cannot take advantage of their scale or make predictions under
distribution shift. To this end we develop CAREER, a transformer-based model
that uses transfer learning to learn representations of job sequences. CAREER is
first fit to large, passively-collected resume data and then fine-tuned on samples of
the downstream data distribution of interest. We find that CAREER forms accurate
predictions of job sequences, achieving state-of-the-art predictive performance
on three widely-used economics datasets. We also find that CAREER is adept at
making predictions under distribution shifts in time.1

1 Introduction

A variety of economic analyses rely on models for predicting an individual’s future occupations.
These models are crucial for estimating important economic quantities, such as gender or racial
differences in unemployment (Hall, 1972; Fairlie & Sundstrom, 1999); they underpin causal analyses
and decompositions that rely on simulating counterfactual occupations for individuals (Brown et al.,
1980; Schubert et al., 2021); and they inform policy, by forecasting occupations with rising or
declining market shares.
These analyses typically involve fitting predictive models to longitudinal surveys that follow a cohort
of individuals during their working career (Panel Study of Income Dynamics, 2021; Bureau of Labor
Statistics, 2019a). Such surveys have been carefully collected to represent national demographics,
ensuring that the economic analyses can generalize to larger populations. But these datasets are also
small, usually containing only thousands of workers, because maintaining them requires regularly
interviewing each individual. Consequently, economists use simple sequential models, where a
worker’s next occupation depends on their history only through the most recent occupation (Hall,
1972) or a few summary statistics about the past (Blau & Riphahn, 1999).
In recent years, however, much larger datasets of online resumes have also become available. In contrast
to longitudinal surveys, these passively-collected datasets are not used directly for economic inferences
because they are not constructed to be nationally representative, and thus differ in distribution from

1Full paper available at https://arxiv.org/abs/2202.08370
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the survey datasets of interest. However, they provide occupation sequences of millions of individuals,
potentially expanding the scope of insights that can be obtained from analyses on downstream survey
datasets. The simple econometric models currently in use cannot take advantage of the scale of the
data or make predictions under distribution shift.
To this end, we develop CAREER, a neural sequence model of occupation trajectories. CAREER is
designed to be pretrained on large-scale resume data and then fine-tuned on samples from smaller
and better-curated survey data for economic prediction. Its architecture is based on the transformer
language model (Vaswani et al., 2017), for which pretraining and fine-tuning has proven to be an
effective paradigm for many NLP tasks (Devlin et al., 2019). CAREER extends this transformer-based
transfer learning approach to modeling sequences of occupations, rather than text.
In this paper, we consider two kinds of distribution shifts: distribution shifts in the kinds of data (i.e.
between large resume datasets and smaller economic survey datasets of interest), and distribution
shifts in time (i.e. between job sequences before and after some date). We will show that CAREER’s
representations provide effective predictions of occupations under both kinds of distribution shifts.

2 CAREER

Occupation models. Consider an individual worker. This person’s career can be defined as a series
of timesteps. Here, we use a timestep of one year. At each timestep, this individual works in a job: it
could be the same job as the previous timestep, or a different job. (Note we use the terms “occupation”
and “job” synonymously.) We consider “unemployed” and “out-of-labor-force” to be special job types.
Define an occupation model to be a probability distribution over sequences of jobs. An occupation
model predicts a worker’s job at each timestep as a function of all previous jobs and other observed
characteristics of the worker. More formally, define an individual’s career to be a sequence
(y1, . . . , yT ), where each yt ∈ {1, . . . , J} indexes one of J occupations at time t. Occupations are
categorical; one example of a sequence could be (“cashier”, “salesperson”, ... , “sales manager”). At
each timestep, an individual is also associated with C observed covariates xt = {xtc}Cc=1. Covariates
are also categorical, with xtc ∈ {1, . . . , Nc}. For example, if c corresponds to the most recent
educational degree, xtc could be “high school diploma” or “bachelors”, and Nc is the number of
types of educational degrees.2 Define yt = (y1, . . . , yt) to index all jobs that have occurred up to
time t, with the analogous definition for xt.
At each timestep, an occupation model predicts an individual’s job in the next timestep, p(yt|yt−1,xt).
This distribution conditions on covariates from the same timestep because these are “pre-transition.”
For example, an individual’s most recent educational degree is available to the model as it predicts
their next job.
An occupation model’s predictions are governed by an individual’s career history; both whether
an individual changes jobs and the specific job they may transition to depend on current and previous
jobs and covariates. We consider a class of occupation models that make predictions by conditioning
on a low-dimensional representation of work history, ht(yt−1,xt) ∈ RD. This representation is
assumed to be a sufficient statistic of the past; ht(yt−1,xt) should contain the relevant observed
information for predicting the next job.
Since individuals frequently stay in the same job between timesteps, we propose a class of models
that make predictions in two stages. In the first stage, the career representation ht(yt−1,xt) is used
to predict whether an individual changes jobs. Define the binary variable st to be 1 if a worker’s job
at time t is different from that at time t− 1, and 0 otherwise. The first stage is a logistic regression,

st|yt−1,xt ∼ Bernoulli (σ(η · ht(yt−1,xt))) , (1)
where σ(·) is the logistic function and η ∈ RD is a vector of coefficients.
If the model predicts that an individual will transition jobs, it only considers jobs that are different from
the individual’s most recent job. To formulate this prediction, it combines the career representation
with a vector of occupation-specific coefficients βj ∈ RD:

p(yt = j|yt−1,xt, st = 1) =
exp{βj · ht(yt−1,xt)}∑

j′ 6=yt−1
exp{βj′ · ht(yt−1,xt)}

. (2)

2Some covariates may not evolve over time. We encode them as time-varying without loss of generality.
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Otherwise, the next job is deterministic:

p(yt = j|yt−1,xt, st = 0) = δj=yt−1
. (3)

CAREER. We develop a two-stage representation-based occupation model called CAREER.3 This
model uses a transformer to parameterize a representation of an individual’s history. CAREER
handles distribution shifts between resume datasets and small survey datasets of interest via transfer
learning: it is pretrained on large resume datasets and then fine-tuned to make predictions on samples
from downstream data distributions.
CAREER is based on a transformer, a sequencemodel that uses neural networks to learn representations
of discrete tokens (Vaswani et al., 2017). While transformers were developed to model sequences of
words, CAREER uses a transformer to model sequences of jobs. CAREERmakes two modifications to
the transformer architecture to account for differences between labor and text data. First, as described
above, the model makes predictions in two stages, making it better-suited to model workers who stay
in the same job through consecutive timesteps. (In contrast, words seldom repeat.) Second, while
language models only condition on previous words, each career is also associated with covariates x
that may affect transition distributions (see Equation 2). See Appendix A for more details.
Distribution shifts. Economists apply occupation models to survey datasets that have been carefully
collected to represent national demographics. In the United States, these datasets contain a small
number of individuals. While transformers have been successfully applied to large NLP datasets, they
are prone to overfitting on small datasets (Kaplan et al., 2020; Dosovitskiy et al., 2021; Variš & Bojar,
2021). As such, CAREER may not learn useful representations solely from small survey datasets.
In recent years, however, much larger datasets of online resumes have also become available. Although
these passively-collected datasets provide job sequences of many more individuals, they are not
used for economic estimation for a few reasons. The occupation sequences from resumes are
imputed from short textual descriptions, a process that inevitably introduces more noise and errors
than collecting data from detailed questionnaires. Additionally, individuals may not accurately list
their work experiences on resumes (Wexler, 2006), and important economic variables relating to
demographics and wage are not available. Finally, these datasets are not constructed to ensure that
they are representative of the general population.
These two types of data reflect job sequences from different distributions. On the one hand, resume
data is large-scale and contains valuable information about employment patterns. On the other hand,
survey datasets are carefully collected from data distributions of interest.
Thus CAREER incorporates the patterns embedded in large-scale resume data into the analysis of
survey datasets. It does this through transfer learning: CAREER is first pretrained on a large dataset
of resumes to learn an initial representation of careers. When CAREER is then fit to a small survey
dataset, parameters are not initialized randomly; instead, they are initialized with the representations
learned from resumes. After initialization, all parameters are fine-tuned on samples of the small
dataset of interest by optimizing the likelihood. Because the objective function is non-convex, learned
representations depend on their initial values. Initializing with the pretrained representations ensures
that the model does not need to re-learn representations on the small dataset. Instead, it only adjusts
representations to account for dataset differences.
Another distribution shift occurs when CAREER is used to predict future jobs for individuals:
occupational trends change over time. In other words, the historic sequences of jobs used for training
may not reflect the future sequences of jobs used for prediction. CAREER handles this case by
learning year-specific embeddings; see Appendix A. These embeddings can be imputed for unseen
years via interpolation techniques.

3 Empirical Studies

We assess CAREER’s ability to predict jobs under two kinds of distribution shifts: shifts in kinds of
data types (i.e. between large resume data and smaller economic survey datasets of interest), and
distribution shifts in time.

3CAREER is short for “Contextual Attention-based Representations of Employment Encoded from Resumes.”
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PSID NLSY79 NLSY97

Markov regression (Hall, 1972) 18.97 ±0.10 15.03 ±0.03 20.81 ±0.02
Bag-of-jobs (Ruiz et al., 2020) 16.21 ±0.08 13.09 ±0.03 16.20 ±0.01
NEMO (Li et al., 2017) 17.58 ±0.04 12.82 ±0.04 18.38 ±0.08
CAREER (vanilla) 15.26 ±0.08 12.20 ±0.04 16.19 ±0.04
CAREER (two-stage) 14.79 ±0.04 12.00 ±0.00 15.22 ±0.03
CAREER (two-stage + pretrain) 13.88 ±0.01 11.32 ±0.00 14.15 ±0.03

Table 1: One-stage baselines

(a) Test perplexity on survey datasets. Results are averaged over three ran-
dom seeds. CAREER (vanilla) includes covariates but not two-stage pre-
diction or pretraining; CAREER (two-stage) adds two-stage prediction.

(b) CAREER’s scaling law on
NLSY79 as a function of
pretraining data volume.

Figure 2: Prediction results on longitudinal survey datasets and scaling law.

dictive models have lower perplexities. We train all models to convergence and use the checkpoint
with the best validation perplexity. See Appendix I for more experimental details.

Figure 2a compares the test-set perplexity of each model. With the transferred representations, CA-
REER makes the best predictions on all survey datasets, achieving state-of-the-art performance.
NEMO, which was designed to model large resume datasets, struggles to make good predictions
on these small survey datasets, performing on par with standard econometric baselines. Pretraining
is the biggest source of CAREER’s improvements. Although the resume data is noisy and differs
in many ways from the survey datasets used for economic prediction, CAREER learns useful rep-
resentations of work experiences that aid its predictive performance. In Appendix G we show that
modifying the baselines to incorporate two-stage prediction (Equations 1 to 3) improves their per-
formance, although CAREER still makes the best predictions across datasets. We include qualitative
analysis of CAREER’s predictions in Appendix D.

