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Abstract Increasing air pollutant concentrations over the last few decades have
been a focus of contemporary scientific research due to adverse effects on public
health, the environment and climate change. In this chapter, we used an innovative
integrated methodology for spatio-temporal characterization of sources and con-
centration forecasts of toxic, mutagenic and carcinogenic representatives of volatile
organic species—benzene, toluene, ethylbenzene and xylene, commonly referred to
as BTEX. The methodology is based on receptor-oriented air circulation modeling
and artificial intelligence implemented through machine learning and explainable
artificial intelligence methods. The study covered two years of data obtained from
a single monitoring station located at 54a Despota Stefana Boulevard (44°49°68”
N, 20°28°04” E). This station was selected from the local and state network for air
quality monitoring in the territory of Belgrade. The receptor-oriented modeling was
effective for classifying sources of BTEX and the assessment of BTEX concentra-
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tions in the Belgrade urban area surrounding the receptor site that was not regularly
monitored. The correlations and ratios between BTEX compounds were used for
estimating their interrelationships and presence in the air, which contributed to the
identification of their origin. Also, this study evaluated the possibilities of BTEX
spatio-temporal forecasts based on the integrated methodology. For this purpose,
XGBoost was efficient at forecasting BTEX levels, with estimated errors (6—15%)
significantly below the uncertainty obtained by conventional models for the evalua-
tion of average annual pollutant concentrations. The results suggest that temperature,
wind speed and wind direction represented the main parameters which explain the
spatio-temporal distribution of BTEX, while the impact of other factors showed
significant variations depending on the locations of the receptor and the compound.

Keywords BTEX - Volatile organic compounds + Machine learning + Explainable
artificial intelligence (xai) + XGBoost

1 Introduction

Growing urban populations, economic development, and transport have a significant
impact on environmental pollution. Air pollution constitutes a major underestimated
cause of non-communicable diseases, being responsible for 19% of all cardiovascu-
lar deaths and 23% of lung cancer deaths globally [19]. Around 91% of the world’s
population lives in areas where air pollution levels exceed the World Health Orga-
nization’s recommended values [43]. People often perceive air pollution as an issue
that affects people living in middle- and low- income countries or people living in
megacities. However, it has been estimated that out of 8.8 million global deaths asso-
ciated with air pollution in 2015, 8% were citizens of high-income countries, mostly
those living in small urban areas where the topography and climate contribute to high
air pollutant concentrations [3, 7]. Holgate [17] emphasizes that annually, 40,000
excess deaths in the UK can be attributed to low air quality. Society might be much
more aware of this issue if the mortality was a result of drinking polluted water. Air
pollution in households has decreased since the 1990’s as new fuels such as petroleum
gas and renewable sources of energy have replaced biomass. In developing countries,
residential combustion of solid fuels for cooking and heating remains a significant
source of air pollution and a major concern due to its detrimental health effects, par-
ticularly in rural areas [9]. In contrast, in developed countries, indoor air pollution is
less important because adverse health effects are associated with exposure to outdoor
pollutant concentrations that have decreased over previous decades. However, it has
also been estimated that the rapid expansion of metropolises, industrial production,
increasing pesticide use, toxic chemicals and motor vehicles will offset the effects
of air pollution mitigation measures [13].

Among the air pollutants that are of interest for current and future research due
to their detrimental effects on both human health and the environment are volatile
organic compounds (VOCs). VOCs are a heterogeneous group of organic species
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with boiling points <250°C. Their representatives are benzene and its alkylated
derivatives toluene, ethylbenzene and xylene, commonly referred to as BTEX. Over
the last few decades in developed countries, reducing BTEX levels has been a chal-
lenge [26]. This is due to their abundance, their numerous emission sources, their
complex atmospheric chemistry, insufficient funds for the establishment and main-
tenance of monitoring networks, and the fact that abatement programs might have
negative impacts on economic output because they are among the most abundantly
produced compounds worldwide. They are used as feedstock for several materials
and products upon which modern society has become dependent. These compounds
are naturally found in crude oil, while in urban and suburban areas they originate
from traffic emissions, commercial and industrial uses of petroleum, gasoline, adhe-
sives, coatings, degreasers, solvents, detergents, explosives, pesticides, resins, ink,
paints, and varnishes [30, 33, 35]. With the exception of m-/p-xylene, concentrations
of BTEX were mostly reported to be higher in indoor air than outdoor air [4].

The health effects of BTEX are wide-ranging. Studies have shown that BTEX
can be found in cord blood and the blood of children and adults, particularly adults
that are occupationally exposed [18]. Research has shown that long-term exposure
to high benzene concentrations increases the risk of developing malignant blood
disorders, while long-term exposure to high toluene concentrations causes renal
tubular acidosis [42]. Some studies have shown that after benzene concentrations
in industrial and urban areas are reduced, lifetime cancer risk decreases by one
order of magnitude [20]. In addition, exposure to ambient levels of BTEX, which
in many cases were orders of magnitude below the reference concentrations, can be
dangerous. This is particularly true during the susceptibility period when exposure
can lead to the disruption of endocrine signaling (which is essential for the growth
and development), immune responses, reproduction, cardiovascular function and
aging. Therefore, populations in highly industrialized areas, the socioeconomically
deprived, as well as children, pregnant women and elderly people, appear to be
more susceptible to pollution-related morbidity and mortality [5, 32]. While traffic
emissions are known to be the main source of outdoor BTEX, converting to alternative
renewable energy sources will not reduce demand for consumer products, and the
replacement of benzene with safer alternatives, such as toluene and xylene, might
ultimately be a poor solution once long-term toluene and xylene exposure scenarios
are considered [4]. According to a United States Environmental Protection Agency
[40] report, ethylbenzene is sixth on a list of the top 20 chemicals used in children’s
products, primarily food packaging, toys, sport equipment, arts, crafts and hobby
materials. Toluene, on the other hand, is the seventh most used chemical in consumer
products, primarily fuels, paints, and coatings. Although toluene and xylenes are less
harmful than benzene, it should be kept in mind that the products of photochemical
reactions in which BTEX are involved often have more harmful effects on human
health than their precursors [14]. It should be also mentioned that limited ventilation
in closed premises can often be the reason why indoor BTEX levels are higher than
outdoor levels [29].

Apart from their impacts on human health, BTEX and other VOCs are associ-
ated with increases in the oxidation capacity of the atmosphere, as well as with the
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generation of secondary pollutants, such as tropospheric ozone, polycyclic aromatic
hydrocarbons and secondary aerosol through photochemical reactions [8, 36]. As
regards the impact on global warming, not only do volatile species directly and indi-
rectly contribute to climate change, but their emission and fate are expected to be
influenced and increased by global warming.

Despite vast changes in the development and integration of different approaches
in the field of environmental science, spatio-temporal air pollution modeling remains
a challenge. Two main approaches are typically utilized to forecast air quality and
to identify the factors that govern the concentrations of certain pollutants. The first
approach relies on atmospheric diffusion models, while the second refers to sta-
tistical models that capture the essential relationships between the variables [24].
Multidimensionality and the size of data sets, as well as the complexity of air pol-
lutant processes and interactions, set requirements that exceed the capabilities of
conventional statistical methods. For this reason, machine learning (ML) methods
and explainable artificial intelligence (XAl), subfields of artificial intelligence (Al)
that enable automatized big data analysis and the development of learning algo-
rithms, have been introduced into environmental science research. In this paper, we
used an innovative and integrated methodology based on artificial intelligence and
implemented through ML ana XAI methods for the modeling of spatio-temporal air
pollution and the characterization of BTEX sources in a wider region surrounding
the receptor site that was not covered by regular monitoring. The obtained BTEX
correlations and ratios were used for estimating the interrelationships between the
species in the air, while XGBoost was utilized for efficient spatio-temporal BTEX
forecasting. The present paper is an extended version of the study presented at the
International Scientific Conference on Information Technology and Data Related
Research (Sinteza 2020), Singidunum University [38].

2 Materials and Methods

Nowadays, there are a large number of libraries implemented in different program-
ming languages (R, Python, JS) that deal with interactive display (plotly, leaflet) and
spatial data analysis. In addition to various spatial autocorrelation possibilities, the
analysis of spatial data patterns, the interpolation of data by statistical methods such
as Kriging, Spline or Inverse Distance Weighting, and machine learning methods
such as Random Forests are increasingly used. Furthermore, spatial distributions of
air pollutant sources can be estimated using general and local hybrid receptors, as
well as by analyzing clustered data [9, 33, 34].

Significant improvements to the general hybrid receptor modeling approach have
been made in recent decades. Receptor-oriented methods, based on conditional prob-
ability and analyzing the residence time of pollutants in an area, have become widely
accepted both for studying the dynamic processes and circulation patterns of pol-
lutants in the atmosphere and for investigating the spatial distribution of potential
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emission sources and their impact on the receptor site without relying on an emission
inventory.

The identification of potential emission sources at a local level, as well as their
contribution to the measured concentrations of pollutants at the receptor site, can be
determined by models analogous to the general hybrid receptor model such as the
Potential Source Contribution Function (PSCF), Concentration-Weighted Trajecto-
ries (CWT), sQTBA (Simplified Quantitative Transport Bias Analysis) and RTWC
(Residence Time Weighted Concentration). The general models, which are based on
the analysis of trajectory end points, can be improved by using local wind parameters.
This way it is possible to determine pollution circulation patterns very accurately in
the area around a given measuring point. A local three-dimensional hybrid receptor
model similar to the 3D CWT model was developed for the purposes of this paper
[34]. The study involved two-years of regular measurements of BTEX, suspended
particles, inorganic gaseous oxides, and meteorological parameters within the Bel-
grade City Institute for Public Health’s automatic monitoring network (44°49°68”
N, 20°28°04” E).

Machine learning is an area of artificial intelligence that involves the development
of algorithms that can learn based on input data and can thus be trained to predict value
variations. Machine learning algorithms are based on the extraction of patterns and
the selection of specific attributes from a large number of data, while eliminating
irrelevant information. Through identifying most important prediction attributes,
machine learning methods acquire knowledge and define the substantial relationships
that exist between input and output parameters by focusing on the aspect of the data
that is the most useful for efficient forecasting.

Forecasting the concentration dynamics of BTEX in the air was done using the
Xtreme Gradient Boosting (XGBoost) method [11], with meteorological data used as
predictors. XGBoost is a general-purpose ensemble method of supervised machine
learning which combines the results of many decision trees and achieves high accu-
racy in a wide range of practical applications. It usually outperforms support vector
machines, random forests, and deep learning neural networks [31]. The main advan-
tage of the XGBoost method is its obtainment of more precise predictions than those
provided by single constitutive decision algorithms. XGBoost is based on a boosting
technique that sequentially defines a series of decision trees for classifying input data
into two or more attribute-defined classes. Each consecutive decision tree is trained
through iterations, taking into account the previously registered classification errors.
The datasets from each of the grid cells used for spatio-temporal BTEX forecasting
was split into training (80%) and validation (20%) sets. Hyperparameter tuning was
implemented using a brute-force grid search and a 10-fold stratified cross-validation.
The best performing hyperparameter values were used in the final model.

Methods based on decision trees, such as Gradient Boosting and Random Forests,
have been shown to provide inconsistent attribute contributions. This has led to the
development of SHAP (SHapley Additive exPlanation), a method that estimates the
contribution of each instance of an attribute, which enables interpretation of the
model’s outputs [15, 21, 31]. To explain the contribution of each feature to the
individual XGBoost prediction, the SHAP method was utilized [21]. It is based on
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coalitional game theory and provides a distribution of each prediction among the
features represented as additive attributions. In this study, we used Python SHAP
implementation (SHAP Python package). The captured importance of a feature is
visually presented as a SHAP summary plot.

3 Results and Discussion

Previous studies have demonstrated strong gradients and pronounced intra-urban
spatial variability of pollutant levels. This depends on traffic density, street con-
figuration and prevailing wind direction [41]. In addition to this, Ning et al. [27]
emphasized the importance of terrain complexity for air quality because topographic
features can, to a certain extent, limit pollutant dispersion under different weather
conditions. The results indicate that BTEX concentrations were significantly higher
in areas with dense traffic, in the vicinity of busy streets and intersections, where
traffic emission sources have a high impact, where local topography limits natural
ventilation and vertical dispersion of pollution, and in areas with narrow streets lined
by tall buildings and trees.

3.1 BTEX Levels Surrounding the Receptor Site

Benzene concentrations were estimated to range from 1.2 to 2.6 ug m~>, with an
average level of 2.6 g m~3. In a few locations, estimates of pollutant concentrations
were extremely high, exceeding the recommended limit of 5 g m—3. Extreme ben-
zene levels in areas distant from the receptor site should be taken with caution. This
is due to a relatively small number of events and therefore limited data produces the
calculated values. It has been estimated that the area surrounding the receptor site
was mostly influenced by traffic emissions. Other studies have reported that similar
average benzene concentrations are sometimes discovered in urban areas where traf-
fic is the predominant source of pollutant emissions [2]. Concentrations of toluene
were estimated to range from 0.9 to 8.9 jLg m~> with an average value of 8.7 g m=3,
while the average m/p-xylene concentrations were assessed to be several times higher
(8.4 g m~3) than the concentrations of o-xylene (1.8 g m~3). Concentrations of
ethylbenzene were estimated to range from 0.2 to 2.1 g m~> with an average value
of 1.8 wg m~3. As predicted, TEX levels were highest in the city center and the north
of the city. The assessed TEX levels were also consistent with the reported values for
outdoor TEX concentrations in various studies published over the last two decades
[1, 10, 16, 23, 25], with somewhat lower levels of toluene than typically expected
in an urban area.
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3.2 Seasonal and Daily BTEX Variations

While the intensity of BTEX emission sources tend to be higher in winter, evapo-
rations in warmer parts of the year make an important contribution to total pollu-
tant concentrations. On the other hand, the stability of atmospheric conditions and
decrease in chemical reactivity of BTEX in winter results in longer retention in ambi-
ent air [29]. Furthermore, BTEX are known to exhibit variations on a daily basis. For
instance, a previous study that contained a risk assessment of an accidental benzene
release in an urban area using an atmospheric dispersion model, showed that benzene
spreads over a much larger area during the nighttime due to a stable boundary layer.
In contrast, enhanced vertical mixing results in limited dispersion of the pollutant
over the study area during the daytime [39]. Similar results were obtained in our
study.

