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Abstract

Deep active learning (DAL) studies the optimal selection of labeled data for training deep
neural networks (DNNs). While data selection is mostly optimized for learning task decision
boundaries, in DNN this decision boundary changes as the the feature space changes with
the architecture of the DNN feature extractor. How the optimal selection of data is affected
by this change is poorly understood in DAL. To shed light on this question, we present the
first systematic investigation on: 1) the relative performance of representative modern DAL
data selection strategies, as the architecture types and sizes change in the underlying DNN
feature extractor (Focus 1), and 2) the effect of optimizing the architecture of a DNN feature
extractor on DAL (Focus 2). The results suggest that the change in the DNN architecture
significantly influences and outweighs the benefits of data selection in DAL. These results
cautions the community in generalizing DAL findings obtained on specific architectures,
while suggesting the importance to optimize the DNN architecture in order to maximize the
effect of active data selection in DAL.

1 Introduction

Active learning (AL) is a long standing research area that studies how to carefully select the most informative
samples to label in order to best improve learning given a limited labeling budget (Cohn et al., 1996; Settles,
2009). As the success of deep neural networks (DNNs) continues, there have seen substantial developments
in bringing the success of AL to DNNs, creating a fast-growing subarea known as deep active learning (DAL)
(Ren et al., 2021). In its essence, DAL starts with training a DNN on an initial pool of labelled data, followed
by optimizing an acquisition function to select new data to be labelled to improve the DNN. This iteration
continues until a labeling budget or desired accuracy is achieved (Ren et al., 2021).

The main progress in DAL has been revolving around the design and developments of acquisition functions
to improve the selection of training data. Most data acquisition strategies can be categorized into efforts
that exploit DNN uncertainties (Ranganathan et al., 2017; Wang et al., 2016; Li et al., 2017; He et al., 2019;
Ostapuk et al., 2019; Gal et al., 2017b; Freytag et al., 2014; Käding et al., 2016; Yoo & Kweon, 2019; Huang
et al., 2022), explore the diversity of unlabeled data (Wang et al., 2017; Sener & Savarese, 2017; Geifman
& El-Yaniv, 2017; Shui et al., 2020; Zhang et al., 2020b; Sinha et al., 2019; Kim et al., 2021), or combine
the advantages of the above two in a hybrid fashion (Liu et al., 2016; Coletta et al., 2019; Zhdanov, 2019;
Ash et al., 2020; Shui et al., 2020; Kong et al., 2022; Wang et al., 2022; Settles et al., 2007; Shukla, 2022).
Additional approaches also consider the generation of informative examples (Mahapatra et al., 2018; Mayer
& Timofte, 2020; Zhu & Bento, 2017), utilizing the unlabeled data to pretrain the DNN feature extractor
(Siméoni et al., 2021) or in a semi-supervised fashion during DAL (Siméoni et al., 2021; Gao et al., 2020),
or exploiting the training dynamics of the DNN (Wang et al., 2022).

In this paper, we bring to the research community an under-explored yet important question in DAL: the
effect of choice of DNN architecture on optimal selection of data during active learning. Traditional AL
developments are typically associated with pre-defined features, where data selection is primarily optimized
for task decision boundaries on the given feature space. In contrast, for DNNs, the feature space is unknown.
As illustrated in Fig. 1A, as the architecture of the DNN feature extractor changed, the feature space also
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Figure 1: Illustrations of the change of optimal decision boundary due to differences in the DNN feature
space (A) and its impact on DAL data selection and gain over random acquisition of data (B). Each column
(separated by dotted vertical lines) represents decision boundaries achieved by different architecture of neural
networks visualized in the feature (left) and data (right) space, where 2, 4-2, 4-4-2 in between input x and
output y denote the number of nodes used in each hidden layer. The figures show that change in architecture
changes the features and thus optimal decision boundary, which in turn affects optimal data selection in DAL.

changed which resulted in changes in the optimal decision boundary. When aiming to actively capture such
decision boundary with a small amount of carefully-selected labeled data, the differences in feature space as
shown in Fig. 1B had a clear impact. First and foremost, data selection for the same acquisition strategies
(red) became very different, even for overly expressive DNNs (Fig. 1B2-3) that eventually arrived at similar
decision boundaries. Furthermore, the gains of active learning over random acquisitions not only became
substantially different among the various DNN architectures, but also appeared marginal compared to the
performance gap induced by architecture differences. This strong dependence on DNN feature space, brought
by change in DNN architecture, raises two critical gaps of knowledge in DAL developments and evaluation.

First, it is not clear how DAL evaluation may be dependent on (or agnostic to) the choices of DNN architec-
tures, considering that the vast majority of DAL works are based on predefined and fixed DNN architectures
(Geifman & El-Yaniv, 2018). Indeed, several recent works have investigated the reproducibility of DAL
evaluations (Beck et al., 2021; Munjal et al., 2020; Mittal et al., 2019), noting that performance gaps among
various DAL methods are inconsistent across experimental settings. Some also noted that the gain of DAL
over random acquisition is in general marginal compared to the use of other regularization techniques (Beck
et al., 2021; Munjal et al., 2020). These studies however have not focused on the effect of DNN architec-
tures. In Focus 1 of this paper, we address this knowledge gap by systematically evaluating the relative
performances of seven representative DAL acquisition functions for a given DNN architecture, across two
convolution-based DNN architecture types on image datasets and three transformer-based DNN architecture
types on text datasets, each with different sizes.
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Second, it is not clear how DAL developments can be improved by DNN architectural optimization, or
what may be the most effective approach to combine DNN training data optimization with architecture
optimization. Until now, only one previous work examined the effect of incremental DNN architectural
search as DAL proceeds, showing that architecture optimization brought improvements compared to the use
of fixed architectures during DAL (Geifman & El-Yaniv, 2017). It however was limited to the investigation
of a particular architecture optimization approach, designed for a particular type of DNN architectures
(RESNET-18). Nor did it have a focus on the relative importance between optimizing the DNN architecture
versus optimizing data selection. In parallel, there have been increasing DAL works that put an explicit focus
on DNN feature space, mostly done via pre-training a feature extractor using unlabeled data (Siméoni et al.,
2021) and/or simultaneously improving the learned feature during DAL using unlabeled data in addition to
the acquired labeled data (Kong et al., 2022; Hacohen et al., 2022; Wang et al., 2022). All of these works,
however, are performed with fixed DNN architectures. In Focus 2 of this paper, we address this knowledge
gap by systematically evaluating how architecture optimization of the DNN feature extractor may affect
DAL, considering three possible approaches: 1) jointly optimizing the DNN architecture with the acquired
labeled data throughout the course of DAL, or 2) pre-optimizing the DNN architecture using the unlabeled
data prior to DAL, or 3) pre-optimizing the DNN architecture using the initial label data prior to DAL. We
conduct this investigation with three representative approaches to DNN architecture optimization that allow
manageable computation when used repetitively over the course of DAL: two Bayesian architecture inference
methods (KC et al., 2021; Lee et al., 2018) and one neural architecture search (NAS) method (Chen et al.,
2019), all in comparison to their fixed counterparts on the same spectrum of DAL strategies considered in
Focus 1.

Experimental results from Focus 1 demonstrated that the relative performance of DAL acquisition functions
was substantially influenced by the underlying DNN architecture, cautioning the community in generalizing
DAL findings obtained on specific architectures. Results from Focus 2 showed that optimizing DNN archi-
tecture substantially benefited DAL. More interestingly, the gain of performance induced by an optimized vs.
pre-defined DNN architecture appeared to significantly outweighed the choice of DAL acquisition strategies.
This leaves a potentially important implication for DAL research: while the importance of DNN architecture
choices is widely accepted in standard "passive" learning, it may be especially crucial and may suggest an
under-explored research avenue in DAL in order to maximize the effect of active data selection when the
labeling budget is limited.

2 Related Works

Deep active learning (DAL): DAL research has flourished over the years with the design of various
strategies to select data from the unlabelled pool. The strategies could be broadly divided intro three
categories. Uncertainty-based strategies seek examples that a DNN is most uncertain about. A variety of
measures has been proposed to represent this broadly-defined uncertainty, including entropy (Joshi et al.,
2009), BALD (Houlsby et al., 2011; Shelmanov et al., 2021), least confidence based on softmax outputs
(Settles, 2009), margin sampling (Scheffer et al., 2001), expected gradient length (Settles et al., 2007; Huang
et al., 2016; Zhang et al., 2017; Shukla, 2022), changes in outputs in response to input perturbation(Freytag
et al., 2014; Käding et al., 2016), and estimation of DNN loss (Yoo & Kweon, 2019; Huang et al., 2022).
Diversity-based strategies seek samples that are representative of the unlabelled data using approaches such
as density clustering (Wang et al., 2017), coreset optimization (Sener & Savarese, 2017; Geifman & El-Yaniv,
2017), and leveraging adversarial networks (Zhang et al., 2020b; Sinha et al., 2019; Kim et al., 2021). Hybrid
strategies combine these two approaches to sample diverse data which the DNN is most uncertain about (Ash
et al., 2020; Shui et al., 2020; Wang et al., 2022; Kong et al., 2022), such as by considering the magnitude
as well as diversity of DNN gradients (Settles et al., 2007; Shukla, 2022).

In addition to these pool-based active learning where new training data is obtained by querying an unlabelled
pool, there are generative approaches (Zhang et al., 2020b) that generate examples informative to the
current model. These approaches leverage generative adversarial network (GAN) to generate informative
data examples that has high entropy (Mayer & Timofte, 2020) or are closer to the decision boundary (Zhu &
Bento, 2017) (Mahapatra et al., 2018; Mayer & Timofte, 2020; Zhu & Bento, 2017). Additional approaches
include utilizing the unlabeled data to pretrain the DNN feature before DAL (Siméoni et al., 2021) or using
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it in a semi-supervised fashion during DAL (Siméoni et al., 2021; Gao et al., 2020), as well as exploring DNN
training dynamics (Wang et al., 2022) as measured by the derivative of training loss with respect to the
number of iterations assuming that models training faster generalize better. These developments are seen in
both image as well as text data domains.

Most of these existing works were conducted on specific choices of DNN architectures, such as MLPs (Ash
et al., 2020), LeNet (Geifman & El-Yaniv, 2017; Hu et al., 2021), CNNs (Gal et al., 2017b), and different
versions of VGG and RESNET (Ash et al., 2020; Shui et al., 2020) on image data, or BERT (Zhang et al.,
2020a; Schröder et al., 2021; Wertz et al., 2022) and its two variants – DistilBERT (Schröder et al., 2021;
Kirk et al., 2022) and RoBERTa (Lu & MacNamee, 2020) on text data. A lack of consistency regarding
the choices of DNN architectures exist across existing studies, and it is not clear how the reported DAL
evaluations may be dependent on (or agnostic to) the choices of DNN feature extractors, a critical question
that will be systematically investigated in this paper.

Systematic evaluation of DAL methods: An observation emerging in recent works (Mittal et al., 2019;
Munjal et al., 2020; Beck et al., 2021) is the inconsistency and reproducibility of the relative performance
of DAL methods across experimental settings. The lack of unified experimental setting, such as size of the
initial labeled pool, acquisition size, total labeling budget, random seeds, batch size, and optimizers have
been credited for the inconsistencies of results reported (Munjal et al., 2020; Beck et al., 2021). It was further
shown that the gain of DAL over random acquisition is in general marginal compared to other strategies,
such as network regularization, data augmentation, and semi-supervised techniques (Munjal et al., 2020;
Beck et al., 2021). This paper will add to these findings focusing on the effect of optimizing the architecture
of DNN feature extractor on DAL.

DNN architecture optimization in DAL: There is a large body of literature in deterministic optimiza-
tion or Bayesian inference of DNN architectures (Zoph & Le, 2016; Zoph et al., 2018; Kasim et al., 2020;
Feng & Darrell, 2015; Lee et al., 2018; Dikov & Bayer, 2019; KC et al., 2021), supporting the notion that
the complexity of DNN feature extractors has substantial impact when passively learning from given data.
To date, only one work investigated the effect of optimizing DNN architecture in the context of active data
selection as DAL proceeds (Geifman & El-Yaniv, 2018). Specifically, an incremental architectural search
method was formulated over a modularly reduced search space customized for RESNET-18, integrated and
evaluated with three existing DAL data acquisition strategies. This paper will substantially expand the scope
of this previous study by: 1) investigating both supervised joint training as well as unsupervised pre-training
as alternative approaches to combine DNN architecture and data optimization, 2) including a variety of
DNN architectures especially convolutional architectures (VGG- and RESNET-variants) for image data and
transformer architectures (BERT, DistilBERT, and RoBERTa) for text data, 3) including three architecture
optimization methods representative of both Bayesian architecture inference (KC et al., 2021; Lee et al.,
2018) and deterministic NAS (Chen et al., 2019) approaches, and eventually 4) deriving insights into the
relationship between DNN architecture optimization and data optimization during DAL.

3 Focus 1: The Effect of DNN Architectures on DAL Performances

3.1 Methodology

In Focus 1, we systematically investigate whether and how the relative performance of existing DAL acqui-
sition strategies may depend on the underlying DNN feature extractor, especially its difference in choices
of architecture types and sizes. We consider classification tasks on both image and text data. On image
tasks, we consider two convolutional DNN architecture types (RESNET and VGG) that are mostly com-
monly used in DAL literature and each with three different sizes (RESNET-18/34/50 and VGG-11/16/19).
On text tasks, we consider three transformer architectures (BERT, DistilBERT, and RoBERTa) that are
most commonly used in text-based active learning tasks. We consider seven state-of-the-art DAL acquisition
functions representative of uncertainty-based (Settles et al., 2007; Scheffer et al., 2001; Joshi et al., 2009;
Houlsby et al., 2011), diversity-based (Sener & Savarese, 2017; Ash et al., 2020), and hybrid strategies (Ash
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et al., 2020), each in combination with or without unsupervised pretraining as the seventh DAL strategy
presented in (Siméoni et al., 2021).

As our main focus is to understand how the performance gap among various acquisition strategies may
be affected by the choice of DNN architectures, we devise metrics to measure the relative performance of
different acquisition strategies, and examine its changes across choices of DNN architectures. We further
examine how such effects change as the data selection is affected by the size of the initial labeled pool, the
size of each acquisition, and the presence of data augmentation. We leave out investigations on other DNN
hyperparameters or regularization techniques that have been studied in previous works (Munjal et al., 2020;
Beck et al., 2021).

DAL acquisition strategies: We consider the following acquisition functions, against random sampling
as the baseline:

1. Least confidence sampling (Settles et al., 2007) chooses instances (x∗) with the least probability scores
of the predicted class p(c) among class c ∈ C = {1, 2, ..., k} in the output for a given unlabelled data
xi i.e. x∗ = argminxi∈U p(c|xi).

2. Margin sampling (Scheffer et al., 2001) selects instances (x∗) with the smallest difference between the
first and second largest class label probability, assuming that a confident model is characterized by
a substantial gap between the predicted label probability and the second-highest label probability:

x∗ = argmaxxi∈U [p(y = c1|xi) − p(y = c2|xi)] (1)

3. Entropy sampling (Joshi et al., 2009) selects instances (x∗) a DNN is most uncertain about as
measured by the entropy (H) calculated from the output softmax probabilities:

H =
∑
c∈C

pc ∗ log(pc)

x∗ = argmaxxi∈U H(xi) (2)

4. BALD sampling (Houlsby et al., 2011) selects instances (x∗) that generates disagreeing predictions
that the model is the most uncertain on average (I) (Gal et al., 2017b) i.e.

I(y; w|x, L) = H(y|x, L) − Ep(w|L)[H(y|x, w, L)]
x∗ = argmaxxi∈U I(y; w|xi, L) (3)

5. Coreset Sampling (Sener & Savarese, 2017) selects unlabeled instances that are the most different
from existing labelled sample based on their feature distances:

x∗ = argmaxi∈U minj∈L △ (xi, xj) (4)

6. BADGE sampling (Ash et al., 2020) selects instances that generates diverse but also high gradient
magnitudes in the penultimate layer of the DNN.

7. Unsupervised Pretraining: Based on Simeoni et al. (2021), we adopt a two-step pretraining strategy
for both image and text datasets. This pretraining involves a combination of alternate unsupervised
clustering task and classification task supervised by the clustering labels. We begin with random
initialization of the network parameters and the features from the penultimate layers are clustered
using k-means clustering. These generated pseudo- labels are then utilized as the ground truth
for a subsequent supervised classification task which in turn updates the network parameters. The
networks, once fully trained, serve as the initial models for all subsequent active learning experiments.
This strategy is used in combination with all acquisition functions described above.

These acquisition functions are the commonly used benchmarks in DAL research. Among them, the first
four are representative of uncertainty-based acquisition strategies, with Entroy and BALD calculated based
on Bayesian drop-out strategies (Gal et al., 2017b). Coreset is representative of diversity-based strategies,
and BADGE is a representative hybrid strategy. Each of these acquisition functions are tested without and
with unsupervised pretraining as the seventh DAL strategy considered.
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Network architectures: On image data, we consider two convolutional DNN architecture types that are
mostly used in DAL literature, each with three different sizes: VGG-11, -16, -19; (Simonyan & Zisserman,
2014), and RESNET-18, -34, -50 (He et al., 2016). On text data, we consider three transformer architectures
namely BERT (Devlin et al., 2018), RoBERTa (Liu et al., 2019) and DistilBERT (Sanh et al., 2019) due to
their prominent use in text based active learning tasks. Details of DNNs are described in the Appendix B.

Evaluation metrics: We consider two quantitative metrics: 1) labeling efficiency as described in (Beck
et al., 2021), which measures the amount of data required in comparison to random acquisition (as a ratio) to
achieve the same test accuracy; and 2) a new metric that measures the percentage of gain in test-accuracy over
random acquisition at each acquisition round. We use these two metrics to compare the relative performance
of the considered acquisition functions across DNN architecture types and sizes.

3.2 Experiments and Results

Experiments in Focus 1 were performed on four image datasets including MNIST (Deng, 2012), Fashion
MNIST (Xiao et al., 2017), CIFAR10 (Krizhevsky, 2009), and SVHN (Netzer et al., 2011), and four text
datasets including AGNEWS (Zhang et al., 2015), Banks77 (Casanueva et al., 2020), DBPedia (Auer et al.,
2007) and QNLI (Wang et al., 2018). Let D be the complete dataset divided into initially labelled data
L = {xl, yl}|L|

l=1 and unlabelled pool of data U = {xu}|D|−|L|
u=1 of size |L| and |D| − |L|, respectively. We

initialized the networks on the labelled set L. In each acquisition round, the acquisition function of choice
was used to choose |A| number of data points from U to be labelled next. The newly labelled data was
added back to the labelled set L to retrain the network and the process was repeated until |B| number of
unlabelled data has been labelled.

On image dataset, for consistent experimental settings, we used an initial balanced labelled data size of 1000
unless otherwise stated. The remaining data were divided into 90-10% training-validation split and the size
of the unlabelled pool was 30,000. A total of 25 acquisition rounds were performed with an acquisition size
of 1000. Each round is set to train for 500 epochs with early stopping added when the training accuracy
reached 99% or validation accuracy remained unchanged for 50 epochs. On text data, we used an initial
labelled data size of 100 with 25 rounds of acquisition rounds performed with an acquisition size of 100. The
experiments are run for 5 epochs following (Devlin et al., 2018). All the experiments were ran for three seeds
on workstations with RTX 2080Ti GPU and 32 GB of RAM. We used the DISTIL github repo (Dani et al.,
2021) as a base skeleton for our image experiments and dal-toolbox github repo (Rauch et al., 2023) for text
experiments.

Relative performance of acquisition functions: Figure 2 summarizes the labeling efficiency and
Figure 3 summarizes the gain of DAL over random acquisition for all network architectures on the image
datasets. Figure 4 – Figure 5 summarize similar results on the text datasets. As shown, across datasets and
image/text tasks, both the performance gain of all DAL strategies over random acquisition, as well as the
relative performance among the different DAL acquisition functions, varied substantially. For instance, DAL
seemed to demonstrate less benefits over random acquisition on CIFAR10 than the other image datasets, or
stronger benefits on AGNEWS than the other text datasets. Given the same DNN architecture, FASHION-
MNIST (and DBPEDIA and QNLI) seemed to induce a more evident performance difference among the
acquisistion function tested, compared to CIFAR10 and SVHN (AGNEWS and BANKS77) where the per-
formance gap among the tested acquisition functions were small. More importantly, even within the same
dataset, the relative performance among the acquisition functions varied with DNN types and sizes: for
instance, on MNIST, data acquisition with least confidence criteria appeared to be the most advantageous
using the larger RESNETs (RESNET34 and RESNET50), yet coreset based data acquisition appeared to
outperform the others on RESNET18 and the variants of VGGs; similarly, on QNLI, the hybrid BADGE
acquisition seemed to be favored on the BERT architecture followed by DISTILBERT, while becoming the
least competitive on the ROBERTA architecture. Furthermore, the use of DISTILBERT in general seemed to
induce larger gaps among the different acquisition functions compared to the other two architectures on the
same datasets, although favoring different acquisitions on different datasets (least confidence based acquisis-
tion on AGNEWS, margin based acquisistion on BANKS77, and BADGE on DBPERDIA and QNLI). Note
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Figure 2: Comparison of labeling efficiency over random acquisition, for all six acquisition function with
(hatched) and without unsupervised pretraining across four datasets and all DNN architectures on image
classification tasks. The dashed horizontal line shows reference of random acquisition. Results show that
the relative performance of acquisition strategies varies both across DNN choices on the same dataset, as
well as across datasets.

that depending on the metric used (labeling efficiency vs. gain in test accuracy), the relative performance
among the various acquisition functions as well as their gain over random were also different.

The use of pre-training also appeared to not only influence the relative performance of the tested acquisition
functions, but also induced different gains over random acquisition in a architecture-dependent fashion,
positively on some architectures and datasets (e.g., RESNET50 on CIFAR10, RESNET18 on FASHION-
MNIST, ROBERTA on AGNEWS and BANKS77, and DISTILBERT on QNLI), and negatively on some
(e.g. all VGGs on MNIST, all RESNETs on SVHN, and BERT on AGNEWS and BANKS77).
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Figure 3: Comparison of gain in test-accuracy over random acquisition (as 0.00 test accuracy gain), for all six
acquisition function with (hatched) and without unsupervised pretraining across four datasets and all DNN
architectures on image classification tasks. Similar to Figure 2, results show that the relative performance
of acquisition strategies varies both across DNN choices on the same dataset, as well as across datasets.

Ultimately, no acquisition function consistently outperformed others across datasets and architecture. This
indicates that the optimality of data selection strategy depends on the choice of DNN architectures.

Effect of initialization and acquisition size: We further varied the initial pool size between 1000 and
5000, and the acquisition size among 500, 1000, 1500. As shown in Figure 6, the increase in initial pool
size brought a gain in test performance for all DNNs, which then decreased for all acquisition functions as
DAL proceeds. The change in acquisition size did not produce noticeable differences on the results (see
Appendix C.2).
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Figure 4: Comparison of labeling efficiency over random acquisition, for all six acquisition function with
(hatched) and without unsupervised pretraining across four datasets and all transformer architectures on
text tasks. The dashed horizontal line shows reference of random acquisition. Results show that the relative
performance of acquisition strategies varies both across architecture choices on the same dataset, as well as
across datasets.

Effect of data augmentation: Fig. 7 shows the test accuracy gain over random acquisition achieved by
the same six acquisition functions when we applied data augmentation, including horizontal flips and random
crops, to all experiments. Compared to the results without augmentation, two main differences can be
observed: with data augmentation, 1) most acquisition functions tested exhibited either a substantially larger
gain over the random acquisition (e.g., CIFAR10 for all networks, MNIST for RESNETs and VGG11), or a
reduced error in the gain (CIFAR10, SVHN for all networks) 2) the gap in the performance among different
acquisition functions appeared to be minimal (e.g., BADGE, entropy, least confidence, and margin) across
all datasets, in comparison to the no augmentation counterpart. For FashionMNIST, the difference between
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Figure 5: Comparison of gain in test-accuracy over random acquisition (as 0.00 test accuracy gain), for all
six acquisition function with (hatched) and without unsupervised pretraining across four datasets and all
transformer architectures on text tasks. Similar to Figure 4, results show that the relative performance of
acquisition strategies varies both across architecture choices on the same dataset, as well as across datasets.

with and without augmentation appears to be minimal. Additionally (not shown on Fig. 7), consistent to
existing findings (Beck et al., 2021; Mittal et al., 2019), the performance gain obtained by data augmentation
was more substantial than the use of DAL.
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Figure 6: Comparison of test accuracy of different acquisition functions for different DNNs trained on
FashionMNIST with an initialization size of 1000 (dashed) vs. 5000 (solid). Similar results on other datasets
can be found in the Appendix C.1. The increase in initial pool size brought a gain in test performance for
all DNNs, although this performance gain decreased for all acquisition functions as DAL proceeds.

4 Focus 2: DNN Architecture Optimization during DAL

4.1 Methodology

In this Focus, we investigate how DAL may be affected by the optimization of the architecture of DNN
feature extractors. We consider three approaches to optimize the DNN architecture, namely supervised
joint-training, supervised pre-training, and unsupervised pre-training. In supervised joint-training, we utilize
the labeled data that are increasingly acquired during DAL. This translates to a setting that is similar to
(Geifman & El-Yaniv, 2018), where DNN architecture and weight parameters are simultaneously optimized
as DAL proceeds. In supervised pre-training, we utilize the initial labelled data to optimize the DNN
architecture prior to active learning. In unsupervised pre-training, we utilize the unlabeled data to optimize
DNN architecture prior to active learning. The pre-trained DNN is then used to initialize DAL during
which the DNN’s weight parameters are updated while the optimized architecture is kept fixed. This was
motivated by the recent DAL work that advocated for unsupervised DNN pre-training (Siméoni et al., 2021)
but on fixed architectures. In all three settings, we consider three representative architecture optimization
approaches.
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Figure 7: Gain in test-accuracy over random acquisition (as 0.00 test accuracy gain) for different acquisition
functions across DNN architectures on four datasets, with (hatched) and without data augmentation. With
data augmentation, most acquisition functions exhibited a similar gain over the random acquisition, and their
relative performance appeared to be more clearly separated into two groups (high- vs. low-performing).

DNN architecture optimization approach during DAL: We consider three approaches to optimize
the DNN architecture during DAL. In supervised joint-optimization of DNN architectures and data acquisi-
tion, at each acquisition round within DAL, we iterated between data selection given the choice of acquisition
function, and the optimization of the CNN architectural and weight parameters given the new data. In un-
supervised pre-optimization (UPO) of DNN architectures, we adopt the idea from a recent work (Siméoni
et al., 2021; Caron et al., 2018) that pre-trains a DNN by iteratively clustering all unlabeled data and us-
ing the obtained clusters as pseudo-labels to train the DNN. In supervised pre-optimization (SPO) of DNN
architectures, we use a classification task on initial labelled data to pre-train the DNN. While the original
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work (Siméoni et al., 2021; Caron et al., 2018) utilized this to pre-train the weight parameters of the DNN,
we use this to simultaneously optimize the architecture and weight parameters of the DNN.

The optimized DNN architecture is then kept fixed while the pre-trained weight parameters are used to
initialize the DNN at each DAL acquisition.

DNN architectures: The computational cost associated with architecture optimization is high, especially
for complex architectures such as RESNET and transformers. Existing works in architecture inference or
optimization on transformers are also limited. Therefore we consider CNN as the choice of architecture in
Focus 2.

DNN architecture optimization: We consider three methods for architecture optimizations, including
two Bayesian inference methods and one NAS method, considering mainly the computational feasibility in
including these methods in DAL.

For NAS, we follow the PDARTS method described in (Chen et al., 2019) that defines an over-complete
network with L cells each with N nodes. Each node signifies a feature layer and two nodes are connected
by operations o ∈ O. We define each subsequent node xj as the linear combination of operations on node xi

defined by architecture parameter αi,j .:

xj =
∑
i<j

∑
o∈Oi,j

exp(αi,j
o )∑

o′ ∈O exp(αi,j

o′ )
o(xi) (5)

The optimization is split multiple steps where for each step u, the number of operations in the operations
space is reduced in comparison to previous step v. In addition, the number of skip-connects are controlled by
setting dropout rate which increases as we go deeper. As described in (Chen et al., 2019), the architecture
parameters are optimized on validation data and the weights of the optimal network are tuned on training
data. Training time varies with the amount of data available during DAL, ranging approximately from 1.5
hours using 1000 data samples to 8 hours for 30000 data samples.

We also include two Bayesian architecture inference methods described in (KC et al., 2021) (Depth-Dropout)
and (Lee et al., 2018) (BBDropout) that translates to the optimization of the number of CNN layers (depth)
and the number of CNN filters in each layer (width). In Depth-Dropout, the hidden layer is observed as:

hl = σ(Wl ⊙ hl−1)
⊗

zl + hl−1 (6)

and for BBDropout, we have:

hl = σ((Wl ⊙ hl−1)
⊗

zl) + hl−1 (7)

where hl is the feature map of the lth hidden layer, Wl is the weight matrix for CNN filters in the lth layer,
zl is the activation mask for lth layer, ⊙ is a convolution operation, and σ(.) is an activation function. We
define a beta process as a prior over the number of hidden layers. A beta process sample can be denoted as
(hl, πl), where πl ∈ [0, 1] denotes the activation probability of a hidden layer function hl. A stick-breaking
construction of the beta process can be represented as:

πl =
∏l

j=1 vj , vl ∼ Beta(α, β) (8)

For BBDropout, in contrast, the IBP is defined over neurons per hidden layer i.e.,

πl = Beta(αl, βl) (9)

We then define a conjugate Bernoulli process inducing layer-wise binary vectors zl to drop out neurons per
layer. The prior over the network structure variable Z can thus be formulated as

p(Z, v|α, β) = p(Z|v)p(v|α, β) =
M∏

m=1
Bern(zml|πl)

∞∏
l=1

Beta(vl|α, β) (10)
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The variational distribution with truncation number of layers K to approximate the true posterior distribu-
tion for the Depth-Dropout method is defined as:

q(Z, v|aK
l=1, bK

l=1) = q(Z|v)q(v) =
∏M

m=1 ConBern(zml|πl)
∏K

l=1 Beta(vl|al, bl) (11)

where ConBern is a continuous relaxation of Bernoulli distribution. For simplicity, the number of filters in
each layer is limited to M

In BBDropout, the posterior is approximated with the variational distribution of form:

q(Z, π|X) =
M∏

m=1
q(πk)q(zm|πm) (12)

where we use Kumaraswamy distribution (Kumaraswamy, 1980) for q(πm) and continuous relaxation of
Bernoulli distribution for q(zm|πm) (Lee et al., 2018; Maddison et al., 2016; Jang et al., 2016; Gal et al.,
2017a) .

The distinction lies in the utilization of a beta process and its corresponding Bernoulli process independently
by DepthDropout, enabling the inference of both the number of layers and nodes per layer. On the other
hand, BBDropout marginalizes the beta process, inferring the number of nodes in each layer but not the
depth. For both DepthDropout and BBDropout, the evidence lower bound (ELBO) of the marginal likelihood
of observed data D can be derived and optimized via structured stochastic variational inference (SSVI) as
described in (KC et al., 2021).

Evaluation metrics: Here we focus on the relative performance of DAL on fixed vs. optimized DNN
architectures, as well as the relative contribution of DNN architecture optimization vs. data acquisition
optimization to the final DNN performance. We measure this by the spread of performance due to the
optimization of one factor when the other is controlled. This is visualized as well as quantified as the
absolute difference between the maximum and minimum accuracy achieved when one of these two factors
varies.

4.2 Experiments and Results

Experiments in Focus 2 were performed on four image datasets including MNIST (Deng, 2012), Fashion
MNIST (Xiao et al., 2017), CIFAR10 (Krizhevsky, 2009), and SVHN (Netzer et al., 2011). For Depth-
Dropout and BBDropout method, we used CNN with truncation K = 20 and 64 filters in each layer. A
uniform distribution U(0, 1.1) and U(0, 1.0) was used to initialize the prior of architecture parameters a and
b in equation 11 for Depth-Dropout method. The parameters a and b were initialized to 1.3133 and 1.000,
respectively, in equation 9 for BBDropout. For PDARTS, we define a total of eight operations (Max pool
3x3, Average Pool 3x3, Skip-connect, Identity, Separable Convolution 3x3 and 5x5, Dilated Convolution 3x3
and 5x5) which are dropped off with dropout rate of 0.1, 0.4 and 0.7 in the subsequent training steps as
used in Chen et al. (2019). All the models were trained for 500 epochs. Experiments were performed on
workstations with RTX 2080Ti GPU and 32 GB of RAM as well as P8 and V100 GPU. The active learning
experiments are run on four image dataset in same setting as described in 3.2.

The effect of optimized DNN architectures: Fig. 8 summarizes the DAL performance across dif-
ferent acquisition functions when applied to architecture optimization – Depth-Dropout (A), BBDropout
(B), and PDARTs(C) – and fixed DNN architectures with 1, 5, and 9 layers on CIFAR10 and FashionM-
NIST. The DNN architectures were optimized either jointly or during pre-training using both supervised
and unsupervised methods. Complete results on the rest of the datasets can be found in Appendix D.1.
The figure depict that the optimized networks, particularly those optimized jointly or through supervised
pre-optimization (SPO) approach, consistently outperform fixed pre-defined networks. SPO and joint op-
timization approaches, in general, showed consistent gains in all architecture optimization methods (i.e.
Fig. 8A, B and C) in comparison to unsupervised pre-optimization (UPO) approach which performed least
favorably. This may be attributed to the fact that the network optimization with unlabelled data was based
on a clustering task different for primary DAL task.
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Figure 8: Spread of performance across different acquisition functions given pre-defined (fixed) CNN ar-
chitecture or jointly-optimized, supervised pre-optimized (SPO), unsupervised pre-optimized (UPO) using
Depth-Dropout (A), BBDropout(B) and PDARTs(C) for CIFAR10 (top row) and FashionMNIST (bottom
row) . Optimization of the DNN architecture, either jointly or during pre-training, in general improved over
pre-defined CNN performance.

In case of joint optimization approach, the continuous change in the size of labeled data during DAL resulted
in changes in optimal DNN architecture. This, in turn, induces continuous modifications to the optimal
feature space, complicating the joint optimization with data selection. To corroborate this, we experimented
with more extreme changes of data size by considering an initial size of 200 and acquisition size of 100
in the same experiments. Figure 9 (A) and (B) shows the optimized architecture using Depth Dropout
as DAL proceeds for CIFAR10 and FashionMNIST respectively, where the bar graph on top indicates the
probability of activation of a layer and the column below indicates the activation of filters in each layer.
As shown, both the depth and width of the CNN increased as DAL proceeded with adding labeled data.
These results suggested that the joint optimization approach via small and growing labeled data in addition
to weight optimization and active learning may complicate optimal data acquisition due to the continued
change in the feature space, whereas leveraging initial labeled data to pre-optimize the feature space may
offer a simpler and yet more competitive solution.

The limited performance with unsupervised pre-training using PDARTS may be attributed to the sensitivity
of the unsupervised labeling task to the number of clusters used for generating pseudo-labels. Through
our experiments, we observed that employing a larger cluster size with PDARTS resulted in an optimized
network with minimal test accuracy (< 30%), which improved as the number of clusters approached the
actual number of labels in the dataset. In contrast, supervised pre-training of PDARTS with an initially
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Figure 9: Visualization of optimized CNN architecture as DAL proceeds using Depth-Dropout. A: CIFAR10;
B: FashionMNIST.

labeled dataset yielded a significantly superior optimized network compared to the unsupervised approach.
This suggests that unsupervised pre-optimization of DNN architectures may be difficult.

Relative contribution of architecture versus data optimization: The shade or spread in Fig. 8
describe the spread of performance between different acquisition functions for different architecture opti-
mizations. A closer look into Fig. 8 suggest that, with the exception of UPO on PDARTS, the performance
spread across different acquisition functions is reduced using an optimized DNN architecture compared to
fixed pre-defined networks. Figure 10 further summarizes the spread of performance across all optimized
or fixed DNN architectures, for each given acquisition function on CIFAR10 and FashionMNIST. Complete
results on the rest of the datasets can be found in Appendix D.2. As shown, different choices of architecture
parameters induced a large performance gap of the DNN at any given data size for any acquisition function
used. This performance spread changed as DAL proceeded, although the trend of change was not consistent
among datasets: on FashionMNIST, the gap among different CNN architectures appeared to be larger at
the earlier stages of DAL when the data size was smaller, whereas on CIFAR this gap appeared to increase
as DAL proceeded Contrasting Fig. 8 with Figure 10, it is evident that the impact of the DNN architectures
substantially outweighed and even reduced the impact of acquisition strategies. This further suggests that,
when the labeling budget is small, the effort to identify optimal architecture of DNN feature extractor may
be critical in order to maximize the efficacy of active data selection.

5 Discussion

Our current investigation show two important discovery. Firstly, we observe that the relative performance
of DAL acquisition functions depend on the complexity and structure of the underlying DNN architectures
even when applied to a given dataset. This suggests that the optimal data acquisition in DAL is particularly
influenced by the feature space defined by the choice of DNN. This highlights that, while architecture
optimization is an essential aspect in DNNs in general, its importance becomes even more pronounced in
the context of DAL as it has a major influence on the effectiveness of data acquisition strategies. Ensuring
consistent experimental setups regarding the underlying DNN architectures can be an important aspect for
the DAL community to consider for reproducible and generalizable research outcome.

Secondly, optimization of DNN network architecture, either preceding DAL or jointly with DAL, plays an
important part in DAL. Moreover, supervised pre-optimization of DNN architecture, utilizing the initial
labeled data, may be more beneficial followed by joint architecture and data optimization and then the
unsupervised pre-optimization during DAL. This underscores the substantial influence of DNN architectures
in outweighing the impact of acquisition functions. These findings shed light on the importance of strate-
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Figure 10: Spread of performance across different architectures – pre-defined architecture and architeure
optimization of CNN architectures – given acquisition functions for CIFAR10 and FashionMNIST, in the
form of spread of test accuracy over the course of DAL. Comparison with Fig. 8 shows that the optimization
of DNN architecture outweighed the effect of data selection in the overall DAL performance. Similar results
for MNIST and SVHN are shown in Appendix D.2

gic DNN architecture optimization in DAL framework, emphasizing on the necessity of considering DNN
architecture optimization in DAL.

Investigations in Focus 2 of the current study is focused on CNN based architecture optimization. To
generalize the findings, future studies need to extend to larger architectures such as RESNET, VGG, and
transformers. Such extension will provide a more comprehensive understanding of how optimization of
different network architectures influence data optimization, providing insights into the applicability of joint
architecture and data optimization strategies across a variety of DNN types.

There is also room for incorporating additional data acquisition strategies in the presented study. The current
study examined a range of acquisition functions, covering prevalent strategies representative of uncertainty-
based, diversity-based, and hybrid strategies found in the existing literature of DAL. Future work can
broaden the spectrum of acquisition strategies to more recent strategies, such as those incorporating neural
tangent kernels to assess DNN training dynamics (Wang et al., 2022), and those incorporating the concept
of semi-supervised learning in DAL.

In terms of approaches for optimizing DNN architectures, we considered a cell-based (NAS) method, specifi-
cally PDARTs, along with two Bayesian DNN architecture inference methods. For CNN networks considered
in the Focus 2 of this study, the connections between operations within a search cell exhibit a large influ-
ence on the architecture’s performance. However, cell-based NAS methods are not directly transferrable to
transformers that operate on attention mechanism rather than convolution. Future work will incorporate
NAS methods for transformers, such as AdaBERT and NAS-BERTs, to further test the generalizability of
the findings obtained in Focus 2 regarding the effect of DNN architecture optimization on DAL. Future work
can also include additional NAS methods for CNN-based architecture, such as dynamic-exploration DARTs
where the dynamic architecture varies the kernel size or network path of CNN according to input data.

Finally, to investigate potential strategies for simultaneously optimizing DNN architecture and data selection,
we considered unsupervised pre-optimizaiton of DNN artechitecture prior to DAL, versus supervised joint-
optimization of DNN during DAL. Both approaches, however, essentially considered DNN architecture and
data optimization as two separate optimization problems with their respective objective functions. An
interesting yet much more challenging future research direction may be the developments of joint DNN
architecture and data optimization theories, methods, and algorithms that integrate these two optimization
objectives in a more coherent formulation.
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6 Conclusion

In this work, we examine the influence of DNN architectures on optimal data selection in DAL. We show
that the choices of DNN architecture substantially influence and outweigh data optimization in DAL, and
that its optimization helps increase the benefits of active data selection. We hope that the findings help
inform the research community in improving the reproducibility of DAL evaluations by taking into account
the important role of DNN architecture choices in DAL, and in opening up new research avenues that better
integrate DNN architecture optimization to maximize the benefits of active data selection when the labeling
budget is limited.
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A Appendix

B Architectures of RESNET and VGG Networks

B.1 RESNET

Structure of VGG-11/16/19 and RESNET-18/34/50 are shown below in format Conv x, y where x is filter
size and y represents number of filters.

RESNET-18 RESNET-34 RESNET50
CONV LAYER Conv 3, 64 Conv 3, 64 Conv 3, 64

BLOCK 1 [Conv 3, 64
Conv 3, 64] x 2

[Conv 3, 64
Conv 3, 64] x 3

[Conv 1, 64
Conv 3, 64

Conv 1, 256] x 3

BLOCK 2 [Conv 3, 128
Conv 3, 128] x 2

[Conv 3, 128
Conv 3, 128] x 4

[Conv 1, 128
Conv 3, 128

Conv 1, 512] x 4

BLOCK 3 [Conv 3, 256
Conv 3, 256] x 2

[Conv 3, 256
Conv 3, 256] x 6

[Conv 1, 256
Conv 3, 256

Conv 1, 1024] x 6

BLOCK 4 [Conv 3, 512
Conv 3, 512] x 2

[Conv 3, 512
Conv 3, 512] x 3

[Conv 1, 512
Conv 3, 512

Conv 1, 2048] x 3
FULLY CONNECTED
LAYERS

FC width 512
FC width C

FC width 512
FC width C

FC width 2048
FC width C

B.2 VGG

VGG-11 VGG-16 VGG-19
Conv 3, 64
Max-pool

2 x [Conv 3, 64]
Max-pool

2 x [Conv 3, 64]
Max-pool

Conv 3, 128
Max-pool

2 x [Conv 3, 128]
Max-pool

2 x [Conv 3, 128]
Max-pool

CONVOLUTION
LAYERS

2 x [Conv 3, 256]
Max-pool

3 x [Conv 3, 256]
Max-pool

4 x [Conv 3, 256]
Max-pool

2 x [Conv 3, 512]
Max-pool

3 x [Conv 3, 512]
Max-pool

4 x [Conv 3, 512]
Max-pool

2 x [Conv 3, 512]
Max-pool

3 x [Conv 3, 512]
Max-pool

4 x [Conv 3, 512]
Max-pool

FULLY CONNECTED
LAYERS

2 x [FC width 4096]
FC width 1000

FC width C

2 x [FC width 4096]
FC width 1000

FC width C

2 x [FC width 4096]
FC width 1000

FC width C
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C Focus 1: The Effect of DNN Architectures on DAL Performances

C.1 Effect of Initial Training Size

C.1.1 CIFAR10

Figure 11: Comparison of test accuracy of different acquisition functions for different network trained on
CIFAR10 with initialization size of 1000 (dashed) and 5000(solid).
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C.1.2 FashionMNIST

Figure 12: Comparison of test accuracy of different acquisition functions for different network trained on
FashionMNIST with initialization size of 1000 (dashed) and 5000(solid).
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C.1.3 MNIST

Figure 13: Comparison of test accuracy of different acquisition functions for different network trained on
MNIST with initialization size of 1000 (dashed) and 5000(solid).
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C.1.4 SVHN

Figure 14: Comparison of test accuracy of different acquisition functions for different network trained on
SVHN with initialization size of 1000 (dashed) and 5000(solid).
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C.2 Effect of Acquisition size

C.2.1 CIFAR10

Figure 15: Visualization of performance of Entropy acquisition function on different networks trained on
CIFAR10 with acquisition size of 500 (dotted blue), 1000 (solid black) and 1500 (dashed red) respectively
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Figure 16: Visualization of performance of BALD acquisition function on different networks trained on
CIFAR10 with acquisition size of 500 (dotted blue), 1000 (solid black) and 1500 (dashed red) respectively
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Figure 17: Visualization of performance of Coreset acquisition function on different networks trained on
CIFAR10 with acquisition size of 500 (dotted blue), 1000 (solid black) and 1500 (dashed red) respectively
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Figure 18: Visualization of performance of Margin acquisition function on different networks trained on
CIFAR10 with acquisition size of 500 (dotted blue), 1000 (solid black) and 1500 (dashed red) respectively
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Figure 19: Visualization of performance of Least Confidence acquisition function on different networks trained
on CIFAR10 with acquisition size of 500 (dotted blue), 1000 (solid black) and 1500 (dashed red) respectively
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D Focus 2: DNN Architecture Optimization during DAL

D.1 Spread of performance across different acquisition function

Figure 20: Spread of performance across different acquisition functions given pre-defined (fixed) CNN ar-
chitecture, or jointly-optimized, supervised pre-optimized (SPO), unsupervised pre-optimized (UPO) using
Depth-Dropout (A), BBDropout(B) and PDARTs(C) for MNIST (top row) and SVHN (bottom row) . Opti-
mization of the DNN architecture, either jointly or during pre-training, in general improved over pre-defined
CNN performance.
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D.2 Spread of performance across different network architectures

Figure 21: Spread of performance across different CNN architectures given acquisition functions for MNIST
and SVHN, in the form of spread of test accuracy over the course of DAL.
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