To assess how the volume of resumes used for pretraining affects CAREER’s predictions on survey
datasets, we downsample the resume dataset and transfer to survey datasets. The scaling law for
NLSY79 is depicted in Figure 2b. When there are less than 20,000 examples in the resume dataset,
pretraining CAREER does not offer any improvement. The relationship between pretraining volume
and fine-tuned perplexity follows a power law, similar to scaling laws in NLP (Kaplan et al., 2020).

We also assess CAREER’s ability to forecast future career trajectories. In contrast to predicting
held-out sequences, forecasting involves training models on all sequences before a specific year. To
predict future jobs for an individual, the fitted model is used to estimate job probabilities six years
into the future by sampling multi-year trajectories. This setting is useful for assessing a model’s
ability to make long-term predictions, especially as occupational trends change over time.

We evaluate CAREER’s forecasting abilities on NLSY97 and PSID. (These datasets are more valu-
able for forecasting than NLSY79, which follows a cohort that is near or past retirement age.) We
train models on all sequences (holding out 10% as a validation set), without including any obser-
vations after 2014. When pretraining CAREER on resumes, we also make sure to only include
examples up to 2014. Table 2 compares the forecasting performance of all models. CAREER makes
the best overall forecasts. CAREER has a significant advantage over baselines at making long-term
forecasts, yielding a 17% advantage over the best baseline for 6-year forecasts on NLSY97. Again,
NEMO, which had been developed to model much larger resume corpora, struggles to make good
predictions on these smaller survey datasets.
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NLSY97 PSID
Overall 2-Year 4-Year 6-Year Overall 2-Year 4-Year 6-Year

Markov regression 23.11 12.50 25.88 36.59 19.43 11.83 21.66 27.89
Bag-of-jobs 22.51 11.98 25.11 36.29 19.28 11.44 21.68 28.14
NEMO 25.26 12.59 28.35 43.01 18.58 11.08 20.67 27.29
CAREER 19.41 10.78 21.57 30.19 16.51 10.35 18.30 23.18

Table 1: Forecasting perplexity under distribution shifts in time (lower is better) on NLSY97 and
PSID. Results are averaged over three random seeds.

Distribution shifts in data types. For pretraining, we use a dataset of 24 million resumes provided
by Zippia, a career planning company. We consider three widely-used economic survey datasets: two
cohorts from the National Longitudinal Survey of Youth (NLSY79 and NLSY97) and the Panel Study
of Income Dynamics (PSID). These datasets have been carefully constructed to be representative of
the general population, and they are widely used by economists for estimating important quantities.
These survey datasets are considerably smaller than resumes. Moreover, the distribution of job
sequences in resumes differs in meaningful ways from those in the survey datasets; for example,
manual laborers are under-represented and college graduates are over-represented in resume data (see
Appendix F for more details).
We compare CAREER to several baseline models: a second-order linear regression with covariates
and hand-constructed summary statistics about future employment; a bag-of-jobs model inspired
by SHOPPER (Ruiz et al., 2020); and NEMO (Li et al., 2017), an LSTM-based method developed
in the data mining community for modeling resumes. We evaluate the predictive performance of
each model by computing held-out perplexity, a common metric in NLP for evaluating probabilistic
sequence models. See Appendix H for more experimental details.
Figure 1a compares the test-set perplexity of each model. With the transferred representations,
CAREER makes the best predictions on all survey datasets. Although the resume data is noisy and
differs in many ways from the survey datasets used for economic prediction, CAREER learns useful
representations of work experiences that aid its predictive performance. To assess how the volume of
resumes used for pretraining affects CAREER’s predictions on survey datasets, we downsample the
resume dataset and transfer to survey datasets. The scaling law for NLSY79 is depicted in Figure 1b.
When there are less than 20,000 examples in the resume dataset, pretraining CAREER does not offer
any improvement.

Distribution shifts in time. We also assess CAREER’s ability to forecast future career trajectories.
In contrast to predicting held-out sequences, forecasting involves training models on all sequences
before a specific year. To predict future jobs for an individual, the fitted model is used to estimate job
probabilities six years into the future by sampling multi-year trajectories. This setting is useful for
assessing a model’s ability to make long-term predictions, as occupational trends change over time.
We evaluate CAREER’s forecasting abilities on NLSY97 and PSID. (These datasets are more valuable
for forecasting than NLSY79, which follows a cohort that is near or past retirement age.) We train
models on all sequences (holding out 10% as a validation set), without including any observations
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after 2014. When pretraining CAREER on resumes, we also make sure to only include examples
up to 2014. Table 1 compares the forecasting performance of all models. CAREER makes the best
overall forecasts. CAREER has a significant advantage over baselines at making long-term forecasts,
yielding a 17% advantage over the best baseline for 6-year forecasts on NLSY97.

References
Autor, D. and Dorn, D. The growth of low-skill service jobs and the polarization of the U.S. labor
market. American Economic Review, 103(5):1553–97, 2013.

Ba, J. L., Kiros, J. R., and Hinton, G. E. Layer normalization. arXiv:1607.06450, 2016.

Bana, S. H. Using language models to understand wage premia. 2021.

Bengio, Y., Ducharme, R., Vincent, P., and Jauvin, C. A neural probabilistic language model. Journal
of Machine Learning Research, 3:1137–1155, 2003.

Blau, D. M. and Riphahn, R. T. Labor force transitions of older married couples in Germany. Labour
Economics, 6(2):229–252, 1999.

Boskin, M. J. A conditional logit model of occupational choice. Journal of Political Economy, 82(2,
Part 1):389–398, 1974.

Brown, R. S., Moon, M., and Zoloth, B. S. Incorporating occupational attainment in studies of
male-female earnings differentials. Journal of Human Resources, 15(1):3–28, 1980.

Bureau of Labor Statistics. National Longitudinal Survey of Youth 1979 cohort (rounds 1-27).
Produced and distributed by the Center for Human Resource Research (CHRR), The Ohio State
University. Columbus, OH, 2019a.

Bureau of Labor Statistics. National Longitudinal Survey of Youth 1997 cohort (rounds 1-19).
Produced and distributed by the Center for Human Resource Research (CHRR), The Ohio State
University. Columbus, OH, 2019b.

Cortes, G. M. Where have the middle-wage workers gone? A study of polarization using panel data.
Journal of Labor Economics, 34(1):63–105, 2016.

Dave, V. S., Zhang, B., Al Hasan, M., AlJadda, K., and Korayem, M. A combined representation
learning approach for better job and skill recommendation. In ACM Conference on Information
and Knowledge Management, 2018.

Devlin, J., Chang, M., Lee, K., and Toutanova, K. BERT: Pre-training of deep bidirectional
transformers for language understanding. In North American Chapter of the Association for
Computational Linguistics, 2019.

Dosovitskiy, A., Beyer, L., Kolesnikov, A., Weissenborn, D., Zhai, X., Unterthiner, T., Dehghani,
M., Minderer, M., Heigold, G., Gelly, S., et al. An image is worth 16x16 words: Transformers for
image recognition at scale. In International Conference on Learning Representations, 2021.

Fairlie, R. W. and Sundstrom, W. A. The emergence, persistence, and recent widening of the racial
unemployment gap. Industrial and Labor Relations Review, 52(2):252–270, 1999.

Ghosh, A., Woolf, B., Zilberstein, S., and Lan, A. Skill-based career path modeling and recommenda-
tion. In IEEE International Conference on Big Data, 2020.

Guvenen, F., Kuruscu, B., Tanaka, S., and Wiczer, D. Multidimensional skill mismatch. American
Economic Journal: Macroeconomics, 12(1):210–44, 2020.

Hall, R. E. Turnover in the labor force. Brookings Papers on Economic Activity, 1972(3):709–764,
1972.

He, M., Zhan, X., Shen, D., Zhu, Y., Zhao, H., and He, R. What about your next job? predicting
professional career trajectory using neural networks. InMachine Learning andMachine Intelligence,
2021.

5



Hendrycks, D. and Gimpel, K. Gaussian error linear units (GELUs). arXiv:1606.08415, 2016.

Huang, C.-Z. A., Vaswani, A., Uszkoreit, J., Shazeer, N., Simon, I., Hawthorne, C., Dai, A. M.,
Hoffman, M. D., Dinculescu, M., and Eck, D. Music transformer: Generating music with long-term
structure. In International Conference on Learning Representations, 2019.

Kambourov, G. and Manovskii, I. Rising occupational and industry mobility in the United States:
1968–97. International Economic Review, 49(1):41–79, 2008.

Kaplan, J., McCandlish, S., Henighan, T., Brown, T. B., Chess, B., Child, R., Gray, S., Radford, A.,
Wu, J., and Amodei, D. Scaling laws for neural language models. arXiv:2001.08361, 2020.

Keane, M. P. and Wolpin, K. I. The career decisions of young men. Journal of Political Economy,
105(3):473–522, 1997.

Kingma, D. P. and Ba, J. Adam: A method for stochastic optimization. In International Conference
on Learning Representations, 2015.

Lauerova, J. S. and Terrell, K. What drives gender differences in unemployment? Comparative
Economic Studies, 49(1):128–155, 2007.

Li, L., Jing, H., Tong, H., Yang, J., He, Q., and Chen, B.-C. NEMO: Next career move prediction
with contextual embedding. In World Wide Web Conference, 2017.

McCall, B. P. Occupational matching: A test of sorts. Journal of Political Economy, 98(1):45–69,
1990.

Meng, Q., Zhu, H., Xiao, K., Zhang, L., and Xiong, H. A hierarchical career-path-aware neural
network for job mobility prediction. In ACM SIGKDD International Conference on Knowledge
Discovery & Data Mining, 2019.

Mikolov, T., Sutskever, I., Chen, K., Corrado, G. S., and Dean, J. Distributed representations of words
and phrases and their compositionality. In Neural Information Processing Systems, 2013.

Naudé, M., Adebayo, K. J., and Nanda, R. A machine learning approach to detecting fraudulent job
types. AI & Society, pp. 1–12, 2022.

Neal, D. The complexity of job mobility among young men. Journal of Labor Economics, 17(2):
237–261, 1999.

Ott, M., Edunov, S., Grangier, D., and Auli, M. Scaling neural machine translation. In Conference on
Machine Translation (WMT), 2018.

Ott, M., Edunov, S., Baevski, A., Fan, A., Gross, S., Ng, N., Grangier, D., and Auli, M. Fairseq: A
fast, extensible toolkit for sequence modeling. In Association for Computational Linguistics, 2019.

Panel Study of Income Dynamics. Public use dataset, produced and distributed by the Survey Research
Center, Institute for Social Research, University of Michigan, Ann Arbor, MI, 2021.

Poterba, J. M. and Summers, L. H. Reporting errors and labor market dynamics. Econometrica, 54
(6):1319–1338, 1986.