3.3 BTEX Forecasting Based on Meteorological Variables as
Predictors

As can be seen in Figs. 1 and 2, high correlation coefficients between predicted and
observed values (>0,80) were obtained for most of the analyzed data, it can therefore
be concluded that XGBoost was a successful and efficient method for forecasting air
pollution in an urban area. It should be emphasized that the estimated method errors
(6—15%) were significantly lower than the uncertainty (50%) which is required for the
evaluation of average annual pollutant concentrations using conventional modeling.

It should be also emphasized that due to the relatively short atmospheric lifetimes
of BTEX, the area that can be affected by BTEX emissions is approx. 15-20 km
[29], but the consistency of meteorological conditions significantly affects the extent
of volatile pollutant dispersion.

The results of this study suggest that low temperatures and weak to moderate
wind represent the main parameters which govern the spatio-temporal distribution
of benzene in a majority of locations. The impacts of other factors display significant
variation depending on the characteristics of the receptor’s location (Fig. 1). Namely,
one can note that the horizontal axis marked with wind speed is the longest, which
means that benzene concentrations were mostly affected by this parameter. Each
axis is composed of a series of points that represent the measured values of the
predictor. As can be seen in the example for wind speed, extremely high wind speeds,
represented by points located on the far right of the axis, have relatively little impact
on benzene concentrations in the air. This suggests that benzene concentrations were
mostly influenced by weak to moderate wind, which further suggests that emission
sources located in the vicinity of the selected receptor site have the highest impact.

Furthermore, the importance of a certain wind direction for pollutant level pre-
diction is related to the position of the emission source which affects the receptor
location the most. Namely, in cases where a single pollutant emission source has a
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Fig. 2 Toluene (a), m,p-xylene (b), o-xylene (c), and ethylbenzene (d) relative error [%] forecasts
based on meteorological parameters

major effect on the receptor area, the importance of wind direction as a predicting
factor is particularly accentuated. Additionally, the importance of wind direction is
evident in situations where tall buildings and trees along the roadside form a corri-
dor that either hinders or assists polluted air masses from the surrounding emission
sources, which was the case in this study as well. The importance of relative humid-
ity as predictor for benzene concentrations was predicted to be high in the event of
extreme benzene levels. This is because benzene and TEX are partially water-soluble
compounds, which suggests that both high and low levels of relative humidity can
impact their ambient air levels [28].

The presented figures displaying TEX distributions can be interpreted in the fol-
lowing manner. Atmospheric pressure and wind parameters appear to be the major
predictors of TEX behavior in general. The impacts of air temperature and pressure
were significantly lower for forecasting toluene levels (Fig.2) than for forecasting
benzene levels, which can be explained by the fact that benzene evaporates at sig-
nificantly lower temperatures than toluene.

The correlations between the observed and forecasted concentrations of benzene
ranged from 0.70 to 0.95, but most often ranged from 0.80 to 0.85. At the location
where the correlation was the highest (0.95), benzene concentrations were forecasted
with a relative error of 8%, while the most influential SHAP-revealed factor was wind
direction. The correlations between the observed and forecasted concentrations of
toluene ranged from 0.65 to 0.95, but mostly around 0.80.
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Atthe location where the correlation was the highest (0.95), toluene concentrations
were forecasted with a relative error of 9%, while the most influential SHAP-revealed
factors were wind speed and direction. The correlations between the observed and
forecasted concentrations of m/p-xylenes ranged from 0.65 to 0.95, but averaged
approximately 0.75. At the locations where the correlations were highest (0.97 and
0.98), the concentrations of m/p-xylenes were forecasted with relative errors of 6%
and 15% respectively, while the most influential SHAP-revealed factors were wind
speed, direction, and air pressure. The correlation between the observed and fore-
casted concentrations of o-xylene ranged from 0.60 to 0.90, with an average of
approximately 0.85. At the locations where the correlations were the highest (0.94
and 0.95), o-xylene concentrations were forecasted with relative errors of 12% and
8% respectively, while the most influential SHAP-revealed factors were wind direc-
tion and air pressure. The correlations between the observed and forecasted con-
centrations of ethylbenzene ranged from 0.60 to 0.95, but averaged approximately
0.80. At the location where the correlation was the highest (0.95), ethylbenzene con-
centrations were forecasted with a relative error of 11%, while the most influential
SHAP-revealed factors were wind speed, wind direction, and air pressure.

Although the results demonstrate the capacity of an innovative methodology to
identify the importance of certain meteorological factors as predictors of air pollutant
concentrations, the fact that variations of meteorological parameters cause changes
in other related parameters makes it difficult to distinguish their actual impact on
air pollution phenomena. Thus, the impact of meteorological factors should not be
observed as the isolated effect of a single parameter and its variations, but as the
effect of a certain type of weather. For instance, Liao et al. [22] identified ten typical
air circulation types within one of the most polluted areas of China and explored
how their synergetic relationship with topography affected the local air quality.

3.4 The Importance of Other Pollutants as Predictors for
BTEX Levels

Apart from meteorological parameters, other analyzed factors can be considered
important for predicting BTEX concentrations. Namely, for forecasting benzene lev-
els, high CO concentrations appear to be the most important (Fig. 3), with the impor-
tance of the other predictors stated here in decreasing order: toluene> ethylbenzene >
m/p-xyneles> o-xylene> PM;y > NO, > NO, > NO> SO,.

As regards forecasting toluene levels, high m/p-xylenes, o-xylene and CO con-
centrations appear be the most important, with the importance of the other predictors
stated here in decreasing order: ethylbenzene> benzene> PM;, > NO> NO, >
SO, > NO,. As regards forecasting m/p-xylenes levels, high toluene, o-xylene,
ethylbenzene and CO concentrations appear to be the most important, with the
importance of the other predictors stated here in decreasing order: benzene> NO, >
NO, > PMjp > SO; > NO. As regards forecasting o-xylene levels, high m/p-
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Fig. 3 SHAP summary plot for benzene

xylenes, toluene, ethylbenzene and NO concentrations appear to be the most impor-
tant, with the importance of the other predictors stated here in decreasing order:
NO, > benzene> CO> PM;y > NO, > SO,. As regards forecasting ethylbenzene
levels, high m/p-xylenes, o-xylene and benzene concentrations appear to be the most
important, with the importance of the other predictors stated here in decreasing order:
toluene> NO, > SO, > CO> PM;( > NO> NO,.

3.5 The Interdependence of BTEX Level Predictors

As part of forecasting pollutant concentrations, an examination of the interdepen-
dence between individual predicting factors and their combined effect on BTEX
concentrations in the air was performed. As shown in the Fig. 4, during the cold part
of the year, when temperatures were below 14 °C, concentrations of benzene are bet-
ter predicted by toluene levels. Conversely, on days when the temperature exceeded
14 °C, benzene and toluene didn’t share the same emission sources. Furthermore, dur-
ing the cold part of the year, benzene concentrations are either significantly higher or
lower than average, depending on whether the location is affected by the burning of
fossil fuels for heating or not, while during the warmer part of the year benzene con-
centrations at different locations tended to be more uniform. This is because higher
temperatures cause benzene to evaporate at all locations.
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In addition to temperature-toluene interactions, the results suggest that the con-
centrations of benzene in the ambient air depended on interactions between tem-
perature and carbon monoxide as well. While the effects of interactions between
ethylbenzene-m/p-xylenes, ethylbenzene-toluene, ethylbenzene-carbon monoxide
and m/p-xylene-carbon monoxide were found to be of minor importance as regards
shaping benzene concentrations (Fig.5).

3.6 Pollutant Correlations and BTEX Origin

The results show moderate correlations between toluene and NO, and CO concen-
trations throughout the city. The locations with toluene-NO, correlations exceeding
0.7 are considered to be affected by burning-related emissions and not by toluene
evaporations (Fig.6).

Relatively high correlations between benzene and carbon monoxide were reg-
istered throughout the city, with the notable exception of the south (Fig.7). The
correlations between benzene and SO,, NO, and PM;, were lower in the eastern,
and higher in the western, part of the urban region. These results suggest that benzene
in the eastern area of the city is associated with evaporations and emissions from the
petrochemical industry such as the Pancevo Oil refinery and the Petrohemija chem-
ical plant. Furthermore, high correlations (r > 0,70) between benzene and inorganic
oxides in the western region of the city may suggest that traffic emissions, as well as
remote air pollution sources such as TPP Nikola Tesla A and B in Obrenovac, have
a detrimental impact (Fig. 7). The significantly lower correlations between benzene
and inorganic oxides, that can be considered indicators of combustion processes in
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the southern part of the city center, probably reflect the impact of gasoline evapora-
tion. This conclusion appears more likely when we take into account that benzene
concentrations were assessed to be the lowest in the southern area.

The m/p-xylenes exhibited the highest correlations with NO,, somewhat lower
correlations with CO, while the correlations with SO, and PM tended to be sig-
nificantly lower throughout the city. A similar calculation was obtained for o-xylene
and ethylbenzene.

3.7 BTEX Ratios

The benzene-to-toluene (B/T) ratio is often used as an index for identifying emission
sources, while xylenes-to-benzene (X/B) and ethylbenzene-to-benzene (E/B) ratios
are generally applied as indices of photochemical reactivity [12]. According to the
literature, a B/T ratio below 0.5 suggests that vehicle emissions are the predominant
source of BTEX, while X/B and E/B ratios below 1 suggest that sampled air masses
are photochemically aged. As the results show, the B/T ratios were approx. 0.3, while
the X/B and E/B ratios ranged from 0.7 to 4 with lower ratio values calculated for



220 S. StaniSié et al.

= -
abypsa 1
Cn e gt o, v et to s O - ] RGN
SN '... : WWT\- 2 - B 4 02
AP D ““ bt T i 0.0 ‘
R sl e sl I 0.2
} ~ L. 04 ‘
ol I'z- ' BN |
o L S 08
LAESS ..'~3f3‘,c;3ﬁapa‘f_'
'8 T Leaflet|© OpenStresiMan

Fig. 6 Toluene and NO, correlations

the central area of the city where narrow streets and tall buildings restrict pollutant
dispersion and support the photochemical aging of the emissions. Buczynska et al.
[6] showed that B/T ratios ranging from 0.22 to 0.26 for locations that were affected
by traffic emissions, while the authors mentioned that ratios below 0.1 reported
in previous research suggest additional emission sources of toluene, like industrial
emissions, that contribute to high values. It could be concluded from the results that in
most locations, BTEX concentrations in ambient air are a result of recent emissions,
while traffic emissions might be the major contributor to BTEX concentrations in the
analyzed area. Furthermore, BTEX have a similar chemical structure, but there is a
difference in the reactivity of these typically unreactive compounds. Namely, benzene
is more stable and has a longer atmospheric lifetime [14] which can significantly
modify the starting BTEX concentration ratios, and thus another possibility indicated
by the B/T ratio is related to aging air masses. Namely, after being emitted from a
common source, toluene is about 5 times more reactive than benzene, which is why
a high B/T ratio is an indicator of aged air masses. The results suggest that the
examined area can be divided diagonally into two segments:

e The north-western and north-eastern area which covers the old city center where
the B/T ratio is relatively high. The north-western part is subject to emissions from
the industrial area, which includes the petrochemical industry comprised of the
Pancevo Oil refinery and the Petrohemija chemical plant. The north-western part
is subject to the retention of aged air masses in narrow streets which form an urban
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canyon. The south-western part is subject to the influence of aged air masses from
Obrenovac.

e The southern area, covers a large area of the city which displays a relatively low
B/T ratio. This indicates the predominant effect of traffic emissions.

Although diagnostic concentration ratios are a commonly used tool for identifying
and distinguishing emission sources, they should be used with caution since the cal-
culated values often exhibit seasonal variations and can be susceptible to distortions
from a number of environmental factors [37].

4 Conclusions

Identifying pollutant emission sources, investigating the temporal dynamics and spa-
tial distributions of pollutant concentrations, and estimating the contribution of cer-
tain emission sources to local air quality are of great importance. They can help to
develop an essential understanding of the impact key factors have on processes within
natural and anthropogenic ecosystems and their resilience, but are also crucial for
defining strategies aimed at improving air quality, resolving environmental issues,
and improving human health. While soil and water pollution is mainly of local sig-
nificance, air pollution can affect very remote areas given meteorological conditions
that enable the transportation of pollutants. In addition to this, a number of other
factors can contribute to the final effect of meteorological conditions on air pollu-
tant concentrations, including the distribution of pollutant emission sources, local
topography, street geometry and the distribution of all elements and surfaces that
can be of significance for the air flow regime, pollutant dispersion conditions, their
transport pathways and thus, the spatio-temporal variability of their levels. The mul-
tidimensionality of modern data, the scope of time series, as well as the complexity of
processes and interactions in which air pollutants participate, are too demanding for
conventional statistical methods. For this reason, recent decades have seen research
conducted to find alternative methods for data analysis. One of the approaches that
has proven effective in many professional and scientific fields, including environmen-
tal protection, is machine learning which provides the tools for automated analysis
of a large amount of data.

