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ABSTRACT

Outlier detection (OD) has a large literature as it finds many applications in the
real world. Deep neural network based OD (DOD) has seen a recent surge of
attention thanks to the many advances in deep learning. In this paper, we consider
a critical-yet-understudied challenge with unsupervised DOD, that is, effective
hyperparameter (HP) tuning or model selection. While prior work report the
sensitivity of OD models to HP choices, it is ever so critical for the modern DOD
models that exhibit a long list of HPs. We introduce HYPER for HP-tuning DOD
models, tackling two key challenges: (1) validation without supervision (due to
lack of labeled outliers), and (2) efficient search of the HP/model space (due to
exponential growth in the number of HPs). A key idea is to design and train a novel
hypernetwork (HN) that maps HPs onto optimal weights of the main DOD model.
In turn, HYPER capitalizes on a single HN that can dynamically generate weights
for many DOD models (corresponding to varying HPs), which offers significant
speed-up. In addition, it employs meta-learning on historical OD tasks with labels
to train a performance estimator function, likewise trained with our proposed HN
efficiently. Extensive experiments on a testbed of 35 benchmark datasets show that
HYPER achieves 7% performance improvement and 4.2× speed up over the latest
baseline, establishing the new state-of-the-art.

1 INTRODUCTION

With recent advances in deep learning, deep neural network (NN) based outlier detection (DOD)
has seen a surge of attention Pang et al. (2021); Ruff et al. (2021). These models, however, inherit
many hyperparameters (HPs); architectural (e.g. depth, width), regularization (e.g. dropout rate,
weight decay), and optimization HPs (e.g. learning rate). As expected, their performance is highly
sensitive to the HP settings Ding et al. (2022). This makes effective HP or model selection critical,
yet computationally costly as the model space gets exponentially large in the number of HPs.

Hyperparameter optimization (HPO) can be written as a bi-level problem, where the optimal parame-
ters W∗ (i.e. NN weights) on the training set depend on the hyperparameters λ.

λ∗ = argmin
λ

Lval(λ;W
∗) s.t. W∗ = argmin

W
Ltrn(W;λ) (1)

where Lval and Ltrn denote the validation and training losses, respectively. There is a body of literature
on HPO for supervised settings Bergstra & Bengio (2012); Li et al. (2017); Shahriari et al. (2016),
and several for supervised OD that use labeled outliers for validation Li et al. (2021; 2020); Lai et al.
(2021). While supervised model selection leverages Lval, unsupervised OD posits a unique challenge:
it does not exhibit labeled hold-out data to evaluate Lval. It is unreliable to employ the same Ltrn loss
as Lval as models with minimum training loss do not necessarily associate with accurate detection
Ding et al. (2022) (e.g. autoencoder with low reconstruction error has likely missed the outliers).

1.1 RELATED WORK

Compared to the large body of work on new models for detection, prior work on unsupervised OD
model selection is quite slim. Earlier work proposed intrinsic measures for unsupervised model
evaluation, based on input data and output outlier scores Goix (2016); Marques et al. (2015), or based
on consensus among various models Duan et al. (2020); Lin et al. (2020), as well as properties of
the learned weights Martin et al. (2021). As recent meta-analyses have shown, intrinsic measures
are quite noisy; only slightly and often no better than random Ma et al. (2023). Moreover, they
suffer from exponential compute cost in large HP spaces as they require training numerous candidate
models for evaluation. More recent solutions leverage meta-learning by selecting a model for a new
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dataset based on how they perform on similar historical datasets Zhao et al. (2021; 2022); Jiang et al.
(2023). They are computationally slow in large HP spaces and cannot handle any continuous HPs.
Our proposed HYPER also leverages meta-learning, while it is more efficient with hypernetworks, and
is more effective by handling continuous HPs with a well-designed performance estimator function.
In experiments, we compare all the aforementioned baselines (see Fig. 5 and Table C2).

1.2 PRESENT WORK

We introduce HYPER and tackle two key challenges with unsupervised DOD model selection: (Ch1)
lack of supervision, and (Ch2) scalability as tempered by the cost of training numerous candidate
models. For (Ch1), we employ meta-learning where the main idea is to train a performance estimator
function, fval, which maps the input data, HPs λ, and output outlier scores corresponding to λ onto
detection performance on historical tasks. Note that meta-learning builds on past experience, i.e.
historical datasets with labels for which detection performance of various models can be evaluated.

Having substituted Lval with meta-trained fval, one can adopt existing supervised HPO solutions
Feurer & Hutter (2019) for model selection on a given/new dataset without labels. However, most of
those are susceptible to the scalability challenge, as they train each candidate model (with varying
λ) independently from scratch. To address (Ch2) and bypass the expensive process of fully training
each candidate separately, we leverage hypernetworks (HN). This idea is inspired by the self-tuning
networks MacKay et al. (2019), which estimate the best-response function that maps HPs λ onto
optimal weights W∗ through a hypernetwork (HN) parameterized by ϕ, i.e. Ŵϕ(λ) ≈ W∗.

A single auxiliary HN model can generate the weights of the main DOD model with varying HPs. In
essence, it learns how the model weights should change or respond to the changes in HPs (hence the
name, best-response). As one of our key contributions, besides the regularization HPs (e.g., dropout
rate) that STN MacKay et al. (2019) considered, we propose a novel HN model that can also respond
to architectural HPs; including depth and width for DOD models with fully-connected layers.

In a nutshell, HYPER jointly optimizes the HPs λ and the HN parameters ϕ in an alternating fashion.
Over iterations, it alternates between (1) HN-training that updates ϕ to approximate the best-response
in a local neighborhood around the current hyperparameters via Ltrn, and then the (2) HPO step
that updates λ in a gradient-free fashion by estimating detection performance through fval of a large
set of candidate λ’s sampled from the same neighborhood, using the corresponding approximate
best-response, i.e. the HN-generated weights.

Our HN model offers dramatic speed-ups, by dynamically generating weights for many candidate
models with varying HPs, as compared to freely training these candidates separately. Therefore, we
also utilize HNs during meta-training, where we replace independently training many models on
each historical dataset with a single HN. HN’s ability to produce weights for HPs unseen during
HN-training also makes it an attractive design choice for continuous-space HPO.
Summary of contributions. HYPER addresses the model selection problem for unsupervised
deep-NN based outlier detection (DOD), applicable to any DOD model, and is efficient despite the
large continuous HP space including regularization as well as NN architecture HPs. HYPER’s notable
efficiency is thanks to our proposed hypernetwork (HN) model that generates DOD model parameters
(i.e. NN weights) in response to changes in the HPs—in effect, we leverage a single HN acting like
many DOD models. Further, it offers unsupervised tuning thanks to a performance estimator function
trained via meta-learning on historical tasks, which also benefits from the efficiency of our HN.

We compare HYPER against 8 baselines through extensive experiments on 35 benchmark datasets.
HYPER achieves the best performance-runtime trade-off, and selects models with statistically better
detection than all baselines (see Fig. 5). Notably, it offers 30% performance improvement over the
default HPs, and 7% improvement with 4.2× speed-up over the latest method ELECT Zhao et al.
(2022) (see Table C2 in Appx.), thus establishing the new state-of-the-art.
Accessibility and Reproducibility. See repo. https://github.com/inreview23/HYPER.

2 PRELIMINARIES

2.1 PROBLEM AND CHALLENGES

The sensitivity of outlier detectors to hyperparameter (HP) choices is well studied Campos et al.
(2016a). Deep-NN models are no exception, in fact are even more sensitive as they have many more
HPs Ding et al. (2022). In fact, it would not be an overstatement to point to unsupervised outlier
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model selection as the primary obstacle to unlocking the ground-breaking potential of deep-NNs for
OD. This is exactly the problem we consider in this work.

Problem 1 (Unsupervised Deep Outlier Model Selection (UDOMS)) Given a new input dataset
(i.e., detection task1) Dtest = (Xtest, ∅) without any labels, and a deep-NN based OD model M ;
Output model parameters corresponding to a selected hyperparameter configuration λ ∈ Λ to
employ on Xtest to maximize M ’s detection performance.

Desiderata. Our work tackles two key challenges that arise when tuning OD models with deep NNs:
(1) Validation without supervision, and (2) Large HP/model space.

First, unsupervised OD does not exhibit any labels and therefore model selection via validating
detection performance on labeled hold-out data is not possible. While model parameters can be
estimated end-to-end through unsupervised training losses, such as reconstruction error or one-class
losses, one cannot reliably use the same loss as the validation loss; in fact, low error could easily
associate with poor detection since most DOD models use point-wise errors as their outlier scores.

Second, model tuning for the modern OD techniques based on deep-NNs with many HPs is a much
larger scale ball-game than that for their shallow counterparts with only 1-2 HPs. This is both due to
their (i) large number of HPs and also (ii) longer training time they typically demand. In other words,
the model space that is exponential in the number of HPs and the costly training of individual models
necessitate efficient strategies for effective search.

2.2 HYPERNETWORKS

We approach the challenge of efficiently searching the HP space with the help of hypernetworks, for
which we provide necessary background in this section.

In principle, a hypernetwork (HN) is a (usually small) network generating weights (i.e. parameters)
for another larger network (called the main network) Ha et al. (2017). As such, one can think of the
HN as a “model compression” tool for training, one that requires fewer learnable parameters. HNs
have been used mainly for parameter-efficient training of large models with diverse architectures
MacKay et al. (2019),Brock et al. (2018), Zhang et al. (2019),Knyazev et al. (2021) as well as for
diverse learning tasks Przewięźlikowski et al. (2022), von Oswald et al. (2020).

Historically, HNs can be seen as the birth-child of the “fast-weights” concept by Schmidhuber (1992),
where one network produces context-dependent weight changes for another network. The context, in
our as well as several other work Brock et al. (2018); MacKay et al. (2019), is the hyperparameters
(HPs).2 That is, we train a HN model that takes the (encoding of) HPs of the (main) DOD model as
input, and produces HP-dependent weight changes for the DOD model that we aim to tune. Training
a single HN that can generate weights for the (main) DOD model for varying HPs can effectively
bypass the cost of fully-training those candidate models separately. This offers dramatic speed up
during model search where one trained (HN) model acts like multiple trained (DOD) models.

3 PROPOSED FRAMEWORK FOR UDOMS: HYPER

Overview. HYPER consists of two phases (see Fig. 1): (§3.1) offline meta-training over historical
datasets, and (§3.2) online model selection for the test dataset. First we train the performance
estimator fval offline, which allows us to predict model performance on the test dataset without
relying on any labels. Given a new task online, we alternate between training our HN to efficiently
generate model weights for varying HPs around a local HP neighborhood, and refining the best HPs
at the current iteration based on fval’s predictions for many locally sampled HPs.

We present the offline and online phases in detail as follows, and later in §4 describe the specifics of
our proposed HN, which is employed in both phases for efficient model training.

3.1 META-TRAINING (OFFLINE ON HISTORICAL DATASETS)

Through meta-learning the goal is to transfer supervision from labeled historical datasets, Dtrain =
{Di = (Xi,yi)}ni=1, to enable model performance evaluation on a new dataset without labels. To
that end, we train fval to map {data_embedding, model_embedding, HP_config} onto

1Throughout text, we use outlier detection task and dataset interchangeably.
2We remark that hypernetworks need not depend in any form to hyperparameters, as the naming similarity

may (incorrectly) suggest. In fact, earlier work used HNs for model compression rather than model/HP selection.
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3.1 Meta-Training (Offline) 
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<latexit sha1_base64="Y6J+lle0q3SPuiJ6yFOGhtRBmd4=">AAACB3icbVDLSgNBEJz1GeNr1aMgg0HwYtgNoh6DXnKSCOYBSQizk95kyOzsMtOrhiU3L/6KFw+KePUXvPk3bh4HTSxoKKq66e7yIikMOs63tbC4tLyymlnLrm9sbm3bO7tVE8aaQ4WHMtR1jxmQQkEFBUqoRxpY4Emoef2rkV+7A21EqG5xEEErYF0lfMEZplLbPmgiPKDnJ6Xrky4o0AyhQ+9BdHtohtm2nXPyzhh0nrhTkiNTlNv2V7MT8jgAhVwyYxquE2ErYRoFlzDMNmMDEeN91oVGShULwLSS8R9DepQqHeqHOi2FdKz+nkhYYMwg8NLOgGHPzHoj8T+vEaN/0UqEimIExSeL/FhSDOkoFNoRGjjKQUoY1yK9lfIe04xjGt0oBHf25XlSLeTds/zpTSFXvJzGkSH75JAcE5eckyIpkTKpEE4eyTN5JW/Wk/VivVsfk9YFazqzR/7A+vwB6eqZVg==</latexit>

HN-generated weights
<latexit sha1_base64="fuUXuCd0bSNxIQ96uizewo6hTN0=">AAACDHicbVC7TsMwFHXKq5RXgZHFokJiqhKEgLGCDiyIIlFAaqvKcW7AqmNH9g2iivoBLPwKCwMIsfIBbPwNSckAhTMdnXOufe/xYyksuu6nU5qanpmdK89XFhaXlleqq2sXVieGQ5trqc2VzyxIoaCNAiVcxQZY5Eu49AdHuX95C8YKrc5xGEMvYtdKhIIzzKR+tdZFuEM/TENtaPO0SbuJCsDkz6UnIx2AHFWylFt3x6B/iVeQGinQ6lc/uoHmSQQKuWTWdjw3xl7KDAouYVTpJhZixgfsGjoZVSwC20vHx4zoVqYENF8n1ArpWP05kbLI2mHkZ8mI4Y2d9HLxP6+TYHjQS4WKEwTFvz8KE0lR07wZGggDHOUwI4wbke1K+Q0zjGPWX16CN3nyX3KxU/f26rtnO7XGYVFHmWyQTbJNPLJPGuSYtEibcHJPHskzeXEenCfn1Xn7jpacYmad/ILz/gWxCptk</latexit>

for DOD Model

<latexit sha1_base64="ZuW7bbh6CK64nBhFukLmolLaw4Y=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkmTY0kxmSO0IZ+hduXCji1r9x59+YtrPQ1gOBwzn3knNPkEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilx15EcRSEWWfaL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bJ54Ss6sMiBhrO1TSObq742MRsZMosBOzhKaZW8m/ud1Uwyv/UyoJEWu2OKjMJUEYzI7nwyE5gzlxBLKtLBZCRtRTRnakkq2BG/55FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYJneIU3xzgvzrvzsRgtOPnOMfyB8/kDz4eRBQ==</latexit>

X
<latexit sha1_base64="DJhXgwT5YMZE84oDaHitqECDs1w=">AAAB83icbVDLSgMxFL3js9ZX1aWbYBFclRnxtSy6cSNUsA/oDCWTZtrYTDIkGaEM/Q03LhRx68+482/MtLPQ1gOBwzn3ck9OmHCmjet+O0vLK6tr66WN8ubW9s5uZW+/pWWqCG0SyaXqhFhTzgRtGmY47SSK4jjktB2ObnK//USVZlI8mHFCgxgPBIsYwcZKvh9jMwyj7G7Se+xVqm7NnQItEq8gVSjQ6FW+/L4kaUyFIRxr3fXcxAQZVoYRTidlP9U0wWSEB7RrqcAx1UE2zTxBx1bpo0gq+4RBU/X3RoZjrcdxaCfzjHrey8X/vG5qoqsgYyJJDRVkdihKOTIS5QWgPlOUGD62BBPFbFZEhlhhYmxNZVuCN//lRdI6rXkXtfP7s2r9uqijBIdwBCfgwSXU4RYa0AQCCTzDK7w5qfPivDsfs9Elp9g5gD9wPn8AQleR2A==</latexit>

Mj

<latexit sha1_base64="AjztPsuXJ4UNWZAUXEybT0+3GKI=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha9eKxgP6CNZbPdtEs3m7A7qZaQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZub5seAaHefbWlpeWV1bL2wUN7e2d3ZLe/sNHSWKsjqNRKRaPtFMcMnqyFGwVqwYCX3Bmv7wZuI3R0xpHsl7HMfMC0lf8oBTgkZ6CLppB9kTpiMisqxbKjsVZwp7kbg5KUOOWrf01elFNAmZRCqI1m3XidFLiUJOBcuKnUSzmNAh6bO2oZKETHvp9OrMPjZKzw4iZUqiPVV/T6Qk1Hoc+qYzJDjQ895E/M9rJxhceSmXcYJM0tmiIBE2RvYkArvHFaMoxoYQqri51aYDoghFE1TRhODOv7xIGqcV96JyfndWrl7ncRTgEI7gBFy4hCrcQg3qQEHBM7zCm/VovVjv1sesdcnKZw7gD6zPH3jIkyk=</latexit>

fval

<latexit sha1_base64="gtvOhOzXT3KTKxclK3j1rpc7UxE=">AAAB8nicbVDLSsNAFJ34rPVVdelmsAiuSlLwsSy6cVnRPiAJZTKdtEMnM2HmRiyhn+HGhSJu/Rp3/o3TNgttPXDhcM693HtPlApuwHW/nZXVtfWNzdJWeXtnd2+/cnDYNirTlLWoEkp3I2KY4JK1gINg3VQzkkSCdaLRzdTvPDJtuJIPME5ZmJCB5DGnBKzkB8CeIIrz4H7Sq1TdmjsDXiZeQaqoQLNX+Qr6imYJk0AFMcb33BTCnGjgVLBJOcgMSwkdkQHzLZUkYSbMZydP8KlV+jhW2pYEPFN/T+QkMWacRLYzITA0i95U/M/zM4ivwpzLNAMm6XxRnAkMCk//x32uGQUxtoRQze2tmA6JJhRsSmUbgrf48jJp12veRe38rl5tXBdxlNAxOkFnyEOXqIFuURO1EEUKPaNX9OaA8+K8Ox/z1hWnmDlCf+B8/gClxZGA</latexit>

§

<latexit sha1_base64="u+5B3Yg/fNPgzGEbHyGlca9cbeE=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVwVRIRdVl8gLvGRx/QhjKZTtqhk0mYuVFL7Ke4caGIW7/EnX/jtM1CWw9cOJxzL/fe48ecKbDtbyO3sLi0vJJfLaytb2xumcXtuooSSWiNRDySTR8rypmgNWDAaTOWFIc+pw1/cD72G/dUKhaJOxjG1AtxT7CAEQxa6pjFNtBHUCR1b6pu9fbyYtQxS3bZnsCaJ05GSiiD2zG/2t2IJCEVQDhWquXYMXgplsAIp6NCO1E0xmSAe7SlqcAhVV46OX1k7WulawWR1CXAmqi/J1IcKjUMfd0ZYuirWW8s/ue1EghOvZSJOAEqyHRRkHALImucg9VlkhLgQ00wkUzfapE+lpiATqugQ3BmX54n9cOyc1w+uj4qVc6yOPJoF+2hA+SgE1RBV8hFNUTQA3pGr+jNeDJejHfjY9qaM7KZHfQHxucP0vGTuQ==</latexit>

PROPOSED
<latexit sha1_base64="NKAotS4p3qXWNftuDecweZRHnP0=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiRT2WSsWbVewHtKFsttt26WYTdidiDf0lXjwo4tWf4s1/47bNQVsfDDzem2Fmnh8JrsFxvq3Myura+kZ2M7e1vbObt/f2GzqMFWV1GopQtXyimeCS1YGDYK1IMRL4gjX90eXUbz4wpXko72EcMS8gA8n7nBIwUtfOd4A9gqZJpXp1c1eddO2CU3RmwMvETUkBpah17a9OL6RxwCRQQbRuu04EXkIUcCrYJNeJNYsIHZEBaxsqScC0l8wOn+Bjo/RwP1SmJOCZ+nsiIYHW48A3nQGBoV70puJ/XjuG/oWXcBnFwCSdL+rHAkOIpyngHleMghgbQqji5lZMh0QRCiarnAnBXXx5mTROi+5ZsXRbKpQraRxZdIiO0Aly0Tkqo2tUQ3VEUYye0St6s56sF+vd+pi3Zqx05gD9gfX5A2QCkuw=</latexit>

BEFORE
<latexit sha1_base64="E7iwvm3JYIrINP+Sp9C4XBEwYYs=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgapjp213RjTsr2Ae0Y8mkmTY08yDJKGXof7hxoYhb/8Wdf2OmraCiJwQO59xLTo4bcSaVZX0YmZXVtfWN7GZua3tndy+/f9CWYSwIbZGQh6LrYkk5C2hLMcVpNxIU+y6nHXdykfqdOyokC4MbNY2o4+NRwDxGsNLSbd/HakwwT65mAxsN8gXLtOqVSrGOLNO2S6VaSZPqmT5FZJvWHAVYojnIv/eHIYl9GijCsZQ924qUk2ChGOF0luvHkkaYTPCI9jQNsE+lk8xTz9CJVobIC4W+gUJz9ftGgn0pp76rJ9OU8reXin95vVh5dSdhQRQrGpDFQ17MkQpRWgEaMkGJ4lNNMBFMZ0VkjAUmSheV0yV8/RT9T9pF066a5etyoXG+rCMLR3AMp2BDDRpwCU1oAQEBD/AEz8a98Wi8GK+L0Yyx3DmEHzDePgGJ4JKQ</latexit>O1

<latexit sha1_base64="8m7y4EPbaHpgz5MfszV1xh+4ssU=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapiZPt0V3bizgn1AO5RMmrahmYdJplCGfocbF4q49WPc+Tdm2goqekLgcM695OR4EWdSWdaHkVlb39jcym7ndnb39g/yh0ctGcaC0CYJeSg6HpaUs4A2FVOcdiJBse9x2vYmV6nfnlIhWRjcqVlEXR+PAjZkBCstuT0fqzHBPLmZ951+vmCZVq1cdmrIMm27WKwWNalc6OMg27QWKMAKjX7+vTcISezTQBGOpezaVqTcBAvFCKfzXC+WNMJkgke0q2mAfSrdZBF6js60MkDDUOgbKLRQv28k2Jdy5nt6Mg0pf3up+JfXjdWw5iYsiGJFA7J8aBhzpEKUNoAGTFCi+EwTTATTWREZY4GJ0j3ldAlfP0X/k5Zj2hWzdFsq1C9XdWThBE7hHGyoQh2uoQFNIHAPD/AEz8bUeDRejNflaMZY7RzDDxhvnzDbkmc=</latexit>O2

<latexit sha1_base64="Ow9bg3I6cfopEMcGdeo5wp7JmNA=">AAAB9HicdVBLSwMxGMzWV62vqkcvwSJ4Wnb79lb04s0K9gHtUrJptg1NsmuSLZSlv8OLB0W8+mO8+W/MthVUdEJgmPk+Mhk/YlRpx/mwMmvrG5tb2e3czu7e/kH+8Kitwlhi0sIhC2XXR4owKkhLU81IN5IEcZ+Rjj+5Sv3OlEhFQ3GnZxHxOBoJGlCMtJG8Pkd6jBFLbuYDPsgXHNupVyrFOnRs1y2VaiVDqhfmFKFrOwsUwArNQf69PwxxzInQmCGleq4TaS9BUlPMyDzXjxWJEJ6gEekZKhAnyksWoefwzChDGITSXKHhQv2+kSCu1Iz7ZjINqX57qfiX14t1UPcSKqJYE4GXDwUxgzqEaQNwSCXBms0MQVhSkxXiMZIIa9NTzpTw9VP4P2kXbbdql2/Lhcblqo4sOAGn4By4oAYa4Bo0QQtgcA8ewBN4tqbWo/VivS5HM9Zq5xj8gPX2CYpHkqI=</latexit>Om

<latexit sha1_base64="M/GqmFTiB5BLdTfRMvXpgCdpam8=">AAAB9HicdVDLSgMxFL3js9ZX1aWbYBFcDTN9uyu6cWcF+4B2KJk008ZmHiaZQhn6HW5cKOLWj3Hn35hpK6joCYHDOfeSk+NGnEllWR/Gyura+sZmZiu7vbO7t587OGzJMBaENknIQ9FxsaScBbSpmOK0EwmKfZfTtju+TP32hArJwuBWTSPq+HgYMI8RrLTk9HysRgTz5HrWv+vn8pZp1crlQg1Zpm0Xi9WiJpVzfQrINq058rBEo5977w1CEvs0UIRjKbu2FSknwUIxwuks24sljTAZ4yHtahpgn0onmYeeoVOtDJAXCn0Dhebq940E+1JOfVdPpiHlby8V//K6sfJqTsKCKFY0IIuHvJgjFaK0ATRgghLFp5pgIpjOisgIC0yU7imrS/j6KfqftAqmXTFLN6V8/WJZRwaO4QTOwIYq1OEKGtAEAvfwAE/wbEyMR+PFeF2MrhjLnSP4AePtE4W7kp8=</latexit>Oj

<latexit sha1_base64="ydkd7/T+KjOcOrvgwMD5X9QjSrk=">AAAB6nicdVDLSgMxFL3js9ZX1aWbYBFcDTN9uyu6cVnRPqAdSibNtLGZzJBkhDL0E9y4UMStX+TOvzF9CCp6QuBwzr3ce48fc6a043xYK6tr6xubma3s9s7u3n7u4LClokQS2iQRj2THx4pyJmhTM81pJ5YUhz6nbX98OfPb91QqFolbPYmpF+KhYAEjWBvpJu7f9XN5x3Zq5XKhhhzbdYvFatGQyrl5BeTazhx5WKLRz733BhFJQio04VipruvE2kux1IxwOs32EkVjTMZ4SLuGChxS5aXzVafo1CgDFETSfKHRXP3ekeJQqUnom8oQ65H67c3Ev7xuooOalzIRJ5oKshgUJBzpCM3uRgMmKdF8YggmkpldERlhiYk26WRNCF+Xov9Jq2C7Fbt0XcrXL5ZxZOAYTuAMXKhCHa6gAU0gMIQHeIJni1uP1ov1uihdsZY9R/AD1tsn0f6OLg==</latexit>pj

<latexit sha1_base64="mi6UjTNb2Ct/P/Dxm6CdwYFSSmY=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapjp213RjcuK9gHtUDJppg3NZIYkI5Shn+DGhSJu/SJ3/o3pQ1DREwKHc+7l3nv8mDOlHefDyqytb2xuZbdzO7t7+wf5w6O2ihJJaItEPJJdHyvKmaAtzTSn3VhSHPqcdvzJ1dzv3FOpWCTu9DSmXohHggWMYG2k23jgDvIFx3bqlUqxjhzbdUulWsmQ6oV5ReTazgIFWKE5yL/3hxFJQio04VipnuvE2kux1IxwOsv1E0VjTCZ4RHuGChxS5aWLVWfozChDFETSfKHRQv3ekeJQqWnom8oQ67H67c3Fv7xeooO6lzIRJ5oKshwUJBzpCM3vRkMmKdF8aggmkpldERljiYk26eRMCF+Xov9Ju2i7Vbt8Uy40LldxZOEETuEcXKhBA66hCS0gMIIHeIJni1uP1ov1uizNWKueY/gB6+0Te5qN9Q==</latexit>p1

<latexit sha1_base64="ltiQWtc7awddrHvxuWLOt5JOgZg=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapiZPt0V3bisaB/QDiWTpm1oJjMkGaEM/QQ3LhRx6xe5829MH4KKnhA4nHMv994TxJwp7TgfVmZtfWNzK7ud29nd2z/IHx61VJRIQpsk4pHsBFhRzgRtaqY57cSS4jDgtB1MruZ++55KxSJxp6cx9UM8EmzICNZGuo37Xj9fcGynVi57NeTYrlssVouGVC7M85BrOwsUYIVGP//eG0QkCanQhGOluq4Taz/FUjPC6SzXSxSNMZngEe0aKnBIlZ8uVp2hM6MM0DCS5guNFur3jhSHSk3DwFSGWI/Vb28u/uV1Ez2s+SkTcaKpIMtBw4QjHaH53WjAJCWaTw3BRDKzKyJjLDHRJp2cCeHrUvQ/aXm2W7FLN6VC/XIVRxZO4BTOwYUq1OEaGtAEAiN4gCd4trj1aL1Yr8vSjLXqOYYfsN4+AX0ejfY=</latexit>p2

<latexit sha1_base64="DPA9Hh4PrgrpA4eRUd2qB3YhRW8=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapjp213RjcuK9gHtUDJppg1NZoYkI5Shn+DGhSJu/SJ3/o3pQ1DREwKHc+7l3nv8mDOlHefDyqytb2xuZbdzO7t7+wf5w6O2ihJJaItEPJJdHyvKWUhbmmlOu7GkWPicdvzJ1dzv3FOpWBTe6WlMPYFHIQsYwdpIt/FADPIFx3bqlUqxjhzbdUulWsmQ6oV5ReTazgIFWKE5yL/3hxFJBA014VipnuvE2kux1IxwOsv1E0VjTCZ4RHuGhlhQ5aWLVWfozChDFETS/FCjhfq9I8VCqanwTaXAeqx+e3PxL6+X6KDupSyME01DshwUJBzpCM3vRkMmKdF8aggmkpldERljiYk26eRMCF+Xov9Ju2i7Vbt8Uy40LldxZOEETuEcXKhBA66hCS0gMIIHeIJni1uP1ov1uizNWKueY/gB6+0T1oqOMQ==</latexit>pm

<latexit sha1_base64="HlzpfObk2vD5vfYCC59KhovMCHU=">AAACOXicbVDLSgMxFM34rPU16tJNsAgKpWSkjnUhFHXhsoLVQjuUTJqpoZkHSUYow/yWG//CneDGhSJu/QEz0xa09UDg3HPu5d4cN+JMKoRejLn5hcWl5cJKcXVtfWPT3Nq+lWEsCG2SkIei5WJJOQtoUzHFaSsSFPsup3fu4CLz7x6okCwMbtQwoo6P+wHzGMFKS12zUez4WN0TzJPLFJ7Bg7x0vaSVlmHSy Re0Rd91ElSx7eOajcqognJk5BQh204nM8M0PeyapUkDnCXWmJTAGI2u+dzphST2aaAIx1K2LRQpJ8FCMcJpWuzEkkaYDHCftjUNsE+lk+SHpXBfKz3ohUK/QMFc/T2RYF/Koe/qzuxGOe1l4n9eO1ZezUlYEMWKBmS0yIs5VCHMYoQ9JihRfKgJJoLpWyG5xwITpcMu6hCs6S/PktujimVXqtfVUv18HEcB7II9cAAscALq4Ao0QBMQ8AhewTv4MJ6MN+PT+Bq1zhnjmR3wB8b3D53dqSs=</latexit>D = (X,y)

<latexit sha1_base64="RmfsOCQ7v+ElEr//s2MJO17/6cY=">AAACHXicbVBLS8NAGNz4rPUV9eglWAQPUjZSY70VvXisYB/QhLLZbtqlmwe7GyGE/BEv/hUvHhTx4EX8N27SCNo6sDDMfN/u7LgRo0JC+KUtLa+srq1XNqqbW9s7u/refleEMcekg0MW8r6LBGE0IB1JJSP9iBPku4z03Ol17vfuCRc0DO5kEhHHR+OAehQjqaSh3qimdnHLgI9dJ4V1yzpvWvAU1mGBnFxCaFmZ7SM5cb00ybKhXvvxjUVilqQGSrSH+oc9CnHsk0BihoQYmDCSToq4pJiRrGrHgkQIT9GYDBQNkE+Ekxa5MuNYKSPDC7k6gTQK9fdGinwhEt9Vk3lEMe/l4n/eIJZe00lpEMWSBHj2kBczQ4ZGXpUxopxgyRJFEOZUZTXwBHGEpSq0qkow57+8SLpnddOqN24btdZVWUcFHIIjcAJMcAFa4Aa0QQdg8ACewAt41R61Z+1Ne5+NLmnlzgH4A+3zG11Inmk=</latexit>y

<latexit sha1_base64="YRdzTZYNRF/t8ztQDdPmtmLoOI0=">AAACB3icbVDLSgMxFM3UV62vqktBgkVwVWaKqMuiXbgRK9gHtEPJZO60oZnMkGSEMnTnxl9x40IRt/6CO//GTNuFth4IHM65N8k5XsyZ0rb9beWWlldW1/LrhY3Nre2d4u5eU0WJpNCgEY9k2yMKOBPQ0ExzaMcSSOhxaHnDq8xvPYBULBL3ehSDG5K+YAGjRBupVzys3dZwNxE+yOyK9GYc+cCxloQJJvq9Ysku2xPgReLMSAnNUO8Vv7p+RJMQhKacKNVx7Fi7KZGaUQ7jQjdREBM6JH3oGCpICMpNJznG+NgoPg4iaY7QeKL+3khJqNQo9MxkSPRAzXuZ+J/XSXRw4aZMxIkGQacPBYmJGeGsFOwzCVTzkSGESmb+iumASEK1qa5gSnDmIy+SZqXsnJVP7yql6uWsjjw6QEfoBDnoHFXRNaqjBqLoET2jV/RmPVkv1rv1MR3NWbOdffQH1ucP6MOZXA==</latexit>

DOD Model training

<latexit sha1_base64="FRC9Z48PVeOeS+C+Q+HcSCz9E0Q=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj00mNF+wFtKJvtpF262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZ6qDd0v1R2K+4cZJV4OSlDjka/9NUbxCyNUBomqNZdz02Mn1FlOBM4LfZSjQllYzrErqWSRqj9bH7qlJxbZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMT3vgZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTtCF4yy+vkla14l1VLu+r5dptHkcBTuEMLsCDa6hBHRrQBAZDeIZXeHOE8+K8Ox+L1jUnnzmBP3A+fwASG42q</latexit>

HPs

<latexit sha1_base64="0Vkms0sxBiJAI5au9/gSK+eghWY=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4Gmam9uGu6MaNUMHWwnQomfROG5qZDElGKKWf4caFIm79Gnf+jelDUNETAodz7uXee8KUM6Ud58PKrayurW/kNwtb2zu7e8X9g7YSmaTQooIL2QmJAs4SaGmmOXRSCSQOOdyFo8uZf3cPUjGR3OpxCkFMBgmLGCXaSP616APHKcjI7hVLju3UKxWvjh3bdcvlWtmQ6rl5HnZtZ44SWqLZK753+4JmMSSacqKU7zqpDiZEakY5TAvdTEFK6IgMwDc0ITGoYDJfeYpPjNLHkZDmJxrP1e8dExIrNY5DUxkTPVS/vZn4l+dnOqoHE5akmYaELgZFGcda4Nn9uM8kUM3HhhAqmdkV0yGRhGqTUsGE8HUp/p+0Pdut2mc3XqlxsYwjj47QMTpFLqqhBrpCTdRCFAn0gJ7Qs6WtR+vFel2U5qxlzyH6AevtEyNqkS8=</latexit>

Model perf.

<latexit sha1_base64="ydkd7/T+KjOcOrvgwMD5X9QjSrk=">AAAB6nicdVDLSgMxFL3js9ZX1aWbYBFcDTN9uyu6cVnRPqAdSibNtLGZzJBkhDL0E9y4UMStX+TOvzF9CCp6QuBwzr3ce48fc6a043xYK6tr6xubma3s9s7u3n7u4LClokQS2iQRj2THx4pyJmhTM81pJ5YUhz6nbX98OfPb91QqFolbPYmpF+KhYAEjWBvpJu7f9XN5x3Zq5XKhhhzbdYvFatGQyrl5BeTazhx5WKLRz733BhFJQio04VipruvE2kux1IxwOs32EkVjTMZ4SLuGChxS5aXzVafo1CgDFETSfKHRXP3ekeJQqUnom8oQ65H67c3Ev7xuooOalzIRJ5oKshgUJBzpCM3uRgMmKdF8YggmkpldERlhiYk26WRNCF+Xov9Jq2C7Fbt0XcrXL5ZxZOAYTuAMXKhCHa6gAU0gMIQHeIJni1uP1ov1uihdsZY9R/AD1tsn0f6OLg==</latexit>pj

<latexit sha1_base64="8RjUGFIm0027/8bBt3S382RSetM=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFclaTGPnZFN11JBfuANpTJZNIOnUzCzEQpsZ/ixoUibv0Sd/6Nk7aCih64cDjnXu69x4sZlcqyPoyV1bX1jc3cVn57Z3dv3ywcdGSUCEzaOGKR6HlIEkY5aSuqGOnFgqDQY6TrTS4zv3tLhKQRv1HTmLghGnEaUIyUloZmoXkFw8gnDCqBKKd8NDSLVsmyyrXqOcyIU6+cZcSulx0H2lrJUARLtIbm+8CPcBISrjBDUvZtK1ZuioSimJFZfpBIEiM8QSPS15SjkEg3nZ8+gyda8WEQCV1cwbn6fSJFoZTT0NOdIVJj+dvLxL+8fqKCmptSHieKcLxYFCT6zQhmOUCfCoIVm2qCsKD6VojHSCCsdFp5HcLXp/B/0imX7ErJuS4XGxfLOHLgCByDU2CDKmiAJmiBNsDgDjyAJ/Bs3BuPxovxumhdMZYzh+AHjLdPAxeT3w==</latexit>

HN model training

<latexit sha1_base64="13LAGDQmRPTtElgp258tT4Oog3k=">AAAB9XicdVDLSgMxFM34rPVVdekmWARXZWYc+9gV3bgRKtgHtGPJpJk2NMkMSUYpQ//DjQtF3Pov7vwbM20FFT1w4XDOvcm9J4gZVdq2P6yl5ZXVtfXcRn5za3tnt7C331JRIjFp4ohFshMgRRgVpKmpZqQTS4J4wEg7GF9kfvuOSEUjcaMnMfE5GgoaUoy0kW7THuHwKmGaxoxM+4WiXbJtt1o5gxnxauXTjDg11/OgY5QMRbBAo1947w0inHAiNGZIqa5jx9pPkdQUm/fyvUSRGOExGpKuoQJxovx0tvUUHhtlAMNImhIaztTvEyniSk14YDo50iP128vEv7xuosOqn1IRJ5oIPP8oTBjUEcwigAMqCdZsYgjCkppdIR4hibA2QeVNCF+Xwv9Jyy055ZJ37Rbr54s4cuAQHIET4IAKqINL0ABNgIEED+AJPFv31qP1Yr3OW5esxcwB+AHr7RMEHpLf</latexit>

Multiple
<latexit sha1_base64="mjvrgDVrnJQRh37vCS9X/22SLNw=">AAAB83icdVDLSgMxFM34rPVVdekmWARXZWYc+9gV3bisaB/QGUomzbShSWZIMkIZ+htuXCji1p9x59+YaSuo6IELh3PuTe49YcKo0rb9Ya2srq1vbBa2its7u3v7pYPDjopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh5Cr3u/dEKhqLOz1NSMDRSNCIYqSN5Gc+4fCWihEjs0GpbFds263XLmBOvEb1PCdOw/U86BglRxks0RqU3v1hjFNOhMYMKdV37EQHGZKaYvNe0U8VSRCeoBHpGyoQJyrI5jvP4KlRhjCKpSmh4Vz9PpEhrtSUh6aTIz1Wv71c/MvrpzqqBxkVSaqJwIuPopRBHcM8ADikkmDNpoYgLKnZFeIxkghrE1PRhPB1KfyfdNyKU614N265ebmMowCOwQk4Aw6ogSa4Bi3QBhgk4AE8gWcrtR6tF+t10bpiLWeOwA9Yb59NYZHh</latexit>

Single

<latexit sha1_base64="nV60w0qiYNS4apg+xA2GQ9ZO1Qo="></latexit>{(X, Oj ,�j)}<latexit sha1_base64="xUAnHokyn0r9izlrbYdhj8LpnX8=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCi1KSGvtYCEU3LivYB7QhTCaTduzkwcxEqKFf4saFIm79FHf+jZO2gooeuHA4517uvceNGRXSMD603Mrq2vpGfrOwtb2zW9T39rsiSjgmHRyxiPddJAijIelIKhnpx5ygwGWk504uM793R7igUXgjpzGxAzQKqU8xkkpy9KKT3p6b5SHzIinKwczRS0bFMKqN+hnMiNWsnWbEbFYtC5pKyVACS7Qd/X3oRTgJSCgxQ0IMTCOWdoq4pJiRWWGYCBIjPEEjMlA0RAERdjo/fAaPleJBP+KqQgnn6veJFAVCTANXdQZIjsVvLxP/8gaJ9Bt2SsM4kSTEi0V+wqCMYJYC9CgnWLKpIghzqm6FeIw4wlJlVVAhfH0K/yfdasWsVaxrq9S6WMaRB4fgCJwAE9RBC1yBNugADBLwAJ7As3avPWov2uuiNactZw7AD2hvn3jkkwA=</latexit>

j=1,...,m

<latexit sha1_base64="1cKGIPX2By5R2KG0k+Iucfa1UGs=">AAACJXicbVBNS8NAEN34WetX1aOXxVbwVBIR9eChqAePFawKTSmT7aZd3GzC7kQsIX/Gi3/FiweLCJ78K25jD2p9sPD2vRlm5gWJFAZd98OZmZ2bX1gsLZWXV1bX1isbm9cmTjXjLRbLWN8GYLgUirdQoOS3ieYQBZLfBHdnY//mnmsjYnWFw4R3IugrEQoGaKVu5SRWFKSkNT8CHDCQ2XlOfaFo8Q/C7IeedzMf+QNmqEGoPK91K1W37hag08SbkCqZoNmtjPxezNKIK2QSjGl7boKdDDQKJnle9lPDE2B30OdtSxVE3HSy4sqc7lqlR8NY26eQFurPjgwiY4ZRYCvHO5u/3lj8z2unGB53MqGSFLli34PCVFKM6Tgy2hOaM5RDS4BpYXelbAAaGNpgyzYE7+/J0+R6v+4d1g8u96uN00kcJbJNdsge8cgRaZAL0iQtwsgjeSavZOQ8OS/Om/P+XTrjTHq2yC84n18dLKZT</latexit>

on all D 2 Dtrain

3.2 Model Selection (Online on New Dataset): alternate between (1) & (2)

<latexit sha1_base64="4pZbKC2Sk4rIjK+M0F9ILzjyWyg=">AAACA3icbVDLSgMxFM3UV62vUXe6CbaCqzJTRF0W3bisYB/QGUomk2lDM8mQZIQyFNz4K25cKOLWn3Dn35hpZ6GtF0IO59zDvfcECaNKO863VVpZXVvfKG9WtrZ3dvfs/YOOEqnEpI0FE7IXIEUY5aStqWakl0iC4oCRbjC+yfXuA5GKCn6vJwnxYzTkNKIYaUMN7KOal3mBYKGaxObLPGa8IZp609rArjp1Z1ZwGbgFqIKiWgP7ywsFTmPCNWZIqb7rJNrPkNQUMzKteKkiCcJjNCR9AzmKifKz2Q1TeGqYEEZCmsc1nLG/HRmKVb6j6YyRHqlFLSf/0/qpjq78jPIk1YTj+aAoZVALmAcCQyoJ1mxiAMKSml0hHiGJsDaxVUwI7uLJy6DTqLsX9fO7RrV5XcRRBsfgBJwBF1yCJrgFLdAGGDyCZ/AK3qwn68V6tz7mrSWr8ByCP2V9/gBSGZf2</latexit>{�}
<latexit sha1_base64="RMcSxTaRvHnkVuAoeoz8Xu2Dhtg=">AAACJ3icbVDLSsNAFJ3UV62vqEs3wSLUTUmkqCspunFZwT6gCWEymTRDJ5kwM1FKyN+48VfcCCqiS//ESZuFbb0wzOGce7n3HC+hREjT/NYqK6tr6xvVzdrW9s7unr5/0BMs5Qh3EaOMDzwoMCUx7koiKR4kHMPIo7jvjW8Kvf+AuSAsvpeTBDsRHMUkIAhKRbn6lf1IfBxCmdkRlKEXZP08dzPbY9QXk0h9mZ2EJM8bcxRVG3yYn7p63Wya0zKWgVWCOiir4+pvts9QGuFYIgqFGFpmIp0MckkQxXnNTgVOIBrDER4qGMMICyeb+syNE8X4RsC4erE0puzfiQxGorhQdRZmxKJWkP9pw1QGl05G4iSVOEazRUFKDcmMIjTDJxwjSScKQMSJutVAIeQQSRVtTYVgLVpeBr2zpnXebN216u3rMo4qOALHoAEscAHa4BZ0QBcg8ARewDv40J61V+1T+5q1VrRy5hDMlfbzCyibqI8=</latexit>

cW�(�)

<latexit sha1_base64="ykZ9zWw5RPMrQ6uNM/2vzJaZ3P8=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiGzdCBfvAtpRMeqcNzWSGJCOUoX/hxoUibv0bd/6NmXYW2nogcDjnXnLu8WPBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpKFMMGi0Sk2j7VKLjEhuFGYDtWSENfYMsf32R+6wmV5pF8MJMYeyEdSh5wRo2VHrshNSM/SO+m/XLFrbozkGXi5aQCOer98ld3ELEkRGmYoFp3PDc2vZQqw5nAaambaIwpG9MhdiyVNETdS2eJp+TEKgMSRMo+achM/b2R0lDrSejbySyhXvQy8T+vk5jgqpdyGScGJZt/FCSCmIhk55MBV8iMmFhCmeI2K2EjqigztqSSLcFbPHmZNM+q3kX1/P68UrvO6yjCERzDKXhwCTW4hTo0gIGEZ3iFN0c7L8678zEfLTj5ziH8gfP5A77QkPo=</latexit>

M

<latexit sha1_base64="RMcSxTaRvHnkVuAoeoz8Xu2Dhtg=">AAACJ3icbVDLSsNAFJ3UV62vqEs3wSLUTUmkqCspunFZwT6gCWEymTRDJ5kwM1FKyN+48VfcCCqiS//ESZuFbb0wzOGce7n3HC+hREjT/NYqK6tr6xvVzdrW9s7unr5/0BMs5Qh3EaOMDzwoMCUx7koiKR4kHMPIo7jvjW8Kvf+AuSAsvpeTBDsRHMUkIAhKRbn6lf1IfBxCmdkRlKEXZP08dzPbY9QXk0h9mZ2EJM8bcxRVG3yYn7p63Wya0zKWgVWCOiir4+pvts9QGuFYIgqFGFpmIp0MckkQxXnNTgVOIBrDER4qGMMICyeb+syNE8X4RsC4erE0puzfiQxGorhQdRZmxKJWkP9pw1QGl05G4iSVOEazRUFKDcmMIjTDJxwjSScKQMSJutVAIeQQSRVtTYVgLVpeBr2zpnXebN216u3rMo4qOALHoAEscAHa4BZ0QBcg8ARewDv40J61V+1T+5q1VrRy5hDMlfbzCyibqI8=</latexit>

cW�(�)
<latexit sha1_base64="qC/0eD8OyaKDLmAmqXTzIHMuom0=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUpQBYwVLIxFog+piSLHcVqrjh3ZDlIVdWHhV1gYQIiVf2Djb3DaDNByJctH59yje+8JU0aVdpxvq7Kyura+Ud2sbW3v7O7Z+wddJTKJSQcLJmQ/RIowyklHU81IP5UEJSEjvXB8U+i9ByIVFfxeT1LiJ2jIaUwx0oYK7GMvh14oWKQmiflyjxlvhKaBgt40sOtOw5kVXAZuCeqgrHZgf3mRwFlCuMYMKTVwnVT7OZKaYkamNS9TJEV4jIZkYCBHCVF+PrtiCk8NE8FYSPO4hjP2tyNHiSq2NJ0J0iO1qBXkf9og0/GVn1OeZppwPB8UZwxqAYtIYEQlwZpNDEBYUrMrxCMkEdYmuJoJwV08eRl0zxvuRaN516y3rss4quAInIAz4IJL0AK3oA06AINH8AxewZv1ZL1Y79bHvLVilZ5D8Keszx/kSZjW</latexit>{�s}

<latexit sha1_base64="N1bmgbsNjF20bR2ht6Ubc8JblMw="></latexit>

Sample �sample around �curr

<latexit sha1_base64="wJ90wAJG2eLHjXIzdftUUQA7jVY=">AAACAXicbZDLSsNAFIYnXmu9Rd0IboJFcFUS8bYsunFZwV6gDWEyPWmHTi7MnIglxI2v4saFIm59C3e+jdM2C239YeDjP+dw5vx+IrhC2/42FhaXlldWS2vl9Y3NrW1zZ7ep4lQyaLBYxLLtUwWCR9BAjgLaiQQa+gJa/vB6XG/dg1Q8ju5wlIAb0n7EA84oassz97sID+gHWTv3sglnCArz3DMrdtWeyJoHp4AKKVT3zK9uL2ZpCBEyQZXqOHaCbkYlciYgL3dTBQllQ9qHjsaIhqDcbHJBbh1pp2cFsdQvQmvi/p7IaKjUKPR1Z0hxoGZrY/O/WifF4NLNeJSkCBGbLgpSYWFsjeOwelwCQzHSQJnk+q8WG1BJGerQyjoEZ/bkeWieVJ3z6tntaaV2VcRRIgfkkBwTh1yQGrkhddIgjDySZ/JK3own48V4Nz6mrQtGMbNH/sj4/AE8CJgO</latexit>

Xtest
<latexit sha1_base64="wJ90wAJG2eLHjXIzdftUUQA7jVY=">AAACAXicbZDLSsNAFIYnXmu9Rd0IboJFcFUS8bYsunFZwV6gDWEyPWmHTi7MnIglxI2v4saFIm59C3e+jdM2C239YeDjP+dw5vx+IrhC2/42FhaXlldWS2vl9Y3NrW1zZ7ep4lQyaLBYxLLtUwWCR9BAjgLaiQQa+gJa/vB6XG/dg1Q8ju5wlIAb0n7EA84oassz97sID+gHWTv3sglnCArz3DMrdtWeyJoHp4AKKVT3zK9uL2ZpCBEyQZXqOHaCbkYlciYgL3dTBQllQ9qHjsaIhqDcbHJBbh1pp2cFsdQvQmvi/p7IaKjUKPR1Z0hxoGZrY/O/WifF4NLNeJSkCBGbLgpSYWFsjeOwelwCQzHSQJnk+q8WG1BJGerQyjoEZ/bkeWieVJ3z6tntaaV2VcRRIgfkkBwTh1yQGrkhddIgjDySZ/JK3own48V4Nz6mrQtGMbNH/sj4/AE8CJgO</latexit>

Xtest

<latexit sha1_base64="DiJX7Ud2TDzJWcA14d6OKU+oNiU="></latexit>

HN(·,�)curr

<latexit sha1_base64="N1bmgbsNjF20bR2ht6Ubc8JblMw="></latexit>

Sample �sample around �curr

<latexit sha1_base64="yWDdSzXV+QSvAKECbpj9BZyRP+o="></latexit>

�curr

<latexit sha1_base64="AjztPsuXJ4UNWZAUXEybT0+3GKI=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8lUT8Oha9eKxgP6CNZbPdtEs3m7A7qZaQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZub5seAaHefbWlpeWV1bL2wUN7e2d3ZLe/sNHSWKsjqNRKRaPtFMcMnqyFGwVqwYCX3Bmv7wZuI3R0xpHsl7HMfMC0lf8oBTgkZ6CLppB9kTpiMisqxbKjsVZwp7kbg5KUOOWrf01elFNAmZRCqI1m3XidFLiUJOBcuKnUSzmNAh6bO2oZKETHvp9OrMPjZKzw4iZUqiPVV/T6Qk1Hoc+qYzJDjQ895E/M9rJxhceSmXcYJM0tmiIBE2RvYkArvHFaMoxoYQqri51aYDoghFE1TRhODOv7xIGqcV96JyfndWrl7ncRTgEI7gBFy4hCrcQg3qQEHBM7zCm/VovVjv1sesdcnKZw7gD6zPH3jIkyk=</latexit>

fval

<latexit sha1_base64="mNvdpsO3ra6D8QIWdz1hBIe/EPw=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXw0ynHV0W3bisaB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaSuo6IHA4Zx7ybknShlV2nE+rJXVtfWNzdJWeXtnd2+/cnDYUSKTmLSxYEL2IqQIo5y0NdWM9FJJUBIx0o0mV4XfvSdSUcHv9DQlYYJGnMYUI22koJ8gPcaI5bezQaXq2K7XaDg+dOya5/mea0jd92pODbq2M0cVLNEaVN77Q4GzhHCNGVIqcJ1UhzmSmmJGZuV+pkiK8ASNSGAoRwlRYT6PPIOnRhnCWEjzuIZz9ftGjhKlpklkJouI6rdXiH95QabjizCnPM004XjxUZwxqAUs7odDKgnWbGoIwpKarBCPkURYm5bKpoSvS+H/pFOzXd9u3NSrzctlHSVwDE7AGXDBOWiCa9ACbYCBAA/gCTxb2nq0XqzXxeiKtdw5Aj9gvX0C3qSRqg==</latexit>S
X

X

X
X

X

X
X

X

X

X

X

X

X

X

X

<latexit sha1_base64="s+WvhoZitSCpdSKMW0fWCsDxPTo=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCWoAsYKFsYi0YfURJHjOK1Vx45sB6mKOrDwKywMIMTKR7DxNzhtBmi5kuWjc+7RvfeEKaNKO863VVlb39jcqm7Xdnb39g/sw6OeEpnEpIsFE3IQIkUY5aSrqWZkkEqCkpCRfji5KfT+A5GKCn6vpynxEzTiNKYYaUMFdt0LBYvUNDFf7jFjjNAsUNCjHAZ2w2k684KrwC1BA5TVCewvLxI4SwjXmCGlhq6Taj9HUlPMyKzmZYqkCE/QiAwN5Cghys/nR8zgqWEiGAtpHtdwzv525ChRxZ6mM0F6rJa1gvxPG2Y6vvJzytNME44Xg+KMQS1gkQiMqCRYs6kBCEtqdoV4jCTC2uRWMyG4yyevgt55071otu5ajfZ1GUcV1MEJOAMuuARtcAs6oAsweATP4BW8WU/Wi/VufSxaK1bpOQZ/yvr8AfypmE8=</latexit>

�s 2
<latexit sha1_base64="mNvdpsO3ra6D8QIWdz1hBIe/EPw=">AAAB8nicdVDLSgMxFM34rPVVdekmWARXw0ynHV0W3bisaB8wHUomzbShmWRIMkIZ+hluXCji1q9x59+YaSuo6IHA4Zx7ybknShlV2nE+rJXVtfWNzdJWeXtnd2+/cnDYUSKTmLSxYEL2IqQIo5y0NdWM9FJJUBIx0o0mV4XfvSdSUcHv9DQlYYJGnMYUI22koJ8gPcaI5bezQaXq2K7XaDg+dOya5/mea0jd92pODbq2M0cVLNEaVN77Q4GzhHCNGVIqcJ1UhzmSmmJGZuV+pkiK8ASNSGAoRwlRYT6PPIOnRhnCWEjzuIZz9ftGjhKlpklkJouI6rdXiH95QabjizCnPM004XjxUZwxqAUs7odDKgnWbGoIwpKarBCPkURYm5bKpoSvS+H/pFOzXd9u3NSrzctlHSVwDE7AGXDBOWiCa9ACbYCBAA/gCTxb2nq0XqzXxeiKtdw5Aj9gvX0C3qSRqg==</latexit>S

<latexit sha1_base64="DiJX7Ud2TDzJWcA14d6OKU+oNiU="></latexit>

HN(·,�)curr

<latexit sha1_base64="ykZ9zWw5RPMrQ6uNM/2vzJaZ3P8=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiGzdCBfvAtpRMeqcNzWSGJCOUoX/hxoUibv0bd/6NmXYW2nogcDjnXnLu8WPBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpKFMMGi0Sk2j7VKLjEhuFGYDtWSENfYMsf32R+6wmV5pF8MJMYeyEdSh5wRo2VHrshNSM/SO+m/XLFrbozkGXi5aQCOer98ld3ELEkRGmYoFp3PDc2vZQqw5nAaambaIwpG9MhdiyVNETdS2eJp+TEKgMSRMo+achM/b2R0lDrSejbySyhXvQy8T+vk5jgqpdyGScGJZt/FCSCmIhk55MBV8iMmFhCmeI2K2EjqigztqSSLcFbPHmZNM+q3kX1/P68UrvO6yjCERzDKXhwCTW4hTo0gIGEZ3iFN0c7L8678zEfLTj5ziH8gfP5A77QkPo=</latexit>

M

<latexit sha1_base64="gtvOhOzXT3KTKxclK3j1rpc7UxE=">AAAB8nicbVDLSsNAFJ34rPVVdelmsAiuSlLwsSy6cVnRPiAJZTKdtEMnM2HmRiyhn+HGhSJu/Rp3/o3TNgttPXDhcM693HtPlApuwHW/nZXVtfWNzdJWeXtnd2+/cnDYNirTlLWoEkp3I2KY4JK1gINg3VQzkkSCdaLRzdTvPDJtuJIPME5ZmJCB5DGnBKzkB8CeIIrz4H7Sq1TdmjsDXiZeQaqoQLNX+Qr6imYJk0AFMcb33BTCnGjgVLBJOcgMSwkdkQHzLZUkYSbMZydP8KlV+jhW2pYEPFN/T+QkMWacRLYzITA0i95U/M/zM4ivwpzLNAMm6XxRnAkMCk//x32uGQUxtoRQze2tmA6JJhRsSmUbgrf48jJp12veRe38rl5tXBdxlNAxOkFnyEOXqIFuURO1EEUKPaNX9OaA8+K8Ox/z1hWnmDlCf+B8/gClxZGA</latexit>

§

<latexit sha1_base64="8RjUGFIm0027/8bBt3S382RSetM=">AAAB+nicdVDLSsNAFJ34rPWV6tLNYBFclaTGPnZFN11JBfuANpTJZNIOnUzCzEQpsZ/ixoUibv0Sd/6Nk7aCih64cDjnXu69x4sZlcqyPoyV1bX1jc3cVn57Z3dv3ywcdGSUCEzaOGKR6HlIEkY5aSuqGOnFgqDQY6TrTS4zv3tLhKQRv1HTmLghGnEaUIyUloZmoXkFw8gnDCqBKKd8NDSLVsmyyrXqOcyIU6+cZcSulx0H2lrJUARLtIbm+8CPcBISrjBDUvZtK1ZuioSimJFZfpBIEiM8QSPS15SjkEg3nZ8+gyda8WEQCV1cwbn6fSJFoZTT0NOdIVJj+dvLxL+8fqKCmptSHieKcLxYFCT6zQhmOUCfCoIVm2qCsKD6VojHSCCsdFp5HcLXp/B/0imX7ErJuS4XGxfLOHLgCByDU2CDKmiAJmiBNsDgDjyAJ/Bs3BuPxovxumhdMZYzh+AHjLdPAxeT3w==</latexit>
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Figure 1: HYPER framework illustrated. (top) Offline meta-training of performance estimator fval (depicted in
) on labeled historical datasets Dtrain (§3.1); (bottom) Online model selection on a new unlabeled dataset Xtest

(§3.2). We accelerate both meta-training and model selection using hypernetworks (HN) (depicted in ; §4).

the corresponding model performance across Dtrain. fval is then employed to predict performance
solely from characteristics of (1) the input data, (2) the trained model, and (3) the HP values.
Data Embedding. Datasets may have different feature and sample sizes (Appx. §C.1), which makes
it challenging to learn dataset embeddings. To address this, we use feature hashing Weinberger et al.
(2009), ψ(·), to project a dataset to a k-dimensional unified feature space. Then, we train a feature
extractor h(·), a fully connected neural network, to map hashed samples to their corresponding
outlier labels, i.e. h : ψ(X) 7→ y, where (X,y) denotes a historical dataset with labels. In effect,
embeddings by h(·) is expected to capture outlying characteristics of datasets. Finally, we use max-
pooling to aggregate sample-wise representations into dataset-wise embeddings by pool{h(ψ(X))}.
Model Embedding. To represent a trained DOD model with HP-config. λ, we train a neural network
g(·) that maps its set of output outlier scores onto detection performance, i.e. g : Oλ 7→ p. To handle
set-size variability of outlier scores (due to different size datasets), we employ DeepSet Zaheer et al.
(2017) for g(·), and use the pooling layer’s output as the model embedding by pool{g(Oλ)}.

Training an Effective and Efficient fval for Validation without Supervision. Given a DOD
algorithm M for UDOMS, let Mj denote the model with HP configuration λj from the set λmeta =
{λ1, . . . ,λm} ∈ Λ. HYPER uses Dtrain to compute (1) historical outlier scores Oi,j , as output by
each Mj on each Di ∈ Dtrain; and the corresponding (2) historical performance pi,j , denoting Mj’s
detection performance (e.g. AUROC) on Di, calculated based on the scores Oi,j and the labels yi.
Regression. As shown in Fig. 1 (top), the idea of fval is to learn a mapping (e.g. lightGBM Ke
et al. (2017) or any other regressor) from (1) input data embedding, (2) model embedding (based on
model output, i.e. outlier scores), and (3) given HP configuration onto the corresponding detection
performance across n historical datasets and m models (i.e. configurations). Specifically,
fval :

{
pool{h(ψ(Xi))}

data embed.

, pool{g(Oi,j)}
model embed.

, λj

HPs

}
7→ pi,j , i ∈ {1, . . . , n}, j ∈ {1, . . . ,m} . (2)

Further details on fval are given in Appx. §A. Notably, provided with the functions ψ(·), h(·), g(·),
and the trained fval, we can predict a given model’s performance on a new task without any labels.
Speed-up. Obtaining model embeddings requires the outlier scores and hence training the DOD
model for each HP configuration, which can be computationally expensive (see Fig. 1 (top, left)).
To address this efficiency issue, we train our proposed HN (details presented in §4) only once per
dataset across m different HP configurations, which generates the weights and outlier scores for all
models, significantly speeding up the meta-training phase (see Fig. 1 (top, right)).
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Algorithm 1 HYPER: Online Model Selection
Input: test dataset Dtest = (Xtest, ∅) HN parameters ϕ, HN learning rate α, HN loss function Lhn(·), perfor-

mance estimator fval, HN (re-)training epochs T , validation objective G(·), patience ρ
Output: optimized HP configuration λ∗ for the test dataset

1: Initialize λcurr and σcurr; set current best HP λ∗ := λcurr; sampled set of HPs S := ∅
2: while patience criterion ρ is not met do
3: for t = 1, . . . , T do
4: ϵ ∼ p(ϵ|σcurr) ▶ sample local HP perturbations around current λcurr

5: ϕ← α ∂
∂ϕ
Lhn(λcurr + ϵ,Ŵϕ(λcurr + ϵ)) ▶ train the HN with the sampled local HPs

6: S := S ∪ (λcurr + ϵ) ▶ save locally sampled HPs
7: end for
8: λcurr ← argmaxλ∈Λ G(λ,σcurr,Ŵϕ(λ+ ϵ)) ▶ update λcurr by Eq. (4)
9: σcurr ← argmaxσ G(λcurr,σ,Ŵϕ(λcurr + ϵ)) ▶ update σcurr by Eq. (4)

10: end while
11: Output the best HP λ∗ ≈ argmaxλ∈S fval(Xtest,Ŵϕ(λ),λ) ▶ Eq. (5)

3.2 MODEL SELECTION (ONLINE ON NEW DATASET)

Model selection via performance estimator. Given our meta-trained fval, we can train DOD models
with randomly sampled HPs on the test dataset to obtain outlier scores, and then select the one with
the highest predicted performance by fval, that is, argmaxλ∈Λ fval(Xtest,Otest,λ,λ) .

Training OD models from scratch for each HP can be computationally expensive. To speed this
up, we propose to build a HN to generate model weights and subsequently the outlier scores for
randomly sampled HPs. Parameterized by ϕ, the HN maps a given HP configuration λj to the
weights Ŵϕ(λj) := HN(λj ;ϕ), which are effectively the predicted parameters of the DOD model
under HP configuration λj . (See details in §4.) As the DOD model weights also dictate the output
outlier scores Oλ, we abuse notation and use them interchangeably as input to fval in this section.

Training local HN iteratively and adaptively. We propose to iteratively train our HN over locally
selected HPs, since training a “global HN” to predict weights across the entire Λ and over unseen λ
is a challenging task especially for large model spaces MacKay et al. (2019), impacting the quality of
model selection. We design HYPER to jointly optimize the HPs λ and the (local) HN parameters ϕ
in an alternating fashion; as shown in Fig. 1 (bottom) and Algo. 1. It alternates between:

1. HN-training that updates HN parameters ϕ to approximate the best-response in a local
neighborhood around the current hyperparameters λcurr via Lhn, and

2. HPOpt that updates λcurr in a gradient-free fashion by estimating detection performance
through fval of a large set S of candidate λ’s sampled from the same neighborhood, using the
corresponding approximate best-response, i.e. the HN-generated weights, Ŵϕ(λ).

To dynamically control the sampling range around λcurr, we use a factorized Gaussian with standard
deviation σ to generate local HP perturbations p(ϵ|σ). σcurr is used during HN-training for sampling
local HPs and gets updated during HPOpt at each iteration.

Updating λcurr and σcurr. HYPER iteratively explores promising HPs and the corresponding
sampling range. To update λcurr and σcurr, we maximize the following objective.

Eϵ∼p(ϵ|σ)[fval(Xtest,Ŵϕ(λ+ ϵ),λ+ ϵ)]

update λcurr to a better model/HPs w/ high expectation

+ τ H(p(ϵ|σ))
sampling range around λcurr

(3)

The objective consists of two terms. The first term emphasizes selecting the next model/HP configura-
tion with high expected performance, aiming to improve the overall model performance. The second
term measures the uncertainty of the sampling factor, quantified with Shannon’s entropy H. A higher
entropy value indicates a less localized sampling, allowing for more exploration. The objective is
to find an HP configuration that can achieve high expected performance, within a reasonably local
region to contain a good model, that is also local enough for the HN to be able to effectively learn the
best-response. If the sampling factor σ is too small, it limits the exploration of the next HP configura-
tion and training of the HN, potentially missing out on better-performing options. Conversely, if σ is
too large, it may lead to inaccuracies in the HN’s generated weights, compromising the accuracy of
the first term. The balance factor τ controls the trade-off between the two terms.
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We approximate the expectation term in Eq. (3) by the empirical mean of predicted performances
through V number of sampled perturbations around λ. Then, we define our validation objective G as

G(λ,σ,Ŵϕ) =
1

V

V∑

i=1

fval(Xtest,Ŵϕ(λ+ ϵi),λ+ ϵi) + τH(p(ϵ|σ)) . (4)

In each iteration of the HP configuration update, we first fix σcurr and find the HP configuration
with the highest value of Eq. (4). Specifically, we sample Vλ local configurations around λcurr, i.e.,
λcurr + ϵi|σcurr for i ∈ 1, . . . , Vλ. After λcurr is updated, we fix it and update the sampling factor
σcurr by Eq. (4) based on Vσ samples of σ. To ensure encountering a good HP configuration, we set
Vλ and Vσ to be a large number, e.g. 500. (see specific settings in Appx. §C.2.)

Selecting the Best Model/HP λ∗. We employ fval to choose the best HP λ∗ from all the locally
sampled HPs S during the HN training. Note that HYPER directly uses the HN-generated weights
Ŵϕ(λ) for fast computation, without the need to build any model for evaluating by fval. That is,

λ∗ ≈ argmax
λ∈S

fval(Xtest,Ŵϕ(λ),λ) . (5)

Initialization and Convergence. We initialize λcurr and σcurr with the globally best values across
historical datasets. We consider HYPER as converged if the highest predicted performance by fval
does not change in ρ consecutive iterations. A larger ρ, referred as “patience”, requires more iterations
to converge yet likely yields better results. Note that ρ can be decided by cross-validation on historical
datasets during meta-training. See Appx. §C.3 for analysis of initialization and patience.

4 PROPOSED HYPERNETWORK FOR SPEED UP – TRAIN ONE, GET MANY

To tackle the challenge of model-building efficiency, we design hypernetworks (HN) that can effi-
ciently train OD models with different hyperparameter configurations. A hypernetwork (HN) is a
network generating weights (i.e. parameters) for another network (in our case, the DOD model) Ha
et al. (2017). Our input to HN, λ ∈ Λ, breaks down into two components as λ = [λreg,λarch],
corresponding to regularization HPs (e.g. dropout, weight decay) and architectural HPs.

Our HN resolves three challenges: (Ch.I) its fixed-size output Ŵϕ must be able to adjust to different
architectural shapes, (Ch.II) Ŵϕ(λ) should output sufficiently diverse weights in response to varying
λ inputs, and (Ch.III) training HN should be more efficient than training individual DOD models.

<latexit sha1_base64="BOrGtMPVSe5FNNAQwYrOGGZ0EAM=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuqG5cV7APbUjLpnTY0kxmSjFCG/oUbF4q49W/c+Tdm2llo64HA4Zx7ybnHjwXXxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRDBssEpFq+1Sj4BIbhhuB7VghDX2BLX98m/mtJ1SaR/LBTGLshXQoecAZNVZ67IbUjPwgvZ72yxW36s5AlomXkwrkqPfLX91BxJIQpWGCat3x3Nj0UqoMZwKnpW6iMaZsTIfYsVTSEHUvnSWekhOrDEgQKfukITP190ZKQ60noW8ns4R60cvE/7xOYoKrXsplnBiUbP5RkAhiIpKdTwZcITNiYgllitushI2ooszYkkq2BG/x5GXSPKt6F9Xz+/NK7SavowhHcAyn4MEl1OAO6tAABhKe4RXeHO28OO/Ox3y04OQ7h/AHzucPrJSQ7g==</latexit>

A

<latexit sha1_base64="cAiOZblwH8iALsf/vkdYLcRxSgQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWw2m3btZjfsboQS+h+8eFDEq//Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqBVhTzgRtG2Y47SWK4jjgtBtMbnO/+0SVZlI8mGlC/RiPBIsYwcZKnYEMpakMqzW37s6BVolXkBoUaA2rX4NQkjSmwhCOte57bmL8DCvDCKezyiDVNMFkgke0b6nAMdV+Nr92hs6sEqJIKlvCoLn6eyLDsdbTOLCdMTZjvezl4n9ePzXRtZ8xkaSGCrJYFKUcGYny11HIFCWGTy3BRDF7KyJjrDAxNqA8BG/55VXSuah7l/XGfaPWvCniKMMJnMI5eHAFTbiDFrSBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fJIGO2w==</latexit>�

<latexit sha1_base64="cAiOZblwH8iALsf/vkdYLcRxSgQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWw2m3btZjfsboQS+h+8eFDEq//Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqBVhTzgRtG2Y47SWK4jjgtBtMbnO/+0SVZlI8mGlC/RiPBIsYwcZKnYEMpakMqzW37s6BVolXkBoUaA2rX4NQkjSmwhCOte57bmL8DCvDCKezyiDVNMFkgke0b6nAMdV+Nr92hs6sEqJIKlvCoLn6eyLDsdbTOLCdMTZjvezl4n9ePzXRtZ8xkaSGCrJYFKUcGYny11HIFCWGTy3BRDF7KyJjrDAxNqA8BG/55VXSuah7l/XGfaPWvCniKMMJnMI5eHAFTbiDFrSBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fJIGO2w==</latexit>�

<latexit sha1_base64="cAiOZblwH8iALsf/vkdYLcRxSgQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWw2m3btZjfsboQS+h+8eFDEq//Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqBVhTzgRtG2Y47SWK4jjgtBtMbnO/+0SVZlI8mGlC/RiPBIsYwcZKnYEMpakMqzW37s6BVolXkBoUaA2rX4NQkjSmwhCOte57bmL8DCvDCKezyiDVNMFkgke0b6nAMdV+Nr92hs6sEqJIKlvCoLn6eyLDsdbTOLCdMTZjvezl4n9ePzXRtZ8xkaSGCrJYFKUcGYny11HIFCWGTy3BRDF7KyJjrDAxNqA8BG/55VXSuah7l/XGfaPWvCniKMMJnMI5eHAFTbiDFrSBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fJIGO2w==</latexit>�

<latexit sha1_base64="cAiOZblwH8iALsf/vkdYLcRxSgQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWw2m3btZjfsboQS+h+8eFDEq//Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqBVhTzgRtG2Y47SWK4jjgtBtMbnO/+0SVZlI8mGlC/RiPBIsYwcZKnYEMpakMqzW37s6BVolXkBoUaA2rX4NQkjSmwhCOte57bmL8DCvDCKezyiDVNMFkgke0b6nAMdV+Nr92hs6sEqJIKlvCoLn6eyLDsdbTOLCdMTZjvezl4n9ePzXRtZ8xkaSGCrJYFKUcGYny11HIFCWGTy3BRDF7KyJjrDAxNqA8BG/55VXSuah7l/XGfaPWvCniKMMJnMI5eHAFTbiDFrSBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fJIGO2w==</latexit>�

<latexit sha1_base64="8W4z3wSAwG4H0O2uhW4wWYmGN/Q=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM9gKdVOSIuqy6MZlBfuANpTJdNIOnTyYmQg1FH/FjQtF3Pof7vwbJ2kW2npg4HDOvcy5x404k8qyvo3Cyura+kZxs7S1vbO7Z+4ftGUYC0JbJOSh6LpYUs4C2lJMcdqNBMW+y2nHndykfueBCsnC4F5NI+r4eBQwjxGstDQwj1gQxQpVK30fq7HrJd1Z5Wxglq2alQEtEzsnZcjRHJhf/WFIYp8GinAsZc+2IuUkWChGOJ2V+rGkESYTPKI9TQPsU+kkWfoZOtXKEHmh0C9QKFN/byTYl3Lqu3oyzSgXvVT8z+vFyrtykuxAGpD5R17MkQpRWgUaMkGJ4lNNMBFMZ0VkjAUmShdW0iXYiycvk3a9Zl/Uzu/q5cZ1XkcRjuEEqmDDJTTgFprQAgKP8Ayv8GY8GS/Gu/ExHy0Y+c4h/IHx+QNVpZSB</latexit>

input (X)

<latexit sha1_base64="KYuSDwf2aUHbh1Q+vLdtsreri+g=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktoh6L9uBFrGA/pF1KNpu2oclmSbJCWforvHhQxKs/x5v/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKlloghtEMmlagdYU84i2jDMcNqOFcUi4LQVjK6nfuuJKs1k9GDGMfUFHkSszwg2Vnqs3dXQrQwp7xVLbtmdAS0TLyMlyFDvFb+6oSSJoJEhHGvd8dzY+ClWhhFOJ4VuommMyQgPaMfSCAuq/XR28ASdWCVEfalsRQbN1N8TKRZaj0VgOwU2Q73oTcX/vE5i+pd+yqI4MTQi80X9hCMj0fR7FDJFieFjSzBRzN6KyBArTIzNqGBD8BZfXibNStk7L5/dV0rVqyyOPBzBMZyCBxdQhRuoQwMICHiGV3hzlPPivDsf89ack80cwh84nz/MGY/D</latexit>

D
O

D
M

o
d
el

<latexit sha1_base64="+I9Xa8IoQIq3MI6aZzUGaUORPrQ=">AAAB7XicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxp0V7APaoWTSTBubmQzJHaEM/Qc3LhRx6/+4829M21lo64HA4Zx7yT0nSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsGpVqxhtMSaXbATVcipg3UKDk7URzGgWSt4LRzdRvPXFthIofcJxwP6KDWISCUbRS8y7FJMVeqexW3BnIMvFyUoYc9V7pq9tXLI14jExSYzqem6CfUY2CST4pdlPDE8pGdMA7lsY04sbPZtdOyKlV+iRU2r4YyUz9vZHRyJhxFNjJiOLQLHpT8T+vk2J45Wcitol4zOYfhakkqMg0OukLzRnKsSWUaWFvJWxINWVoCyraErzFyMukWa14F5Xz+2q5dp3XUYBjOIEz8OASanALdWgAg0d4hld4c5Tz4rw7H/PRFSffOYI/cD5/ANU/j04=</latexit>

Output

<latexit sha1_base64="vrYiOEkn5/aLUmgKJIvZ5GzBjvk=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj04kWoYD+wDWWznbRLN5uwuxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqZ+6wmV5rF8MOME/YgOJA85o8ZK3UdUMbmjesTloFcquxV3BrJMvJyUIUe9V/rq9mOWRigNE1Trjucmxs+oMpwJnBS7qcaEshEdYMdSSSPUfja7eUJOrdInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/8jMskNSjZfFGYCmJiMg2A9LlCZsTYEsoUt7cSNqSKMmNjKtoQvMWXl0mzWvEuKuf31XLtOo+jAMdwAmfgwSXU4Bbq0AAGCTzDK7w5qfPivDsf89YVJ585gj9wPn8AwquRgw==</latexit>

Zero Masking

<latexit sha1_base64="Gx2o9UfdzB/1ePs4BD5YmvrCKok=">AAACBnicbVDLSgMxFM3UV62vUZciBItQQcqM+FoW3XQlFewDOkPJZDJtaCYZkoxQhq7c+CtuXCji1m9w59+YabvQ6oGQwzn3cu89QcKo0o7zZRUWFpeWV4qrpbX1jc0te3unpUQqMWliwYTsBEgRRjlpaqoZ6SSSoDhgpB0Mr3O/fU+kooLf6VFC/Bj1OY0oRtpIPXu/fgMrHg6FPoZeIFioRrH5Mi8Z0PFRzy47VWcC+Je4M1IGMzR69qcXCpzGhGvMkFJd10m0nyGpKWZkXPJSRRKEh6hPuoZyFBPlZ5MzxvDQKCGMhDSPazhRf3ZkKFb5eqYyRnqg5r1c/M/rpjq69DPKk1QTjqeDopRBLWCeCQypJFizkSEIS2p2hXiAJMLaJFcyIbjzJ/8lrZOqe149uz0t165mcRTBHjgAFeCCC1ADddAATYDBA3gCL+DVerSerTfrfVpasGY9u+AXrI9vLhaYWA==</latexit>

HN(·,�)

<latexit sha1_base64="PP3mgjya6fUkoYNxLVC/HYW5al4=">AAACJ3icbVDLSsNAFJ34rPUVdelmsAguQklKq26UohuXFewDkhAmk2k7dPJgZiKU0L9x46+4EVREl/6JkzYLbXthmMM593DvPX7CqJCm+a2trK6tb2yWtsrbO7t7+/rBYUfEKcekjWMW856PBGE0Im1JJSO9hBMU+ox0/dFtrncfCRc0jh7kOCFuiAYR7VOMpKI8/drxYxaIcai+zGHKGKAJvIL2Mt7LOBlMDGjXjZpRNxqu6+kVs2pOCy4CqwAVUFTL09+cIMZpSCKJGRLCtsxEuhnikmJGJmUnFSRBeIQGxFYwQiERbja9cwJPFRPAfszViyScsn8dGQpFvrLqDJEcinktJ5dpdir7l25GoySVJMKzQf2UQRnDPDQYUE6wZGMFEOZU7QrxEHGEpYq2rEKw5k9eBJ1a1TqvNu7rleZNEUcJHIMTcAYscAGa4A60QBtg8ARewDv40J61V+1T+5q1rmiF5wj8K+3nF9HbpdI=</latexit>

� = [�reg, [4, 2, 4, 5]]

<latexit sha1_base64="aw078ZIYK/uG2cP5t/hJHkowoyo=">AAACBnicbVC7TsMwFHXKq5RXgBEhRVRIZakSxGusYGEsEn1ITRQ5jtNadezIdpCqKBMLv8LCAEKsfAMbf4PTZoCWK1k+Ouce+94TJJRIZdvfRmVpeWV1rbpe29jc2t4xd/e6kqcC4Q7ilIt+ACWmhOGOIorifiIwjAOKe8H4ptB7D1hIwtm9miTYi+GQkYggqDTlm4cNN+A0lJNYX5lLtTOEuZ9BgUb5iW/W7aY9LWsROCWog7LavvnlhhylMWYKUSjlwLET5enXFEEU5zU3lTiBaAyHeKAhgzGWXjZdI7eONRNaERf6MGVN2d+ODMayGFR3xlCN5LxWkP9pg1RFV15GWJIqzNDsoyilluJWkYkVEoGRohMNIBJEz2qhERQQKZ1cTYfgzK+8CLqnTeeieX53Vm9dl3FUwQE4Ag3ggEvQAregDToAgUfwDF7Bm/FkvBjvxsestWKUnn3wp4zPH94GmWU=</latexit>

(�arch)

<latexit sha1_base64="WjjTQ4LOM7gWgSLs1NbE/hT3MQE=">AAACD3icbVDLSsNAFJ3UV62vqEs3waLUTUnE17IogssK9gFNKJPJpB06eTBzI5aQP3Djr7hxoYhbt+78GydtFtp6YZjDOfd53JgzCab5rZUWFpeWV8qrlbX1jc0tfXunLaNEENoiEY9E18WSchbSFjDgtBsLigOX0447usr1zj0VkkXhHYxj6gR4EDKfEQyK6uuHNtAHSJvXWc12I+7JcaC+1OaqhYezfooFGWZHfb1q1s1JGPPAKkAVFdHs61+2F5EkoCEQjqXsWWYMjuoGjHCaVexE0hiTER7QnoIhDqh00sk9mXGgGM/wI6FeCMaE/V2R4kDmi6rMAMNQzmo5+Z/WS8C/cFIWxgnQkEwH+Qk3IDJycwyPCUqAjxXARDC1q0GGWGACysKKMsGaPXketI/r1ln99Pak2rgs7CijPbSPashC56iBblATtRBBj+gZvaI37Ul70d61j2lqSStqdtGf0D5/ADsvnW0=</latexit>

PE(�arch) <latexit sha1_base64="DWsaOzl657dp0qV2P5KUMHWGK3g=">AAACKnicbVC7TsMwFHXKq5RXgJHFokIqS5UgXmOBhbFI9CE1UeQ4TmPVech2QFWU72HhV1g6gCpWPgSnzUBbrmT56Jx7de85bsKokIYx1Spr6xubW9Xt2s7u3v6BfnjUFXHKMengmMW87yJBGI1IR1LJSD/hBIUuIz139FDovRfCBY2jZzlOiB2iYUR9ipFUlKPfWa/UIwGSmRUiGbh+1stzJ7PcmHliHKovs5KA5nkDLnBMrfBQfu6Yjl43msas4CowS1AHZbUdfWJ5MU5DEknMkBAD00iknSEuKWYkr1mpIAnCIzQkAwUjFBJhZzOrOTxTjAf9mKsXSThj/05kKBTFjaqz8COWtYL8Txuk0r+1MxolqSQRni/yUwZlDIvcoEc5wZKNFUCYU3UrxAHiCEuVbk2FYC5bXgXdi6Z53bx6uqy37ss4quAEnIIGMMENaIFH0AYdgMEb+ACf4Et71ybaVPuet1a0cuYYLJT28wvrVKle</latexit>

cW�(�)1

<latexit sha1_base64="suX7q9dfG5QONOwUHyzNnWeGkAA=">AAACKnicbVC7TsMwFHV4lvIKMLJYVEhlqZKK11hgYSwSfUhNFDmO01h1HrIdUBXle1j4FZYOoIqVD8FpM9CWK1k+Oude3XuOmzAqpGFMtbX1jc2t7cpOdXdv/+BQPzruijjlmHRwzGLed5EgjEakI6lkpJ9wgkKXkZ47eij03gvhgsbRsxwnxA7RMKI+xUgqytHvrFfqkQDJzAqRDFw/6+W5k1luzDwxDtWXWUlA87wOFzimVngov3Cajl4zGsas4CowS1ADZbUdfWJ5MU5DEknMkBAD00iknSEuKWYkr1qpIAnCIzQkAwUjFBJhZzOrOTxXjAf9mKsXSThj/05kKBTFjaqz8COWtYL8Txuk0r+1MxolqSQRni/yUwZlDIvcoEc5wZKNFUCYU3UrxAHiCEuVblWFYC5bXgXdZsO8blw9XdZa92UcFXAKzkAdmOAGtMAjaIMOwOANfIBP8KW9axNtqn3PW9e0cuYELJT28wvs2Klf</latexit>

cW�(�)2

<latexit sha1_base64="EqLDIhJUwWkshsfG26XLNM40ZRg=">AAACKnicbVC7TsMwFHV4lvIKMLJYVEhlqRLeY4GFsUj0ITVR5DhOY9V5yHZAVZTvYeFXWDqAKlY+BKfNQFuuZPnonHt17zluwqiQhjHRVlbX1jc2K1vV7Z3dvX394LAj4pRj0sYxi3nPRYIwGpG2pJKRXsIJCl1Guu7wodC7L4QLGkfPcpQQO0SDiPoUI6koR7+zXqlHAiQzK0QycP2sm+dOZrkx88QoVF9mJQHN8zqc45ha4aH8zLlw9JrRMKYFl4FZghooq+XoY8uLcRqSSGKGhOibRiLtDHFJMSN51UoFSRAeogHpKxihkAg7m1rN4aliPOjHXL1Iwin7dyJDoShuVJ2FH7GoFeR/Wj+V/q2d0ShJJYnwbJGfMihjWOQGPcoJlmykAMKcqlshDhBHWKp0qyoEc9HyMuicN8zrxtXTZa15X8ZRAcfgBNSBCW5AEzyCFmgDDN7AB/gEX9q7NtYm2vesdUUrZ47AXGk/v+5cqWA=</latexit>

cW�(�)3

<latexit sha1_base64="JZq6UjO6v3b7r3QHQWbGhDGLGPc=">AAACKnicbVC7TsMwFHXKq5RXgJHFokIqS5Wg8hgLLIxForRSE0WO4zRWnYdsB1RF+R4WfoWlA6hi5UNw2gy05UqWj865V/ee4yaMCmkYU62ytr6xuVXdru3s7u0f6IdHzyJOOSZdHLOY910kCKMR6UoqGeknnKDQZaTnju4LvfdCuKBx9CTHCbFDNIyoTzGSinL0W+uVeiRAMrNCJAPXz3p57mSWGzNPjEP1ZVYS0DxvwAWOqRUeys+dlqPXjaYxK7gKzBLUQVkdR59YXozTkEQSMyTEwDQSaWeIS4oZyWtWKkiC8AgNyUDBCIVE2NnMag7PFONBP+bqRRLO2L8TGQpFcaPqLPyIZa0g/9MGqfRv7IxGSSpJhOeL/JRBGcMiN+hRTrBkYwUQ5lTdCnGAOMJSpVtTIZjLllfB80XTvGpePrbq7bsyjio4AaegAUxwDdrgAXRAF2DwBj7AJ/jS3rWJNtW+560VrZw5Bgul/fwC7+CpYQ==</latexit>

cW�(�)4

<latexit sha1_base64="/4Mc9bP9mFpI+SBsG1XxiGeHFAI=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0WoIDWRVl1W3bisYB/QxDKZTtqhk0mYmQgl5DPc+CtuXCjitjv/xklbRFsPDBzOuZc753gRo1JZ1peRW1peWV3Lrxc2Nre2d8zdvaYMY4FJA4csFG0PScIoJw1FFSPtSBAUeIy0vOFN5rceiZA05PdqFBE3QH1OfYqR0lLXPHUCpAaen1yl0KEcOol1YjspfEhKFegoGhAJqz/kOO2aRatsTQAXiT0jRTBDvWuOnV6I44BwhRmSsmNbkXITJBTFjKQFJ5YkQniI+qSjKUf6kJtMgqXwSCs96IdCP67gRP29kaBAylHg6ckshpz3MvE/rxMr/9JNKI9iRTieHvJjBlUIs5ZgjwqCFRtpgrCg+q8QD5BAWOkuC7oEez7yImmele3zcvWuUqxdz+rIgwNwCErABhegBm5BHTQABk/gBbyBd+PZeDU+jM/paM6Y7eyDPzDG3291niM=</latexit>

A 2 {0, 1}(4⇥5⇥5) <latexit sha1_base64="BOrGtMPVSe5FNNAQwYrOGGZ0EAM=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuqG5cV7APbUjLpnTY0kxmSjFCG/oUbF4q49W/c+Tdm2llo64HA4Zx7ybnHjwXXxnW/ncLK6tr6RnGztLW9s7tX3j9o6ihRDBssEpFq+1Sj4BIbhhuB7VghDX2BLX98m/mtJ1SaR/LBTGLshXQoecAZNVZ67IbUjPwgvZ72yxW36s5AlomXkwrkqPfLX91BxJIQpWGCat3x3Nj0UqoMZwKnpW6iMaZsTIfYsVTSEHUvnSWekhOrDEgQKfukITP190ZKQ60noW8ns4R60cvE/7xOYoKrXsplnBiUbP5RkAhiIpKdTwZcITNiYgllitushI2ooszYkkq2BG/x5GXSPKt6F9Xz+/NK7SavowhHcAyn4MEl1OAO6tAABhKe4RXeHO28OO/Ox3y04OQ7h/AHzucPrJSQ7g==</latexit>

A

<latexit sha1_base64="cAiOZblwH8iALsf/vkdYLcRxSgQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWw2m3btZjfsboQS+h+8eFDEq//Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqBVhTzgRtG2Y47SWK4jjgtBtMbnO/+0SVZlI8mGlC/RiPBIsYwcZKnYEMpakMqzW37s6BVolXkBoUaA2rX4NQkjSmwhCOte57bmL8DCvDCKezyiDVNMFkgke0b6nAMdV+Nr92hs6sEqJIKlvCoLn6eyLDsdbTOLCdMTZjvezl4n9ePzXRtZ8xkaSGCrJYFKUcGYny11HIFCWGTy3BRDF7KyJjrDAxNqA8BG/55VXSuah7l/XGfaPWvCniKMMJnMI5eHAFTbiDFrSBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fJIGO2w==</latexit>�

<latexit sha1_base64="cAiOZblwH8iALsf/vkdYLcRxSgQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWw2m3btZjfsboQS+h+8eFDEq//Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqBVhTzgRtG2Y47SWK4jjgtBtMbnO/+0SVZlI8mGlC/RiPBIsYwcZKnYEMpakMqzW37s6BVolXkBoUaA2rX4NQkjSmwhCOte57bmL8DCvDCKezyiDVNMFkgke0b6nAMdV+Nr92hs6sEqJIKlvCoLn6eyLDsdbTOLCdMTZjvezl4n9ePzXRtZ8xkaSGCrJYFKUcGYny11HIFCWGTy3BRDF7KyJjrDAxNqA8BG/55VXSuah7l/XGfaPWvCniKMMJnMI5eHAFTbiDFrSBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fJIGO2w==</latexit>�

<latexit sha1_base64="cAiOZblwH8iALsf/vkdYLcRxSgQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWw2m3btZjfsboQS+h+8eFDEq//Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqBVhTzgRtG2Y47SWK4jjgtBtMbnO/+0SVZlI8mGlC/RiPBIsYwcZKnYEMpakMqzW37s6BVolXkBoUaA2rX4NQkjSmwhCOte57bmL8DCvDCKezyiDVNMFkgke0b6nAMdV+Nr92hs6sEqJIKlvCoLn6eyLDsdbTOLCdMTZjvezl4n9ePzXRtZ8xkaSGCrJYFKUcGYny11HIFCWGTy3BRDF7KyJjrDAxNqA8BG/55VXSuah7l/XGfaPWvCniKMMJnMI5eHAFTbiDFrSBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fJIGO2w==</latexit>�

<latexit sha1_base64="cAiOZblwH8iALsf/vkdYLcRxSgQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWw2m3btZjfsboQS+h+8eFDEq//Hm//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WqCG0TyaXqBVhTzgRtG2Y47SWK4jjgtBtMbnO/+0SVZlI8mGlC/RiPBIsYwcZKnYEMpakMqzW37s6BVolXkBoUaA2rX4NQkjSmwhCOte57bmL8DCvDCKezyiDVNMFkgke0b6nAMdV+Nr92hs6sEqJIKlvCoLn6eyLDsdbTOLCdMTZjvezl4n9ePzXRtZ8xkaSGCrJYFKUcGYny11HIFCWGTy3BRDF7KyJjrDAxNqA8BG/55VXSuah7l/XGfaPWvCniKMMJnMI5eHAFTbiDFrSBwCM8wyu8OdJ5cd6dj0VrySlmjuEPnM8fJIGO2w==</latexit>�
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A 2 {0, 1}(4⇥5⇥5)

Figure 2: Illustration of the proposed HN. Left: HN generates weights for a 4-layer AE, with layer widths
equal to [4, 2, 4, 5]. Weights Ŵϕ is fed into the DOD model, while hidden layers’ dimensions are shrunk by the
masking A. Right: HN generates weights for a 2-layer AE, with layer widths equal to [3, 5]. λarch is padded as
[3, 0, 0, 5], and the architecture masking at the second and third layer are set to all zeros. When Ŵϕ is fed into
the DOD model, zero masking enables the No-op, in effect shrinking the DOD model from 4 layers to 2 layers.

Architecture Masking for (Ch.I) To allow HN output to adapt to various architectures, we let Ŵϕ’s
size be equal to size of the largest architecture in model space Λ. Then for each λarch, we build a
corresponding architecture masking A and feed the A-masked version of Ŵϕ to the DOD model. In
other words, our Ŵϕ handles all smaller architectures by properly padding zeros on the Ŵϕ.

Taking DOD models built upon MLPs as an example (see Fig. 2), we make HN output Ŵϕ ∈
R

(D×W×W ), where D and W denote the maximum depth and maximum layer width from Λ.
Assume λarch contains the abstraction of a smaller architecture; e.g., L layers with corresponding
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width values {W1,W2 . . . ,WL} all less than or equal to W . Then λarch ∈ ND is given as
λarch = [W1,W2, . . . ,W⌊L/2⌋, 0, . . . , 0

(D−L) zeros

,W⌊L/2⌋+1, . . . ,W(L−1),WL] .

The architecture masking A ∈ {0, 1}(D×W×W ) is constructed as the following:{
A[l,0:λarch[0],:] = 1 , if l = 0

A[l,0:λarch[l],0:λarch[l−z]] = 1 , otherwise
(6)

where λarch[l− z] is the last non-zero entry in λarch[0 : l] (e.g., for λarch = [5, 3, 0, 0, 3] and l = 4,
the last nonzero entry is λarch[1] where z = 3). Then, l’th layer weights are multiplied by masking
as A[l,:,:] ⊙ Ŵϕ,l, where non-zero entries are of shrunk dimensions. If A[l,:,:] contains only zeros,
layer weights become all zeros, representing a "No-op" (and DOD model ignores this layer).

Other Architectures. We find that this masking works well with linear autoencoders with a "hour-
glass" structure, in which case the maximum width W is the input dimension. For networks built with
convolutions, on the other hand, the architecture masking becomes A ∈ {0, 1}D×Mch×Mch×Mk×Mk ,
where D, Mch, Mk represent maximum number of layers, channels, and kernel size specified in
Λ, respectively. Here we abbreviate the masking procedure: Channels, similar to the previously
discussed widths, are padded by masking out the second dimension of the A tensor. When we
need a smaller kernel size k ≤Mk at layer l, the corresponding A[l,:,:,:] pads zeros around the size
Mch × k × k center. The masked weights A[l,:,:,:] ⊙ Ŵϕ,l are equivalent to obtaining smaller-size
kernel weights, as shown in Wang et al. (2020). Further details of masking and constructing the
λarch input for other architectures can be found in Appx. §B.

Diverse Weight Generation for (Ch.II) While HN is a universal function approximator in theory, it
may not generalize well to offer good approximations for many unseen architectures ], especially
given that the number of λ’s during training is limited. When there is only little variation between
two inputs λj and λj′ , the HN provides more similar weights Ŵϕ(λj) and Ŵϕ(λj′), since the
weights are generated from the same HN where implicit weight sharing occurs.

Num of Epochs

Lo
ss

es

Figure 3: Loss of individual models dur-
ing scheduled training. Lighter colors de-
pict loss curves of deeper architectures,
which enter training early.

We employ two ideas toward enabling the HN to generate
more expressive weights in response to changes in λarch.
First is to inject more variation within its input space where,
instead of directly feeding in λarch, we input the positional
encoding of each element in λarch. Positional encoding
Vaswani et al. (2017) transforms each scalar element into a
vector embedding, which encodes more granular informa-
tion, especially when λarch contains zeros representing a
shallower sub-architecture. Second idea is to employ a sched-
uled training strategy of the HN as it produces weights for
both shallow and deep architectures. During HN training, we
train with λ associated with deeper architectures first, and
later λ for shallower architectures are trained jointly with
deeper architectures. Our scheduled training alleviates the
problem of imbalanced weight sharing, where weights associated with shallower layers are updated
more frequently as those are used by more number of architectures. Fig. 3 (best in color) illustrates
how the training losses change for individual architectures during the HN’s scheduled training.

Batchwise Training for (Ch.III) Like other NNs, HN allows for several inputs {λj}mj=1 syn-
chronously and outputs {Ŵϕ(λj)}mj=1. To speed up training, we batch the input at each forward
step with a set of different architectures M to obtain {λarch,j}j∈M, which pair with a sampled
regularization HP configuration, λreg,s. Given dataset D, the HN loss for one pass is calculated as

Lhn =
∑

x∈D

∑

j∈M
Ltrn

(
Ŵϕ([λarch,j ,λreg,s]),x

)
. (7)

In summary, our HN mimics fast DOD model building across different HP configurations. This offers
two advantages: (i) training many different HPs jointly in meta-training and (ii) fast DOD model
parameter generation during online model search. Notably, our HN can tune a wider range of HPs
including model architecture, and as shown in §5.2, provides superior results to only tuning λreg .
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5 EXPERIMENTS

Benchmark Data. We show HYPER’s effectiveness and efficiency with fully connected AutoEncoder
(AE) for DOD on tabular data, using a testbed consisting of 35 benchmark datasets from two different
public OD repositories; ODDS Rayana (2016) and DAMI Campos et al. (2016b)). See Appx. C.1 for
detailed descriptions of the datasets in both repositories.

Baselines. We include 8 baselines for comparison ranging from simple to state-of-the-art (SOTA);
Appx. Table C2 provides a conceptual comparison of the baselines. Briefly, they are organized as

(i) No model selection: (1) Default adopts the default HPs used in the popular OD library PyOD
Zhao et al. (2019), (2) Random picks an HP randomly (we report expected performance);

(ii) Model selection without meta-learning: (3) MC Ma et al. (2023) leverages consensus; and
(iii) Model selection by meta-learning: (4) Global Best (GB) selects the best performing model

on the historical datasets on average, and SOTA baselines include (5) ISAC Kadioglu et al.
(2010), (6) ARGOSMART (AS) Nikolic et al. (2013), (7) MetaOD Zhao et al. (2021), and
finally the latest SOTA (8) ELECT Zhao et al. (2022).

Baselines (1), (2), and (4)-(7) are zero-shot that do not require any candidate model building during
model selection. More detailed descriptions of the baselines are given in Appx. §C.2.
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Figure 4: Avg. running time (log-scale) vs. avg. model
ROC Rank. Meta-learning methods are depicted with
solid markers. Pareto frontier (red dashed line) shows
the best methods under different time budgets. HYPER
outperforms all with reasonable computational demand.

Evaluation. We use 5-fold cross-validation to
split the train/test datasets; that is, each time
we use 28 datasets as the historical datasets to
select models on the remaining 7 datasets. We
use the area under the ROC curve to measure de-
tection performance, while it can be substituted
with any other measure. As the raw ROC per-
formances are not comparable across datasets
with varying difficulty, we report the normalized
ROC Rank of an HP/model, ranging from 0 (the
best) to 1 (the worst)—i.e., the lower the better.
We use the paired Wilcoxon signed rank test
Groggel (2000) across all datasets in the testbed
to compare two methods. Full performance re-
sults on all 35 datasets are in Appx. §C.4.

5.1 EXPERIMENT RESULTS

Fig. 4 shows that HYPER outperforms all base-
lines with regard to the average ROC Rank
on the 35 dataset testbed. It also strikes a good
balance between computation and performance.

0.00.20.40.60.81.0
ROC Rank (lower the better)

Ours
ELECT *
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Random* * *
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Ours (reg&width)* * *

Ours (reg&depth)* * *

Ours (reg only)* * *

Figure 5: Distribution of ROC Rank across datasets.
HYPER achieves the best performance among all. Bot-
tom three bars depict HYPER’s variants that do not fully
tune architectural HPs (for ablation). Paired significance
test results are depicted as ∗significance at 0.1, ∗∗at 0.01,
∗∗∗at 0.001. See p-values in Appx. Table C3.

In addition, Fig. 5 provides the full perfor-
mance distribution across all datasets and shows
that HYPER is statistically better than all base-
lines, including SOTA meta-learning based
ELECT and MetaOD. Among the zero-shot
baselines, Default and Random perform signif-
icantly poorly while the meta-learning based
GB leads to comparably higher performance.
Replicating earlier findings Ma et al. (2023), the
internal consensus-based MC, while computa-
tionally demanding, is no better than Random.

HN-powered efficiency enables HYPER to
search more broadly. Fig. 4 shows that
HYPER offers significant runtime gains over
the SOTA method ELECT, with an average of-
fline training speed-up of 5.8× and a model selection speed-up of 4.2×. Unlike ELECT, which
requires building OD models from scratch during both offline and online phases, HYPER leverages
the HN-generated weights to avoid costly model training for each candidate HP.
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Moreover, HYPER can search over a broader range of the HP space thanks to the lower model training
cost by HN. This contributes to its effectiveness, yielding 7% improvement in avg. ROC Rank over
ELECT and 10% improvement over the latest meta-learning baseline MetaOD (see Table C2 Appx.).

Meta-learning methods achieve the best performance at different budgets. Fig. 4 shows that the
best performers at different time budgets are global best (GB), MetaOD, and HYPER, which are all on
the Pareto frontier. In contrast, simple no-model-selection approaches, i.e., Random and Default, are
among the lowest performing methods. Based on Table C2, HYPER achieves respectively 20% and
30% improvements in avg. ROC Rank over Random picking and Default HPs in PyOD Zhao et al.
(2019), a widely used open-source OD library. Although meta-learning entails additional (offline)
training time, it is to amortize across multiple future model selection tasks in the long run.

5.2 ABLATION STUDIES (SEE OTHERS IN APPX. §C.3)

Benefit of Tuning Architectural HPs via HN. HYPER tackles the challenging task of accom-
modating architectural HPs. Through ablations, we study the benefit of our novel HN design, as
presented in §4, which can generate DOD model weights in response to changes in architectural HPs.
Bottom three bars of Fig. 5 show the performances of three HYPER variants across datasets. The
proposed HYPER (with median ROC Rank = 0.1349) outperforms all these variants significantly (with
p<0.001), namely, only tuning regularization and width (median ROC Rank = 0.2857), only tuning
regularization and depth (median ROC Rank = 0.3095), and only tuning regularization (median ROC
Rank = 0.3650). By extending its search for both neural network depth and width, HYPER explores a
larger model space that helps find better-performing model configurations.
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Figure 6: Trace of HP schedules over HYPER iterations on
spamspace: (top) tuning only regularization HPs; (bottom) tuning
both regularization and architectural HPs (proposed). When architec-
ture is fixed, reg. HPs incur more changes in magnitude and reach
larger values to adjust model complexity. HYPER tunes complexity
more flexibly by also accommodating architectural HPs.

HP Schedules over Iterations. In
Fig. 6, we more closely analyze
how the HP values change over
HYPER iterations on spamspace,
where we compare between (top)
only tuning the reg. HPs, namely
the dropout and weight decay rates,
while fixing model depth and width
(i.e., shrinkage rate) and (bottom)
tuning all HPs including both reg.
and architectural HPs. Bottom fig-
ures show that depth remains fixed
at 4, shrinkage rate increases from
1 to 2.25 (i.e., width gets reduced),
while dropout and weight decay re-
duce to 0.2, and 0.05 respectively;
in other words, overall model capac-
ity is reduced relative to initialization. In contrast, top figures show that when model depth and width
are fixed, regularization HPs compensate more to regulate the model capacity, with a larger dropout
rate at 0.4 and larger weight decay at 0.08, achieving ROC rank of only 0.3227 (top) in contrast to
proposed HYPER’s 0.0555 (bottom). This comparison showcases the merit of HYPER which adjusts
model complexity more flexibly by being able to accommodate a larger model space.

6 CONCLUSION

We introduced HYPER, a new framework for unsupervised deep outlier model selection. HYPER
tackles two key challenges in this setting: validation in the absence of labels and efficient search of
the large hyperparameter (HP)/model space. To that end, it uses meta-learning to train a performance
estimator fval on historical datasets to effectively predict model performance on a new task without
labels. To speed up search, it utilizes a novel hypernetwork (HN) design that generates weights for the
detection model with varying HPs including its architecture, and achieves significant efficiency gains
over individually training the candidate models. Experiments on a testbed of 35 benchmark datasets
showed that HYPER significantly outperforms all 8 baselines, establishing the new state-of-the-art.

We also discuss limitations and possible extensions of HYPER: Future work can aim to design a better
fval estimator, e.g. by improving dataset and model representations; explore other HP optimization
strategies for search, which was not our main focus; and develop other HN designs with lower
memory requirement as our focus has not been a small HN that also provides model compression.

9



Under review as a conference paper at ICLR 2024

REFERENCES

James Bergstra and Yoshua Bengio. Random search for hyper-parameter optimization. J. Mach.
Learn. Res., 13:281–305, 2012. URL http://dblp.uni-trier.de/db/journals/
jmlr/jmlr13.html#BergstraB12.

Andrew Brock, Theodore Lim, James M. Ritchie, and Nick Weston. Smash: One-shot model
architecture search through hypernetworks. In ICLR (Poster). OpenReview.net, 2018.

Guilherme Oliveira Campos, Arthur Zimek, Jörg Sander, Ricardo J. G. B. Campello, Barbora
Micenková, Erich Schubert, Ira Assent, and Michael E. Houle. On the evaluation of unsupervised
outlier detection: measures, datasets, and an empirical study. Data Min. Knowl. Discov., 30(4):
891–927, 2016a.

Guilherme Oliveira Campos, Arthur Zimek, Jörg Sander, Ricardo J. G. B. Campello, Barbora
Micenková, Erich Schubert, Ira Assent, and Michael E. Houle. On the evaluation of unsupervised
outlier detection. DAMI, 30(4):891–927, 2016b.

Xueying Ding, Lingxiao Zhao, and Leman Akoglu. Hyperparameter sensitivity in deep outlier
detection: Analysis and a scalable hyper-ensemble solution. In Alice H. Oh, Alekh Agarwal,
Danielle Belgrave, and Kyunghyun Cho (eds.), Advances in Neural Information Processing Systems,
2022.

Sunny Duan, Loic Matthey, Andre Saraiva, Nick Watters, Christopher Burgess, Alexander Lerchner,
and Irina Higgins. Unsupervised model selection for variational disentangled representation
learning. In ICLR. OpenReview.net, 2020. URL http://dblp.uni-trier.de/db/conf/
iclr/iclr2020.html#DuanMSWBLH20.

Matthias Feurer and Frank Hutter. Hyperparameter optimization. Automated machine learning:
Methods, systems, challenges, pp. 3–33, 2019.

Nicolas Goix. How to evaluate the quality of unsupervised anomaly detection algorithms?
CoRR, abs/1607.01152, 2016. URL http://dblp.uni-trier.de/db/journals/
corr/corr1607.html#Goix16.

David J. Groggel. Practical nonparametric statistics. Technometrics, 42(3):317–318, 2000.

David Ha, Andrew M. Dai, and Quoc V. Le. Hypernetworks. In ICLR (Poster). OpenReview.net,
2017.

Minqi Jiang, Chaochuan Hou, Ao Zheng, Songqiao Han, Hailiang Huang, Qingsong Wen, Xiyang
Hu, and Yue Zhao. Adgym: Design choices for deep anomaly detection. Advances in Neural
Information Processing Systems, 36, 2023.

Serdar Kadioglu, Yuri Malitsky, Meinolf Sellmann, and Kevin Tierney. Isac - instance-specific
algorithm configuration. In ECAI, volume 215, pp. 751–756, 2010.

Guolin Ke, Qi Meng, Thomas Finley, Taifeng Wang, Wei Chen, Weidong Ma, Qiwei Ye, and Tie-Yan
Liu. Lightgbm: A highly efficient gradient boosting decision tree. Advances in neural information
processing systems, 30, 2017.

Boris Knyazev, Michal Drozdzal, Graham W Taylor, and Adriana Romero Soriano. Parameter
prediction for unseen deep architectures. Advances in Neural Information Processing Systems, 34:
29433–29448, 2021.

Kwei-Herng Lai, Daochen Zha, Guanchu Wang, Junjie Xu, Yue Zhao, Devesh Kumar, Yile Chen,
Purav Zumkhawaka, Minyang Wan, Diego Martinez, and Xia Hu. TODS: an automated time
series outlier detection system. In Thirty-Fifth AAAI Conference on Artificial Intelligence, AAAI
2021, Thirty-Third Conference on Innovative Applications of Artificial Intelligence, IAAI 2021,
The Eleventh Symposium on Educational Advances in Artificial Intelligence, EAAI 2021, Virtual
Event, February 2-9, 2021, pp. 16060–16062. AAAI Press, 2021. URL https://ojs.aaai.
org/index.php/AAAI/article/view/18012.

10

http://dblp.uni-trier.de/db/journals/jmlr/jmlr13.html#BergstraB12
http://dblp.uni-trier.de/db/journals/jmlr/jmlr13.html#BergstraB12
http://dblp.uni-trier.de/db/conf/iclr/iclr2020.html#DuanMSWBLH20
http://dblp.uni-trier.de/db/conf/iclr/iclr2020.html#DuanMSWBLH20
http://dblp.uni-trier.de/db/journals/corr/corr1607.html#Goix16
http://dblp.uni-trier.de/db/journals/corr/corr1607.html#Goix16
https://ojs.aaai.org/index.php/AAAI/article/view/18012
https://ojs.aaai.org/index.php/AAAI/article/view/18012


Under review as a conference paper at ICLR 2024

Lisha Li, Kevin G. Jamieson, Giulia DeSalvo, Afshin Rostamizadeh, and Ameet Talwalkar. Hyper-
band: A novel bandit-based approach to hyperparameter optimization. J. Mach. Learn. Res.,
18:185:1–185:52, 2017. URL http://dblp.uni-trier.de/db/journals/jmlr/
jmlr18.html#LiJDRT17.

Yuening Li, Daochen Zha, Praveen Kumar Venugopal, Na Zou, and Xia Hu. Pyodds: An end-to-
end outlier detection system with automated machine learning. In Amal El Fallah Seghrouchni,
Gita Sukthankar, Tie-Yan Liu, and Maarten van Steen (eds.), Companion of The 2020 Web
Conference 2020, Taipei, Taiwan, April 20-24, 2020, pp. 153–157. ACM / IW3C2, 2020. doi:
10.1145/3366424.3383530. URL https://doi.org/10.1145/3366424.3383530.

Yuening Li, Zhengzhang Chen, Daochen Zha, Kaixiong Zhou, Haifeng Jin, Haifeng Chen, and
Xia Hu. Autood: Neural architecture search for outlier detection. In 37th IEEE International
Conference on Data Engineering, ICDE 2021, Chania, Greece, April 19-22, 2021, pp. 2117–2122.
IEEE, 2021. doi: 10.1109/ICDE51399.2021.00210. URL https://doi.org/10.1109/
ICDE51399.2021.00210.

Zinan Lin, Kiran Thekumparampil, Giulia Fanti, and Sewoong Oh. InfoGAN-CR and ModelCen-
trality: Self-supervised model training and selection for disentangling GANs. In International
Conference on Machine Learning, pp. 6127–6139. PMLR, 2020.

Martin Q Ma, Yue Zhao, Xiaorong Zhang, and Leman Akoglu. The need for unsupervised out-
lier model selection: A review and evaluation of internal evaluation strategies. ACM SIGKDD
Explorations Newsletter, 25(1), 2023.

Xiaoxiao Ma, Jia Wu, Shan Xue, Jian Yang, Chuan Zhou, Quan Z Sheng, Hui Xiong, and Le-
man Akoglu. A comprehensive survey on graph anomaly detection with deep learning. IEEE
Transactions on Knowledge and Data Engineering, 2021.

Matthew MacKay, Paul Vicol, Jonathan Lorraine, David Duvenaud, and Roger B. Grosse. Self-tuning
networks: Bilevel optimization of hyperparameters using structured best-response functions. In
ICLR (Poster). OpenReview.net, 2019.

Henrique O. Marques, Ricardo J. G. B. Campello, Arthur Zimek, and Jörg Sander. On the internal
evaluation of unsupervised outlier detection. In SSDBM, pp. 7:1–7:12. ACM, 2015. URL http:
//dblp.uni-trier.de/db/conf/ssdbm/ssdbm2015.html#MarquesCZS15.

Charles H Martin, Tongsu Peng, and Michael W Mahoney. Predicting trends in the quality of
state-of-the-art neural networks without access to training or testing data. Nature Communications,
12(1):4122, 2021.

Mladen Nikolic, Filip Maric, and Predrag Janicic. Simple algorithm portfolio for sat. Artif. Intell.
Rev., 40(4):457–465, 2013.

Guansong Pang, Chunhua Shen, Longbing Cao, and Anton Van Den Hengel. Deep learning for
anomaly detection: A review. ACM computing surveys (CSUR), 54(2):1–38, 2021.
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