Radford, A., Narasimhan, K., Salimans, T., and Sutskever, I. Improving language understanding by
generative pre-training. 2018.

Radford, A., Wu, J., Child, R., Luan, D., Amodei, D., and Sutskever, I. Language models are
unsupervised multitask learners. 2019.

Rajkumar, K., Simon, L., and Athey, S. A Bayesian Approach to Predicting Occupational Transitions.
PhD thesis, Stanford University, 2021.

Ruiz, F. J. R., Athey, S., and Blei, D. M. SHOPPER: A probabilistic model of consumer choice with
substitutes and complements. Annals of Applied Statistics, 14(1):1–27, 2020.

Schmidt, P. and Strauss, R. P. The prediction of occupation using multiple logit models. International
Economic Review, 16(2):471–486, 1975.

6



Schubert, G., Stansbury, A., andTaska, B. Employer concentration and outside options. SSRN:3599454,
2021.

Schwaller, P., Laino, T., Gaudin, T., Bolgar, P., Hunter, C. A., Bekas, C., and Lee, A. A. Molecular
transformer: A model for uncertainty-calibrated chemical reaction prediction. ACS Central Science,
5(9):1572–1583, 2019.

Srivastava, N., Hinton, G., Krizhevsky, A., Sutskever, I., and Salakhutdinov, R. Dropout: A simple
way to prevent neural networks from overfitting. Journal of Machine Learning Research, 15(1):
1929–1958, 2014.

Vafa, K., Deng, Y., Blei, D. M., and Rush, A. M. Rationales for sequential predictions. In Empirical
Methods in Natural Language Processing, 2021.

Variš, D. and Bojar, O. Sequence length is a domain: Length-based overfitting in transformer models.
In Empirical Methods in Natural Language Processing, 2021.

Vaswani, A., Shazeer, N., Parmar, N., Uszkoreit, J., Jones, L., Gomez, A. N., Kaiser, Ł., and
Polosukhin, I. Attention is all you need. In Neural Information Processing Systems, 2017.

Wexler, M. N. Successful resume fraud: Conjectures on the origins of amorality in the workplace.
Journal of Human Values, 12(2):137–152, 2006.

Xu, H., Yu, Z., Yang, J., Xiong, H., and Zhu, H. Dynamic talent flow analysis with deep sequence
prediction modeling. IEEE Transactions on Knowledge and Data Engineering, 31(10):1926–1939,
2018.

Zhang, D., Liu, J., Zhu, H., Liu, Y.,Wang, L.,Wang, P., andXiong, H. Job2Vec: Job title benchmarking
with collective multi-view representation learning. In ACM Conference on Information and
Knowledge Management, 2019.

Zhang, L., Zhou, D., Zhu, H., Xu, T., Zha, R., Chen, E., and Xiong, H. Attentive heterogeneous graph
embedding for job mobility prediction. In ACM SIGKDD Conference on Knowledge Discovery &
Data Mining, 2021.

7



Next Job

<latexit sha1_base64="aQ2cFU2hfQsLpSXTdY4Driyn0fI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRoh6LXjxWsB/QhrLZbtulm03YnQgh9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSyFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZaJEM95kkYx0J6CGS6F4EwVK3ok1p2EgeTuY3M389hPXRkTqEdOY+yEdKTEUjKKV2mk/wwtv2i9X3Ko7B1klXk4qkKPRL3/1BhFLQq6QSWpM13Nj9DOqUTDJp6VeYnhM2YSOeNdSRUNu/Gx+7pScWWVAhpG2pZDM1d8TGQ2NScPAdoYUx2bZm4n/ed0Ehzd+JlScIFdssWiYSIIRmf1OBkJzhjK1hDIt7K2EjammDG1CJRuCt/zyKmldVr2rau2hVqnf5nEU4QRO4Rw8uIY63EMDmsBgAs/wCm9O7Lw4787HorXg5DPH8AfO5w8XFI9r</latexit>yt�1
<latexit sha1_base64="L38lcU/MbdXmyAcDhqOEsIKPewY=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoQ9lst+3SzSbsTsQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNHGqGfdZLGPdDqnhUijuo0DJ24nmNAolb4Xj25nfeuTaiFg94CThQUSHSgwEo2gl/6mX4bRXrrhVdw6ySrycVCBHo1f+6vZjlkZcIZPUmI7nJhhkVKNgkk9L3dTwhLIxHfKOpYpG3ATZ/NgpObNKnwxibUshmau/JzIaGTOJQtsZURyZZW8m/ud1UhxcB5lQSYpcscWiQSoJxmT2OekLzRnKiSWUaWFvJWxENWVo8ynZELzll1dJ86LqXVZr97VK/SaPowgncArn4MEV1OEOGuADAwHP8ApvjnJenHfnY9FacPKZY/gD5/MHORKO+A==</latexit>xt

<latexit sha1_base64="uZpRfl0hZPEMeaytFwBbos76J1M=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0swm7EyGE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmltfWNzq7xd2dnd2z+oHh61TZxqxlsslrHuBtRwKRRvoUDJu4nmNAok7wSTu5nfeeLaiFg9YpZwP6IjJULBKFqplQ1ynA6qNbfuzkFWiVeQGhRoDqpf/WHM0ogrZJIa0/PcBP2cahRM8mmlnxqeUDahI96zVNGIGz+fHzslZ1YZkjDWthSSufp7IqeRMVkU2M6I4tgsezPxP6+XYnjj50IlKXLFFovCVBKMyexzMhSaM5SZJZRpYW8lbEw1ZWjzqdgQvOWXV0n7ou5d1S8fLmuN2yKOMpzAKZyDB9fQgHtoQgsYCHiGV3hzlPPivDsfi9aSU8wcwx84nz86mo75</latexit>yt

<latexit sha1_base64="gltcPoWd6l3UI5qQ6B7QkSV9abA=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4cZjRkHgMevEYwSyQDKGn05M06VnorhHDkI/w4kERr36PN//GziK4Pih4vFdFVT0/kUKj47xbuaXlldW1/HphY3Nre6e4u9fUcaoYb7BYxqrtU82liHgDBUreThSnoS95yx9dTv3WLVdaxNENjhPuhXQQiUAwikZq3fUyPHEnvWLJscuVils9I7+JazszlGCBeq/41u3HLA15hExSrTuuk6CXUYWCST4pdFPNE8pGdMA7hkY05NrLZudOyJFR+iSIlakIyUz9OpHRUOtx6JvOkOJQ//Sm4l9eJ8Xg3MtElKTIIzZfFKSSYEymv5O+UJyhHBtCmRLmVsKGVFGGJqGCCeHzU/I/aZ7absUuX5dLtYtFHHk4gEM4BheqUIMrqEMDGIzgHh7hyUqsB+vZepm35qzFzD58g/X6AYrPj7s=</latexit>xt�1
<latexit sha1_base64="K4IqoSXwDh1i+GrB5Ne8G9bp818=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4MczEkHgMevEYwSyQDKGn05M06VnorhGGIR/hxYMiXv0eb/6NnUVwfVDweK+KqnpeLIVG2363ciura+sb+c3C1vbO7l5x/6Cto0Qx3mKRjFTXo5pLEfIWCpS8GytOA0/yjje5mvmdO660iMJbTGPuBnQUCl8wikbqpIMMzyrTQbFkl6u1mlM/J7+JU7bnKMESzUHxrT+MWBLwEJmkWvccO0Y3owoFk3xa6Ceax5RN6Ij3DA1pwLWbzc+dkhOjDIkfKVMhkrn6dSKjgdZp4JnOgOJY//Rm4l9eL0H/ws1EGCfIQ7ZY5CeSYERmv5OhUJyhTA2hTAlzK2FjqihDk1DBhPD5KfmftCtlp1au3lRLjctlHHk4gmM4BQfq0IBraEILGEzgHh7hyYqtB+vZelm05qzlzCF8g/X6AY3ej70=</latexit>yt�2

<latexit sha1_base64="L6TlEf3yp8/kjMHqW0oKbOh5+0w=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmY0JB6DXjxGNAskQ+jp9CRNunuG7h4xDPkELx4U8eoXefNv7CyC64OCx3tVVNULE8608bx3J7e0vLK6ll8vbGxube8Ud/eaOk4VoQ0S81i1Q6wpZ5I2DDOcthNFsQg5bYWji6nfuqVKs1jemHFCA4EHkkWMYGOl67ue3yuWPLdcqfjVU/Sb+K43QwkWqPeKb91+TFJBpSEca93xvcQEGVaGEU4nhW6qaYLJCA9ox1KJBdVBNjt1go6s0kdRrGxJg2bq14kMC63HIrSdApuh/ulNxb+8TmqisyBjMkkNlWS+KEo5MjGa/o36TFFi+NgSTBSztyIyxAoTY9Mp2BA+P0X/k+aJ61fc8lW5VDtfxJGHAziEY/ChCjW4hDo0gMAA7uERnhzuPDjPzsu8NecsZvbhG5zXD4Pjjfo=</latexit>x1

<latexit sha1_base64="umISbfl/yopQe+VocNgtw6P77DI=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYhDiJexKUI9BLx4jmIcka5idTJIhM7PLTK8QlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXGAtu0PO+nZXVtfWNzdxWfntnd2+/cHDYMFGiKavTSES6FRLDBFesjhwFa8WaERkK1gxHN1O/+cS04ZG6x3HMAkkGivc5JWilh2EXH9OSfzbpFope2ZvBXSZ+RoqQodYtfHV6EU0kU0gFMabtezEGKdHIqWCTfCcxLCZ0RAasbakikpkgnR08cU+t0nP7kbal0J2pvydSIo0Zy9B2SoJDs+hNxf+8doL9qyDlKk6QKTpf1E+Ei5E7/d7tcc0oirElhGpub3XpkGhC0WaUtyH4iy8vk8Z52b8oV+4qxep1FkcOjuEESuDDJVThFmpQBwoSnuEV3hztvDjvzse8dcXJZo7gD5zPHxEbj/A=</latexit>

h
(1)
t

<latexit sha1_base64="PcUFIANbq8CwxZpvgwjkPj87Xdg=">AAAB+XicbVBNS8NAEN34WetX1KOXxSLUS0mkqMeiF48V7Ae0MWw2m3bpZhN2J4US+k+8eFDEq//Em//GbZuDtj4YeLw3w8y8IBVcg+N8W2vrG5tb26Wd8u7e/sGhfXTc1kmmKGvRRCSqGxDNBJesBRwE66aKkTgQrBOM7mZ+Z8yU5ol8hEnKvJgMJI84JWAk37b7wEXI8NCHp7zqXkx9u+LUnDnwKnELUkEFmr791Q8TmsVMAhVE657rpODlRAGngk3L/UyzlNARGbCeoZLETHv5/PIpPjdKiKNEmZKA5+rviZzEWk/iwHTGBIZ62ZuJ/3m9DKIbL+cyzYBJulgUZQJDgmcx4JArRkFMDCFUcXMrpkOiCAUTVtmE4C6/vEralzX3qlZ/qFcat0UcJXSKzlAVuegaNdA9aqIWomiMntErerNy68V6tz4WrWtWMXOC/sD6/AGKx5L1</latexit>

h̃
(1)
t

<latexit sha1_base64="VGBXkxXcVi+t446+iF99yKnv5qI=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BItQL2W3FPVY9OKxgv2Qdi3ZNNuGJtklmRXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBbHgBlz328mtrW9sbuW3Czu7e/sHxcOjlokSTVmTRiLSnYAYJrhiTeAgWCfWjMhAsHYwvpn57SemDY/UPUxi5ksyVDzklICVHkZ9eEzL1fNpv1hyK+4ceJV4GSmhDI1+8as3iGgimQIqiDFdz43BT4kGTgWbFnqJYTGhYzJkXUsVkcz46fzgKT6zygCHkbalAM/V3xMpkcZMZGA7JYGRWfZm4n9eN4Hwyk+5ihNgii4WhYnAEOHZ93jANaMgJpYQqrm9FdMR0YSCzahgQ/CWX14lrWrFu6jU7mql+nUWRx6doFNURh66RHV0ixqoiSiS6Bm9ojdHOy/Ou/OxaM052cwx+gPn8wcSoY/x</latexit>

h
(2)
t

<latexit sha1_base64="xZU41hRsAS0bQ4WU1lOLWpyLoYM=">AAAB8HicbVA9SwNBEN2LXzF+RS1tFoMQm3AnQS2DNhYWEcyHJGfY2+wlS3b3jt05IRz5FTYWitj6c+z8N26SKzTxwcDjvRlm5gWx4AZc99vJrayurW/kNwtb2zu7e8X9g6aJEk1Zg0Yi0u2AGCa4Yg3gIFg71ozIQLBWMLqe+q0npg2P1D2MY+ZLMlA85JSAlR6GPXhMy7enk16x5FbcGfAy8TJSQhnqveJXtx/RRDIFVBBjOp4bg58SDZwKNil0E8NiQkdkwDqWKiKZ8dPZwRN8YpU+DiNtSwGeqb8nUiKNGcvAdkoCQ7PoTcX/vE4C4aWfchUnwBSdLwoTgSHC0+9xn2tGQYwtIVRzeyumQ6IJBZtRwYbgLb68TJpnFe+8Ur2rlmpXWRx5dISOURl56ALV0A2qowaiSKJn9IreHO28OO/Ox7w152Qzh+gPnM8fOj2QCw==</latexit>

h
(L)
t

<latexit sha1_base64="9P1voiZ84SqCwluVSmQiInYHaCI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB9PHfrniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/NTp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMy+5sMhOYM5cQSyrSwtxI2opoytOmUbAje8surpHVR9S6rtftapX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPH2yMjec=</latexit>st

<latexit sha1_base64="mbdMcF1KbVNNUgcM2iT3RgY188k=">AAAB9HicdVDJSgNBEO2JW4xb1KOXxiDEg2FGQ+Ix6MVjBLNAMoaeTk/SpKdn7K4JhGG+w4sHRbz6Md78GzuL4Pqg4PFeFVX1vEhwDbb9bmWWlldW17LruY3Nre2d/O5eU4exoqxBQxGqtkc0E1yyBnAQrB0pRgJPsJY3upz6rTFTmofyBiYRcwMykNznlICR3GEvgRMnvU2KznHayxfsUrlScapn+DdxSvYMBbRAvZd/6/ZDGgdMAhVE645jR+AmRAGngqW5bqxZROiIDFjHUEkCpt1kdnSKj4zSx36oTEnAM/XrREICrSeBZzoDAkP905uKf3mdGPxzN+EyioFJOl/kxwJDiKcJ4D5XjIKYGEKo4uZWTIdEEQomp5wJ4fNT/D9pnpacSql8XS7ULhZxZNEBOkRF5KAqqqErVEcNRNEdukeP6MkaWw/Ws/Uyb81Yi5l99A3W6wcvtJG/</latexit>

h
(1)
t�1

<latexit sha1_base64="q29xEWfOzY+ktWI/s+PG4zLwgg8=">AAAB/XicdVDJSgNBEO1xjXEbl5uXxiDEg8OMhsRj0IvHCGaBZAw9nZ6kSc9Cd40Qh8Ff8eJBEa/+hzf/xs4iuD4oeLxXRVU9LxZcgW2/G3PzC4tLy7mV/Ora+samubXdUFEiKavTSESy5RHFBA9ZHTgI1oolI4EnWNMbno/95g2TikfhFYxi5gakH3KfUwJa6pq7HeCix/Cgm8KRk12nRecw65oF2yqVy07lBP8mjmVPUEAz1LrmW6cX0SRgIVBBlGo7dgxuSiRwKliW7ySKxYQOSZ+1NQ1JwJSbTq7P8IFWetiPpK4Q8ET9OpGSQKlR4OnOgMBA/fTG4l9eOwH/1E15GCfAQjpd5CcCQ4THUeAel4yCGGlCqOT6VkwHRBIKOrC8DuHzU/w/aRxbTtkqXZYK1bNZHDm0h/ZRETmogqroAtVQHVF0i+7RI3oy7owH49l4mbbOGbOZHfQNxusHtEyUxA==</latexit>

h̃
(1)
t�1

<latexit sha1_base64="y6FjgYnivquoARJ1pGCQmrl2lvU=">AAAB9HicdVDLSgNBEJyNrxhfUY9eBoMQDy67MSQeg148RjAmkKxhdjKbDJmdXWd6A2HJd3jxoIhXP8abf+PkIfgsaCiquunu8mPBNTjOu5VZWl5ZXcuu5zY2t7Z38rt7NzpKFGUNGolItXyimeCSNYCDYK1YMRL6gjX94cXUb46Y0jyS1zCOmReSvuQBpwSM5A26KZy4k9u0WDqedPMFxy5XKm71FP8mru3MUEAL1Lv5t04voknIJFBBtG67TgxeShRwKtgk10k0iwkdkj5rGypJyLSXzo6e4COj9HAQKVMS8Ez9OpGSUOtx6JvOkMBA//Sm4l9eO4HgzEu5jBNgks4XBYnAEOFpArjHFaMgxoYQqri5FdMBUYSCySlnQvj8FP9Pbkq2W7HLV+VC7XwRRxYdoENURC6qohq6RHXUQBTdoXv0iJ6skfVgPVsv89aMtZjZR99gvX4AMTqRwA==</latexit>

h
(2)
t�1

<latexit sha1_base64="dprexhs3WmWqKIkoUczbugASnuw=">AAAB9HicdVDJSgNBEO1xjXGLevTSGIR4cJjRkHgMevHgIYJZIBlDT6eTNOnpGbtrAmGY7/DiQRGvfow3/8bOIrg+KHi8V0VVPT8SXIPjvFsLi0vLK6uZtez6xubWdm5nt67DWFFWo6EIVdMnmgkuWQ04CNaMFCOBL1jDH15M/MaIKc1DeQPjiHkB6Uve45SAkbxBJ4FjN71NCldHaSeXd+xiqeSWT/Fv4trOFHk0R7WTe2t3QxoHTAIVROuW60TgJUQBp4Kl2XasWUTokPRZy1BJAqa9ZHp0ig+N0sW9UJmSgKfq14mEBFqPA990BgQG+qc3Ef/yWjH0zryEyygGJulsUS8WGEI8SQB3uWIUxNgQQhU3t2I6IIpQMDllTQifn+L/Sf3Edkt28bqYr5zP48igfXSACshFZVRBl6iKaoiiO3SPHtGTNbIerGfrZda6YM1n9tA3WK8fWNaR2g==</latexit>

h
(L)
t�1

<latexit sha1_base64="tXcYQyzh/5QCG0MLw7iVrk25Y5A=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4cZiRQc0t6MVjBLNAMoSeTk/SpGehu0YIQz7CiwdFvPo93vwbO4vg+qDg8V4VVfWCVAqNjvNuFZaWV1bXiuuljc2t7Z3y7l5TJ5livMESmah2QDWXIuYNFCh5O1WcRoHkrWB0NfVbd1xpkcS3OE65H9FBLELBKBqppXs5nriTXrni2F7V8bwq+U1c25mhAgvUe+W3bj9hWcRjZJJq3XGdFP2cKhRM8kmpm2meUjaiA94xNKYR134+O3dCjozSJ2GiTMVIZurXiZxGWo+jwHRGFIf6pzcV//I6GYYXfi7iNEMes/miMJMEEzL9nfSF4gzl2BDKlDC3EjakijI0CZVMCJ+fkv9J89R2z2zvxqvULhdxFOEADuEYXDiHGlxDHRrAYAT38AhPVmo9WM/Wy7y1YC1m9uEbrNcPkASPvw==</latexit>st�1

<latexit sha1_base64="U6WWQgYiqhH8UqBgYS43ofI0ZGI=">AAAB8HicdVDJSgNBEK2JW4xb1KOXxiDEyzCjIfEY9OIxglkkGUNPp5M06e4ZunuEMOQrvHhQxKuf482/sbMIrg8KHu9VUVUvjDnTxvPenczS8srqWnY9t7G5tb2T391r6ChRhNZJxCPVCrGmnElaN8xw2ooVxSLktBmOLqZ+844qzSJ5bcYxDQQeSNZnBBsr3Qy7/m1a9I8n3XzBc0vlsl85Rb+J73ozFGCBWjf/1ulFJBFUGsKx1m3fi02QYmUY4XSS6ySaxpiM8IC2LZVYUB2ks4Mn6MgqPdSPlC1p0Ez9OpFiofVYhLZTYDPUP72p+JfXTkz/LEiZjBNDJZkv6iccmQhNv0c9pigxfGwJJorZWxEZYoWJsRnlbAifn6L/SePE9ctu6apUqJ4v4sjCARxCEXyoQBUuoQZ1ICDgHh7hyVHOg/PsvMxbM85iZh++wXn9AB9Cj/4=</latexit>

h
(1)
1

<latexit sha1_base64="PupjEYi6epVhAO9NGaXF+7cuXUQ=">AAAB+XicdVDJSgNBEO2JW4zbqEcvjUGIl2FGQ+Ix6MVjBLNAMg49PTVJk56F7p5AGPInXjwo4tU/8ebf2FkE1wcFj/eqqKrnp5xJZdvvRmFldW19o7hZ2tre2d0z9w/aMskEhRZNeCK6PpHAWQwtxRSHbiqARD6Hjj+6mvmdMQjJkvhWTVJwIzKIWcgoUVryTLOvGA8ADz3nLq84p1PPLNtWtVZz6uf4N3Ese44yWqLpmW/9IKFZBLGinEjZc+xUuTkRilEO01I/k5ASOiID6Gkakwikm88vn+ITrQQ4TISuWOG5+nUiJ5GUk8jXnRFRQ/nTm4l/eb1MhRduzuI0UxDTxaIw41gleBYDDpgAqvhEE0IF07diOiSCUKXDKukQPj/F/5P2meXUrOpNtdy4XMZRREfoGFWQg+qoga5RE7UQRWN0jx7Rk5EbD8az8bJoLRjLmUP0DcbrB5jukwM=</latexit>

h̃
(1)
1

<latexit sha1_base64="yzVanYJhtF1Wq7Q5hXwguIo01i4=">AAAB8HicdVDJSgNBEK1xjXGLevTSGIR4GWZiSDwGvXiMYBZJxtDT6SRNunuG7h4hDPkKLx4U8ernePNv7CyC64OCx3tVVNULY8608bx3Z2l5ZXVtPbOR3dza3tnN7e03dJQoQusk4pFqhVhTziStG2Y4bcWKYhFy2gxHF1O/eUeVZpG8NuOYBgIPJOszgo2VboZd/zYtFE8m3Vzec0vlsl85Rb+J73oz5GGBWjf31ulFJBFUGsKx1m3fi02QYmUY4XSS7SSaxpiM8IC2LZVYUB2ks4Mn6NgqPdSPlC1p0Ez9OpFiofVYhLZTYDPUP72p+JfXTkz/LEiZjBNDJZkv6iccmQhNv0c9pigxfGwJJorZWxEZYoWJsRllbQifn6L/SaPo+mW3dFXKV88XcWTgEI6gAD5UoAqXUIM6EBBwD4/w5CjnwXl2XuatS85i5gC+wXn9ACDIj/8=</latexit>

h
(2)
1

<latexit sha1_base64="m+Ey/+Q7kf3B3YabKH74GODCzKM=">AAAB7HicdVDLSsNAFL1TX7W+qi7dDBbBVUgkqN0V3bisYGqhDWUynbRDJ5MwMxFK6De4caGIWz/InX/j9CH4PHDhcM693HtPlAmujeu+o9LS8srqWnm9srG5tb1T3d1r6TRXlAU0FalqR0QzwSULDDeCtTPFSBIJdhuNLqf+7R1TmqfyxowzFiZkIHnMKTFWCnSv8Ca9as11/Lrr+3X8m3iOO0MNFmj2qm/dfkrzhElDBdG647mZCQuiDKeCTSrdXLOM0BEZsI6lkiRMh8Xs2Ak+skofx6myJQ2eqV8nCpJoPU4i25kQM9Q/van4l9fJTXweFlxmuWGSzhfFucAmxdPPcZ8rRo0YW0Ko4vZWTIdEEWpsPhUbwuen+H/SOnG8U8e/9muNi0UcZTiAQzgGD86gAVfQhAAocLiHR3hCEj2gZ/Qyby2hxcw+fAN6/QBNx48K</latexit>s1
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<latexit sha1_base64="2nzT6AFhVsmEDt4Gmzktnv85zbQ=">AAAB8XicdVDJSgNBEK2JW4xb1KOXxiDEyzBjQuIx6MWDhwhmwWQMPZ2epElPz9DdI4Qhf+HFgyJe/Rtv/o2dRXB9UPB4r4qqen7MmdKO825llpZXVtey67mNza3tnfzuXlNFiSS0QSIeybaPFeVM0IZmmtN2LCkOfU5b/uh86rfuqFQsEtd6HFMvxAPBAkawNtLNsOfepsXL4wnq5QuOXa5U3GoJ/Sau7cxQgAXqvfxbtx+RJKRCE46V6rhOrL0US80Ip5NcN1E0xmSEB7RjqMAhVV46u3iCjozSR0EkTQmNZurXiRSHSo1D33SGWA/VT28q/uV1Eh2ceikTcaKpIPNFQcKRjtD0fdRnkhLNx4ZgIpm5FZEhlphoE1LOhPD5KfqfNE9st2KXr8qF2tkijiwcwCEUwYUq1OAC6tAAAgLu4RGeLGU9WM/Wy7w1Yy1m9uEbrNcPoMOQQw==</latexit>

h(L)
1

Transformer 
Layers

. . .

. . .

. . .

<latexit sha1_base64="Z9nT8Fj033NXzFTVLY7BxEUcZUs=">AAAB+nicbVBNS8NAEN3Ur1q/Uj16CRahgpZEinosevFYwX5AG8Nmu2mXbjZhd6KUmJ/ixYMiXv0l3vw3btsctPpg4PHeDDPz/JgzBbb9ZRSWlldW14rrpY3Nre0ds7zbVlEiCW2RiEey62NFORO0BQw47caS4tDntOOPr6Z+555KxSJxC5OYuiEeChYwgkFLnlnux8xL4RhOnOwurTpHmWdW7Jo9g/WXODmpoBxNz/zsDyKShFQA4VipnmPH4KZYAiOcZqV+omiMyRgPaU9TgUOq3HR2emYdamVgBZHUJcCaqT8nUhwqNQl93RliGKlFbyr+5/USCC7clIk4ASrIfFGQcAsia5qDNWCSEuATTTCRTN9qkRGWmIBOq6RDcBZf/kvapzXnrFa/qVcal3kcRbSPDlAVOegcNdA1aqIWIugBPaEX9Go8Gs/Gm/E+by0Y+cwe+gXj4xsFVZM0</latexit>

⇡
(1)
t,t�1

<latexit sha1_base64="qMkETZpncuDx6Wo9UMyItm6vq7w=">AAAB+HicbVBNS8NAEN34WetHox69LBahgpREinosevFYwX5AG8tmu2mXbjZhdyLUkF/ixYMiXv0p3vw3btsctPXBwOO9GWbm+bHgGhzn21pZXVvf2CxsFbd3dvdK9v5BS0eJoqxJIxGpjk80E1yyJnAQrBMrRkJfsLY/vpn67UemNI/kPUxi5oVkKHnAKQEj9e1SL+b9FM7c7CGtuKdZ3y47VWcGvEzcnJRRjkbf/uoNIpqETAIVROuu68TgpUQBp4JlxV6iWUzomAxZ11BJQqa9dHZ4hk+MMsBBpExJwDP190RKQq0noW86QwIjvehNxf+8bgLBlZdyGSfAJJ0vChKBIcLTFPCAK0ZBTAwhVHFzK6YjoggFk1XRhOAuvrxMWudV96Jau6uV69d5HAV0hI5RBbnoEtXRLWqgJqIoQc/oFb1ZT9aL9W59zFtXrHzmEP2B9fkDvBmSfw==</latexit>
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Figure 2: CAREER’s computation graph. CAREER parameterizes a low-dimensional representation
of an individual’s career history with a transformer, which it uses to predict the next job.

A CAREER Details

Transformers. A transformer is a sequence model that uses neural networks to learn representations
of discrete tokens (Vaswani et al., 2017). Transformers were originally developed for natural
language processing (NLP), to predict words in a sentence. Transformers are able to model complex
dependencies between words, and they are a critical component of modern NLP systems including
language modeling (Radford et al., 2019) and machine translation (Ott et al., 2018).
CAREER is an occupation model that uses a transformer to parameterize a low-dimensional
representation of careers. While transformers were developed to model sequences of words, CAREER
uses a transformer to model sequences of jobs. The transformer enables the model to represent
complex career trajectories.
CAREER is similar to the transformers used in NLP, but with two modifications. First, the model
makes predictions in two stages, making it better-suited to model workers who stay in the same job
through consecutive timesteps. (In contrast, words seldom repeat.) Second, while language models
only condition on previous words, each career is also associated with covariates x that may affect
transition distributions (see Equation 2). We adapt the transformer to these two changes.
Parameterization. CAREER’s computation graph is depicted in Figure 2. Note that in this section
we provide a simplified description of the ideas underlying the transformer. Appendix E contains a
full description of the model.
CAREER iteratively builds a representation of career history, ht(yt−1,xt) ∈ RD, using a stack of
L layers. Each layer applies a series of computations to the previous layer’s output to produce its
own layer-specific representation. The first layer’s representation, h(1)t (yt−1,xt), considers only the
most recent job and covariates. At each subsequent layer `, the transformer forms a representation
h
(`)
t (yt−1,xt) by combining the representation of the most recent job with those of preceding jobs.

Representations become increasingly complex at each layer, and the final layer’s representation,
h
(L)
t (yt−1,xt), is used to make predictions following Equations 1 to 3. We drop the explicit

dependence on yt−1 and xt going forward, and instead denote each layer’s representation as h(`)t .
The first layer’s representation combines the previous job, the most recent covariates, and the position
of the job in the career. It first embeds each of these variables in D-dimensional space. Define an
embedding function for occupations, ey : [J ] → RD. Additionally, define a separate embedding
function for each covariate, {ec}Cc=1, with each ec : [Nc]→ RD. Finally, define et : [T ]→ RD to
embed the position of the sequence, where T denotes the number of possible sequence lengths. The

8



first-layer representation h(1)t sums these embeddings:

h
(1)
t = ey(yt−1) +

∑
c ec(xtc) + et(t). (4)

For each subsequent layer `, the transformer combines representations of the most recent job with
those of the preceding jobs and passes them through a neural network:

π
(`)
t,t′ ∝ exp

{(
h
(`)
t

)>
W (`)h

(`)
t′

}
for all t′ ≤ t (5)

h̃
(`)
t = h

(`)
t +

∑t
t′=1 π

(`)
t,t′ ∗ h

(`)
t′ (6)

h
(`+1)
t = FFN(`)

(
h̃
(`)
t

)
, (7)

whereW (`) ∈ RD×D is a model parameter and FFN(`) is a two-layer feedforward neural network
specific to layer `, with FFN(`) : RD → RD.

The weights {π(`)
t,t′} are referred to as attention weights, and they are determined by the career

representations andW (`). The attention weights are non-negative and normalized to sum to 1. The
matrixW (`) can be interpreted as a similarity matrix; ifW (`) is the identity matrix, occupations t and
t′ that have similar representations will have large attention weights, and thus t′ would contribute more
to the weighted average in Equation 6. Conversely, ifW (`) is the negative identity matrix, occupations
that have differing representations will have large attention weights.4 The final computation of each
layer involves passing the intermediate representation h̃(`)t through a neural network, which ensures
that representations capture complex nonlinear interactions.
The computations in Equations 5 to 7 are repeated for each of the L layers. The last layer’s
representation is used to predict the next job:

p(yt|yt−1,xt) = two-stage-softmax
(
h
(L)
t ; η, β

)
, (8)

where “two-stage-softmax” refers to the operation in Equations 1 to 3, parameterized by η and β.
All of CAREER’s parameters – including the embedding functions, similarity matrices, feed-forward
neural networks, and regression coefficients η and β – are estimated by maximizing the likelihood in
Equation 8 with stochastic gradient descent (SGD), marginalizing out the variable st.

B Baseline Models

In this section, we describe baseline occupation models that economists have used to model jobs and
other discrete sequences.
Markov models and regression. A first-order Markov model assumes the job at each timestep
depends on only the previous job (Hall, 1972; Poterba & Summers, 1986). Without covariates, a
Markov model takes the form p(yt = j|yt−1) = p(yt = j|yt−1). The optimal transition probabilities
reflect the overall frequencies of individuals transitioning from occupation yt−1 to occupation j. In a
second-order Markov model, the next job depends on the previous two.
A multinomial logistic regression can be used to incorporate covariates:

p(yt = j|yt−1,xt) ∝ exp
{
β
(0)
j + β

(1)
j · yt−1 +

∑
c β

(c)
j · xtc

}
, (9)

where β(0)
j is an occupation-specific intercept and yt−1 and xtc denote J- and Nc-dimensional

indicator vectors, respectively. Equation 9 depends on history only through the most recent job,
although the covariates can also include hand-crafted summary statistics about the past, such as the
duration of the most recent job (McCall, 1990). This model is fit by maximizing the likelihood with
gradient-based methods.
Bag-of-jobs. A weakness of the first-order Markov model is that it only uses the most recent job to
make predictions. However, one’s working history beyond the last job may inform future transitions
(Blau & Riphahn, 1999; Neal, 1999).

4In practice, transformers use multiple attention weights to perform multi-headed attention (Appendix E).

9



Another baseline we consider is a bag-of-jobs model, inspired by SHOPPER, a probabilistic model
of consumer choice (Ruiz et al., 2020). Unlike the Markov and regression models, the bag-of-jobs
model conditions on every job in an individual’s history. It does so by learning a low-dimensional
representation of an individual’s history. This model learns a unique embedding for each occupation,
similar to a word embedding (Bengio et al., 2003; Mikolov et al., 2013); unlike CAREER, which
learns complicated nonlinear interactions between jobs in a history, the bag-of-jobs model combines
jobs into a single representation by averaging their embeddings.
The bag-of-jobs model assumes that job transitions depend on two terms: a term that captures the
effect of the most recent job, and a term that captures the effect of all prior jobs. Accordingly, the
model learns two types of representations: an embedding αj ∈ RD of the most recent job j, and an
embedding ρj′ ∈ RD for prior jobs j′. To combine the representations for all prior jobs into a single
term, the model averages embeddings:

p(yt = j|yt−1) ∝ exp
{
β
(1)
j · αyt−1 + β

(2)
j ·

(
1

t−2
∑t−2

t′=1 ρyt′

)}
. (10)

Covariates can be added to the model analogously; for a single covariate, its most recent value is
embedded and summed with the average embeddings for its prior values. All parameters are estimated
by maximizing the likelihood in Equation 10 with SGD.

C Related Work

Many economic analyses use log-linear models to predict jobs in survey datasets (Boskin, 1974;
Schmidt & Strauss, 1975). These models typically use small state spaces consisting of only a
few occupation categories. For example, some studies categorize occupations into broad skill
groups (Keane & Wolpin, 1997; Cortes, 2016); unemployment analyses only consider employment
status (employed, unemployed, and out-of-labor-force) (Hall, 1972; Lauerova & Terrell, 2007); and
researchers studying occupational mobility only consider occupational change, a binary variable
indicating whether an individual changes jobs (Kambourov & Manovskii, 2008; Guvenen et al.,
2020). Although transitions between occupations may depend richly on history, many of these models
condition on only the most recent job and a few manually constructed summary statistics about history
to make predictions (Hall, 1972; Blau & Riphahn, 1999). In contrast to these methods, CAREER
is nonlinear and conditions on every job in an individual’s history. The model learns complex
representations of careers without relying on manually constructed features. Moreover, CAREER can
effectively predict from among hundreds of occupations.
Recently, the proliferation of business networking platforms has resulted in the availability of large
resume datasets. Schubert et al. (2021) use a large resume dataset to construct a first-order Markov
model of job transitions; CAREER, which conditions on all jobs in a history, makes more accurate
predictions than a Markov model. Models developed in the data mining community rely on resume-
specific features such as stock prices (Xu et al., 2018), worker skill (Ghosh et al., 2020), network
information (Meng et al., 2019; Zhang et al., 2021), and textual descriptions (He et al., 2021), and are
not applicable to survey datasets, as is our goal in this paper (other models reduce to a first-order
Markov model without these features (Dave et al., 2018; Zhang et al., 2019)). The most suitable
model for survey datasets from this line of work is NEMO, an LSTM-based model that is trained
on large resume datasets (Li et al., 2017). Our experiments demonstrate that CAREER outperforms
NEMO when it is adapted to model survey datasets.
Recent works in econometrics have applied machine learning methods to sequences of jobs and other
discrete data. Ruiz et al. (2020) develop a matrix factorization method called SHOPPER to model
supermarket basket data. We consider a baseline “bag-of-jobs” model similar to SHOPPER. Like the
transformer-based model, the bag-of-jobs model conditions on every job in an individual’s history, but
it uses relatively simple representations of careers. Our empirical studies demonstrate that CAREER
learns complex representations that are better at modeling job sequences. Rajkumar et al. (2021) build
on SHOPPER and propose a Bayesian factorization method for predicting job transitions. Similar to
CAREER, they predict jobs in two stages. However, their method is focused on modeling individual
transitions, so it only conditions on the most recent job in an individual’s history. In our empirical
studies, we show that models like CAREER that condition on every job in an individual’s history
form more accurate predictions than Markov models.
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Job History Predicting
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TechnicianStudent
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Figure 3: An example of a held-out job sequence on PSID along with CAREER’s rationale. CAREER
ranks the true next job (biological technician) as the most likely possible transition for this individual;
in contrast, the regression and bag-of-jobs model rank it as 40th and 37th most likely, respectively.
The rationale depicts the jobs in the history that were sufficient for CAREER’s prediction.

2001: Cashier
2002: Secretary
2003: Secretary
2004: Secretary

2002: Janitor
2003: Food prep worker
2004: Food service worker
2006: Food service worker

2002: Retail salesperson
2003: Material handler
2004: Laundry worker
2005: Cook

2001: Retail salesperson
2002: Receptionist
2003: Receptionist
2004: Receptionist

2001: Teacher’s aide
2002: Teacher’s aide
2003: Teacher’s aide
2004: Teacher’s aide

2003: Material handler
2004: Material handler
2005: Material handler
2006: Material handler

2003: Shipping clerk
2004: Shipping clerk
2005: Shipping clerk
2006: Shipping clerk

2001: Child care worker
2002: Child care worker
2003: Child care worker
2004: Child care worker

0.957

0.956

0.954

0.952

Figure 4: The work experiences with the most similar CAREER representations (measured with
cosine similarity) for individuals with no overlapping jobs in NLSY97.

CAREER is based on a transformer, a successful model for representing sequences of words in
natural language processing (NLP). In econometrics, transformers have been applied to the text of job
descriptions to predict their salaries (Bana, 2021) or authenticity (Naudé et al., 2022); rather than
modeling text, we use transformers to model sequences of occupations. Transformers have also been
applied successfully to sequences other than text: images (Dosovitskiy et al., 2021), music (Huang
et al., 2019), and molecular chemistry (Schwaller et al., 2019). Inspired by their success in modeling
a variety of complex discrete sequential distributions, this paper adapts transformers to modeling
sequences of jobs. Transformers are especially adept at learning transferrable representations of
text from large corpora (Radford et al., 2018; Devlin et al., 2019). We show that CAREER learns
representations of job sequences that can be transferred from noisy resume datasets to smaller,
well-curated administrative datasets.

D Qualitative Analysis

Rationalizing predictions. Figure 3 shows an example of a held-out career sequence from PSID.
CAREER is much likelier than a regression and bag-of-jobs baseline to predict this individual’s next
job, biological technician. To understand CAREER’s prediction, we show the model’s rationale, or
the jobs in this individual’s history that are sufficient for explaining the model’s prediction. (We adapt
the greedy rationalization method from Vafa et al. (2021); refer to Appendix H for more details.)
In this example, CAREER only needs three previous jobs to predict biological technician: animal
caretaker, engineering technician, and student. The model can combine latent attributes of each job to
predict the individual’s next job.
Representation similarity. To demonstrate the quality of the learned representations, we use
CAREER’s fine-tuned representations on NLSY97 to find pairs of individuals with the most similar
career trajectories. Specifically, we compute CAREEER’s representation ht(yt−1,xt) for each
individual in NLSY97 who has worked for four years. We then measure the similarity between all
pairs by computing the cosine similarity between representations. In order to depict meaningful
matches, we only consider pairs of individuals with no overlapping jobs in their histories (otherwise
the model would find individuals with the exact same career trajectories). Figure 4 depicts the
career histories with the most similar CAREER representations. Although none of these pairs have
overlapping jobs, the model learns representations that can identify similar careers.
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E Transformer Details

In this section, we expand on the simplified description of transformers in Section 2 and de-
scribe CAREER in full detail. Recall that the model estimates representations in L layers,
h
(1)
t (yt−1,xt), . . . , h

(L)
t (yt−1,xt), with each representation h(`)t ∈ RD. The final representa-

tion h(L)
t (yt−1,xt) is used to represent careers. We drop the explicit dependence on yt−1 and xt,

and instead denote each representation as h(`)t .
The first transformer layer combines the previous occupation, the most recent covariates, and the
position of the occupation in the career. It first embeds each of these variables in D-dimensional
space. Define an embedding function for occupations, ey : [J ] → RD. Additionally, define a
separate embedding function for each covariate, {ec}Cc=1, with each ec : [Nc]→ RD. Finally, define
et : [T ] → RD to embed the position of the sequence, where T denotes the number of possible
sequence lengths. The first-layer representation h(1)t sums these embeddings:

h
(1)
t = ey(yt−1) +

∑
c ec(xtc) + et(t). (11)

The occupation- and covariate-specific embeddings, ey and {ec}, are model parameters; the positional
embeddings, et, are set in advance to follow a sinusoidal pattern (Vaswani et al., 2017). While these
embeddings could also be parameterized, in practice the performance is similar, and using sinusoidal
embeddings allows the model to generalize to career sequence lengths unseen in the training data.
At each subsequent layer, the transformer combines the representations of all occupations in a history.
It combines representations by performing multi-headed attention, which is similar to the process
described in Section 2 albeit with multiple attention weights per layer.
Specifically, it uses A specific attention weights, or heads, per layer. The number of heads A should
be less than the representation dimension D. (Using A = 1 attention head reduces to the process
described in Equations 5 and 6.) The representation dimension D should be divisible by A; denote
K = D/A. First, A different sets of attention weights are computed:

z
(`)
a,t,t′ =

(
h
(`)
t

)>
W (`)

a h
(`)
t′ for t′ ≤ t

πa,t,t′ =
exp{za,t,t′}∑
k exp{za,t,k}

,
(12)

whereW (`)
a ∈ RD×D is a model parameter, specific to attention head a and layer l.5 Each attention

head forms a convex combination with all previous representations; to differentiate between attention
heads, each representation is transformed by a linear transformation V (`)

a ∈ RK×D unique to an
attention head, forming b(`)a,t ∈ RK :

b
(`)
a,t =

∑t
t′=1 π

(`)
a,t,t′

(
V

(`)
a h

(`)
t′

)
. (13)

All attention heads are combined into a single representation by concatenating them into a single
vector g(`)t ∈ RD:

g
(`)
t =

(
b
(`)
1,t, b

(`)
2,t, . . . , b

(`)
A,t

)
. (14)

To complete the multi-head attention step and form the intermediate representation h̃(`)t , the concate-
nated representations g(`)t undergo a linear transformation and are summed with the pre-attention
representation h(`)t :

h̃
(`)
t = h

(`)
t +M (`)g

(`)
t , (15)

withM (`) ∈ RD×D.
5For computational reasons, W (`)

a is decomposed into two matrices and scaled by a constant, W (`)
a =

Q
(`)
a

(
K

(`)
a

)>
√
K

, with Q(`)
a , K(`)

a ∈ RD×K .
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Number of individuals 23,731,674
General Number of tokens 245,439,865

Median year 2007
Percent Northeast 17.6
Percent Northcentral 20.7

Geography Percent South 39.9
Percent West 19.4
Percent without location 2.4
Percent high school diploma 7.2
Percent associate degree 8.6

Education Percent bachelor degree 23.1
Percent graduate degree 4.5
Percent empty 52.8
Percent managerial/professional specialty 38.4
Percent technical/sales/administrative support 34.2

Broad Occupation Groups Percent service 12.0
Percent precision production/craft/repair 7.9
Percent operator/fabricator/laborer 7.2

Table 2: Exploratory data analysis of the resume dataset used for pretraining CAREER.

The intermediate representations h̃(`)t ∈ RD combine the representation at timestep t with those
preceding timestep t. Each layer of the transformer concludes by taking a non-linear transformation
of the intermediate representations. This non-linear transformation does not depend on any previous
representation; it only transforms h̃(`)t . Specifically, h̃(`)t is passed through a neural network:

h
(`+1)
t = h̃

(`)
t + FFN(`)

(
h̃
(`)
t

)
, (16)

where FFN(`) denotes a two-layer feedforward neural network with N hidden units, with FFN(`) :
RD → RD.
We repeat the multi-head attention and feedforward neural network updates above for L layers,
using parameters unique to each layer. We represent careers with the last-layer representation,
ht(yt−1,xt) = h

(L)
t (yt−1,xt).

For our experiments, we use model specifications similar to the generative pretrained transformer
(GPT) architecture (Radford et al., 2018). In particular, we use L = 12 layers, a representation
dimension ofD = 192,A = 3 attention heads, andN = 768 hidden units and the GELU nonlinearity
(Hendrycks & Gimpel, 2016) for all feedforward neural networks. In total, this results in 5.6 million
parameters. This model includes a few extra modifications to improve training: we use 0.1 dropout
(Srivastava et al., 2014) for the feedforward neural network weights, and 0.1 dropout for the attention
weights. Finally, we use layer normalization (Ba et al., 2016) before the updates in Equation 12, after
the update in Equation 15, and after the final layer’s neural network update in Equation 16.

F Exploratory Data Analysis

Table 2 depicts summary statistics of the resume dataset provided by Zippia that is used for pretraining
CAREER. Table 3 compares this resume dataset with the longitudinal survey datasets of interest.

G Data Preprocessing

In this section, we go over the data preprocessing steps we took for each dataset.

Resumes. We were given access to a large dataset of resumes of American workers by Zippia, a
career planning company. This dataset coded each occupation into one of 1,073 O*NET 2010 Standard
Occupational Classification (SOC) categories based on the provided job titles and descriptions in
resumes. We dropped all examples with missing SOC codes.
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Resumes NLSY79 NLSY97 PSID
Number of individuals 24 million 12 thousand 9 thousand 12 thousand
Unemployed/out-of-labor-force/student available No Yes Yes Yes
Median year 2007 1991 2007 2011
Percent manual laborers 7% 17% 13% 12%
Percent college graduates 56% 23% 29% 28%
Demographic covariates available No Yes Yes Yes

Table 3: Comparing the resume dataset used for pretraining with the three longitudinal survey
datasets of interest.

Each resume in the dataset we were given contained covariates that had been imputed based off other
data in the resume. We considered three covariates: year, most recent educational degree, and location.
Education degrees had been encoded into one of eight categories: high school diploma, associate,
bachelors, masters, doctorate, certificate, license, and diploma. Location had been encoded into one
of 50 states plus Puerto Rico, Washington D.C., and unknown, for when location could not be imputed.
Some covariates also had missing entries. When an occupation’s year was missing, we had to drop
it from the dataset, because we could not position it in an individual’s career. Whenever another
covariate was missing, we replaced it with a special “missing” token. All personally identifiable
information had been removed from the dataset.
We transformed each resume in the dataset into a sequence of occupations. We included an entry for
each year starting from the first year an individual worked to their last year. We included a special
“beginning of sequence” token to indicate when each individual’s sequence started. For each year
between an individual’s first and last year, we added the occupation they worked in during that year.
If an individual worked in multiple occupations in a year, we took the one where the individual spent
more time in that year; if they were both the same amount of time in the particular year, we broke
ties by adding the occupation that had started earlier in the career. For the experiments predicting
future jobs directly on resumes, we added a “no-observed-occupation” token for years where the
resume did not list any occupations (we dropped this token when pretraining). Each occupation
was associated with the individual’s most recent educational degree, which we treated as a dynamic
covariate. The year an occupation took place was also considered a dynamic categorical covariate.
We treated location as static. In total, this preprocessing left us with a dataset of 23.7 million resumes,
and 245 million individual occupations.
In order to transfer representations, we had to slightly modify the resumes dataset for pretraining to
encode occupations and covariates into a format compatible with the survey datasets. The survey
datasets we used were encoded with the “occ1990dd” occupation code (Autor & Dorn, 2013) rather
than with O*NET’s SOC codes, so we converted the SOC codes to occ1990dd codes using a crosswalk
posted online by Destin Royer. Even after we manually added a few missing entries to the crosswalks,
there were some SOC codes that did not have corresponding occ1990dd’s. We gave these tokens
special codes that were not used when fine-tuning on the survey datasets (because they did not
correspond to occ1990dd occupations). When an individual did not work for a given year, the survey
datasets differentiated between three possible states: unemployed, out-of-labor-force, and in-school.
The resumes dataset did not have these categories. Thus, we initialized parameters for these three
new occupational states randomly. Additionally, we did not include the “no-observed-occupation”
token when pretraining, and instead dropped missing years from the sequence. Since we did not use
gender and race/ethnicity covariates when pretraining, we also initialized these covariate-specific
parameters randomly for fine-tuning. Because we used a version of the survey datasets that encoded
each individual’s location as a geographic region rather than as a state, we converted each state in the
resumes data to be in one of four regions for pretraining: northeast, northcentral, south, or west. We
also added a fifth “other” region for Puerto Rico and for when a state was missing in the original
dataset. We also converted educational degrees to levels of experience: we converted associate’s
degree to represent some college experience and bachelor’s degree to represent four-year college
experience; we combined masters and doctorate to represent a single “graduate degree” category; and
we left the other categories as they were.

14

https://forum.ipums.org/t/occ1990-to-soc-crosswalk/2098
https://forum.ipums.org/t/occ1990-to-soc-crosswalk/2098


NLSY79. The National Longitudinal Survey of Youth 1979 (NLSY79) is a survey following
individuals born in the United States between 1957-1964. The survey included individuals who were
between 14 and 22 years old when they began collecting data in 1979; they interviewed individuals
annually until 1994, and biennially thereafter.
Each individual in the survey is associated with an ID, allowing us to track their careers over time. We
converted occupations, which were initially encoded as OCC codes, into “occ1990dd” codes using a
crosswalk (Autor & Dorn, 2013). We use a version of the survey that has entries up to 2014. Unlike
the resumes dataset, NLSY79 includes three states corresponding to individuals who are not currently
employed: unemployed, out-of-labor-force, and in-school. We include special tokens for these states
in our sequences. We drop examples with missing occupation states. We also drop sequences for
which the individual is out of the labor force for their whole careers.
We use the following covariates: years, educational experience, location, race/ethnicity, and gender.
We drop individuals with less than 9 years of education experience. We convert years of educational
experience into discrete categories: no high school degree, high school degree, some college, college,
and graduate degree. We convert geographic location to one of four regions: northeast, northcentral,
south, and west. We treat location as a static variable, using each individual’s first location. We
use the following race/ethnicities: white, African American, Asian, Latino, Native American, and
other. We treat year and education as dynamic covariates whose values can change over time, and
we consider the other covariates as static. This preprocessing leaves us with a dataset consisting of
12,270 individuals and 239,545 total observations.

NLSY97. The National Longitudinal Survey of Youth 1997 (NLSY97) is a survey following
individuals who were between 12 and 17 when the survey began in 1997. Individuals were interviewed
annually until 2011, and biennially thereafter.
Our preprocessing of this dataset is similar to that of NLSY79. We convert occupations from
OCC codes into “occ1990dd” codes. We use a version of the survey that follows individuals up to
2019. We include tokens for unemployed, out-of-labor-force, and in-school occupational states. We
only consider individuals who are over 18 and drop military-related occupations. We use the same
covariates as NLSY79. We use the following race/ethnicities: white, African-aAmerican, Latino, and
other/unknown. We convert years of educational experience into discrete categories: no high school
degree, high school degree, some college degree, college degree, graduate degree, and a special token
when the education status isn’t known. We use the same regions as NLSY79. We drop sequences for
which the individual is out of the labor force for their whole careers. This preprocessing leaves us
with a dataset consisting of 8,770 individuals and 114,141 total observations.

PSID. The Panel Study of Income Dynamics (PSID) is a longitudinal panel survey following a
sample of American families. It was collected annually between 1968 and 1997, and biennially
afterwards.
The dataset tracks families over time, but it only includes occupation information for the household
head and their spouse, so we only include these observations. Occupations are encoded with OCC
codes, which we convert to “occ1990dd” using a crosswalk (Autor & Dorn, 2013). Like the NLSY
surveys, PSID also includes three states corresponding to individuals who are not currently employed:
unemployed, out-of-labor-force, and in-school. We include special tokens for these states in our
sequences. We drop other examples with missing or invalid occupation codes. We also drop sequences
for which the individual is out of the labor force for their whole careers.
We consider five covariates: year, education, location, gender, and race. We include observations
for individuals who were added to the dataset after 1995 and include observations up to 2019. We
exclude observations for individuals with less than 9 years of education experience. We convert years
of education to discrete states: no high school, high school diploma, some college, college, and
graduate degree. We convert geographic location to one of four regions: northeast, northcentral,
south, and west. We treat location as a static variable, using each individual’s first location. We use
the following races: white, Black, and other. We treat year and education as dynamic covariates
whose values can change over time, and we consider the other covariates as static. This preprocessing
leaves us with a dataset consisting of 12,338 individuals and 62,665 total observations.
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H Experimental Details

Resume pretraining. We pretrain CAREER on a large dataset of resumes provided by Zippia Inc.,
a career planning company. This dataset contains resumes from 23.7 million working Americans.
Each job is encoded into one of 330 occupational codes, using the coding scheme of Autor & Dorn
(2013). We transform resumes into sequences of jobs by including an occupation’s code for each year
in the resume. For years with multiple jobs, we take the job the individual spent the most time in.
We include three covariates: the year each job in an individual’s career took place, along with the
individual’s state of residence and most recent educational degree. We denote missing covariates
with a special token. See Appendix F for an exploratory data analysis of the resume data.
CAREER uses a 12-layer transformer with 5.6 million parameters. Pretraining CAREER on the
resumes data takes 18 hours on a single GPU. Although our focus is on fine-tuning CAREER to model
survey datasets rather than resumes, CAREER also outperforms standard econometric baselines for
modeling resumes; see ?? for more details.
Survey datasets. We transfer CAREER to three widely-used survey datasets: two cohorts from
the National Longitudinal Survey of Youth (NLSY79 and NLSY97) and the Panel Study of Income
Dynamics (PSID). These datasets have been carefully constructed to be representative of the general
population, and they are widely used by economists for estimating important quantities. NLSY79 is a
longitudinal panel survey following a cohort of Americans who were between 14 and 22 when the
survey began in 1979, while NLSY97 follows a different cohort of individuals who were between 12
and 17 when the survey began in 1997. PSID is a longitudinal survey following a sample of American
families, with individuals added over the years.
Compared to the resumes dataset, these survey datasets are small: we use slices of NLSY79, NLSY97,
and PSID that contain 12 thousand, 9 thousand, and 12 thousand individuals, respectively. The
distribution of job sequences in resumes differs in meaningful ways from those in the survey datasets;
for example, manual laborers are under-represented and college graduates are over-represented in
resume data (see Appendix F for more details). We pretrain CAREER on the large resumes dataset
and fine-tune on the smaller survey datasets. The fine-tuning process is efficient; although CAREER
has 5.6 million parameters, fine-tuning on one GPU takes 13 minutes on NLSY79, 7 minutes on
NLSY97, and 23 minutes on PSID.

Baselines. We consider a first-order Markov model and a second-order Markov model (both without
covariates) as baselines. These models are estimated by averaging observed transition counts. We
smooth the first-order Markov model by taking a weighted average between the empirical transitions
in the training set and the empirical distribution of individual jobs. We perform this smoothing
to account for the fact that some feasible transitions may never occur in the training set due to the
high-dimensionality of feasible transitions. We assign 0.99 weight to the empirical distributions of
transitions and 0.01 to the empirical distribution of individual jobs. We smooth the second-order
model by assigning 0.5 weight to the empirical second-order transitions and 0.5 weight to the smoothed
first-order Markov model.
When we add covariates to the Markov linear baseline, we also include manually constructed features
about history to improve its performance. In total, we include the following categorical variables:
the most recent job, the prior job, the year, a dummy indicating whether there has been more than
one year since the most recent observed job, the education status, a dummy indicating whether the
education status has changed, and state (for the experiments on NLSY79 and PSID, we also include
an individual’s gender and race/ethnicity). We also add additive effects for the following continuous
variables: the number of years an individual has been in the current job and the total number of years
for which an individual has been in the dataset. In addition, we include an intercept term.
For the bag-of-jobs model, we vary the representation dimension D between 256-2048, and find that
the predictive performance is not sensitive to the representation dimension, so we use D = 1024 for
all experiments. For the LSTM model, we use 3 layers with 436 embedding dimensions so that the
model size is comparable to the transformer baseline: the LSTM has 5.8 million parameters, the same
number as the transformer.
We also compare to NEMO (Li et al., 2017), an LSTM-based method developed for modeling job
sequences in resumes. We adapted NEMO to model survey data. In its original setting, NEMO took
as input static covariates (such as individual skill) and used these to predict both an individual’s next
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job title and their company. Survey datasets differ from this original setting in a few ways: covariates
are time-varying, important covariates for predicting jobs on resumes (like skill) are missing, and
an individual’s company name is unavailable. Therefore, we made several modifications to NEMO.
We incorporated the available covariates from survey datasets by embedding them and adding them
to the job embeddings passed into the LSTM, similar to the method CAREER uses to incorporate
covariates. We removed the company-prediction objective, and instead only used the model to predict
an individual’s job in the next timestep. We considered two sizes of NEMO: an architecture using the
same number of parameters as CAREER, and the smaller architecture proposed in the original paper.
We found the smaller architecture performed better on the survey datasets, so we used this for the
experiments. This model contains 2 decoder layers and a hidden dimension of 200.
When we compared the transferred version of CAREER to a version of CAREER without pretrained
representations, we tried various architectures for the non-pretrained version of CAREER. We found
that, without pretraining, the large architecture we used for CAREER was prone to overfitting on the
smaller survey datasets. So we performed an ablation of the non-pretrained CAREER with various
architectures: we considered 4 and 12 layers, 64 and 192 embedding dimensions, 256 and 768 hidden
units for the feedforward neural networks, and 2 or 3 attention heads (using 2 heads forD = 64 and 3
heads for D = 192 so that D was divisible by the number of heads). We tried all 8 combinations of
these parameters on NLSY79, and found that the model with the best validation performance had
4 layers, D = 64 embedding dimensions, 256 hidden units, and 2 attention heads. We used this
architecture for the non-pretrained version of CAREER on all survey datasets.

Training. We randomly divide the resumes dataset into a training set of 23.6 million sequences,
and a validation and test set of 23 thousand sequences each. We randomly divide the survey datasets
into 70/10/20 train/test/validation splits.
The first- and second-order Markov models without covariates are estimated from empirical transitions
counts. We optimize all other models with stochastic gradient descent with minibatches. In total,
we use 16,000 total tokens per minibatch, varying the batch size depending on the largest sequence
length in the batch. We use the Adam learning rate scheduler (Kingma & Ba, 2015). All experiments
on the resumes data warm up the learning rate from 10−7 to 0.0005 over 4,000 steps, after which the
inverse square root schedule is used (Vaswani et al., 2017). For the survey datasets, we also used
the inverse square root scheduler, but experimented with various learning rates and warmup updates,
using the one we found to work best for each model. For CAREER with pretrained representations,
we used a learning rate of 0.0001 and 500 warmup updates; for CAREER without pretraining, we
used a learning rate of 0.0005 and 500 warmup updates; for the bag of jobs model, we used a learning
rate of 0.0005 and 5,000 warmup updates; for the regression model, we used a learning rate of 0.0005
and 4,000 warmup updates. All models besides were also trained with 0.01 weight decay. All models
were trained using Fairseq (Ott et al., 2019).
When training on resumes, we trained for 85,000 steps, using the checkpoint with the best validation
performance. When fine-tuning on the survey datasets, we trained all models until they overfit to
the validation set, again using the checkpoint with the best validation performance. We used half
precision for training all models, with the exception of the following models (which were only stable
with full precision): the bag of jobs model with covariates on the resumes data, and the regression
models for all survey dataset experiments.
The tables in Section 3 report results averaged over multiple random seeds. For the results in Figure 1a,
the randomness includes parameter initialization and minibatch ordering. For CAREER, we use the
same pretrained model for all settings. For the forecasting results in Table 1, the randomness is with
respect to the Monte-Carlo sampling used to sample multi-year trajectories for individuals. For the
wage prediction experiment in ??, the randomness is with respect to train/test splits.

Forecasting. For the forecasting experiments, occupations that took place after a certain year are
dropped from the train and validation sets. When we forecast on the resumes dataset, we use the same
train/test/validation split but drop examples that took place after 2014. When we pretrain CAREER
on the resumes dataset to make forecasts for PSID and NLSY97, we use a cutoff year of 2014 as well.
We incorporate two-stage prediction into the baseline models because we find that this improves their
predictions.
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Although we do not include any examples after the cutoff during training, all models require estimating
year-specific terms. We use the fitted values from the last observed year to estimate these terms. For
example, CAREER requires embedding each year. When the cutoff year is 2014, there do not exist
embeddings for years after 2014, so we substitute the 2014 embedding.
We report forecasting results on a split of the dataset containing examples before and after the cutoff
year. To make predictions for an individual, we condition on all observations before the cutoff year,
and sample 1,000 trajectories through the last forecasting year. We never condition on any occupations
after the cutoff year, although we include updated values of dynamic covariates like education. For
forecasting on the resumes dataset, we set the cutoff for 2014 and forecast occupations for 2015,
2016, and 2017. We restrict our test set to individuals in the original test set whose first observed
occupation was before 2015 and who were observed to have worked until 2017. PSID and NLSY97
are biennial, so we forecast for 2015, 2017, and 2019. We only make forecasts for individuals who
have observations before the cutoff year and through the last year of forecasting, resulting in a total of
16,430 observations for PSID and 18,743 for NLSY97.

Rationalization. The example in Figure 3 shows an example of CAREER’s rationale on PSID. To
simplify the example, this is the rationale for a model trained on no covariates except year. In order to
conceal individual behavior patterns, the example in Figure 3 is a slightly altered version of a real
sequence. For this example, the transformer used for CAREER follows the architecture described in
Radford et al. (2018). We find the rationale using the greedy rationalization method described in Vafa
et al. (2021). Greedy rationalization requires fine-tuning the model for compatibility; we do this by
fine-tuning with “job dropout”, where with 50% probability, we drop out a uniformly random amount
of observations in the history. When making predictions, the model has to implicitly marginalize over
the missing observations. (We pretrain on the resumes dataset without any word dropout). We find
that training converges quickly when fine-tuning with word dropout, and the model’s performance
when conditioning on the full history is similar.
Greedy rationalization typically adds observations to a history one at a time in the order that will
maximize the model’s likelihood of its top prediction. For occupations, the model’s top prediction
is almost always identical to the previous year’s occupation, so we modify greedy rationalization
to add the occupation that will maximize the likelihood of its second-largest prediction. This can
be interpreted as equivalent to greedy rationalization, albeit conditioning on switching occupations.
Thus, the greedy rationalization procedure stops when the model’s second-largest prediction from the
target rationale is equivalent to the model’s second-largest prediction when conditioning on the full
history.
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