As can be concluded, we have demonstrated the use of an efficient methodol-
ogy for spatio-temporal BTEX concentration modeling in the Belgrade area, based
on receptor-oriented air circulation modeling and artificial intelligence implemented
through machine learning and explainable artificial intelligence methods. The esti-
mated method errors ranged from 6 to 15%, which is significantly lower than the
required uncertainty for conventional models. The presented methodology has the
potential to provide a basis for the establishment of a unique and sustainable system
for identifying sources of air pollution and enhanced air pollution data coverage that
does not require additional investments in monitoring equipment. In the long term,
the results of such an approach would provide a solid basis for establishing a sustain-
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able system for improving the management and control of air pollution. As the results
show, temperature, pressure, wind speed and wind direction were the main parame-
ters which governed the spatio-temporal distribution of BTEX, while the impact of
other factors showed significant variations depending on the characteristics of recep-
tor’s location and the compound. In addition, spatial correlations and ratios between
different air pollutant concentrations were considered for determining their origin in
all the locations covered by our analysis. All examples illustrate how the application
of SHAP and other supplemental methods can provide a systematic insight into the
impact of emission sources and environmental factors on the presence of BTEX in
the air.
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This paper introduces an improved version of our previous CUDA programs [1] for solving the dipolar Gross-
Pitaevskii equation in three spatial dimensions, now incorporating a quantum fluctuation term [2-4]. This en-
hancement is vital for accurately modeling quantum dipolar droplets [5,6] in dipolar Bose-Einstein condensates.
Originally developed in C, the code has been transitioned to C+ + to take advantage of its features. Speedup
tests were conducted on two types of GPU cards — one commercial and one HPC-optimized — and the results
were compared to earlier versions on GPUs and a modern HPC cluster. Both configurations showed an increase

NEW VERSION PROGRAM SUMMARY

Program title: DBEC-GP-CUDA package, consisting of: (i) imag3d-cuda, (ii) real3d-cuda.
CPC Library link to program files: https://doi.org/10.17632/s858p8zsgp.2

Licensing provisions: CC by 4.0.

Programming language: OpenMP C+ +; CUDA C+ +.

Supplementary material: 10.1016/j.cpc.2026.110209.

Journal reference of previous version: Comput. Phys. Commun. 200 (2016) 406.

Does the new version supersede the previous version?: No.

Nature of problem: These programs are developed to solve the time-
dependent nonlinear Gross-Pitaevskii equation (GPE), including contact
and dipolar interactions, as well as a quantum fluctuations term [2,3].
within an anisotropic harmonic trap. The package offers programs for
solving GPE in three spatial dimensions, capable of computing both
stationary and non-stationary solutions through imaginary or real-time
propagation.

Solution method: The time-dependent GPE is solved using the same
split-step semi-implicit Crank-Nicolson method as before [7,8], enabling
the calculation of stationary and non-stationary solutions through prop-
agation in imaginary or real time. The dipolar interaction term is eval-
uated by applying a Fourier transform to momentum space using the
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convolution theorem. The quantum fluctuation term has an integral that
can be calculated analytically, and therefore, we avoid doing numerical
integration for that term.

Reasons for the new version: The development of the new code is
motivated by two main reasons. First, the previous version lacked the
quantum fluctuation term, which is crucial for accurately modeling sta-
ble quantum dipolar droplets. Without it, the code cannot simulate
droplet formation, resulting in system collapse at the mean-field level
due to predominantly attractive interactions. By adding this term, the
system is mechanically stabilized against collapse, allowing the updated
code to simulate the process correctly. And considering that the previ-
ous Fortran, C, and CUDA programs are widely used in the ultra-cold
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atoms community [9-17] and with the discovery of quantum dipolar
droplets, we have found it beneficial to have programs that can prop-
erly simulate them as well. Second, with modern computers typically
equipped with GPUs and HPC clusters with even more powerful GPU
cards, we made several improvements and optimizations to better uti-
lize these resources. These enhancements boost performance on modern
systems. On the NVIDIA A30 GPU, the speedup over previously pub-
lished OpenMP/MPI-parallelized programs [18] running on 128 Intel
Xeon Gold 6338 CPU cores is 3 or higher. Additionally, we converted
the code from C to C+ + to utilize standard library features and adopted
an object-oriented approach, enhancing code abstraction and structure.

Summary of revisions: The revised code extends the original dipolar
Gross-Pitaevskii programs [1] for solving the dipolar GPE by includ-
ing the beyond-mean-field quantum fluctuation term needed to describe
dipolar quantum droplets, as explained in the supplementary material.
This additional contribution follows the formulation of Lima and Pel-
ster [2,3] and is implemented in dimensionless form together with the
contact and dipolar interactions.

As described in the supplementary material, this new term is incorpo-
rated into the non-derivative part of the propagation scheme through the
existing calcnu routine. The implementation is validated with simula-
tion examples for ' Dy condensates, including imaginary-time ground-
state calculations and real-time evolution after a quench into the dipole-
dominated regime, where droplet formation is observed.

In addition to the physics extension, the supplementary material
highlights several code improvements. The evolution procedure is
simplified into a single main loop, new parameters (NITER, NSNAP,
MUEND) improve monitoring and convergence control, and initializa-
tion is made more flexible through user-defined Gaussian widths and
optional automatic grid-step selection. The revised programs also im-
prove memory management and GPU execution, leading to measurable
performance gains over previous CUDA versions and strong speedups
compared with earlier implementations.

Additional comments including Restrictions and Unusual features: This
package includes two programs: imag3d-cuda for imaginary time prop-
agation and real3d-cuda for real time propagation. Programs are com-
patible with computers that have NVIDIA GPU cards with Compute
Capability 6.0 or higher and require CUDA toolkit versions above 8.0.
Because the FFT algorithm in the cuFFT library, our programs may con-
sume varying amounts of memory depending on the grid sizes N,, N,
and N,. For instance, if a grid size is a large prime number, cuFFT will
employ an algorithm that requires significantly more memory - often
several times more - compared to a grid size that is a power of two.
Generally, smaller prime numbers lead to better performance, with the
best results achieved when the grid size is a power of two.
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In dipolar Bose-Einstein condensates (BEC), mean-field interactions alone are insufficient to describe the
emergence and stability of quantum droplets. To capture the crucial role of beyond-mean-field effects, the
Gross-Pitaevskii equation (GPE) is extended by an additional term that incorporates the contribution
of quantum fluctuations. This leads to the following extended GPE, which incorporates both mean-field
dipolar interactions and the beyond-mean-field correction

ov
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where g and gqq are, respectively, the contact and dipole-dipole interaction coupling constants with
g =4nNas/l and gag = 3Naaq/l, U is the trap potential, N is the number of atoms in the condensate,
and he represents the quantum fluctuations term [2, 3|. GPE Eq. (1) is expressed in dimensionless form
and integrated into the code accordingly. This is accomplished by selecting a reference frequency w, and
defining all other physical variables relative to it, i.e., lengths are measured in harmonic oscillator units
¢ = y/h/(mwy), time in units of 1/w,, and energy in units of fuwv,. This extended formulation provides
a quantitatively accurate description of both the formation and the equilibrium properties of dipolar
quantum droplets.

The quantum fluctuation term in the code is derived from Lima and Pelster’s research [2, 3|, where they
first formulated this term for dipolar Bose gases using Bogoliubov-de Gennes (BdG) theory. To extend
beyond the mean-field approximation, we decomposed the field operator into the wave function around
the condensate wave function, ¥, including a term for quantum fluctuations 6W, so that ¥ = ¥, + §U,
retaining terms up to second order in quantum fluctuations. These fluctuations result in a shift in the
chemical potential, and BdG theory supplies the term to model this shift
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where €34 = agq/as represents the relative interaction strength. The ()5 term has an analytical expres-
sion, eliminating the need for numerical integration in our codes. For €4q > 1, which is the section where
quantum droplets may form, the Q5 term gains an imaginary component as well. However, this imaginary
part is significantly smaller than the real part, as illustrated in Figure 1, and can be neglected [19, 20].
As seen in Eq. (1), the quantum fluctuation term does not depend on spatial derivatives. Therefore, it
is incorporated into our program as an additional term within the calcnu function, which handles time
propagation for the Hamiltonian component without spatial derivatives.

Figure 2 presents the simulation results based on the input parameters from the experimental setup [5] to
demonstrate the code’s functionality. On the left, the figure shows the ground-state condensate density
n(z,y) = [ dz|¥(z,y,2)|? resulting from the imaginary-time propagation of N = 20000 '*‘Dy atoms,
with the contact and dipole-dipole interaction strengths set to as = aqqa = 132ag (where ay is Bohr
radius), which aligns with the experimental conditions. The system’s real-time dynamics are simulated
by applying a quench to the contact interaction strength, reducing it to as = 80ag. This moves the
system into the dipole-dominated regime eqq > 1, which is essential for quantum droplet formation. The
right side of the Figure 2 shows the condensate density after 110 ms, where droplet formation is clearly
visible.
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Figure 1: Real and imaginary parts of Qs integral as functions of the relative interaction strength, eqq. Notably, the
imaginary part is much smaller than the real part, highlighting the dominance of the real component for different eqq
values.

When initialized in a droplet configuration, the condensate preserves its structure during real-time evo-
lution if the state corresponds to a stable solution of the extended GPE. In such cases, the density profile
remains essentially unchanged, apart from minor numerical fluctuations or weak collective excitations,
confirming that the droplet arrangement represents a stationary or long-lived metastable state. This
behavior is illustrated in Figure 3, where the droplet pattern obtained via imaginary-time propagation
(a) is used as the initial condition for real-time evolution. As shown in Figure 3 (b), the integrated
quasi-2D density at ¢ = 10 ms retains the same spatial structure, demonstrating the dynamical stability
of the droplet configuration for the chosen parameters (N = 80000, a = 85 ag, aqa = 130.8 agp).

In the updated code, we've also revised the main evolution loop. Previously, the program used three
separate conditional loops—one to introduce the nonlinearities for contact and dipolar interaction, the
second to run with fixed nonlinearities, and the third for the final run with fixed nonlinearities. The
updated version features a single loop that includes fixed nonlinearities.

The updated code enhances simulation progress monitoring. Unlike the previous version, where physical
quantities were calculated only after each main loop, the new version introduces configurable options
using the NITER and NSNAP variables. NITER sets the total number of iterations, while NSNAP
determines how many snapshots are taken, i.e., how often the physical quantities are calculated during
the NITER iterations. To remain compatible with the outputs of the previous code version, one can set
NSNAP to 1 to produce the same output.

The updated code now terminates the simulation conditionally once the chemical potential reaches sta-
bility. A new optional configuration parameter, MUEND, has been introduced to specify the permissible
relative deviation of the chemical potential between two consecutive time steps. When MUEND is set,
the simulation will run until the condition |p;—1 — p;|/p; > MUEND is satisfied, where p;—; and p; are
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Figure 2: Ground-state condensate densities n(z,y) are shown after imaginary-time propagation (left) and after 110 ms of
real-time propagation (right), following a quench in contact interaction strength from as = 132a¢ to as = 80 ag.
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Figure 3: (a) Contour plot of integrated quasi-2D density n(z,y) of a dipolar BEC of N = 80000 64Dy atoms in a trap of
angular frequencies {wz,wy,w-} = 2w{33, 33,167} Hz obrained by imaginary-time propagation. (b) The same by real-time
propagation at time ¢ = 10 ms, using the converged imaginary-time wave function as the initial state. Atomic scattering
(dipolar) length a = 85ag (aqq = 130.8aop).

the chemical potential values from the current and previous steps.
In the previous programs, initial wave function was initialized as a Gaussian whose values were determined
Wy

from trap potentials vy = ¢= A = %, v= :‘j—j with ¥ (z,y, 2) o< exp (—0.5 (’ym2 + My? + 1/22)). In our case,

Wr T
since for the existence of the quantum droplet, potential trap is not necessary, we have added specific,

user given, values sz, s, and s, so that the wave function is ¥ (z,y, z) o exp (70.25 (% + f—% + %))
What is also changed compared to the previous programs is the way discretization steps d:i', dy, dz and dt
are initialized. In previous programs they needed to be initialized directly, and in our programs, if they
are not initialized, they will be calculated based on the number of points N, N, and N, and Gaussian
variables s;, s, and s, as

. 25;my; dj*

di = NG .,dtfmt, (3)
where i € {x,y, 2z}, j corresponds to the index of the smallest value between dx, dy or dz and mz, my, mz
are also user given variables that determine how big the condensate should be compared to the simulation
box (for example, m; = m, = m, = 10 menas that the condensate will be 10 times smaller then the
simulation box), and m; determines the time step.

The new programs keep the same names as in previous C CUDA versions: "imag3d-cuda" for imaginary
time propagation and "real3d-cuda" for real-time propagation. The program structure, including method
names, remains unchanged. The array initialization has been modified to utilize the C++ standard vector
library, which automatically manages memory, removing the need for manual deallocation.

In the previous programs, the POTMEM setting was used to optimize GPU memory usage. This setting
either allocated two tensors for the trap and dipolar potentials or a single tensor with asynchronous
copying from main memory when needed. Now, we have introduced a new setting INITIALIZE POT
which has values 0 or 1, where if the first value is chosen, the program will compute trap potential values
on-the-fly on the GPU, and if the second value is chosen, the program will create a 3D tensor which it will
use to store precomputed values of the trap potential on the GPU. In the FFT section where the CUDA
cuFFT library [21] is used, a single tensor contains both the squared wave function and the FFT result.
Methods like calcnu, calclux, calcluy, calcluz, and calcnorm all reuse the same temporary array during
calculations. Once data is transferred to the GPU, it remains there, and during each time step, physical
quantities such as the wave function and densities are copied back to the CPU for display. Additionally,
we used the OpenMP library to parallelize loops during the initialization of the wave function, trap
potential, and dipolar potential to further enhance performance.



The code’s performance was assessed using two GPUs: the consumer-level NVIDIA GTX 1660s and the
HPC-optimized NVIDIA A30. Figure 4 displays the speedup in execution time relative to the previous
program versions. Tests were conducted on linear grid sizes ranging from 128> up to the grid sizes that
are close to the maximum that could fit into each GPU’s memory - 4163 for the GTX 1660s with 6 GB
and 7043 for the A30 with 24 GB. Solid lines indicate the average speedup, which is 1.6 for the GTX
1660s and 1.3 for the A30, observed in both the imag3d-cuda (Figure 4a) and relas3d-cuda (Figure 4b)
programs.
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Figure 4: Speedup in execution times of imag3d-cuda and real3d-cuda compared to earlier versions of the programs on
NVIDIA GTX 1660 Super and A30 cards. Solid lines show the average speedup achieved. We tested linear grid sizes
starting from 1283 up to the grid sizes that are close to the maximum that could fit into each GPU’s memory, which was
4162 for the GTX 1660 Super and 7043 for the A30.

The performance of the programs is also evaluated by comparing them to previously published OpenMP/
MPI-parallelized programs running on 128 Intel Xeon Gold 6338 CPUs with 128 GB of RAM. The main
purpose of this comparison was to assess the potential performance gains from a single GPU card versus
an HPC cluster environment. Figure 5 illustrates the speedup of imag3d-cuda and real3d-cuda when
run on an NVIDIA A30 card and in a cluster environment. As shown, depending on the grid size, the
speedup for imag3d-cuda is three or higher, while for real3d-cuda, it is five or higher.

speedup
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Figure 5: Speedup in execution times of imag3d-cuda and real3d-cuda on NVIDIA A30 card compared to the equivalent
MPI/OpenMP parallelized versions of the programs on 128 Intel Xeon Gold 6338 CPUs with 128 GB of RAM. Solid lines
show the average speedup achieved.
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imaginary- and real-time propagation to calculate stationary states and BEC dynamics, respectively.

Keywords: The imaginary-time propagation programs calculate the lowest-energy stationary state. The real-
Spinor Bose-Einstein condensate time propagation programs can be used to study the dynamics. The simulation input parameters are
Spin-orbit coupling provided at the beginning of each program. The programs propagate the condensate wave function
Gross-Pitaevskii equation and calculate several relevant physical quantities. Outputs of the programs include the wave function,

Split-step Crank-Nicolson scheme
FORTRAN programs
Partial differential equation

energy, root-mean-square sizes, different density profiles (linear density for the 1D program, linear
and surface densities for the 2D program). The imaginary- or real-time propagation can start with an
analytic wave function or a pre-calculated numerical wave function. The imaginary-time propagation
usually starts with an analytic wave function, while the real-time propagation is often initiated with
the previously calculated converged imaginary-time wave function.
Program summary
Program title: BEC-GP-SPINOR, consisting of: BEC-GP-SPINOR-OMP package, containing programs spin-
SO-imre1d-omp.f90 and spin-SO-imre2d-omp.f90, with util.f90.
CPC Library link to program files: https://doi.org/10.17632/j3wr4wn946.1
Licensing provisions: Apache License 2.0
Programming language: OpenMP FORTRAN. The FORTRAN programs are tested with the GNU, Intel, PGI,
and Oracle compiler.
Nature of problem: The present Open Multi-Processing (OpenMP) FORTRAN programs solve the
time-dependent nonlinear partial differential Gross-Pitaevskii (GP) equation for a trapped spinor
Bose-Einstein condensate, with or without spin-orbit coupling, in one and two spatial dimensions.
Solution method: We employ the split-step Crank-Nicolson rule to discretize the time-dependent
GP equation in space and time. The discretized equation is then solved by imaginary- or real-time
propagation, employing adequately small space and time steps, to yield the solution of stationary and
non-stationary problems, respectively.
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1. Introduction

Previously published FORTRAN [1] and C [2] programs are now popular tools for studying the properties of a Bose-Einstein
condensate (BEC) by solving the Gross-Pitaevskii (GP) equation and are enjoying widespread use. These programs have later been
extended to the more complex scenario of dipolar atoms [3] and of rotating BECs [4]. The OpenMP [5,6] and CUDA [7-9] version of
these programs, designed to make these faster and more efficient in multi-core computers, are also available.

There has been great interest in the studies of spinor BECs using the GP equation after the experimental observation of the
same [10,11]. Later, it has been possible to introduce an artificial synthetic spin-orbit (SO) coupling by Raman lasers that coherently
couple the spin-component states in a pseudo spin-1/2 [12,13] and spin-1 [14] spinor BEC. In this paper, we present new OpenMP
FORTRAN programs to solve the GP equation for a three-component spin-1 spinor quasi-one-dimensional (quasi-1D) and quasi-two-
dimensional (quasi-2D) BECs [15] with [16,17] or without [18,19] SO and associated Rabi couplings, based on our earlier programs [5,6].
The GP equation for an SO-coupled three-component spin-1 trapped BEC is conveniently solved by the imaginary- and real-time
propagation methods. We provide combined imaginary- and real-time programs in one and two spatial dimensions. The present
imaginary-time programs already involve complex variables and are hence combined together with the real-time programs, requiring
complex algebra. The choice of the type of propagation (imaginary- or real-time) is made through an input parameter. The imaginary-
time approach should be used to solve the GP equation for stationary states. A subsequent study of the non-stationary dynamics of the
BEC should be done using the real-time propagation using the imaginary-time wave function as the initial state. We use the split-step
Crank-Nicolson scheme for solving the GP equation, as in Refs. [1,2].

In Section 2 we present the GP equation for a spin-1 spinor BEC in a trap. The mean-field model and a general scheme for its
numerical solution are considered for both quasi-1D and quasi-2D traps. The details about the computer programs, and their input
parameters, output files, etc. are given in Section 3. The numerical method and results are given in Section 4, where we illustrate the
results for density and energy by employing the imaginary-time propagation for different interaction strengths (nonlinearities). The
stability of the density profiles is demonstrated in real-time propagation using the corresponding converged solution obtained by the
imaginary time propagation as the initial state. Finally, a brief summary is given in Section 5. Technical and mathematical details of
this investigation are presented in two Appendices. A novel numerical procedure applied in this study is given in Appendix A. Useful
analytic variational and Thomas-Fermi (TF) approximations are developed in the Supplementary material.

2. The Gross-Pitaevskii equation for a spin-1 condensate

In the mean-field approximation a quasi-1D or quasi-2D SO and Rabi coupled spin-1 (F = 1) BEC is described by the following set
of three coupled GP equations, for N atoms of mass m each, in dimensionless form, for the spin components F, = 41, 0 [18-20]

%1//0(1‘) yfar (1)

2
V2

where p; = |1//j|2 are the densities of components j = +1,0, and p(r) = )_ pj(r) is the total density, V(r) is the confining trap, 9
(0r = {0, 9y, d,}) is the partial time (space) derivative, and £2 (y) is the strength of Rabi (SO) coupling. The SO coupling is a space
derivative coupling described by the functions f and g, the details of which are given below. For brevity, the time dependence of the
wave functions is not explicitly shown in Egs. (1) and (2). In 1D, r = x, V? = 97 = 9?/0x%, in 2D, r = {x,y}, V? = 87 + 0, and in
3D, r = {x,y,2}, VZ = 87 4+ 9; + 8. In 3D, distances are expressed in units of the harmonic oscillator length I = /fi/fw, density p;
in units of I=3 and time in units of w™!, where w = w, is the x-axis trapping frequency. The potential is V(r) = (x* + «k%y? + B%22)/2,
where the trap aspect ratios are k = wy/w and B = w,/w. The dimensionless nonlinearities are ¢; = 47rNA;, i = 0, 2, where
Ag = (ag + 2a3)/3l, A, = (a; — ag)/3l, with ap and a, being the scattering lengths in the total spin channels 0 and 2, respectively.
For a pancake-shaped trap, with the strong trapping in z direction (8 > 1, k), a set of quasi-2D [15] equations can be obtained with
¢ = 2+/2m BN A;, with V(r) = (x? + «2y?*)/2. For a cigar-shaped trap, with the strong trapping in y and z directions (8, ¥ > 1), a set of
quasi-1D [15] equations can be obtained with ¢; = 2./k BN.A;, where V(r) = x?/2. In the following we will take x = 1 and V(r) = r?/2
in both 1D and 2D. In the programs the parameter « in the potential is set to unity, but a different value can be introduced easily if
needed.

In the presence of the SO coupling [16,17], we consider below the SO-coupling contributions yfy; and yg of Eqs. (1) and (2) in
different cases. In 1D we consider three possible SO couplings in the Hamiltonian: ypyXy, ypxXy, and ypxX,, where py = —idy is the
momentum operator and Xy, ¥, and X, are the irreducible representations of the x, y and z components of the spin-1 matrix X, with
components

1
10 Yr41(r) = [—EVZ +V(r)+cop + ¢ (p+1 — P51 + ,00)} Yaq(r) + {CZW(?(I‘)W%(T)} +

1
10 Yro(r) = [—EVZ + V(r)+cop + 2 (41 + ,0—1):| Yo(r) + {201 (r)yg(n)} + Z Yi(r)+ve, (2)

j=+1,-1

1 < 0 1 0 ) i ( 0 -1 O ) 1 0 O
>=—101), 3y=—(1 0 -1]), z=(00 0 ). (3)

V2 10 v2\o 1 o 00 -1
For the SO coupling ypx Xy [21,22] in 1D, the SO coupling terms in Egs. (1), (2) are yfi; = —iydxo(r) and yg = —i?[@,ﬁg(l‘) +

axlp_](r)], respectively, where ¥ = y /+/2. For the SO coupling yp, %, they are yfi; = Fiydo(r) and yg = i?[axt//Jr](r) - Bxl/f_1(r)],
respectively. For the SO coupling yp, X, they are [22] yfi1 = Fiy oy¥+1(r) and yg = 0, respectively.

In 2D we consider the general SO coupling term in the form y(np, %~y — pxX)), where n = 1,—1 and 0 for Rashba [23],
Dresselhaus [24] and an equal mixture of Rashba and Dresselhaus SO couplings. In Egs. (1), (2), the Rashba, Dresselhaus and an equal
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mixture of Rashba and Dresselhaus coupling terms in 2D are yfi; = —i?[naywo(r):i:iaxwo(r)] and yg = —l')7|:—l'3xw+1(l‘)+l'3xw_1(l‘)+

1y Ya (1) + ny v ()|
The normalization and magnetization (m) conditions are given by

f p(t)dr=1, and f [p:16) — pa(6)] e = m. (@)

Condition (4) is useful to solve the problem for a fixed normalization when magnetization m along z direction is conserved, e.g., when
the Hamiltonian commutes with spin-matrix X,. However, in the presence of an SO coupling, that does not commute with X,
magnetization is not conserved due to spin mixing dynamics involving spin-up and down states. In that case, time propagation is
performed by imposing only the condition of conservation of normalization without fixing the magnetization during time propagation
[25] and it leads to the result for the dynamically stable stationary state with a magnetization determined by the parameters of the
model, which could often be zero. In this context, it should be noted that in experiments it is not possible to fix a preassigned value
to magnetization, which is not a constant of motion.
The energy functional of the system is [18,19]

1
E= / dr {Z Va2 + 2V(E)p + cop?
J
+e [pi1 + 0% +2 (P+1,00 F p1po — parpot + U URYT, + w_lwa‘zwﬁ)]
P [
/2

3. Details about the programs

(Wi + V200 + V3l + ¥o0)] + 20 [ + 92 o + w;g]]. (5)

We use the split time step Crank-Nicolson discretization rule for solving the GP equations (1) and (2), including the appropriate SO
and Rabi couplings with strengths y and £2, respectively. This approach has been elaborated in detail in Ref. [ 1]. An initial (known) wave
function at time t is used to calculate the wave function at time t 4+ A, after a small time step A. The advantage of this approach lies in
the fact that different terms on the right-hand-side of Egs. (1) and (2) can be treated successively. For example, the spatial derivative
term involving V; can be treated independently of the nonlinear interaction terms and also of the SO and Rabi coupling terms. The
terms in the square brackets of Egs. (1) and (2) can be treated in a routined way elaborated in Ref. [1]. The terms in the curly brackets
and those proportional to §2 in Eqs. (1) and (2) need special attention and are treated as in Appendix A. Finally, the y-dependent SO
coupling terms only involve first order space derivatives and are treated in a routined fashion.

The presented programs are straightforward modifications of the basic programs published in Refs. [1,2]. The three components
of the wave function are accommodated by introducing a new index “L” in addition to the space indices in the corresponding arrays,
i.e., the wave-function components are represented by CP(L,1J) in 2D and CP(L,I) in 1D, where L = 1, 2, 3 stands for the spin components
j = 41,0, and —1, respectively, and I and ] denote discretized space points. The time propagation with respect to different terms in
Egs. (1) and (2) are dealt with in different subroutines. The kinetic energy term (V?/2) is treated using the Crank-Nicolson discretization
in subroutines COEF, LUX, and LUY in 2D, and in 1D in subroutines COEF and LU, as in Refs. [1,2]. The potential term and the diagonal
part of the nonlinear terms in square brackets, proportional to ¢y and c;, are treated in the subroutine CALCNU. The off-diagonal part
of the nonlinear terms in curly brackets in Eqs. (1) and (2), explicitly considered in Eq. (A.1), is treated in the subroutine HERM,
while the different SO coupling terms are treated in the subroutine SO. The conservation of the normalization and magnetization,
as defined by Eqgs. (A.6) and (A.7), is implemented in the subroutine RENORM. The energies are calculated in the subroutine ENERGY
and expectation values of the condensate’s cloud sizes are calculated in the subroutine RADIUS in 2D and LENGTH in 1D. The different
modules (Subroutines and Functions) of the programs in 1D and 2D and their respective usage are presented in Table 1.

A description of the input parameters together with the output files with description is given in Table 2. Most of the parameters have
the same meaning as in our previously published programs and the reader can refer to Ref. [6] for details. For an efficient performance
on computers with multiple CPU cores, the programs have been parallelized using the OpenMP library. The number of threads (CPU
cores) to be used is declared by the parameter NTHREADS, which should be equal to or less than the total number of available threads.
If NTHREADS is set to zero, then all available CPU cores will be used. The parameters NSTP, NPAS, and NRUN denote different numbers
of time iterations, the total number of iterations being the sum of these. If NSTP is different from zero, then the program starts the
time propagation using an analytic initial function defined in the subroutine INITIALIZE. If NSTP is zero, the program reads an initial
wave function for the calculation from input files, i.e., from the previously calculated files named <code>-wave-fun-fin.txt. In
this way one can perform the imaginary- or real-time propagation with a pre-calculated wave function. The supplied programs use
the pre-defined value NSTP = 10 and use an analytic wave function as the initial state. When using a pre-calculated wave function by
setting NSTP to zero, the number of space grid points N (1D) and NX, NY (2D) employed previously should match exactly the number
of points used in the current program. The supplied programs assume equal numbers of space step points in both imaginary- and
real-time propagation. The parameter OPT_SO selects the type of SO coupling. In 1D, OPT_SO = 1, 2, 3 uses the SO couplings ypx Xy,
ybxXy, and ypy X, respectively. In 2D, OPT_SO = 1, 2, 3 uses Rashba, Dresselhaus, and an equal mixture of Rashba and Dresselhaus
SO couplings, respectively. The choice OPT_SO = 0 corresponds to no SO coupling. The parameters MAG_0, GAMO (GAMMAQO in 1D)
and OMEGAO denote magnetization, the strength of SO coupling y and that of Rabi coupling £2, respectively. The parameter OPT_PROP
selects the type of time propagation: imaginary-time (1) and real-time (2). All input data are conveniently placed at the beginning of
each program, as before [5]. After changing the input data in a program a recompilation is required. The output files are conveniently
named such that their contents can be easily identified, following the naming convention introduced in Ref. [5]. For example, a file
named <code>-out.txt, where <code> denotes imaginary- (im) or real-time (re) propagation, represents the general output file
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Table 1
Different modules of the 1D and 2D programs and their usage.
Module name Type Usage
IMRE1D MAIN Main program
INITIALIZE Subroutine Calculates or reads the initial function
CALC_TRAP Subroutine Calculates the confining trap
COEF Subroutine Calculates the coefficients of the Crank-Nicolson method
SO Subroutine Propagates the spin-orbit coupling term in time
1D LU Subroutine Crank-Nicolson time propagation
HERM Subroutine Propagates the off-diagonal terms of the GP equation
and the Rabi coupling term in time
CALCNU Subroutine Propagates the diagonal parts of the GP equation in time
LENGTH Subroutine Calculates the length of the condensate
RENORM Subroutine Fixes the normalization and magnetization
ENERGY Subroutine Calculates the energy of the condensate
SIMP Function Performs integration by Simpson’s rule
IMRE2D MAIN Main program
INITIALIZE Subroutine Calculates or reads the initial function
CALC_TRAP Subroutine Calculates the confining trap
COEF Subroutine Calculates the coefficients of the Crank-Nicolson method
NeJ Subroutine Propagates the spin-orbit coupling term in time
2D LUX Subroutine Crank-Nicolson time propagation in x variable
LUY Subroutine Crank-Nicolson time propagation in y variable
HERM Subroutine Propagates the off-diagonal terms of the GP equation
and the Rabi coupling term in time
CALCNU Subroutine Propagates the diagonal parts of the GP equation in time
INTEGRATE Function Performs double integration in x and y
RADIUS Subroutine Calculates the radius of the condensate
RENORM Subroutine Fixes the normalization and magnetization
ENERGY Subroutine Calculates the energy of the condensate
SIMP Function Performs integration by Simpson’s rule
Table 2
Name and description of input parameters and output files.
Name Description
NSTP, NPAS, NRUN Number of time iterations,
NSTP = 0 reads initial function,
NSTP > 0 calculates initial function
N, NX, NY Number of space integration points
NTHREADS Number of threads used
Input NTHREADS = 0 uses all threads
C0,C2 Nonlinear input parameters (co, ¢3)
OPT_SO Selects the type of SO coupling
DX, DY Space discretization steps
OPT_PROP Selects the type of time propagation
imaginary-time (=1) or real-time (=2)
OPT_ST Selects initial function in 2D
MAG_0 Magnetization (m)
GAMO Strength of SO coupling (y)
OMEGAO Strength of Rabi coupling (£2)
im-out.txt Input parameters, energy and size
im-den-<desc>.txt <desc>=ini initial & =fin final density
Output im-phase.txt phase of a 2D wave function
im-wave-fun-<desc>.txt <desc>=ini initial & =fin final wave function
im-den-rad-<desc>.txt <desc>=ini initial & =fin final radial density (2D)

containing input data, space and time steps DX, DY and DT, nonlinearity ¢y and c;, energy, size, etc. The files <code>-den-ini.txt
and <code>-den-fin.txt contain the initial and final components and total densities in different columns. In 1D (2D) these densities
are functions of one (two) space point(s) placed in the first (and second) column(s) of the respective files. The densities o1, po, P—1,
and p can be found in the successive columns. The file <code>-den-rad-fin.txt stores the final linear radial densities p.1, po, p—1,
and p for the 2D GP equation in different columns, while the space points are saved in the first column. The file <code>-wave-fun-
fin/ini.txt contains the final/initial complex wave functions. For a 2D BEC, the file <code>-phase.txt contains the phases of the
component wave functions in different columns, since the phase is important for the study of angular momentum of the respective
states. The printing of some of these files, such as the initial density and wave function, is commented out in the programs, so that the
supplied programs do not print these.

We provide below the beginning of the 1D program where the parameters are defined so that the reader can easily identify the
different statements there. The 2D program is quite similar.

! Begin selection of input parameters

MODULE COMM_DATA

! SELECT # OF SPACE POINTS N AND # OF TIME ITERATIONS NSTP, NPAS & NRUN

! USE NSTP = 0 TO READ WAVE FUNCTION FILE FROM STDIN: < im-wave-fun-fin.txt
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INTEGER, PARAMETER :: N = 640, NX = N-1, NX2 =N/2
INTEGER, PARAMETER :: NSTP = 10, NPAS = 1000000, NRUN = 100000
INTEGER, PARAMETER :: NSTP = 0, NPAS = 1000000, NRUN = 100000
Number of OpenMP threads, less than or equal to the maximum available cores.
INTEGER, PARAMETER :: NTHREADS = 0 ! NTHREADS = 0 uses all available cores
REAL (8), PARAMETER :: Pi = 3.14159265358979D0
END MODULE COMM_DATA
sk ok sk sk sk sk sk ok ok sk o o ok ok sk sk ok sk sk o o ok ok sk sk ok sk sk o o sk ok sk sk sk sk sk s ok ok sk sk sk sk sk sk ok ok sk sk sk sk sk sk ok ok ok sk sk ok ok ok
MODULE SPIN_PARS
USE COMM_DATA, ONLY : PI
Pxkxkkkx SELECT POLAR (C_2 > 0) OR FERROMAGNETIC (C_2 < 0) BEC **x*x*x*x
! REAL (8), PARAMETER :: C_0=241.d0, C_2= 7.5d0 ! Anti-ferromagnetic
REAL (8), PARAMETER :: C_0=885.d0, C_2=-4.1d0 ! Ferromagnetic
END MODULE SPIN_PARS
sk ok sk sk sk sk ok ok ok o o o ok ok sk sk ok sk sk o o ok ok sk sk ok ok sk o o ok sk sk ok sk sk o o sk sk sk sk sk sk ok o ok sk sk sk ok sk sk o ok koK ok ok ok ok
MODULE GPE_DATA
USE COMM_DATA, ONLY : N, Pi
USE SPIN_PARS, ONLY : C_0, C_2
sk ok sk ok sk sk sk ok ok sk o o ok ok sk sk ok sk sk o o ok sk sk sk sk sk s o ok sk sk sk sk sk sk o ok sk sk sk sk sk sk ok sk ok sk sk sk sk sk o o sk ok sk sk sk sk sk sk ok sk ok sk sk sk sk sk sk o sk sk sk sk sk sk sk o ok
!s**x SELECT OPTION FOR SO COUPLING AND STRENGTH GAMMA
! INTEGER ,PARAMETER :: OPT_SO = 0; REAL (8), PARAMETER :: GAMMAO = .00DO ! No SO coupl.
INTEGER,PARAMETER :: OPT_SO = 1; REAL (8), PARAMETER :: GAMMAO = .500D0 ! Sigma_x p_x
! INTEGER,PARAMETER :: OPT_SO = 2; REAL (8), PARAMETER :: GAMMAO = .500D0 ! Sigma_y p_x
! INTEGER ,PARAMETER :: OPT_SO = 3; REAL (8), PARAMETER : : GAMMAO = .500D0 ! Sigma_z p_x
sk o ok sk ok ok ok ok ok o o o K oK 5K oK oK ok oK o o K K 5K oK oK ok ok o o K K oK oK oK ok ok o o o KoK oK oK oK ok o o o K K oK oK ok ok ok o o kK oK oK oK ok ok o o o koK ok ok ok ok ok o o kK ok ok ok ok ok o
REAL (8), PARAMETER :: DX =0.05D0 ! SELECT SPACE STEP DX
!''SELECT OPTION FOR PROPAGATION: IMAGINARY-TIME or REAL-TIME
INTEGER, PARAMETER :: OPT_PROP = 1; REAL (8), PARAMETER :: DT = DX*DX*0.10DO ! IMAG
! INTEGER, PARAMETER : : OPT_PROP = 2; REAL (8), PARAMETER :: DT = DX*DX*0.05D0 ! REAL
! 'SELECT PARAMETERS OF MODEL
REAL (8), PARAMETER :: MAG_O = .400000D0, ACCUR=1.D-6 ! Magnetization
REAL (8), PARAMETER :: OMEGAO = .000DO ! Rabi and SO coupling
1 sk ok sk sk sk sk ok ok ok ok o o ok ok sk ok ok ok ok o o ok sk ok ok ok sk o o ok sk ok ok ok sk o o o koK ok sk ok ok ok o ok ok sk sk ok sk sk o o ok sk sk sk ok sk o o sk sk sk sk ok sk ok o ok ok sk ok sk sk ok o ok
! End selection of input parameters

Below we provide a sample output file re-out.txt for the 2D program for the readers to familiarize.

REAL-TIME PROPAGATION
# of threads = 16

RASHBA SO coupling, GAMMA = 0.500000000000000
RABI coupling Omega = 0.000000000000000E+000
Nonlinearity C_0 = 482.000000, C_2 =15.000000
OPT_ST = 0.750000000000000

Space and time steps: DX = 0.10000, DY = 0.10000, DT = 0.2500E-03
# of space steps: NX= 161, NY =161
# of time steps: NSTP =0, NPAS = 80000, NRUN = 10000

NSTP iter.: 3.469 2.194 3.469 8.1969 0.0000
NPAS iter.: 3.468 2.193 3.468 8.1969 -0.0000
NRUN iter.: 3.469 2.195 3.469 8.1969 -0.0000
Clock Time: 129 seconds

CPU Time: 2048 seconds

Another crucial aspect for the execution of imaginary-time propagation to find the lowest-energy ground state is a proper choice of
initial state with right symmetry property as the final state. Different types of states can be obtained for different sets of parameters.
Without SO coupling, the solution is of the Gaussian type and a Gaussian function should be chosen as the initial state. For small
Rashba or Dresselhaus SO-coupling strength y (y < 0.75), the lowest-energy circularly-symmetric state of the three components
of a quasi-2D SO-coupled anti-ferromagnetic (polar) spin-1 BEC is of the (—1, 0, 4+1) or (41, 0, —1) type, where the numbers in the
parenthesis represent the angular momentum of the vortices in the center of the components j = +1, 0, —1, respectively, with the
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Intel Fortran 3
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Fig. 1. Speedup of execution on a 20-core machine with two Intel Xeon E5-2650 processors (2 x 10 CPU cores) versus the number of threads used, for a quasi-1D
and quasi-2D BEC for a typical run. The size of the space grid in 1D is 1000 and in 2D it is 200x200. The programs were compiled using the Intel Fortran compiler
v. 19.0.4.243.

negative sign representing an anti-vortex. For a ferromagnetic spin-1 quasi-2D BEC these states are of the type (0, £1, +2) for Rashba
and Dresselhaus SO-couplings, respectively, in agreement with the consideration of Ref. [26]. For an equal mixture of Rashba and
Dresselhaus SO couplings, for small y, the lowest-energy ferromagnetic BEC states are of the Gaussian type without any vortices; the
anti-ferromagnetic BEC states are of the stripe type with periodic 1D modulation in density. For an efficient computation, the vortices
or anti-vortices are introduced in the initial wave functions when required. The vortex of angular momentum L is imprinted by taking
the initial state as a Gaussian multiplied by the factor (x4 iy)", and an anti-vortex by the factor (x — iy)*. For large SO-coupling strength
v (y Z 0.75), the density of the lowest-energy ground state of the three components of an SO-coupled spinor BEC exhibits different
patterns (not considered in this paper). The initial states in the 2D program have to be chosen accordingly. A stripe pattern is generated
by multiplying an initial Gaussian state by sin(yx) and cos(yx). The user can change the initial state for a SO-coupled BEC by choosing
the value of the parameter OPT_ST. For y < OPT_ST the states of type (1, 0, ==1) and (0, =1, £2) are chosen in anti-ferromagnetic
and ferromagnetic phases, the upper (lower) sign corresponds to Rashba (Dresselhaus) SO coupling. In the anti-ferromagnetic phase,
for y > OPT_ST, the stripe states are chosen as the initial state. However, to reproduce the results reported in this paper there is no
need to change the parameter OPT_ST. For an equal mixture of Rashba and Dresselhaus SO couplings Gaussian-type initial states are
appropriate for the ferromagnetic phase and stripe states for the anti-ferromagnetic phase.

If the imaginary-time propagation is performed, the programs run either by using an initial analytic input function (if NSTP is
not set to zero), or by employing a pre-calculated wave function (if NSTP is set to zero). The real-time propagation can successfully
work only if initialized with a meaningful wave function, usually assuming that NSTP = 0 is set, and that the program will read a
pre-calculated wave function by the earlier performed imaginary-time propagation. The calculation is essentially done within the NPAS
time iteration loop. Another NSTP time iteration is accommodated to verify if the results converged by comparing the energies and sizes
after NPAS and NSTP iterations. The source programs spin-SO-imre1d-omp.f90 (1D) and spin-SO-imre2d-omp.f90 (2D) are located in
the directory src within the corresponding package directory BEC-GP-SPINOR-OMP. A README. md file, included in the corresponding
root directory, explains the procedure to compile and run the programs in more detail using a makefile. In the beginning of each
program the compilation commands are given for GNU, Intel, PG, and Oracle (former Sun) Fortran compilers. They can be compiled by
the make command using the provided makefile in the corresponding package root directory. Otherwise, they can be compiled by the
commands given at the beginning of the programs using Intel, GNU, PGI, and Oracle FORTRAN compilers. The examples of produced
output files can be found in the directory output, although some large density files are omitted, to reduce the software package size.

We conclude this section demonstrating the efficiency of our OpenMP parallelization scheme using the Intel compiler on a machine
with 2 x 10 CPU cores in Fig. 1, where we plot the speedup versus number of threads. The speedup for n threads is defined as the ratio
of clock time for a single thread to that for n threads. From Fig. 1 we find the clock time reduces with the increase of the number of
threads, thus making the execution more efficient in a multi-core machine.

4. Numerical results

All calculations reported below were performed with the predefined space and time steps DX and DT in the programs: in 1D DX
= 0.05, DT = DX*DX*0.1 (imaginary time) and DT = DX*DX*0.05 (real time); in 2D DX = 0.1, DT = DX*DX*0.1 (imaginary time) and
DT = DX*DX*0.025 (real time). To increase the accuracy of calculation, the space step(s) DX and DY should be reduced and the total
number of space discretization points N, NX, and NY increased proportionally.

The parameters of the GP equation ¢y and c, are taken from the following realistic experimental situations. For the ferromagnetic
BEC the quasi-1D trap parameters are | = 2.41927 um, l,, = 0.54 pm and we use the following parameters of 87Rb atoms:
N = 10,000,a9 = 101.8az,a, = 100.4ag, where ag is the Bohr radius. Consequently, c¢ = 2N(ag + 2a2)l/315Z ~ 885 and
¢ = 2N(ay — ao)l/3l}2,Z A~ —4.1. For the quasi-1D anti-ferromagnetic BEC we use the trap parameters | = 4.7 pm, l,, = 1.05 pm
following parameters of 2>Na atoms: N = 10, 000, ay = 50.00az, a, = 55.01ag. Consequently, co & 241 and ¢, ~ 7.5. For the quasi-2D
ferromagnetic BEC we use the following parameters of ’Rb atoms: N = 100,000, a, = 101.8ag, a, = 100.4ag, [27]l, = 2.0157 pm.
Consequently, co = 2N~+/27(ag + 2a5)/3l, ~ 1327.5 and ¢; = 2N+/27(a, — ao)/3l, ~ —6.15. For the quasi-2D anti-ferromagnetic
BEC we use the following parameters of 2>Na atoms: N = 100,000, ag = 50.00az, a, = 55.01ag, [28] I, = 2.9369 wm. Consequently,
Co ~ 482 and ¢, ~ 15.

Although we will calculate the lowest-energy ground state by imaginary-time propagation, it is possible that in some cases for larger
values of SO coupling strength y (not considered in this paper) the imaginary-time approach may converge to a nearby excited state
instead of the lowest-energy ground state for certain initial states. The symmetry, such as parity, of the initial state plays a vital role.
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Table 3

Convergence of energies of harmonically trapped 1D and 2D spin-1 ferromagnetic (ferro) and anti-ferromagnetic (polar) BECs with change of space steps DX and
DY. The parameters in 1D: ¢y = 885, c; = —4.1 (ferro) and ¢y = 241, ¢; = 7.5 (polar). The parameters in 2D: ¢y = 1327.5, ¢c; = —6.15 (ferro), co = 482, ¢c; = 15
(polar). The SO-coupled results in 1D refer to the coupling yp, X, with y = 0.5 and those in 2D correspond to the Rashba coupling with y = 0.5. The parameters
considered here are appropriate for a Rb and Na BEC with trap parameters of Ref. [25].

DX (=DY) 1D (ferro) 1D (ferro) 1D (polar) 1D (polar) 2D (ferro) 2D (ferro) 2D (polar) 2D (polar)
energy % error energy % error energy % error energy % error
0.4 36.01167 0.00058 15.12364 0.00066 13.59737 0.00176 8.19636 0.00660
0.2 36.01146 0 15.12354 0 13.59759 0.00015 8.19687 0.00037
0.1 36.01146 0 15.12354 0 13.59761 0 8.19690 0
< 0.05 36.01146 0 15.12354 0 13.59761 0 8.19690 0
Table 4

Energies of harmonically-trapped spin-1 anti-ferromagnetic (polar) and ferromagnetic (ferro) quasi-1D and quasi-2D BECs for different values of
magnetization m. In the quasi-2D case we consider only the circularly-symmetric states. The parameters in 1D: ¢ = 241, ¢c; = 7.5 (polar) and
co = 885, c; = —4.1 (ferro), space step DX = 0.05, time step DT = 0.00025. The parameters in 2D: ¢, = 482, ¢; = 15 (polar) and ¢y = 1327.5,
c; = —6.15 (ferro), space steps DX = DY = 0.1, time step DT = 0.0005. The SO-coupled (SO-cpld) results in 1D refer to the coupling ypy Xy with
y = 0.5 and those in 2D correspond to the Rashba or Dresselhaus coupling with y = 0.5. For systems with large nonlinearities the numerically
obtained energy E,., lies between the TF [29] and variational (var) limit: Ergp < Epym < Evar. The parameters considered here are appropriate for a
Rb and Na BEC with trap parameters of Ref. [25].

m 1D 1D 1D 1D 1D 2D 2D 2D 2D
spinor spinor spinor spinor SO-cpld spinor spinor spinor SO-cpld
[25] var TF y =0.5 var TF y =05
0 15.2485 15.2485 15.7522 15.2239 15.1235 8.3605 8.8155 8.2577 8.1969
0.1 15.2514 15.2514 8.3617
0.2 15.2599 15.2599 8.3652
Polar 0.3 15.2743 15.2743 8.3710
0.4 15.2945 15.2945 8.3793
0.5 15.3209 15.3209 8.3900
0.6 15.3537 15.3537 8.4033
0 36.1365 36.1365 37.3574 36.1243 36.0115 13.7420 14.5364 13.6723
0.0468 36.1365 13.7420 13.5976
0.1 36.1365 36.1365 13.7420
Ferro 0.2 36.1365 36.1365 13.7420
0.3 36.1365 36.1365 13.7420
0.4 36.1365 36.1365 13.7420
0.5 36.1365 36.1365 13.7420
0.6 36.1365 36.1365 13.7420

An even-parity (odd-parity) initial state will find the lowest-energy state with even (odd) parity. For small y there are only a few
possibilities of symmetry and this problem does not appear for the results reported in this paper. But for larger y, and especially in
the quasi-2D case, there are states with many possibilities of symmetry and it may not be easy to know, a priori, the symmetry of
the lowest-energy state. Hence, for large y, it is advised to repeat the calculation with different initial states, so as to be sure that the
converged state is indeed the lowest-energy ground state. In fact, any numerically computed final wave function, obtained with the
same number of space points, can be used as the initial state for a new calculation.

Before we illustrate our results, we now study in Table 3 the convergence of our calculational scheme in 1D and 2D for SO-coupled
ferromagnetic and polar BECs employing the above-mentioned parameters in 1D and 2D upon the reduction of space steps DX and (=
DY) from 0.4 to 0.05. In this Table we display the energies, viz. Eq. (5), and the respective percentage numerical errors for four different
sets of parameters in 1D and 2D. We see that upon a reduction of space step the energy value rapidly converges. The result for energy
with space step 0.4 is already very accurate and the result remains unchanged to five significant figures after the decimal point for

0.04,—— o E— 0.04 — ] M2 o E— 0127, —— = —,
_ +1
Erp = 35.9993 %%, _ —= P Epp = 15.0989 f}‘ L ¢ = 241 L
0.031cy=s85 % PO 1 0.031¢,= 4. — py| 0.09)a=2m it PO 1 0.097 e =75 <
2 o=-41 ¢ v« TF m=04 TF =175 ¥ « TF "= 04 -— P
2 0.02{m=0 § §’\ 0.02{7=0 0.061m =0 ; i 0.0617=0
ko) y=05 4 ; ¥ =05 ; f
0.01 ] 0.01 0.03 0.031
(b) wm"waﬁﬁq.ﬂ*ﬁ*ﬁ (d)
0.00 0.00 0.00 0.00
-6 -8 0 8 16 -16 -8 0 8 16 -1 10 -10 -5 0 5 10
T T T T

Fig. 2. Numerically calculated component density p;(x) (lines) and energy E of a quasi-1D harmonically trapped SO-coupled ferromagnetic BEC with nonlinearities
co = 885, c; = —4.1 and (a) y = 0.5 and (b) m = 0.4, y = 0, compared with the analytic TF result (chain of symbols). The same for an anti-ferromagnetic BEC
with nonlinearities ¢o = 241, ¢c; = 7.5 and (c) y = 0.5 and (d) m = 0.4, y = 0. The SO-coupling is ypx Xy with y = 0.5 in all cases. All densities are calculated by
imaginary-time propagation employing Gaussian input functions. All results reported in this paper are in dimensionless units, as outlined in Section 2.
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0.0014  0.0028

m = 0.047, v =0.5

0 0.0025  0.005 0 0.013  0.026 0 0.0025  0.005

Cy = 1327 p
ey =—6.15 J =71

0 0.004  0.008 0 0.013  0.026 0 0.0043  0.0086

Fig. 3. Contour plots of numerically calculated component densities pj(x,y) for (a) j = +1, (b) j =0, and (c) j = —1 of a quasi-2D harmonically trapped Rashba or
Dresselhaus SO-coupled ferromagnetic BEC with nonlinearities co = 1327.5, ¢; = —6.15, the SO-coupling strength y = 0.5. (d)-(f) A Rashba or Dresselhaus SO-coupled
anti-ferromagnetic BEC with nonlinearities ¢y = 482, ¢, = 15, and y = 0.5. (g)-(i) A ferromagnetic BEC with ¢y = 1327.5, c; = —6.15, y = 0.5 for an equal mixture
of Rashba and Dresselhaus SO couplings. (j)-(I) An anti-ferromagnetic BEC with ¢y = 482, c; = 15, y = 0.5 for an equal mixture of Rashba and Dresselhaus SO
couplings. The numerical energies are displayed in plots (a), (d), (g), and (j).

space steps 0.1 and 0.05 both in 1D and 2D. In the following we will present results of our study with space steps 0.05 and 0.1 in 1D
and 2D, respectively. The accuracy increases as the space-step is reduced, but a reduced value of space step requires a larger number
of time iterations for convergence. Hence, it is computationally more economic to use a large space step.

In Table 4 we show the energy, viz. Eq. (1), of an anti-ferromagnetic and a ferromagnetic BEC in quasi-1D and quasi-2D traps for
different values of magnetization m. For the quasi-2D trap, we consider only the circularly-symmetric states. In 2D the energies are
the same for both Rashba and Dresselhaus SO couplings, although the underlying wave functions are different. The analytic TF and
variational energies are also displayed, for comparison, as well as those from Ref. [25]. In the case of a ferromagnetic BEC without SO
coupling, the energies are independent of m values, whereas in the anti-ferromagnetic case the dependence on m exists, as can be
seen. In both cases the analytic TF and variational energies are independent of m. For condensates with large densities as in Table 4,
where the TF results are reliable, the actual energies are larger than the corresponding TF values [29]. On the other hand, the variational
energies are always larger than the actual energies. Hence for large nonlinearities, as we see in Table 4, the variational and TF energies
define the two bounds for the actual, numerically calculated energy. In Table 4 we also present the numerically calculated energies for
the SO-coupled BECs in 1D and 2D for y = 0.5.

We show the numerically calculated and the TF component densities p;(X) of a quasi-1D harmonically trapped ferromagnetic SO-
coupled BEC for ¢y = 885 and c; = —4.1, with y = 0.5 in Fig. 2(a) and m = 0.4, y = 0 in Fig. 2(b), along with the corresponding
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Fig. 4. (a) Numerically calculated component densities of the quasi-1D SO-coupled ferromagnetic BEC of Fig. 2(a) with ¢o = 885, c; = —4.1, y = 0.5 during the
real-time evolution at times t = 50, 100, 150, 200 (full lines), using the imaginary-time wave function as the initial state, compared with the converged imaginary-time
densities shown in Fig. 2(a) (chain of symbols). The parameter ¢, was changed from 885 to 920 at t = 0. (b) Numerically calculated radial component densities of the
quasi-2D anti-ferromagnetic Dresselhaus SO-coupled BEC of Fig. 3(d)-(f) with ¢y = 482, ¢c; = 15, y = 0.5 during the real-time evolution at times t = 50, 100, 150, 200
(full lines), using the imaginary-time wave function as the initial state, compared with the converged imaginary time densities (chain of symbols). The parameter cy
was changed from 482 to 500 at t = 0.

energy values given by Eq. (5). All the states reported here are the lowest-energy ground states for a given set of parameters, obtained
by imaginary-time propagation. The same quantities are shown for an anti-ferromagnetic BEC with ¢o = 241 and c; = 7.5, with
y = 0.5 in Fig. 2(c) and with m = 0.4, y = 0 in Fig. 2(d). The SO coupling in both cases is of type ypy Xy with y = 0.5. These nonlinear
parameters ¢y and c; were considered previously in Ref. [25]. These states are calculated with the analytic initial functions, included
by setting NSTP # 0.

We now exhibit the density of a Rashba SO-coupled quasi-2D spinor BEC for y = 0.5. The BEC components develop distinct angular
momentum structure in this case. To illustrate this, we display in Fig. 3(a)-(c) the contour plots of densities of a ferromagnetic Rashba or
Dresselhaus SO-coupled BEC. In Fig. 3(d)-(f) the corresponding contour plots of an anti-ferromagnetic Rashba or Dresselhaus SO-coupled
BEC are shown, while Fig. 3(g)-(i) displays the same for a ferromagnetic BEC for an equal mixture of Rashba and Dresselhaus couplings.
In Fig. 3(j)-(I) the plots are shown for an anti-ferromagnetic BEC, also for an equal mixture of Rashba and Dresselhaus couplings. In
all cases the nonlinearities ¢y and c, are the same as in Table 3. The components j = +1,0 and —1 in Fig. 3(a)-(c) have angular
momentum 0, £1, 2, respectively, for Rashba and Dresselhaus SO couplings. On the other hand, the components in Fig. 3(d)-(f) have
angular momentum 1, 0, &1, respectively, for Rashba and Dresselhaus SO couplings. The angular momenta of the spinor components
were found from the contour plot of the phases of the corresponding wave functions (not explicitly considered in this paper).

Finally, we demonstrate the dynamical stability of the imaginary-time results using the real-time propagation for a large interval
of time. Using the converged imaginary-time wave function as the initial state, the real-time calculation is initiated after introducing a
small perturbation, by changing the value of ¢y at t = 0 by a small amount. First we consider the quasi-1D SO-coupled ferromagnetic
spinor BEC of Fig. 2(a) and perform a real-time simulation for 200 units of time by changing cy from 885 to 920. The component densities
at times t = 50, 100, 150, and 200 are plotted in Fig. 4(a). The imaginary-time converged results (chain of symbols) are also shown,
for comparison. Next we consider a quasi-2D anti-ferromagnetic Rashba SO-coupled spinor BEC with ¢ = 482,¢, = 15,y = 0.5,
viz. Fig. 3(d)-(f), which is taken as initial state and a real-time propagation is performed for 200 units of time upon changing co from
482 to 500 at t = 0. The radial component densities are plotted at times t = 50, 100, 150, and 200 in Fig. 4(b) together with the
converged imaginary-time density (chain of symbols). The fact that all component densities in Fig. 4(a) and (b) for a quasi-1D and
a quasi-2D BEC over a large interval of time are stable during the real-time propagation demonstrates the dynamical stability of the
condensate.

5. Summary

We have presented efficient OpenMP FORTRAN programs for solving the GP equation for a three-component spin-1 spinor BEC and
used these to calculate the densities and energies for various values of system parameters. Different SO and Rabi coupling terms can
be included in the programs. We provide two sets of programs: one for a quasi-1D BEC and the other for a quasi-2D BEC. Each of these
programs is capable of executing both the imaginary- and the real-time propagation. The imaginary-time propagation programs yield
appropriate results in agreement with variational approximation in all cases [21,30]. We use the split-step Crank-Nicolson discretization
to implement time propagation, relying on our earlier OpenMP FORTRAN programs of Ref. [6]. The GP equation can be solved by
imaginary- or real-time propagation with an analytic wave function or a pre-calculated numerical wave function as the initial state.
We stress that the convergence with one initial state could be much faster than with another initial state, and tailoring the input wave
function using an analytic or a previously calculated numerical wave function is always an advantage. We have also presented the
results for density and energy of different states and compared these with analytic variational and TF approximate results.
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Appendix A. Detailed numerical procedure

All terms in Eqs. (1) and (2), except the last terms containing explicit complex conjugation, have the form of a conventional diagonal
GP equation for a three-component BEC, whose solution procedure employing the split-step method is well known. The last non-
diagonal terms in Eqs. (1) and (2), as well as the Rabi coupling terms proportional to §2 require special attention. In explicit matrix
notation, the split-step equation that takes into account the last terms of Eqs. (1) and (2), together with the Rabi coupling terms
proportional to §2, can be written as

Yia(r, t) Yia(r, t)

0 a O
iop | vo(r,t) | =A| Yo(r,t) |, where A= (a* 0 b) , (A1)
Yoa(r,6) Yoa(r, ) 0 b0
and a = ¥ + 2, b = QYL + 2. The real eigenvalues of the Hermitian matrix A are A; = C = +/|a*> + |b]?, A = 0, and
A3 = —C, while the corresponding eigenvectors are v; = (vq1, v12, v13)] = (a, C, b*)T, v = (va1, Va2, v23)7 = (b, 0, —a*)", and
v3 = (v31, U3, v33) = (a, —C, b*)T, respectively. For a sufficiently small time step A, the solution of Eq. (A.1) is given by
Yia(r, t + A) e—idM 0 0 Yya(r, t)
Yolr.t+4) [=v| 0 e 0 V| yo(r.0) |, (A2)
Yoalr £+ A) 0 0 e Yoalr o)
where
V11 VU1  U3q a b a 1 a* C b
V=(vp vn wvp)=(C 0 —C), VvV'i=—(2* 0 -2a]. (A3)
V13 U3 Us3 b* —a* b* 2C a* —C b

In Eq. (A.2) the right-hand-side is considered known, since it is expressed in terms of the wave-function values at time t, and thus the
wave function is easily propagated to time t + A. In case of larger spins, if the matrix A of larger dimension cannot be analytically
diagonalized, it can be diagonalized numerically by one of the many available subroutine packages.

When we consider the SO coupling terms proportional to ¥, they can be also evaluated at time t using the known wave-function
values, and the corresponding split-step equations can be solved to propagate the wave functions to time t + A. For example, in case
of the yp, Xy coupling in 1D, these are performed via

ij:](l‘, t + A) = w:l:l(r’ t) - A’]\;axwo(r! t) ) (A4)
Yolr, €+ 4) = Yo(r, ©) = A [ dria(r, 0+ dra(r, 0] (A5)

In Egs. (A.4) and (A.5) the right-hand-side at time t is known and hence the wave-function values at time t + A can be obtained from
those at time t. All SO coupling terms are treated in the same fashion.

The simultaneous maintenance of the normalization and magnetization m, viz. Eq. (4), during the time propagation, given by Egs. (4),
is done following the procedure of Ref. [31], by rescaling the wave-function components after each time step A according to y¥; — d;;,
where

A—m2 14+ m—djNo 1—m—d3No
do = L= e, = (A6)

\/No + \/4(1 — m2)N4N_y + m2N2

and N; = f dr pj(r, t). However, when the SO coupling does not commute with X, we do not impose the condition of conservation of
magnetization and the rescaling is done according to

1
VNo+ NG +N

Appendix B. Supplementary data

dy=dyy=d = (A7)

Supplementary material related to this article can be found online at https://doi.org/10.1016/j.cpc.2020.107657. It contains analytic
variational and Thomas-Fermi approximations developed for the calculations presented in this paper.
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Supplementary Material: Spin-1 spin-orbit- and Rabi-coupled Bose-Einstein
condensate solver

1. Variational and Thomas-Fermi approximations

The Gross-Pitaevskii equations (1) and (2) can be derived from the energy functional [1, 2]

1
Ely] =5 f dr{Z|vrw,-|2+2V<r>p+cop2
j

+ e [p2 + P2+ 2(pa1po + P10 = parpt + YW + U )|

Q
+ @[(Wil Y Wo + Yo(er + l//—l)] Y 1O ) + 0T fo1(On)) + ‘//Sg(arl/’j)} (D)

We describe now two approximation schemes for the solution of the spinor GP equations, i.e., the variational
approximation and the TF approximation [3, 4]. For a ferromagnetic BEC (¢, < 0) without SO coupling, the ground-
state densities are essentially proportional to each other, such that

Yir) = ag(r), j = 1,0, )
where a; are complex numbers and the function J(r) is to be determined. If we substitute Eq. (2) into Egs. (1) and
(2), we obtain three equations for the unknown function (r). For these equations to be consistent, one must have [3]

~ 1 — |~ — —
i (r) = —5V2 + V(1) + gp(0) |[Y(r),  p(r) = (), 3

with ¢ = (cp + ¢2) and subject to fﬁ(r) dr = 1, with u the chemical potential and |y | = (1 £m)/2, |ag| =
/(1 = m?)/2 . For the ground state of an anti-ferromagnetic BEC (c; > 0), the j = 0 component is absent, ¥ = 0. In
this case Eq. (2) holds only for m = 0, with |a.| = 1/ V2, @y = 0, while Eq. (3) is again valid with g = ¢o.

1.1. Variational approximation

Equation (3) can be derived by a minimization of the energy functional
1 ~ 2 ~ 2 ~ 4
E=> f dr[|w/(r)) + 2G| + g )| ] )
. . ~ -d/2 2 . . .
We consider the variational ansatz ¥ (r) = [w \/7_r] exp (—;7) where d = 1in 1D and d = 2 in 2D, and w is a

variational parameter. With this ansatz the energy functional becomes

PPN N |

4w? +T+2(W\/ﬂ)d.

The parameter w is obtained by a minimization of this energy.

&)



1.2. Thomas-Fermi approximation

In absence of SO coupling (y = 0), for an anti-ferromagnetic (c; > 0) spin-1 BEC with zero magnetization
and for a ferromagnetic (c; < 0) spin-1 BEC, there are simple analytic solutions based on a decoupled mode TF
approximation and we quote the results here. The density of the three components are given by [3]

2

12 -1
pi(®) = la;Pprr(r) = |o)* dzg (©6)

where L; = [3g/2]'3 in 1D and L, = [4g/n]"/* in 2D. In 1D this density is the linear density, while in 2D it is the
radial density. The TF energy can be evaluated and yield Err = 3[3g/2]*3/10 in 1D, and Etg = 2+/g/n/3 in 2D.

Some useful analytic results can be obtained for a ferromagnetic BEC in 1D in the absence of magnetization
(m = 0) for non-zero SO (y # 0) and Rabi (Q # 0) coupling strengths. The ansatz for the wave function components
is taken to be @y = €7*/2, ag = —€"*/ V2in Eq. (2), viz. Eq. (22) of Ref. [5]. For the SO coupling of the form yp.%,,
the total energy for small values of y # 0 can be now evaluated to yield ETF = Erg— 7 — Q, where Etf are the above
calculated expressions in 1D or 2D. In this case the TF profile for the density remains unchanged for small y and Q.
However, the energy gets modified due to the SO and Rabi couplings.

Additional useful analytic results can be obtained for an anti-ferromagnetic BEC in 1D in the absence of magne-
tization (;m = 0) for a non-zero SO coupling strength (y # 0). The ansatz for the wave function components in this
case is taken to be a.; = isin(yx)/ V2, a0 = - cos(yx) in Eq. (2), viz. Eq. (18) of Ref. [5]. For the SO couphng of the

form yp,Z,, the total TF energy for small values of y # 0 and Q # 0 can be now evaluated: ETp = Emp — — . The TF
profile for the density remains unchanged for small y, but the energy gets modified due to the SO couphng
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Abstract

Validation of LLM-agent social simulations remains underdeveloped, with most
studies relying on subjective assessments or single runs. We address this gap by
running 30 independent 30-day simulations of a technology forum modeled on
Voat’s v/technology, using stateless Dolphin Mistral 24B agents on the Y Social
platform, and evaluating operational validity across five dimensions: activity pat-
terns, network structure, toxicity, topical coverage, and stylistic convergence.
Against 30 matched, non-overlapping 30-day Voat comparison windows, results
show overlapping 99% confidence intervals for unique users, root posts, and
daily active users, while comments, average thread length, and mean toxicity
remain higher in simulation. Both simulated and empirical networks exhibit
core—periphery structure, though simulated cores are larger and more diffuse and
repeated interactions are less frequent. Topic alignment is near-complete, but
toxicity is misallocated across content layers: simulated root posts are substan-
tially more toxic than real submissions, while simulated comments are less toxic
than Voat comments. These findings demonstrate that LLM agents in platform-
faithful environments can reproduce familiar online regularities, while systematic
divergences—particularly those linked to stateless agent design and content-layer
calibration—point to concrete directions for future improvement.
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1 Introduction

Online social media is a primary arena for public discourse and collective sense-
making, yet it often generates polarization, echo chambers, harassment, and norm
violations that co-evolve with moderation and platform design [1-4]. Studying such
dynamics in vivo is increasingly difficult in the post-API era due to ethical issues,
limited access, and reproducibility constraints [5]. Complementary to traditional
agent-based models, recent LLM-based simulations embed language-model agents in
platform-faithful environments to test whether recognizable online regularities emerge
from culturally informed, norm-conditioned interactions [6-8]. However, generating
realistic contentious and toxic discourse remains challenging: standard aligned mod-
els tend toward politeness and consensus, poorly suited to simulate the disagreements
and norm violations that drive real online dynamics. Moreover, generative agent-based
modeling faces a central methodological challenge: rigorous validation frameworks
remain underdeveloped [8, 9]. Recent reviews find that most studies rely on subjective
“believability” assessments rather than quantitative comparison with empirical data,
and nearly all report results from single simulation runs, akin to drawing conclusions
from a single case study [8]. Newly emerging proposals thus caution against treating
LLM outputs as substitutes for human participants without explicit empirical checks
[10, 11]. Even when multi-user discussions appear realistic, conversational realism
does not guarantee that platform-level structures and distributions match the target
system [12-14]. Ground truth for validating that agents act as the persons they simu-
late is rarely accessible, and the black-box nature of LLMs intensifies interpretability
problems [10].

As online platforms begin to mix people and artificial users in the future, human-
machine interactions will become an increasingly important subject of social-science
research [15]. Understanding what AI agents alone can produce in a social media
environment provides a critical baseline for later human-machine studies, where even
suspected machine presence may change how people act. The present work presents
a first step toward this goal, by studying machine-machine interaction in a Reddit-
like forum. We treat LLM agents as carriers of cultural knowledge and conversational
norms [16], and ask whether they can share, remix, and react to content in ways
that yield familiar social-media patterns, without agents being given a specific aim or
over-control of their behavior.

We view LLM agents as cultural technologies rather than payoff-maximizing deci-
sion makers. Agents do not optimize utilities for posting, replies, or visibility. Instead,
models trained on large conversational corpora encode social norms, roles, and rou-
tines. In practice, agents respond by what seems appropriate in context—given a
topic, a thread position, and a persona—rather than by trying to achieve a specific
goal through reward maximization. This lets us test whether compressed cultural



knowledge alone can generate familiar online patterns when placed inside a realistic
platform setting [7, 16, 17].

Concretely, we simulate Voat’s v/technology forum on the Y Social platform using
persona-based LLM agents and a fixed catalog of technology URLs drawn from the
original forum. To preserve disagreement and the possibility of toxic speech, we use
the uncensored Dolphin Mistral 24B model. Voat offers a useful baseline because its
Reddit-like architecture and complete lifecycle data enable platform-faithful calibra-
tion, while v/technology itself is comparatively mainstream in topic content on the
platform, though not necessarily in ideological composition.
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Fig. 1 Visual abstract of the simulation and validation workflow. The study proceeds
through four stages. (1) Calibration data: we extract user activity parameters from 10 non-
overlapping 30-day samples of Voat’s v/technology subverse (MADOC dataset). (2) LLM agent
profile: each agent is assigned a concise persona comprising education level, political leaning, age,
per-round action budget, topical interests, and a toxicity propensity level. (3) LLM simulation:
the Y Social platform runs 30 independent 30-day simulations using Dolphin Mistral 24B; agents
enter and exit the population daily according to calibrated growth and churn rates, choose actions
via persona-guided prompts and stochastic menus, and their interactions are mapped to a weighted
undirected network. (4) Result validation: simulation outputs are compared against 30 matched,
non-overlapping 30-day Voat windows across five dimensions: user activity patterns, network structure
(core-periphery, degree distribution, repeated interactions), and text analysis (toxicity, convergence
entropy, topic modeling, embedding similarity).

We calibrate population size, growth, posting and reply likelihoods, and per-
round action budgets to Voat’s v/technology and run 30-day simulations. We adopt a
complex-systems view [6, 8]: can LLM agents, carrying compressed cultural knowledge
and operating under realistic platform constraints, reproduce the emergent patterns
characteristic of online communities?



We address this question through three validation dimensions, which also structure
our contributions:

1. Activity patterns: Do simulated posting rates, thread dynamics, and user
turnover match empirical distributions? We provide a platform-faithful baseline
calibrated to Voat’s v/technology with replicated validation across 30 runs.

2. Network structure: Does the interaction network exhibit comparable struc-
tural properties? We analyze core—periphery organization, degree distributions,
and repeated interactions against 30 Voat comparison windows.

3. Textual convergence: Do agent outputs converge toward reference commu-
nity characteristics? We evaluate toxicity distributions, topic alignment via
embedding similarity, and linguistic convergence entropy.

Together, these provide an operational-validation framework and a reproducible
approach to LLM-based community simulation. Figure 1 provides a visual overview
of the complete workflow.

The paper proceeds as follows: we first discuss our view of LLMs as social
agents, then outline the simulation approach and design, detail evaluation meth-
ods, present results on activity, network structure, toxicity, topics/embeddings, and
stylistic convergence, and discuss implications and limitations.

2 LLMs as social agents

Recent work argues that large language models are best understood as cultural and
social technologies: systems that reorganize and render usable the information pro-
duced by people, just as print, markets, and bureaucracies have historically done [17].
From this perspective, the key question is not whether models can be autonomous
minds, but how they moderate access to, and coordination of, cultural repertoires
and human knowledge. Much like earlier technologies, LLMs reduce complexity and
function as mediators between individual actors and a broader repository of human
knowledge and culture, simultaneously being shaped by existing epistemic and sym-
bolic structures and reciprocally influencing them [16]. Their ability to compress and
disseminate information and cultural scripts, while continually being refined by exter-
nal input (primarily through reinforcement learning from human feedback) positions
them as potentially central to processes of meaning-making in mediated publics. This
implies a broad array of potential applications and risks yet to be fully understood
[17].

What makes large models a particularly valuable resource for researchers seek-
ing to understand social patterns is their ability to not only store, reproduce, and
transform vast amounts of data, but, with careful prompting, to explicate and sim-
ulate the various social perspectives implicit in it [10, 18]. Consider the action space
agents must navigate to produce realistic threads in a Reddit-like environment: a
single discussion about operating-system updates might involve quoting prior turns,
deploying in-group jargon (kernel, distro, drivers, telemetry), using irony (“just use



Arch”), and sustaining disagreement via reply chains, while reactions and feed visi-
bility concentrate attention on the most contested subthreads. Classical ABMs often
used parsimonious, deterministic, or rational-choice rules for tractability, but these
are poorly suited for such culture-laden, role-dependent interaction [19]. LLM simu-
lations replace payoff optimization with linguistic, norm-guided action selection. This
allows them to capture the compression dynamics underlying human social coordi-
nation [20], i.e. the patterned reductions that emerge from the ways human groups
process and distill cultural and cognitive complexity. Recent work in generative agent-
based modeling has demonstrated the potential for language-mediated simulations [7],
though our approach more specifically targets social media dynamics.

We adopt this norm-guided approach to LLM simulations, positing that agents’
choices are generated via normative role expectations. By “LLM social agent” we
mean a language-model-driven (artificial) participant in an online forum that produces
context-appropriate posts and replies grounded in shared norms, roles, and routines.
Here, the concept of appropriateness implies that agent action is grounded in socially
agreed-upon rules and understandings about what normal, reasonable, and legitimate
behavior is for actors within a given social setting [21]. Instead of pursuing utility
or optimization of returns, agents must favor normative fit and try to adhere to the
prescribed roles and expectations associated with their community.

Since models are trained on human culture, algorithmic fidelity implies that
subpopulation-conditioned agents can inherit group-level beliefs and biases. This
means they reproduce the social constructions—cultural codes, conventions, and
inclinations—already present in the training data, rather than simulating generic
human behavior. At the same time, because their “social cognition” is not experi-
ential, they lack the ability to independently reinterpret norms and negotiate social
constructs [17], meaning they can only mirror the objectified realities established by
humans through socialization and social interaction [22]. By replicating existing cul-
tural narratives, the inherent biases of agents thus closely resemble the real-world
propensities of human actors within a given context [23]|. This allows LLMs to act
as carriers of established hermeneutic structures and enables concrete computational
implementations of social construction [7, 24].

In Reddit-like forums where interaction is language-mediated and governed by
explicit rules and tacit norms, we find this framing fits better than homo-economicus
assumptions: agents generate choices by appropriateness and role, leveraging back-
ground cultural knowledge to ground identities, routines, and sense-making [6, 7, 16].
For instance, under a post about a Windows update and telemetry changes,
an open-source,/privacy-oriented persona may argue for Linux alternatives (e.g.,
Fedora/Debian) and emphasize control and transparency, while a gaming-oriented
persona may defend Windows on the grounds of driver support and DirectX
compatibility.

In line with ABM validation practice simulation succeeds [25-27], if it reproduces
the right distributional patterns for the right reasons, not by matching individuals or
text. Accordingly, we treat LLM agents as tools for studying norm-guided interactions,
not as models of human cognition |7, 28]. Building on prior work, first, we design LLM
agents’ interactions as stateless micro-dialogues, without long-term chat memory.



Second, we expose content through a reverse chronological feed based on post
popularity (ranked by reaction count with recency tie-breaking) within a 96-round
visibility window, so engaged items are surfaced while decisions remain grounded in
recent context. Third, we enforce a small stochastic action menu with heavy-tailed
per-round budgets to induce unequal participation. Fourth, we prioritize mentions
so local conversational dependencies propagate within threads even under stateless
prompting. Fifth, we seed discussion from a fixed Voat link catalog to anchor topics
culturally without external drift.

3 Methods

We implement the study using Y Social, a client-server digital twin of a Reddit-like
forum [29]. The platform consists of three main components: (i) a stateful server that
maintains users, content, and recommendation logic; (ii) a simulation engine that
advances the simulation clock, schedules agents, and orchestrates interactions; and (iii)
a stateless LLM (via Ollama) that generates agent actions and drafts text for posts
and comments based on constraints provided by the engine. This architecture enables
controlling global parameters such as feed design, initial agent population, simulation
duration, activity probabilities, and churn or growth dynamics, while keeping the
agent model fixed. At the same time, it logs the full system trajectory for evaluation.
Implementation details of Y Social are beyond the scope of this paper; we refer readers
to [29] for a detailed description.

3.1 Calibration Data

To inform the simulation design, we analyze samples from the MADOC dataset, drawn
from real-world Voat data, with a focus on the v/technology subverse. This community
centers on technology-related topics (e.g., Big Tech, Al privacy, and gadgets), in
contrast to the more political or conspiratorial content associated with other subverses.

We construct 10 non-overlapping 30-day calibration windows and, for each, com-
pute daily activity, user dynamics, and thread characteristics. Table 1 summarizes the
key metrics used to calibrate the simulation (see also Figure 1, panel 1). Validation
in Results uses a separate set of 30 matched, non-overlapping comparison windows
(each a single 30-day sample).

Taken together, these statistics describe a small and relatively volatile forum:
approximately 576 unique users per 30-day window, with around 32 active users per
day. Threads are shallow (=~ 1.07 comments per post), and overall activity is low (~618
posts and ~665 comments per window). Daily inflow of new users is high (~60%),
and churn is also high (~75%), indicating less persistent engagement. Accordingly,
our simulation emulates a smaller, less stable forum with higher turnover and shorter,
sparser conversations.

To ensure discussions are oriented toward technological topics, we built a fixed-
URL catalog from Voat’s v/technology dataset (MADOC). URLs are cleaned (tracking
removed, domains normalized), deduplicated, and sampled to create a pool of 1,000
links (Table 2). These are stored locally and used during share-link actions.



Table 1 MADOC calibration samples summary for Voat
v/technology (10 windows of 30 days each). Means and standard
deviations are across windows.

Metric

Mean SD Min—Max

Users per 30 days sample 576.10 111.11 385-721

Active users per day

31.52 5.96  21.50-40.57

New users per day (%) 59.44 2.29 55.69-62.49
Churned users per day (%)  75.13 1.73  71.95-76.80

Comments per post
Posts per 30d
Comments per 30d
Active users on day 1

1.07 0.09 0.96-1.19

618.40 109.69 440-819
664.50 135.36 435-864
32.60 15.05 14-66

Table 2 Top calibration domains (from calibration URL list). Examples illustrate the kind of

content used to seed/calibrate topics.

Domain Count Example (brief description)

wikipedia.org 170  Commodore International; Van Eck phreaking
(encyclopedic background on legacy computing and
security)

github.com 62 AdNauseam FAQ (ad tech resistance; extension
documentation)

bitchute.com 60 Platform videos (alternative video hosting;
tech/policy adjacent links)

twitter.com 31 Social link (tweet/profile referenced in discussion)

hooktube. com 26  Alternative YouTube front end (example video link)

reddit.com 21  r/zeronet (discussion hub for decentralized web)

breitbart.com 17  Policy/politics piece (tech adjacent regulatory context)

puri.sm 14 Librem 5 smartphone (privacy focused hardware
product page)

thepostmillennial.com 3 Opinion/news piece (tech-adjacent policy/culture

coverage)

3.2 LLM user profiles

In the simulation, the client instantiates a population of agents with sampled personas
according to Table 3 (see also Figure 1, panel 2). Each agent is assigned a fixed locale

(English, U.S.), an education level

(from high school to PhD), an age between 18 and

60, and 2-5 topical interests drawn from a 10-category, technology-focused catalog.
Agents are also assigned a toxicity propensity level, Absolutely No, No, Moderately,
with probabilities (0.80, 0.15, 0.05). Personas generated like this are constructed for
face validity rather than demographic representativeness and are not calibrated to

Voat’s user population.



Table 3 Agent population initialization parameters.

Attribute Values / Sampling

Locale English (American)

Education level {high school, bachelor, master, phd}

Political leaning Religious-Patriot Conservatives, Pro-Business

Establishment Right, Anti-Elite Populist Right, Socially
Moderate Right

Leaning fractions 0.35, 0.25, 0.25, 0.15

Age 18-60

Actions per activation (round) 1-10

Number of interests 2-5

Interests catalog Social Media & Online Platforms; Internet Policy &

Regulation; Artificial Intelligence; Electric Vehicles &
Transportation; Software Development; Clean Energy &
Sustainability; Cybersecurity & Privacy; Big Tech; Space
Technology; Open Source Projects

Toxicity propensity level {Absolutely No, No, Moderately}; weights 0.80, 0.15, 0.05

Political leaning is the only benchmark-informed constrained attribute; other per-
sona dimensions are sampled broadly. To reflect the ideological profile of v/technology,
agents are sampled from four right-of-center segments listed in Table 3, with fixed
proportions (0.35, 0.25, 0.25, 0.15). These segments correspond to Pew’s 2021 typol-
ogy [30] and are intended to approximate the platform’s alt-right—skewed environment
[31]. The weights are heuristic and used to induce plausible stance variation, not to
estimate Voat’s true population.

Finally, each agent receives a per-round action budget between 1 and 10 actions,
sampled from a truncated Zipf distribution (s=2.5). This produces a heavy-tailed
activity pattern, most agents are minimally active, while a small minority con-
tribute disproportionately, consistent with participation inequality observed in online
communities [32, 33].

Each agent is able to perform the following actions:

1. posting creates a root submission and expands the content inventory;

2. commenting deepens a thread and alters its shape and lifetime;

3. reading represents lurking behavior and can shift interests based on consumed
content;

4. searching steers engagement toward topical items (e.g., searching for Linux
drivers or AI chips) and contributes to topic—interest alignment;

5. share-link propagates existing news posts or ingests fresh articles from the news
database, seeding discussion around real-world content and changing the mix of
link vs. text submissions.



Interests therefore form a simple feedback loop: they shape exposure and search,
are injected into prompts through server-side state, and can themselves shift after
engagement.

Agents interact with the platform through short, stateless micro-dialogues between
an agent and a handler. The handler, implemented by the simulation engine, prompts
the LLM to select actions and generate text. All agent decisions, picking actions from
the menu, generating text, and reacting to content, are made by Dolphin Mistral 24B
Venice Edition (model details are provided in SI Section S1). Importantly, agents
have no internal memory; continuity is maintained via server-side state (e.g., thread
history and user interests) passed into each prompt. They are also linked to a server-
side recommender that provides content across rounds. The feed is non-personalized
and ranked by popularity within a fixed visibility window: posts are ordered by total
reactions (likes + dislikes), with ties broken by recency. Agents do not see their own
posts, and items older than 96 rounds are excluded. When agents open a thread, the
visible reply context is capped at K = 3 prior items. This uniform cap is a pragmatic
context-window control for the smaller model setup rather than a behavioral claim
that all users read equally deep. It keeps conversations grounded in the local thread
context and the agent’s persona. