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Editorial 
The Journal of Engineering Research and Sciences (JENRS) continues to highlight research that 
addresses emerging challenges through innovative computational methodologies and systematic 
scienti�ic inquiry. The contributions presented in this issue demonstrate the value of combining 
intelligent computational techniques with rigorous evaluation methodologies to improve 
engineering design processes and strengthen the understanding of human-centered technology 
research. Together, these studies provide insights into both the automation of complex 
engineering tasks and the methodological development of usability, user experience, and 
accessibility evaluation. 

The increasing integration of machine learning into analog integrated circuit development has 
created new opportunities for accelerating circuit sizing, optimization, and pre-silicon 
veri�ication, while the computational cost of generating simulation-based training data remains a 
signi�icant bottleneck. A metamodel-based optimization approach employing adaptive sampling 
is presented to construct accurate machine learning representations while reducing the number 
of required circuit simulation samples. Comparative evaluation against random and Latin 
hypercube sampling demonstrates improved model quality for equivalent sampling budgets or 
error constraints. Application to single-stage and two-stage operational ampli�ier optimization 
further shows that the proposed metamodel-based strategy achieves results comparable to 
classical simulation-driven optimization, indicating its potential to reduce computational 
demands without compromising optimization performance. [1] 

The systematic assessment of usability, user experience, and accessibility is examined through an 
extensive review of 582 case studies published between 2014 and 2023. The analysis reveals the 
continued prominence of usability evaluation, with the System Usability Scale remaining the most 
widely adopted instrument, while UX has increasingly developed as a distinct research area 
supported by standardized instruments such as the User Experience Questionnaire. At the same 
time, accessibility remains comparatively underrepresented, and the continued reliance on 
single-method approaches and ad-hoc, insuf�iciently validated questionnaires highlights 
important methodological concerns. Comparison with previous tertiary research further 
identi�ies persistent gaps, including limited integration of usability, user experience, and 
accessibility within uni�ied evaluations, insuf�icient longitudinal investigation, geographic 
concentration, and the need for greater methodological rigor. The �indings provide a valuable 
foundation for strengthening future UAUX research and establishing more comprehensive 
evaluation practices. [2] 

The two contributions collectively demonstrate how engineering research can bene�it from both 
computational ef�iciency and methodological rigor. The development of adaptive machine 
learning metamodels offers a pathway toward more ef�icient engineering design and 
optimization, while the systematic examination of UAUX research provides evidence for 
improving the quality, inclusiveness, and reliability of human-centered technology evaluation. 
Together, these studies reinforce the importance of innovation that not only improves technical 
performance but also strengthens the methods through which engineering systems and 
technologies are designed, evaluated, and applied. 

References: 

[1] V. Grosu, N. Patache, E. David, “Metamodel based Optimization for Analog Integrated Circuits,” Journal of
Engineering Research and Sciences, vol. 5, no. 7, pp. 1–15, 2026, doi:10.55708/js0507001. 

viii



[2] J.A. Brenes, H. Solis-Ramirez, I. Diaz-Oreiro, G. Lopez, “The State of Usability, User Experience and Accessibility 
(UAUX) Evaluation: A Systematic Review of 582 Case Studies,” Journal of Engineering Research and Sciences, vol. 
5, no. 7, pp. 16–42, 2026, doi:10.55708/js0507002. 

Editor-in-chief 

Dr. Jinhua Xiao 

ix



JOURNAL OF ENGINEERING RESEARCH AND SCIENCES 

Volume 5 Issue 7 July 2026 

CONTENTS 
Metamodel based Optimization for Analog Integrated Circuits 
Vasile Grosu, Nicolae Patache and Emilian David 

01 

The State of Usability, User Experience and Accessibility (UAUX) Evaluation: A 
Systematic Review of 582 Case Studies 
Jose A. Brenes, Hansell Solis-Ramirez, Ignacio Diaz-Oreiro and Gustavo Lopez 

16 

x



Special Issue on Digital and Engineering Transformations in Science and Technology 2026

Received: 13 May 2026, Revised: 08 July 2026, Accepted: 10 July 2026, Online: 21 July 2026

DOI: https://dx.doi.org/10.55708/js0507001

Metamodel based Optimization for Analog Integrated Circuits
Vasile Grosu∗,1 , Nicolae Patache1, Emilian David2

1Gheorghe Asachi Technical University of Iasi, 700360, Romania
2Institute of Computer Science, Romanian Academy, Iasi Branch, Iasi, 700481, Romania
Email(s): vgrosu@etti.tuiasi.ro (V. Grosu), patachen@etti.tuiasi.ro (N. Patache), emilian.david@iit.academiaromana-is.ro (E. David)
∗Corresponding author: Vasile Grosu, Carol 11A, Iasi, Romania, Email: vgrosu@etti.tuiasi.ro

ABSTRACT: In recent times, machine learning applications have become an important component of
the analog integrated circuit development cycle. Several phases such as circuit sizing, optimization
or pre-silicon verification have benefited from machine learning automation. For developing such
machine learning models, a certain amount of training and testing samples needs to be acquired
through circuit simulations. Depending on the circuit complexity this process can become very costly
time-wise which can lead to a bottleneck in the development cycle. This article proposes a metamodel
based optimization of circuit performances in which we develop a prior machine learning model that
will be used as a placeholder for the simulation environment. The machine learning model is designed
using adaptive sampling techniques which aim to reduce the number of sample points in the model
while still having an overall good accuracy. When compared to traditional methods of sampling such
as random and Latin hypercube sampling this method offers better models for either a given error or
a set number of sample points. Afterwards, the proposed method for circuit optimization is tested on
two use cases, a single-stage and a two-stage operational amplifier. In both cases we compared the
metamodel based optimization with the classical approach and no significant differences were found.

KEYWORDS: analog integrated circuits; Bayesian optimization; Gaussian process regression; machine
learning models; metamodels; operational amplifiers

1. Introduction

Machine learning (ML) based applications on the ana-
log integrated circuit development cycle have become an
attractive area of research over the past decade. Several
phases have benefited from automation and improved per-
formance. Such areas include circuit modeling [1, 2, 3, 4],
sizing and optimization [5, 6], pre-silicon verification [7, 8]
and lastly automated layout generation [9].

Regardless of the application scope (modeling, opti-
mization or verification) a set of simulations needs to be
performed in order to develop a ML model. Frequently,
the training data is acquired using random or uniform ap-
proaches and reiterated until the developed model meets
the desired accuracy. This can introduce systematic errors
in the ML models by not taking into account output swings
or sampling density in some areas.

This article proposes a unified approach to circuit mod-
eling and optimization for accelerated development of ana-
log integrated circuits (ICs). By building a machine learn-
ing model that emulates circuit behavior, the design op-
timization phase can be automated without concerns of
simulation time and/or licensing costs. An increased ben-
efit is obtained when the developed model is further used
in re-design tasks or pre-silicon verification phases, for
which no further simulations are required.

The proposed circuit modeling technique presents
some improvements over prior publications with regard
to the data acquisition process. In the proposed approach

the sampling is done taking into account error thresholds
from the modeled outputs modeled therefore the outputs
that pass this threshold do not propose new points. The
proposed approach is tested and compared to prior imple-
mentations on a set of 2D functions which serve as a good
benchmark to test the algorithm. Afterwards, the results
are replicated on two IC use cases, a single-stage opera-
tional amplifier and a two-stage operational amplifier.

The developed models are subsequently employed in
an optimization task to efficiently navigate the design
space and determine optimal circuit parameter settings.
Acting as surrogate models for time-consuming simula-
tions, they enable rapid assessment of design options, sig-
nificantly speeding up convergence to optimal solutions
while minimizing the need for extensive simulations or
physical evaluations. For this, the most popular algorithm
in the literature (Bayesian Optimization) was used and the
results of running the optimization process using the ac-
tual simulation environment versus using the developed
ML models as a placeholder are compared.

The remainder of this article is organized as follows:
Section 2 presents a state-of-the-art review highlighting
certain trends, advantages and opportunities that can be
investigated. Section 3 presents the theoretical aspects of
the proposed approach and is divided into two parts.The
first part highlights the improved modeling technique for
analog ICs, discusses the expansion to multiple -output
modeling, and covers the machine learning algorithm op-
tions and the testing method for assessing model perfor-
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mance. The second part provides a brief explanation of
the optimization algorithm used. Section 4 presents the
results for the proposed approach described in the previ-
ous section. The modeling approach is first tested on a set
of synthetic functions and compared to previous imple-
mentations reported in literature and afterwards on two
IC use cases. Afterwards, the developed models for the
two IC use cases are employed in several ML-in-the-loop
optimization runs and compared to simulator-in-the-loop
runs with regard to the proposed implementations and
results. Lastly, in Section 5, some conclusions are drawn
along with a few further research topics.

2. State-of-the-art review

In the scientific literature there is a growing trend of
ML applications in the IC design process. Several phases
have benefited from ML-based automation, such as IC op-
timization [10, 11], pre-silicon verification [7, 8] and some
aspects of automated layout [9] have been addressed in
several publications. The main focus of this research is
on IC behavior modeling for optimization frameworks so
further in this chapter the focus will be discussing these
two aspects of the IC design flow.

A comprehensive publication list regarding IC siz-
ing/optimization and modeling is listed in the Table 1.

It what regards common use cases it can be noted that
variations of operational amplifiers (OAs) with one, two or
three stages as well as variations such as operational trans-
conductance amplifiers (OTAs) are frequently proposed
as use cases since they are fundamental building blocks
present in almost all analog integrated circuits. In [32],
a comparison for the number of simulations used in the
development of machine learning models for the Miller
OA use case is presented with numbers up to 10000 sim-
ulations reported to size a circuit, other reports [15, 18]
give ranges between 500 and 5000 simulation points for
either modeling or optimizing a set topology with reason-
able accuracy. A few publications report higher number
of samples (above 10000) used in developing the machine
learning models [16, 24, 31] and are using artificial neural
networks in order to develop accurate regression models.
This number is primarily dependent on the total number
of parameters used but gives us a rough estimate of the
number of simulation points needed for certain IC appli-
cations.

Algorithm-wise, artificial neural networks (NNs) seem
to be the preferred machine learning algorithm being suc-
cessfully employed in sizing tools [12, 14, 15] and sizing
tools coupled with an optimizer [13, 23, 25]. Several rea-
sons can be attributed for this preference, namely the ease
of implementation, robustness and flexibility with bigger
data sets. For the circuit design optimization task a consid-
erable amount of implementations are done using different
Bayesian optimization (BO) approaches [18, 19, 11, 27].

Also, with an exponential grow in popularity we men-
tion a few publications that employ large language models
(LLMs) in the optimization process, either combined with
optimization algorithms [33, 34, 35] or just the LLM with
a simulator in the loop [36]. The use of LLM adds a di-
mension of domain knowledge to rapidly generate viable

design points to remedy BO’s inefficiency [34]. The men-
tioned publications report fewer simulations/iterations
compared to classical optimizer-in-the-loop approaches to
reach a set of required specifications. Furthermore, in [35]
a novel class of circuits is tackled, namely DC-DC convert-
ers, with clear advantages over the compared standard BO
approach obtaining overall better performances.

In what regards the data acquisition process for acquir-
ing the training and testing data sets, very few publica-
tions address this problem leaving room for extra time
spent on running simulations and training models. In this
sense, the article proposes an improved adaptive sampling
scheme based on active learning which has been shown
in previous publications to have better results that fixed
sampling schemes commonly used in literature. A more
comprehensive explanation of the mechanisms involved
will be given in the following sections of this article.

Beyond integrated circuit design, active data sampling
and intelligent parameter optimization frameworks have
found extensive utility across diverse engineering appli-
cations. For instance, advanced machine learning and
sampling paradigms are increasingly applied to optimize
beamforming and mode configuration in complex wireless
communication networks [37, 38, 39].

3. Machine learning based analog integrated circuit siz-
ing approach

In this section, the theoretical aspects of the proposed
approach to analog circuit sizing/optimization are pre-
sented. The section is divided into two parts. Firstly, we
explain the adaptive sampling methodology employed in
developing the integrated circuit models. The sampling
scheme is first described for a single output and then ex-
panded to a multi output scheme for a faster model de-
velopment with minimal losses regarding accuracy. The
testing methodology is is also described in this chapter, mo-
tivating the use of various error metrics their advantages
and drawbacks regarding the model performances.

Secondly, we provide a concise explanation of the opti-
mization framework into which the previously developed
ML model was integrated to work with a Bayesian opti-
mization approach. BO is a sequential design strategy for
global optimization of black-box functions that are expen-
sive to evaluate. It builds a probabilistic surrogate model,
typically a Gaussian process (GP), to estimate the objective
function and uses an acquisition function to decide where
to sample next, balancing exploration and exploitation. As
previously stated, by embedding the ML model within the
optimization process, we aim to enhance the overall system
performance by making a fast and lightweight ML model
which can be used in optimization approaches. The last
part of the section outlines the structure of the framework,
the role of the ML model within it, and the rationale behind
the chosen optimization approach.

3.1. Adaptive sampling-based metamodel development

A ML model𝑚(𝑥)which is trained with a set of N input-
output points 𝑥 = [𝑥1 , 𝑥2 , ..., 𝑥𝑁 ] and 𝑦 = [𝑦1 , 𝑦2 , ..., 𝑦𝑁 ]
given by an unknown function 𝑓 (𝑥) as it is shown in (1),
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Table 1: Comparison between papers published in literature.

Ref. Algorithm used Circuit use case Task Samples/Accuracy
[5] Differential evolution&Bayesian inference LDO Optimization - / -
[6] Differential evolution&Bayesian inference LDO Optimization - / -
[12] Artificial neural networks OA Sizing tool 20000/92%
[13] Artificial neural networks OA& OTA Sizing tool coupled with optimizer - / -
[14] Artificial neural networks Various RF circuits Sizing tool -/>95%
[15] Artificial neural networks OA Sizing tool 5000/ -
[16] Artificial neural networks OTA Sizing tool 120000/-
[17] Particle swarm optimization OA Optimization - / -
[18] Bayesian optimization OA & others Optimization - / -
[19] Bayesian optimization OA & others Optimization 300-3000 / -
[10] Cuckoo Search Algorithm OA Optimization - / -
[11] Bayesian optimization OA & LNA Optimization - / -
[20] Evolutionary algorithms&deep learning Several OA Optimization 10000 / >80%
[21] Bayesian optimization&Reinforcement learning Several OA Optimization - / -
[22] Graph neural networks&Reinforcement learning LDO Optimization 20000 / -
[23] Artificial neural networks, Genetic Algorithms Several OA Sizing tool coupled with optimizer - / -
[24] Artificial neural networks OA Sizing tool 150000 / -
[25] Artificial neural networks Several OA Sizing tool coupled with optimizer - />95%
[26] Reinforcement learning Several OA Optimization - / -
[27] Bayesian optimization Several circuits Optimization - / -
[28] Artificial neural networks OA Sizing tool 13500 / >90%
[29] Gaussian process regression Several circuits Sizing tool - / -
[30] Bayesian optimization&Evolutionary algorithms OA & LDO Optimization 2000-15000 / -
[31] Artificial neural networks Active filter & OTA Optimization 1900000 / >95%

can replicate the unknown function’s behavior with rea-
sonable accuracy, given that the N training points are suf-
ficient.

𝑦 = 𝑓 (𝑥) (1)

The predicted output 𝑦̃ would ideally be identical to y
but in practical cases this is true within an accepted bound-
ary 𝜖 as it is shown in (2) and (3).

𝑦̃ = 𝑚(𝑥) (2)

𝑦̃ = 𝑓 (𝑥) + 𝜖 (3)

Figure 1 showcases the general procedure of using ML
models in order to predict a black-box function’s response.

Figure 1: Metamodeling principle.

As stated previously, the acquisition process is tradi-
tionally done through fixed sampling schemes such as
grid, random (RND), or Latin hypercube sampling (LHS),
among various other approaches. In certain cases, these
sampling schemes leave room for improvement by not tak-
ing into account aspects such as overall sampling density,
output value swings or other information that can be ex-
tracted from the modeled circuit. This too, can be observed
in the general example from Figure 1 in the area where
points are not dense enough the predicted output differs
more than in the regions which are sampled more densely.

In this sense, adaptive sampling schemes [40] have ad-
vantages over fixed sampling schemes by sampling the

input domain via an acquisition function 𝑎(𝑥)which takes
into account aspects such as, model variance, sample den-
sity, or output swings. One such approach is sampling by
model’s uncertainty/variance which was previously used
with success for IC behavior modeling [1, 2, 3]. This way
samples are selected based on the variation the model’s
response in order to minimize the samples needed to de-
velop a ML model. In order to obtain the best model for
a given task, an intelligent approach must be taken. Con-
sequently, an efficient sampling scheme can significantly
benefit the overall model-development process.

It has been shown previously in [1, 2, 3] that adap-
tive sampling methods based on active learning can offer
a significant cost-benefit increase by incrementally sam-
pling regions where the model error might improve sig-
nificantly. The general method of sampling is highlighted
in Figure 2. By developing an acquisition function based
on the model’s uncertainty, we can overall improve over-
all model prediction, and hence, the overall fitting of the
model. Previous research has shown the advantage of
uncertainty-based sampling over fixed sampling methods
both on synthetic functions and on IC use cases. The pro-
cess of obtaining this uncertainty metric is discussed in
further sections of this article.

The uncertainty sampling approach was preferred be-
cause it is computationally inexpensive. Any other adap-
tive sampling approach can be employed in the further
presented sampling schemes.
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Figure 2: Active learning general principle.

For the proposed uncertainty sampling scheme, the
most appropriate ML algorithm is Gaussian process re-
gression (GPR) [41] since it provides a mean prediction
and a corresponding uncertainty function as outputs. The
uncertainty output represents a 95% confidence interval
of the mean prediction. This uncertainty output is used
to improve the overall model behavior by sampling in the
regions where its value is at a maximum.

A general example on a generic 1D function is given in
Figure 3.

Figure 3: Training and prediction of a general function with GPR.

For this example, the best sample to improve model
behavior is at the dashed blue line, since at that point the
uncertainty of the prediction is at its highest. As a result,
Figure 4 shows the new prediction with the added sample
point included.

Figure 4: Training with the new sample example.

It is easily observable that in regions where points are
not present or are sparse, the prediction differs from the
target function, which is expected, and the uncertainty out-
put of the GPR is significantly larger. Thus, by sampling
in regions where this output is high improves the model.
In some cases, GPR might be infeasible for several reasons.
One of these reasons can be the high computational com-
plexity of the algorithm, which for the GPR algorithm is
𝑂(𝑁3). This can lead to high training times for large or
high-dimensional data sets.

3.1.1. Multiple output extension

Since a single simulation run provides measurements
for several outputs, the acquisition process naturally fa-
vors the development of multi-output sampling schemes.
In this approach, all the outputs are modeled at the same
time yielding from a speed-up in this case. The model de-
velopment scheme presented in this article is based on an
improved approach that has been used in prior research [3].
The improved sampling scheme is depicted in Figure 5.

The difference from the initial sampling approach is
that for certain outputs the sampling will be stopped when
they reach certain threshold errors imposed by the end
user. This way a further simulation effort reduction is
obtained by not oversampling some regions and at each
iteration only 𝑃 samples are added, with 𝑃 ≤ 𝑁 where
𝑁 is the number of outputs being modeled and 𝑃 is the
number of outputs which are proposing a new point.

As a trivial example, we can take 2 general functions 𝑓1
and 𝑓2, defined as follows:

𝑓1(𝑥) = 𝑥3 − 3 · 𝑥 + 0.1 · sin(1.5𝜋𝑥) (4)

𝑓2(𝑥) = 𝑥4 − 2 · 𝑥2; (5)

The hypothesis is that 𝑓1 and 𝑓2 are dependent on each
other and in a given application, the variation of 𝑥 either
1𝐷 or 𝑛𝐷 in a more general case can provide 𝑓1 and 𝑓2
at the same time. Given this aspect, each function will
have an optimum sampling point which is depicted by the
green point in both Figure 6 and Figure 7. Training each
function only with its respective selected sampling points
would result in the red-line function which would further
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Figure 5: Improved multi output metamodeling sampling scheme.

require more points, and the functions trained with both
points, which have been acquired by one function evalua-
tion each, would give us the blue-line function, which it is
obviously more similar to the true function.

The diagram in Figure 5 can be further explained as fol-
lows. Let there be𝑁 separate models,𝑚 trained at iteration
𝑡 with their respective data sets 𝐷(𝑡)𝑛 , where 𝑛 ∈ {1...𝑁}

𝑚𝑛(x) | 𝒟(𝑡)𝑛 =
{︁
(xn , 𝑦n)

}︁𝑁
𝑛=1 (6)

Each model uses an acquisition function 𝛼𝑛(x) (which
relies on the model’s current uncertainty predictions) to
propose exactly one new optimal candidate point:

xnew,𝑛 = arg max
x∈𝒳

𝑎𝑛

(︂
x;𝑚(𝑡)

)︂
(7)

This generates a set of 𝑁 candidate points:

𝒳candidates = {xnew,1 , xnew,2 , . . . , xnew,𝑁} (8)

Figure 6: Modelling of 𝑓1.

Figure 7: Modelling of 𝑓2.
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We define a selection indicator function I𝑛 for each can-
didate point:

I𝑛 =

{︄
1 if err𝑛(xnew,𝑛) < ERRmin

0 otherwise
(9)

Applying this filter reduces the 𝑁 candidates down to
a subset of 𝑃 points (𝑃 ≤ 𝑀):

𝒳selected = {xnew,𝑛 | I𝑚 = 1} = {xnew,1 , . . . , xnew,𝑃} (10)

Then the selected 𝑃 samples are simulated using the
ground-truth simulator and obtain a new batch of train-
ing samples:

𝒟batch =
{︁
(xnew,𝑝 , 𝑦new,𝑝)

}︁𝑃
𝑝=1 (11)

Finally, the newly simulated data points are used to update
the training sets for the next iteration 𝑡 ← 𝑡 + 1:

𝒟(𝑡+1)
𝑛 = 𝒟(𝑡)𝑛 ∪𝒟batch ∀ 𝑛 (12)

3.1.2. Testing machine learning models

For testing machine learning models different error
metrics can be used. A set of popular error metrics are
presented in Table 2 each of them having particular advan-
tages.

In the experiments presented, results will be plot-
ted using the relative RMSE (both in absolute value and
percentage-wise) which takes into account also the out-
put magnitude. The relative RMSE has an advantage over
the other metrics because it takes into account the output
swing by dividing the RMSE by the 𝐿2 norm. For a better
evaluation several error metrics can be considered, such as
using both the ME and relative RMSE as in [1, 2].

Table 2: Usual error functions used in ML testing.

fun no. Equation
Maximum error (ME) 𝑚𝑎𝑥(𝑦𝑡 − 𝑚(𝑥𝑡))

Mean average error (MAE) 1
𝑛

∑︁𝑛
𝑖=1(𝑦𝑡 − 𝑚(𝑥𝑡))

Mean square error(MSE) 1
𝑛

∑︁𝑛
𝑖=1(𝑦𝑡 − 𝑚(𝑥𝑡))2

Root mean square error (RMSE)
√︂

1
𝑛

∑︁𝑛
𝑖=1(𝑦𝑡 − 𝑚(𝑥𝑡))2

Relative RMSE
√

1
𝑛

∑︁𝑛
𝑖=1(𝑦𝑡−𝑚(𝑥𝑡 ))2√∑︁𝑛

𝑖=1(𝑦𝑡 )2

Relative RMSE [%]
√

1
𝑛

∑︁𝑛
𝑖=1(𝑦𝑡−𝑚(𝑥𝑡 ))2√∑︁𝑛

𝑖=1(𝑦𝑡 )2
· 100

Typically, the test set is a subset of the total available
points, commonly between 10% and 20%. Given that we
are trying to asses the validity of our sampling methods we
took a larger testing set only for developmental purposes
which will give us a more stable error over the number of
samples added to the model. For the synthetic benchmark
functions a set of 𝑛 = 200 points was used which covers

the search space densely enough and for the ICs use cases
a set of 𝑛 = 1000 points will be used. The test set will be
and independent set which will not be used in the training
of the ML models.

3.2. Optimization algorithms for integrated circuits

The optimization of analog ICs has the scope of max-
imizing or minimizing certain design specifications in a
given search space. Literature proposes several frame-
works in this sense, with various optimization algo-
rithms having favorable results such as Bayesian optimiza-
tion [19, 10, 11], Differential evolution [5, 6] or Genetic
algorithms [20]. Further we will use Bayesian optimiza-
tion with various objective function configurations given
their popularity.

Bayesian optimization is one of the most accurate meth-
ods for determining a global optimum, the framework can
outperform grid and random search but can be slow when
many hyperparameters are involved [42].

The Bayesian optimization approach consists of two
essential parts. The first part is the probabilistic surro-
gate model of the objective function, which is updated
incrementally when new data is observed. With the prob-
abilistic surrogate model, the model uncertainty can also
be evaluated. The second part is an acquisition function,
which is used to explore the state space based on the sur-
rogate model optimally. The acquisition function aims to
balance the exploration and exploitation during the opti-
mization process. A typical acquisition function which is
also the one we used in our experiments is the Expected
Improvement (EI) function. A detailed guide and imple-
mentation of Bayesian optimization can be found in [43]
and [44].

The optimizer will aim to find the minimum of the un-
known black-box function 𝑓 (𝑥) defined by equation (13).
The general mode of BO operation is presented in equation
(14). The algorithm will aim to find the point 𝑥𝑚 which
minimizes the response of 𝑓 (𝑥).

𝑓 (𝑥) : 𝑋 → R𝑛 , 𝑋 ⊆ R𝑛 (13)

𝑥𝑚 = 𝑎𝑟𝑔𝑚𝑖𝑛( 𝑓 (𝑥)), 𝑥 ∈ 𝑋 (14)

3.3. The overall proposed system

In Figure 8 we can observe the entire system depicted.
Firstly, the model development which is done with MAT-
LAB [45] and LTSpice [46] but other alternatives can be
used as well. When the end user is satisfied with the over-
all accuracy of the model or has reached the imposed sim-
ulation budget, the model can afterwards be used in the
optimization process in order to size a predefined circuit
topology to a set of design specifications. The advantage
of this approach is that the model can be reused in several
designs with different sets of specifications without fur-
ther simulator use. Similarly, the bottleneck introduced by
either the time needed to perform the simulations or the
licensing costs attributed to the simulation environment
becomes negligible.

In the presented results a BSIM3 model for the transis-
tors was used in a standard 0.18𝜇𝑚 CMOS PDK. Nonethe-
less, the current approach allows for a easy technology
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Figure 8: Overall proposed system

change, migration to another process can be done only by
changing the PDK file.

For the optimization of hyperparameters the same BO
framework can be employed. In the presented experi-
ments Bayesian optimization with k-fold cross-validation
was used. This is a powerful technique for hyperparameter
tuning that balances efficiency and robustness. Bayesian
optimization models the performance of hyperparameters
as a probabilistic function and intelligently explores the
search space to find the optimal settings. By incorporat-
ing k-fold cross-validation, the method ensures that per-
formance estimates are reliable and not biased by a sin-
gle train-test split. This combination allows for more in-
formed decisions during the search process, leading to
better generalization and model performance while reduc-
ing the number of evaluations needed compared to grid
or random search.

As a kernel function the squared exponential function
was used, which introduced two hyperparameters, namely,
signal variance (𝜎2

𝑓
) and length scale (𝜎𝑙) according to equa-

tion (15):

𝑘(𝑥, 𝑥′) = 𝜎2
𝑓
𝑒
− (𝑥−𝑥

′)2
2𝜎2

𝑙 (15)

Additionally, the estimate of noise standard deviation
(𝜎0) was considered as a hyperparameter in order to regu-
late over and under fitting of the model.

4. Experimental results

In this section, experimental results for the proposed
approach are presented. Firstly, results on the proposed
improved modeling approach will be presented on a set of
synthetic functions which provides an easy way to test la-
borious algorithms and afterwards on the two mentioned
IC use cases. The results are compared from the number
of samples used to reach a certain error and also the error
obtained in the imposed simulation budget.

Secondly, the developed models will be used in various
optimization runs with BO and several optimization objec-
tives in order to asses the utility of the proposed modeling
technique.

4.1. Metamodel development

4.1.1. Synthetic function results

It is good practice to test complicated or time-
consuming algorithms first on a set of low-dimension syn-
thetic functions in order to assess the validity of the pro-
posed algorithms. Below, we will highlight some prelimi-
nary results for a set of surrogate functions of 2D dimen-
sion (one graphical example being provided in Figure 9
and the rest in Table 3) which serve as a good baseline
evaluation when designing new algorithms. These func-
tions are in part popular benchmark functions found in
literature [47] while a few are designed by hand.

Table 3: Equations for the functions used in the experiments.

Name Equation

F1
∑︁2

𝑖=1 50𝑥𝑖𝑠𝑖𝑛(
√︁
|50𝑥𝑖 |)

F2
∑︁2

𝑖=1 1000(1 + 𝑒𝑥𝑝(− 2𝑥2
𝑖

15 )
−2𝑒𝑥𝑝(−2𝑥2

𝑖
))𝑐𝑜𝑠2(2𝑥𝑖))

F3
∏︁2

𝑖=1 𝑒𝑥𝑝(−2𝑥2
𝑖
)

F4
∏︁2

𝑖=1 0.3𝑒𝑥𝑝(− (𝑥𝑖−0.5(−1𝑖 ))2
0.05 )+

0.6𝑒𝑥𝑝(− (𝑥𝑖−0.6(−1𝑖 ))2
0.05 ) + 𝑒𝑥𝑝(− 𝑥2

𝑖

0.05 )

F5
∑︁2

𝑖=1 𝑠𝑖𝑛𝑐(𝜋𝑥𝑖)

F6
∑︁2

𝑖=1 𝑠𝑖𝑛𝑐(𝜋𝑥𝑖) + 𝑡𝑎𝑛ℎ(𝜋𝑥𝑖)

F7
∑︁2

𝑖=1 𝑥
2
𝑖
+ 0.5𝑒𝑥𝑝(− 𝑥2

𝑖

0.2 )

F8
∑︁2

𝑖=1 |𝑥3
𝑖
| + 𝑠𝑖𝑛𝑐(𝜋𝑥𝑖 + 1)

Every sampling method will be run for a total of 500
training samples, and averaged for a number of 10 runs
to ensure an accurate interpretation of the errors. For the
multi-output improved approach, the threshold for the
models will be 0.001 which will mean a relative RMSE
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of 0.1%. This is realistic for the 2D functions given the
complexity of the functions and the size of the testing set.

In practice, these thresholds cannot be known a priori
because the exact performance landscape of a new circuit
block is completely hidden prior to sampling. Instead,
threshold selection is a direct reflection of the analog de-
signer’s intuition balanced against their simulation budget.
This will further be the case for our IC use cases as well.

Figure 9: Example of function used in experiments.

From the results in Figure 10 and Tables 4 and 5 it can
be observed that the ALS sampling for a single output per-
forms the best, which is expected. Following that, we can
see that on average, the ALS-MO sampling schemes (where
ALS-MO is the standard parallel sampling approach and
ALS-MO2 is the improved approach with the threshold
implemented) yield results better than the fixed methods
and slightly worse than the single-output sampling, which
again is expected. Functions 𝐹3 and 𝐹4 are the simplest
functions and hence are the easiest to model; for these
functions, the differences between the methods are mini-
mal.

Figure 10: Results of modeling over the number of sample for one of the
synthetic functions.

Table 4: Surrogate function - samples needed to reach 0.1 % error

Fun. RND LHS ALS
SO MO1 MO2

F1 104 99 70 90 84
F2 130 105 82 105 98
F3 140 120 80 120 120
F4 400 400 260 360 360
F5 320 260 100 160 140
F6 340 300 100 170 120
F7 130 120 90 110 100
F8 260 260 100 160 135

Table 5: Surrogate function - error at 300 samples

Fun. RND LHS ALS
SO MO1 MO2

F1 0.02% 0.02% 0.007% 0.01% 0.01%
F2 0.02% 0.02% 0.009% 0.009% 0.009%
F3 0.04% 0.04% 0.04% 0.04% 0.04%
F4 0.2% 0.16% 0.007% 0.18% 0.18%
F5 0.01% 0.09% 0.02% 0.03% 0.02%
F6 0.1% 0.1% 0.003% 0.03% 0.04%
F7 0.02% 0.02% 0.01% 0.01% 0.01%
F8 0.1% 0.08% 0.04% 0.04% 0.04%

The key takeaway from these results is that for func-
tions that are modeled better (i.e., with lower error), there
is no significant difference whether the respective model
requests a new point or not, since it already provides an
overall good representation of the function. Furthermore,
channeling those points toward other functions offers a
steeper descent in error relative to the number of samples,
resulting in a better overall modeling of our functions.

4.1.2. Integrated circuit use cases

Based on the literature review from Table 1, two circuits
were chosen as use cases, which are presented in Figure 11
and 12. In Figure 11 a single-stage operational amplifier
is presented and in Figure 12 a two-stage operational am-
plifier which will serve as a more complex use case. The
circuit in Figure 11 will have 6 input parameters to be mod-
eled. They represent transistor lengths and width: namely,
𝑊1,2 ,𝑊3,4 and 𝑊5 for the widths and 𝐿1,2 , 𝐿3,4 and 𝐿5 for
the lengths. The circuit in Figure 12 will have 4 more
input parameters represented by the output stage param-
eters, 𝑊6 , 𝐿6 ,𝑊7 and 𝐿7. The other components present
in the figures will be set at a fixed value in the presented
experiments.

The input search domains for these use cases are as
follows: the widths can vary between [10𝜇m, 500𝜇m] and
the lengths between [0.5𝜇m, 5𝜇m]. More specific mod-
eling tasks can employ different search spaces for each
variable, as defined by the end-user.
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Figure 11: Single stage OA use case.

Figure 12: Two-stage OA use case.

For these two use cases the outputs modeled will be a
series of alternating current (AC) parameters, namely the
AC Gain, common mode rejection ratio (CMRR) and power
supply rejection ratio (PSRR). Given that these AC param-
eters are waveform dependent on the frequency of opera-
tion the values are averaged over several frequency inter-
vals. The intervals as it can be observed in the Figure 13
are [1𝐻𝑧 − 10𝑘𝐻𝑧], [10𝑘𝐻𝑧 − 100𝑘𝐻𝑧], [100𝑘𝐻𝑧 − 1𝑀𝐻𝑧]
and [1𝑀𝐻𝑧 − 10𝐺𝐻𝑧].

For the single stage OA the modeling budget will be
3000 points and for the two stage OA the budget will
be raised to 5000 simulation points which are congruent
with other papers propose as simulation budgets. As well
as in the synthetic functions experiment the errors will
be averaged over a number of 10 runs to have an accu-
rate reading of the error gradient. For these use cases,
only the fixed sampling methods implementation and the
improved multi-output sampling approach are presented.
Furthermore, these ALS-MO models will be used in an
BO optimization approach which will be presented in the
following section.

Figure 13: Measurement method for the AC outputs.

Figure 14 shows the error evolution across the number
of samples. Table 6 and Table 7 contain the extracted data
for all the modeled outputs. It can be observed that in
this case some outputs not reach the desired 5% relative
error but are relatively close. Sample-wise it can be con-
cluded that a reduction of at least 33% was achieved for
this threshold.

Figure 14: Modeling error for 𝐺𝑎𝑖𝑛100𝑘−1𝑀 - single stage OA usecase

Table 6: Single stage OA – samples needed to reach 5 % error

Output RND LHS ALS - MO
𝐺𝑎𝑖𝑛1−10𝑘 230 220 180
𝐺𝑎𝑖𝑛10−100𝑘 2500 – 1500
𝐺𝑎𝑖𝑛100−1𝑀 – 1800 980
𝐺𝑎𝑖𝑛1𝑀−10𝐺 1200 1200 960
𝐶𝑀𝑅𝑅1−10𝑘 1150 980 570
𝐶𝑀𝑅𝑅10𝑘−100𝑘 2950 2600 600
𝐶𝑀𝑅𝑅100𝑘−1𝑀 2300 2800 580
𝐶𝑀𝑅𝑅1𝑀−10𝐺 510 520 300
𝑃𝑆𝑅𝑅1−10𝑘 100 100 100
𝑃𝑆𝑅𝑅10𝑘−100𝑘 – 2900 2000
𝑃𝑆𝑅𝑅100𝑘−1𝑀 1550 2200 1800
𝑃𝑆𝑅𝑅1𝑀−10𝐺 1300 1100 1150
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Table 7: Single stage OA – error at 3000 samples

Output RND LHS ALS - MO
𝐺𝑎𝑖𝑛1−10𝑘 2.7% 2.5% 1.5%
𝐺𝑎𝑖𝑛10−100𝑘 5% 6% 3.9%
𝐺𝑎𝑖𝑛100−1𝑀 5.5% 4.8% 3.9%
𝐺𝑎𝑖𝑛1𝑀−10𝐺 4.5% 4% 3%
𝐶𝑀𝑅𝑅1−10𝑘 4.7% 4.5% 3.4%
𝐶𝑀𝑅𝑅10𝑘−100𝑘 4.6% 4.7% 3.4%
𝐶𝑀𝑅𝑅100𝑘−1𝑀 4.6% 4.4% 2.8%
𝐶𝑀𝑅𝑅1𝑀−10𝐺 3.2% 3.4% 2.5%
𝑃𝑆𝑅𝑅1−10𝑘 2.1% 1.9% 1.5%
𝑃𝑆𝑅𝑅10𝑘−100𝑘 5.4% 4.9% 4.5%
𝑃𝑆𝑅𝑅100𝑘−1𝑀 4.5% 4.5% 4.5%
𝑃𝑆𝑅𝑅1𝑀−10𝐺 4% 4% 4%

Figure 15 along with Table 8 and Table 9 presents the
modeling process for the two-stage OA use case. Over-
all, the results are consistent with the synthetic function
benchmark set and the single-stage OA. For this use case,
a larger reduction in the required samples was achieved,
representing at least a 48% reduction. Furthermore, it is
important to note that for 𝐺𝑎𝑖𝑛1M−10G and all 𝐶𝑀𝑅𝑅 out-
puts, the error in the fixed sampling case is significantly
higher than in the adaptive case, further demonstrating
the advantages of this approach.

Figure 15: Modeling error for 𝐶𝑀𝑅𝑅1−10𝑘 - two stage OA usecase

Table 8: Two stage OA – samples needed to reach 5 % error

Output RND LHS ALS - MO
𝐺𝑎𝑖𝑛1−10𝑘 2800 2800 2450
𝐺𝑎𝑖𝑛10−100𝑘 2600 3200 2300
𝐺𝑎𝑖𝑛100−1𝑀 4500 – 2500
𝐺𝑎𝑖𝑛1𝑀−10𝐺 – – 800
𝐶𝑀𝑅𝑅1−10𝑘 2550 3500 850
𝐶𝑀𝑅𝑅10𝑘−100𝑘 2100 2000 600
𝐶𝑀𝑅𝑅100𝑘−1𝑀 8500 1400 550
𝐶𝑀𝑅𝑅1𝑀−10𝐺 1900 1800 550
𝑃𝑆𝑅𝑅1−10𝑘 2600 2600 2100
𝑃𝑆𝑅𝑅10𝑘−100𝑘 3800 2700 2600
𝑃𝑆𝑅𝑅100𝑘−1𝑀 4000 4200 2200
𝑃𝑆𝑅𝑅1𝑀−10𝐺 4500 – 2000

Table 9: Two stage OA – error at 5000 samples

Output RND LHS ALS - MO
𝐺𝑎𝑖𝑛1−10𝑘 4.5% 4.5% 4.5%
𝐺𝑎𝑖𝑛10−100𝑘 4.5% 4.5% 4.5%
𝐺𝑎𝑖𝑛100−1𝑀 6% 6.8% 4.4%
𝐺𝑎𝑖𝑛1𝑀−10𝐺 7.5% 7% 0.4%
𝐶𝑀𝑅𝑅1−10𝑘 5% 4% 2%
𝐶𝑀𝑅𝑅10𝑘−100𝑘 4.5% 4.9% 1%
𝐶𝑀𝑅𝑅100𝑘−1𝑀 3% 2.4% 1.5%
𝐶𝑀𝑅𝑅1𝑀−10𝐺 3.4% 3.7% 0.8%
𝑃𝑆𝑅𝑅1−10𝑘 4.3% 3% 2%
𝑃𝑆𝑅𝑅10𝑘−100𝑘 5.2% 4.7% 5%
𝑃𝑆𝑅𝑅100𝑘−1𝑀 5% 5% 4.5%
𝑃𝑆𝑅𝑅1𝑀−10𝐺 4.5% 4.9% 4%

4.2. Sensitivity analysis of the models

In this section, we aim to investigate certain aspects
which are subject to variability, such as the predicted out-
put regarding the number of averaged models, the varia-
tion in errors for all the modeled outputs, and the variabil-
ity subject to the threshold errors of the outputs.

Firstly, the importance of segmenting will be investi-
gated. Given that we are approximating a continuous
waveform with a "discrete" approximation, in theory, a
more compact interval sequencing would result in higher
model fidelity regarding predictions. In practice, the seg-
mentation of the frequency intervals is defined by the avail-
able computational power and, ultimately, by the experi-
ence of the analog designer.

Figure 16 highlights the results of several models
trained with the same simulation data set but with differ-
ent intervals used for averaging. It is clearly more reliable
to divide the waveform into more models, using smaller
frequency intervals, while keeping in mind the computa-
tional expense that comes with it. For more simple wave-
forms, as it is shown in Figure 16 between pole-zero posi-
tions can be estimated with simple piece-wise approxima-
tions and difference between 2 successive intervals.

Figure 16: Variation of prediction based on output segmenting

For this, the yellow trace in Figure 16 highlights clearly
this since the models are averaged over each decade. For
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example, the two decades between 10𝑘𝐻𝑧 − 1𝑀𝐻𝑧 have a
difference of −18𝑑𝐵 which correlates closely with a −20𝑑𝐵
decrease from the pole positioned around 1𝑘𝐻𝑧. Between
100𝑘𝐻𝑧 − 10𝑀𝐻𝑧 the difference drops to around −10𝑑𝐵
which is explained by the position of a zero which can
be observed on the blue waveform, which represents the
actual simulation.

Figure 17 and Figure 18 highlight the variation of mod-
eling error for each output. These variations are computed
from the means that are presented in Table 7 and Table 9
over the 10 previously mentioned runs. Equations (16 - 17)
present the way in which these variations are computed:

𝐸̃ =
1
𝑁

𝑁∑︂
𝑖=1

𝐸𝑖 (16)

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒[%] =
1
𝑁

∑︁𝑁
𝑖=1 |𝐸𝑖 − 𝐸̃|
𝐸̃

× 100 (17)

Figure 17: Variation of the end model errors over the 10 runs – single
stage OA

Figure 18: Variation of the end model errors over the 10 runs – two stage
OA

On average, for both use cases, the proposed adap-
tive sampling technique has a smaller variance of around
30% from the mean error, whereas their fixed sampling
counterparts between 40−50% depending on the use case.
Because this variation is relative to the mean error and not
an absolute value, the resulting values are larger, but they
highlight that the adaptive sampling method consistently
yields better results.

Lastly, the influence of the threshold error on the size
of the training data should be examined. To address this,
a relation between the number of samples used in training
and the testing error should be determined.

As an example, the single stage OA was selected, firstly
the 𝐺𝑎𝑖𝑛100𝑘−1𝑀 dependency on the data size was mod-
eled and afterward, all the model outputs were consid-
ered. Empirically, when training the models, the points at
which certain key errors (15%, 10%, 5%, etc.) were reached
and the number of samples required to reach those errors
were collected in order to determine the dependency. A
ML model was trained for this purpose, and a strong non-
linear dependency can be observed from Figure 19.

Figure 20 the training data was obtained from all the
modeled outputs to get a sense of general complexity of
the circuit. In this example two distinct plateaus can be
observed, one around the 7% and the other one around the
5% error threshold. This indicates that the training data
size is beginning to yield diminishing returns.

Figure 19: Dependency of number of samples and threshold error for
𝐺𝑎𝑖𝑛100𝑘−1𝑀 - single stage OA.

Figure 20: Dependency of number of samples and threshold error for all
the outputs combined.

Naturally, the exact behavior of the error dependency
remains highly circuit- or application-specific. However, a
purely linear trend is highly unlikely, and an overall non-
linear relationship is expected nonetheless across most
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multi-output systems. This inherent non-linearity under-
scores the necessity of a threshold-based sampling ap-
proach capable of capturing complex inter-dependencies
without over-allocating simulation resources.

4.3. Metamodel aided Bayesian optimization for IC sizing

The main scope of this article, is to investigate if there
are any significant differences in using a ML-models-in-
the-loop as a placeholder for actual simulation environ-
ments with regards to overall simulator use and the pro-
posed solution. Even if the ML model approach does
not use fewer evaluation points, the possibility of reuse
in other tasks, such as redesign or verification, implies an
advantage regarding the total use of the simulator.

As an acquisition function for the BO framework, the
Expected Improvement (EI) function will be used, as it is
one of the most popular functions. Also, since the BO
framework returns the minimum of the function, all the
objective functions will be negated in order to maximize
the proposed objectives.

Since BO is a single-objective optimizer, to optimize an
IC that has multiple outputs to be maximized/minimized,
a compounded function can be defined to assess the qual-
ity of the proposed design provided by the ML algorithm.
This function is usually called a Figure of Merit (FoM) as
well.

For the subsequent optimization runs, the models will
utilize the 2000 training sample models for the single-stage
operational amplifier and the 3000 training samples mod-
els for the two-stage operational amplifier. These budgets
assure a less than 5% error (or more than 95% accuracy)
for most of the modeled outputs, as observed in Figure 14
and Figure 15.

4.3.1. Single stage operational amplifier use case

The first test was done on a single-objective optimiza-
tion performed for the single-stage OA. For this test, the
goal was to obtain a high DC gain; thus, only the first AC
gain output of the modeled circuit was used.

In Figure 21 the results for the single objective optimiza-
tion approach are presented. The iteration budget for the
single stage amplifier was set to 200, similar to what other
publications report. In Figure 22 we can we the simulation
results for the circuits proposed by the BO run, and it can
be observed there are no significant differences.

A more sophisticated approach is presented in the next
figures. The proposed 𝐹𝑜𝑀1 expression is shown in equa-
tion (18). This approach aims to maximum equally the AC
Gain and the CMRR up to 100 kHz. If desired, a weighted
function can be designed in order to favor one output over
the other by assigning different weights to the equation
terms.

𝐹𝑜𝑀1 = −𝐴𝐶𝐺𝑎𝑖𝑛1𝐻𝑧−1𝑘𝐻𝑧 + 𝐴𝐶𝐺𝑎𝑖𝑛10−100𝑘𝐻𝑧

2

−𝐶𝑀𝑅𝑅1𝐻𝑧−1𝑘𝐻𝑧 + 𝐶𝑀𝑅𝑅10−100𝑘𝐻𝑧

2
(18)

Figure 21: Optimization run for single objective optimization.

Figure 22: Best candidates for the previous run optimization.

For the second run, we can observe a difference be-
tween the predicted objective with the ML model and the
predicted objective with the simulator as shown in figure
23 and 24. This is mainly due to systematic error in the pre-
viously developed model, but it remains within tolerable
margins.

Figure 23: Optimization run for multi objective optimization of the single
stage operational amplifier.
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Figure 24: Best candidates for the previous run optimization.

4.3.2. Two stage operational amplifier use case

Further, we employed the same optimization objective
from (18) for the second use case, which was the two-stage
operational amplifier that has 10 input factors as shown in
figure 25 and 26.

Figure 25: Optimization run for the first multi objective optimization of
the two stage amplifier.

Figure 26: Best candidates for the previous run optimization.

Lastly, we performed an optimization with all three
outputs (AC Gain, CMRR and PSRR) as shown in figure
27 and 28, in the same format as previously shown and
depicted in equation (19).

𝐹𝑜𝑀2 = −𝐴𝐶𝐺𝑎𝑖𝑛1𝐻𝑧−1𝑘𝐻𝑧 + 𝐴𝐶𝐺𝑎𝑖𝑛10−100𝑘𝐻𝑧

2

−𝐶𝑀𝑅𝑅1𝐻𝑧−1𝑘𝐻𝑧 + 𝐶𝑀𝑅𝑅10−100𝑘𝐻𝑧

2

−𝑃𝑆𝑅𝑅1𝐻𝑧−1𝑘𝐻𝑧 + 𝑃𝑆𝑅𝑅10−100𝑘𝐻𝑧

2

(19)

Figure 27: Optimization run for the second multi objective optimization
of the two stage amplifier.

Figure 28: Best candidates for the previous run optimization.

5. Conclusions

To conclude the article results, firstly the modeling ap-
proach will be discussed. An improvement to previous
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iterations of the proposed approach was done. By adding
a threshold error to the modeled outputs and only tak-
ing into account points proposed by the models which
are above the set threshold brings an improvement for the
models which take more samples to model. The setting of
the threshold can be either arbitrarily and adjusted during
the sampling process if needed or either it can be set taking
into account designer expertise and knowledge, the latter
being the preferred approach.

A Bayesian optimization framework of analog inte-
grated circuits was employed. The proposed approach
used ML models in-the-loop instead of the actual simula-
tion environment as an alternative aims to reduce heavy
simulator use. The results which employed models with
high accuracy (> 95%) had little to no significant difference
in the end results between the two tested approaches. This
might suggest that higher error models can be used (such
as 10% relative RMSE) with a similar degree of success and
should be further investigated.

In this article a much larger search space of the param-
eter design space is used than what is typically reported
in literature, widths being varied between [10𝜇𝑚; 500𝜇𝑚]
and the lengths between [0.5𝜇𝑚; 5𝜇𝑚]. This can easily help
implement designs for a wider range of applications. Sim-
ilar approaches used in literature usually set lower ranges
for example up to 100 − 200𝜇𝑚 for the widths and up to
2𝜇𝑚 for the lengths of the transistors.

The central advantage of this approach is same model
reuse for different tasks or different phases of the analog
design cycle (such as design/optimization and pre-silicon
verification afterwards) which are reported in literature.
Also, given that the optimization algorithm can sometimes
be entrapped in local optima, the ML model approach has
a net advantage given that in theory an infinite number of
evaluations can be done in the bounded search space.

The proposed approach can be easily migrated to other
adaptive sampling strategies and integrated with several
more advanced optimization frameworks, such as evolu-
tionary algorithms or reinforcement learning, which might
further improve the outcomes regarding circuit perfor-
mance and overall model accuracy. The proposed frame-
work aligns with standard industry design practices while
offering both implementation simplicity and high com-
putational efficiency. The primary advantage of this ap-
proach lies in the separation of the data acquisition phase
from the optimization pipeline. Once the initial machine
learning model is trained, the heavy computational bur-
den of the analog simulator is entirely bypassed, allowing
any chosen optimization algorithm to evaluate candidate
designs instantly. This modularity makes the framework
exceptionally useful in scenarios where multiple opera-
tional amplifier designs must be generated rapidly under
varying constraints.

While a traditional simulation-backed Bayesian opti-
mization (BO) loop requires launching a time-consuming
SPICE simulation at every single iteration, the proposed
model-in-the-loop framework evaluates candidate designs
instantly via mathematical model. Consequently, subse-
quent optimization runs or adjustments to the design ob-
jectives (such as modifying the Figure of Merit weights)
can be executed with virtually zero additional compu-
tational overhead. This shift from simulation-heavy to

model-driven optimization fundamentally scales the effi-
ciency of the design automation workflow, enabling rapid
iterative redesign and verification without exhausting lim-
ited hardware simulator licenses.

As further research which might be of interest to ex-
plore how modeling behaves when different thresholds
are set for the multi output approach and how it relates to
the overall modeling. Further on how the overall models
error relate to the ability to predict viable circuit sizing val-
ues. As mentioned in the previous paragraph higher error
models could still be able to reach a robust circuit sizing.
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ABSTRACT: The evaluation of usability, user experience, and accessibility (UAUX) has been extensively
studied. However, it has often been limited to specific domains with small samples. This paper
presents an extensive systematic literature review of 582 case studies published between 2014 and
2023. Our findings confirm the continued dominance of usability with the System Usability Scale
(SUS) remaining the most prevalent evaluation instrument, UX evaluation is consolidating as a
distinct field, frequently employing standardized tools such as the User Experience Questionnaire, and
accessibility remains significantly underrepresented. The review also highlights a persistent reliance
on single-method approaches, a concerning use of ad-hoc, unvalidated questionnaires, and notable
geographic concentration of research. By comparing our results with a prior tertiary review, we identify
methodological preferences and persistent gaps, such as the lack of integrated UAUX evaluation and
the need for more longitudinal studies. Another valuable conclusion of this research is clear evidence
on the number of participants commonly involved in UAUX evaluation studies.

KEYWORDS: Usability, User Experience, Accessibility, Systematic Literature Review, Evaluation
Methods, Human-Computer Interaction

1. Introduction

Given that digital technologies have become ubiquitous
in current society, Human Computer Interaction in general
and usability, accessibility and user experience (UAUX) are
a critical factor of success for any digital system. Each day
technologies become more complex and integral part of
our life. Therefore, ensuring that such systems are not only
useful, but also intuitive, efficient and satisfying to use is
a general concern among designers. This has led to the
growing importance of the evaluation of UAUX.

In this paper we refer to usability as the extent to which
a product can be used by specified users to achieve speci-
fied goals with effectiveness, efficiency, and satisfaction in
a specified context of use [1]. Accessibility is conceived as
ensuring that digital products are usable by people with
the widest range of abilities, including those with disabil-
ities [2]. Finally, user experience encompasses a broader
spectrum, including all aspects of a user’s perceptions and
responses resulting from the use or anticipated use of a
product, system, or service [3].

Even though it is not ideal, this research uses aca-
demic research to create a foundational idea on the UAUX
evaluation practices, with a dataset of 582 research pa-
pers published from 2014 until 2023, this paper offers a
comprehensive snapshot of UAUX evaluation and its evo-
lution. Our study captures empirical evidence of diverse
domains such as eHealth, eLearning, eGovernment, vir-
tual/augmented reality, and others.

The included studies employ a diverse set of evaluation

methods including standardized questionnaires (e.g., Sys-
tem Usability Scale (SUS), User Experience Questionnaire
(UEQ)), heuristic evaluations, think-aloud protocols, cog-
nitive walkthroughs, and automated accessibility testing
tools.

The main goals of this paper with this diverse and large
number of included studies are:

1. Analyze the distribution and frequency of evaluation
methods and metrics used across studies.

2. Examine the interrelationship and co-evaluation of
UAUX.

3. Highlight emerging trends, methodological prefer-
ences, and apparent research gaps.

All of these with a clear identification of domains and
technologies that allow a comprehensive analysis of the
results and compare them with a past study in which a
tertiary review was conducted [4]. Unlike previous reviews
limited to dozens of studies within specific domains, this
work synthesizes 582 primary studies spanning a decade,
enabling a large-scale empirical characterization of UAUX
evaluation practices.

The following section (2) summarizes the tertiary study
that motivated this research, after that, section 3 describes
the methodology used for the Systematic Literature Re-
view. Then, section 4 shows our results including time
and geographic, the number of participants included in
the primary studies, the aspects that were evaluated and
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the evaluation techniques. Finally, section 5 concludes the
paper and provides insights for future work.

2. Tertiary review findings

This section summarizes the results presented in [4]
as a base to compare the results of this literature review.
The tertiary study included 45 secondary studies on the
evaluation of UAUX.

The tertiary study found that usability was the most
evaluated aspect (27 SLRs), followed by user experience
(16 SLRs) and accessibility (8 SLRs). Furthermore, the most
common domains evaluated were web and education (13
SLRs) followed by mobile apps (8 SLRs).

The in-depth analysis reveals that regarding usability,
the most common evaluation practices are questionnaires
especially the System Usability Scale (SUS). Other fre-
quently employed methods include Heuristic Evaluation
(often using Nielsen’s heuristics), Usability Testing, and
the Think-Aloud protocol.

Regarding accessibility, automated evaluation tools
dominate the methods, particularly WAVE, AChecker, and
TAW were the most used. The Web Content Accessibil-
ity Guidelines (WCAG) served as the primary standard
referenced in these evaluations.

Finally, concerning user experience, questionnaires
(both standardized and custom) were identified as the most
common evaluation method. User Experience Question-
naire (UEQ) and AttrakDiff were the most used standard-
ized methods. However, it was common to find researchers
using ad hoc questionnaires that were often unvalidated.

Using HCI quality attributes, the tertiary study identi-
fied satisfaction (13 SLRs), efficiency (13 SLRs), effective-
ness (12 SLRs), attractiveness (12 SLRs), and learnability
(11 SLRs) as the most consistently measured attributes.

One of the main findings of the tertiary study, which
in fact supports this research, is that the median number
of primary studies analyzed within the secondary SLRs
was 31, a number that allows for a review in a particular
domain but is quite small for a general analysis such as the
one presented in this paper.

Finally, the tertiary study concluded with several oppor-
tunities that inform the rationale for our extended work:

• It was found that there was an overreliance on sin-
gle evaluation methods, particularly with a heavy
dependence on questionnaires and automated tools.

• Many studies reported using ad hoc instruments.

• There is a general lack of longitudinal assessment
because evaluations were predominantly conducted
after short-term use.

• There is a need for comparative studies that include
less common evaluation tools and expand the analy-
sis.

With this summary, our research builds its premises
using a much larger sample to create a more holistic vision
of UAUX evaluation practices, methods, and tools.

3. SLR Methodology

The methodology followed in this research was con-
ducted following two main methods [5] and [6]. Figure 1
shows the proceess followed. The main goal of the review
was to find out:

• Which tools and methodologies are most frequently
applied in case studies evaluating UAUX?

• What are the primary dimensions or characteristics
measured in these case studies?

• How are these case studies methodologically con-
ducted and reported?

Figure 1: PRISMA diagram of the review

3.1. Search Process

To identify relevant case studies, a systematic search
was conducted across three major digital libraries: Springer
Link, IEEE Digital Library, and ACM Digital Library The
search query was structured using a combination of key-
words to capture studies focused on evaluation of UAUX
and it included three main parts: the evaluation ("test" OR
"evaluation" OR "assess" OR "measure" OR "case study"),
the concepts evaluated ("UX" OR "user experience" OR
"usability" OR "accessibility"), and the context ("applica-
tion" OR "software" OR "system" OR "website" OR "app")
Searches were limited to titles, abstracts, and keywords
to increase relevance. No initial filters were applied for
publication year.

3.2. Inclusion and Exclusion Criteria

To ensure the selected literature aligned with the study’s
focus on case studies, the following criteria were applied:
Papers must be written in English, they must be a case
study and be considered primary research, and papers
must be published between January 2014 and December
2023. Although this last criterion was defined a priori, the
initial database query was intentionally run without a date
restriction, the year filter was subsequently applied as a
post-retrieval exclusion step during screening.
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The exclusion criteria consisted of: papers that pro-
posed frameworks, papers that presented designs or devel-
opments without empirical evidence of evaluation, non-full
papers, duplicate studies or studies not accessible in full
text.

3.3. Screening

The screening process followed several stages. First, the
initial retrieval and deduplication. After this, the title and
abstract screening in which two reviewers independently
screened titles and abstracts against the inclusion/exclusion
criteria. Conflicts were resolved through discussion or con-
sultation with a third reviewer.

Third, relevant papers were obtained in full text and
assessed for eligibility. Papers were excluded if they did
not meet the case study definition or lacked sufficient de-
tail on the evaluation process. The final list of included
case studies was validated by the research team to ensure
consistency with the research objectives.

A total of 1742 papers from various sources (231 from
ACM, 528 from IEEE, and 983 from Springer) were later
identified gathered, and 958 papers were initially identified
as case studies. After applying the publication year filter
(2014–2023), 582 papers remained eligible for inclusion in
this review and were included for data extraction.

3.4. Data Extraction

A structured data extraction form was developed to
systematically capture relevant information from each in-
cluded case study. The following data points were collected:

• Bibliographic Information: Authors, publication year,
venue, and country of origin.

• Sample size

• Evaluated platform: web, mobile, others.

• Evaluated aspects: whether the study focused on
usability, user experience, accessibility, or a combina-
tion.

• Methods and Tools: Specific evaluation instruments
used (e.g., SUS, UEQ, heuristic evaluation, automated
tools).

Data extraction was performed independently by two re-
searchers, with discrepancies resolved through consensus.
Descriptive statistics were used to synthesize findings.

4. Results

The following subsections show the results divided
into various dimensions, such as time, geography, aspects
evaluated, number of participants, evaluation techniques,
and title patterns.

4.1. Year Distribution

As first dimension of analysis, the distribution per year
showed a clear upward trend between 2014 and 2019. A
small drop in 2020 (likely due to the global disruption

caused by the COVID-19 pandemic) and an upward trend
again between 2020 and 2022. The growth reflects the
increasing importance of UAUX. Table 1 shows the concrete
data.

Table 1: Number of studies published per year

Year Number of studies published
2014 39
2015 39
2016 41
2017 45
2018 52
2019 75
2020 64
2021 75
2022 91
2023 61

4.2. Geographic Distribution

The patterns detected are not limited to temporal trends.
The geographical distribution (see Figure 2) of the 582 case
studies shows concentration in some regions of the world.
Indonesia stands out as the country in which the most case
studies were conducted (62 studies), followed by the United
States (42 studies), Brazil (38 studies), the United Kingdom
(23 studies), and China and Spain (21 studies).

However, a considerable number (68 studies) did not
specify the country of origin, which limits the findings
of this analysis. Furthermore, 26 studies involved inter-
national collaborations across multiple countries. A total
of 17 countries (Afghanistan, Belgium, Cyprus, the Czech
Republic, Egypt, Ethiopia, Ghana, Japan, Jordan, Kosovo,
Luxembourg, Namibia, New Zealand, Oman, Palestine,
Singapore, and Uganda) appear in only one case study
each.

Interestingly, Asia has 43% of the published research,
followed by Europe with 17.5%. America (both north and
south) have 22.8%. Africa and Oceania together have less
than 3%.

Figure 2: Heatmap of papers published by Country

4.3. Aspects evaluated

After describing when and where these studies were
conducted, it is necessary to examine what was evaluated.
Table 2 shows all the possible combinations of aspects eval-
uated considering UAUX domain, with the corresponding
frequency. This way, we can disaggregate studies into eight

www.jenrs.com Journal of Engineering Research and Sciences, 5(7): 16-42, 2026 18

https://www.jenrs.com


Brenes et al., UAUX Evaluation: A Systematic Review of 582 Case Studies

categories, including one for those that cannot be classified
due to ambiguities or unclear reporting of the evaluation.

Table 2: Aspects evaluated

Evaluation Type Frequency Percentage
Usability Only 208 35.7%
UX Only 134 23.0%
Usability + UX 94 16.2%
Usability + Access. 60 10.3%
Access. Only 42 7.2%
Usability + UX + Access. 21 3.6%
Other 12 2.1%
UX + Access. 11 1.9%
Total 582 100%

Because many studies evaluate more than one UAUX
aspect simultaneously, the frequencies reported below re-
flect each aspect’s presence across all relevant combinations
rather than mutually exclusive counts.

Usability is the most frequently evaluated attribute,
appearing in 383 studies (65.8%) across all combinations.
Studies evaluating usability only represent the largest cate-
gory with 208 studies (35.7%) [7–214].

UX shows a substantial presence, with 134 studies
(23.0%) dedicated exclusively to its evaluation [215–348], in
addition to 94 studies (16.2%) that combine it with usability
[349–442]. In total, UX is present in 260 studies (44.7%).

Finally, Accessibility is the aspect with the lowest
representation, present in 134 studies (23.0%) overall.
Accessibility-only studies account for 42 studies (7.2%)
[443–484]. Interestingly, there are 60 studies that include
accessibility in combination with usability (10.3%) [485–
544], while the UX + Accessibility combination is the least
frequent of all, with merely 11 studies (1.9%)[545–555].

It is important to note that the predominance of us-
ability was expected as it is consistent with the historical
tradition of the field, where effectiveness, efficiency, and
satisfaction have been the fundamental metrics. Regarding
UX, the proportion of UX-only studies suggests that user
experience is consolidating as a field. It is concerning that
accessibility has the lowest representation, especially in the
current context of population aging, legal frameworks for
inclusion (such as WCAG and ISO standards), and growing
awareness of the need for universal design.

Only 21 studies (3.6%) [556–576] simultaneously eval-
uate all three UAUX aspects, but modern digital systems
require a balance between efficient functioning (usability),
rewarding experiences (UX), and universal access (acces-
sibility); therefore, this lack of integration represents a
significant limitation in the current literature.

Besides, 12 studies (2.1%) could not be clearly classified
into the above categories [577–588]. This may be because
they evaluated related but different attributes (such as
engagement, trust, or technology acceptance), or due to
ambiguities in the reporting of the methods used. This
category highlights the need to standardize terminology
and reporting in software quality evaluations.

4.4. Number of participants

An analysis of sample sizes across different types of
UAUX evaluations reveals notable differences in the distri-
bution of participants, as shown in Figure 3.

Figure 3: Number of participants by type of study

Usability-only studies represent the largest group, with
194 studies reporting sample sizes and 14 unspecified. The
median was 20 participants, ranging from 1 to 1,074. The
first quartile was 10, the third quartile 44.25, yielding an
interquartile range of 34.25.

UX-only studies had 119 reporting sample sizes and
15 unspecified. The median number was 36 participants,
with a minimum of 3 and a maximum of 21,314. The first
quartile was 15, the third quartile 74, and the interquartile
range 59.

For accessibility-only studies, 31 studies reported their
sample sizes, while 11 did not. These studies had a median
of 20 participants, with a minimum of 1 and a maximum of
400. The first quartile was 7, the third quartile 56, resulting
in an interquartile range of 49.

Studies evaluating usability and UX together had 89
reporting sample sizes and only 5 unspecified. The median
was 32 participants, with a minimum of 5 and a maximum
of 24,000—the largest range observed. The first quartile
was 12.5, the third quartile 88, and the interquartile range
75.5.

For studies combining usability and accessibility, 41
reported sample sizes, with 19 unspecified. The median
was 19 participants, with a minimum of 2 and a maximum
of 1,272. The first quartile was 10.5, the third quartile 45.5,
and the interquartile range 35.

Studies combining UX and accessibility were the least
numerous, with only 7 reporting sample sizes and 4 un-
specified. The median was 6 participants, ranging from 5
to 47. The first quartile was 5, the third quartile 12, and the
interquartile range 7—the narrowest of all categories.

Finally, studies covering usability, UX, and accessibil-
ity had 14 reporting sample sizes and 7 unspecified. The
median was 20 participants, ranging from 4 to 84. The first
quartile was 5.75, the third quartile 37, and the interquartile
range 31.25.
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4.5. Evaluation techniques

Beyond what was evaluated and with how many par-
ticipants, a key question is how these evaluations were
conducted. Usability-only studies represent the largest
category, employing a wide range of techniques. The
System Usability Scale (SUS) is clearly the predominant
standardized questionnaire. Furthermore, heuristic evalu-
ation, particularly Nielsen’s, is extensively used. Several
studies also complement with think-aloud protocols and
task analysis (measuring time on task, completion rates,
and error counts). Most of these results were expected,
however, a significant number of studies rely on custom,
unvalidated questionnaires, a practice that raises concerns
about reliability and comparability.

On the other hand, UX-only studies demonstrate a
strong preference for standardized instruments, with the
User Experience Questionnaire (UEQ) and AttrakDiff as
the most common standardized questionnaires. Other
common questionnaires used in specific domains were Self-
Assessment Manikin (SAM) and game-specific instruments.
Interestingly, physiological and biometric methods were
commonly used when evaluating UX (e.g., eye tracking,
EEG measurements). Another set of techniques applied
in this group were more qualitative, including interviews
and focus groups. Again, ad-hoc questionnaires were used
in various studies.

Finally, in accessibility-only studies, automatic tools
are predominantly used to check compliance with WCAG
guidelines (e.g., WAVE, AChecker, TAW). Other types of
tools such as screen reader and voice over were applied
in some studies. Some studies combined automated and
manual methods especially when the study included users
with disabilities in their testing sample.

Regarding studies that combined several aspects, these
have diverse methodological approaches, commonly using
mixed methods (e.g., usability testing and automatic accessi-
bility evaluation or UX self-reported and usability metrics).
These studies commonly include experiments and more
statistics analysis in their results. Finally, fully integrated
studies evaluating all three dimensions employ diverse
techniques commonly using user studies, questionnaires,
observation and automatic evaluation of accessibility.

To systematically characterize the evaluation techniques
employed across the 582 case studies, all methods and tools
reported by each study were extracted and catalogued
during the data extraction phase. Given that many stud-
ies applied more than one technique, the total number
of method mentions (n = 1,444) exceeds the number of
included studies, reflecting the multimethod nature of a
substantial portion of the corpus. These mentions were
normalized and grouped into canonical categories to ac-
count for terminological variation across studies. Table 3
presents the 20 most frequently reported methods across
all study types, together with their absolute frequency.

Table 3: Top 20 Evaluation Techniques Reported

Evaluation Technique Frequency
Ad Hoc Questionnaire 131
SUS 107
Heuristic Evaluation 81
Interviews 71
Usability Testing 64
Think Aloud Protocol 53
UEQ 44
Observation 35
Not Specified 32
WCAG 25
AChecker 23
Screen Recording / Video 22
Anthropometrics / Biometrics 20
WAVE 19
AttrakDiff 17
Expert Evaluation 16
NASA-TLX 16
Focus Groups 15
TAW 14
ANOVA / Statistical Tests 13

4.6. Title analysis

As complementary perspective, the titles of the 582 pa-
pers reveal important patterns in how researchers frame and
communicate their UAUX evaluation studies. Of course, as
a result of our query, the term evaluation is the most used
(approximately 65% of the papers). Furthermore, a signif-
icant majority of titles explicitly mention the application
domain (e.g., education, Healthcare, E-Government).

Many titles also specify the evaluation methods em-
ployed, and a notable subset of titles specifies the user
population under study specially for accessibility (e.g.,
deaf users, older adults, children with autism). Another in-
teresting finding is that titles increasingly reference emerg-
ing technologies (e.g., virtual reality, artificial intelligence,
chatbots or voice interfaces). This applies both to the tech-
nologies evaluated and, in some cases, to the evaluation
techniques applied.

5. Conclusions

Taking into account the findings, this section analyzes
their implications and, at the same time, identifies possible
directions for future research.

This systematic literature review of 582 case studies pro-
vides a comprehensive overview of the practices, trends,
and gaps in the evaluation of usability, user experience,
and accessibility over the past decade. By analyzing a large
and diverse dataset, this study offers a granular, empirical
complement to previous secondary studies.

Our analysis confirms that usability remains the most
common aspect of UAUX evaluation, with the System Us-
ability Scale (SUS) solidifying its position as the de-facto
standard instrument. The prevalence of usability-only
studies suggests that for many practitioners, it remains the
primary, and sometimes sole, focus of evaluation.

User experience is maturing as a distinct field, evi-
denced by a substantial number of UX-only studies and the
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common use of standardized questionnaires. However, the
most significant finding is the persistent and pronounced
underrepresentation of accessibility, despite growing legal
and ethical imperatives for digital inclusion, accessibility
is often treated as an afterthought or a separate, siloed
concern rather than an integral component of design.

The study also reveals several persistent methodological
challenges, for instance, the continued reliance on single
method evaluations, in particular questionnaires and au-
tomated tools. Furthermore, the frequent use of ad-hoc,
unvalidated questionnaires undermines the reliability and
comparability of research findings.

The geographic concentration of research, with a signif-
icant portion emanating from a few countries and entire
continents like Africa and Oceania being severely under-
represented, limits the generalizability of findings and
suggests a lack of diverse user perspectives in the literature.

In response to the research questions, this review has
shown that: (1) The most frequently applied methodologies
are dominated by standardized usability and UX question-
naires and automated accessibility tools. (2) The primary
dimensions measured continue to be the classic usability
attributes of effectiveness, efficiency, and satisfaction, while
UX studies capture a broader, more hedonic set of quali-
ties. (3) Methodologically, case studies are predominantly
short-term, small-to-medium scale evaluations that often
fail to integrate all three UAUX aspects.

This research has several implications for practice and
future research. For practitioners, it provides a guide
to the most common and accepted evaluation methods,
while also cautioning against the over-reliance on single
methods and the use of unvalidated instruments, it advo-
cates for a more integrated approach to evaluation. For
researchers, the findings highlight a clear need for: (1)
more comparative studies that triangulate findings from
multiple evaluation methods; (2) the development and
validation of new instruments that can holistically assess
the interplay of UAUX; (3) a greater focus on longitudinal
research designs; and (4) increased efforts to conduct and
publish case studies from underrepresented regions and
with diverse user populations.

Finally, a very interesting finding of this study is that
only a small fraction of studies mentions artificial intelli-
gence (AI), machine learning, or related techniques. This
indicates that AI integration in UAUX evaluation is still in
its early stages, as in most cases, AI appears as the object
rather than the instrument of evaluation (i.e., AI-powered
systems are being evaluated using traditional UAUX meth-
ods, but AI itself is rarely used as a tool for conducting
UAUX evaluations).

The findings and implications of this research have
limitations, that should be considered when interpreting
the findings. First, the search was restricted (english lan-
guage and three databases). Additionally, the exclusion of
grey literature, means that real-world evaluation practices
conducted outside academic settings are likely underrepre-
sented in our findings.

The review is also subject to publication bias, as studies
reporting positive or statistically significant usability find-
ings are more likely to appear in peer-reviewed venues than
those with null or inconclusive results. Furthermore, while
dual-reviewer screening and consensus-based conflict res-

olution were applied throughout the selection process, a
formal quality appraisal instrument was not systematically
used to score the methodological rigor of each included
study. Consequently, while dual-reviewer agreement was
applied during the inclusion/exclusion screening phase,
inter-rater reliability in terms of quality appraisal scoring
was not formally measured and cannot be reported. Finally,
the dataset covers publications from 2014 through 2023 and
therefore represents a historical snapshot of the field.

Based on this analysis, several promising directions
for future research emerge, including the development of
more automated or personalized methods and AI-assisted
techniques. Furthermore, longitudinal studies examining
how user experience evolve are critically needed, as current
snapshot evaluations fail to capture the dynamic nature of
human computer interaction.
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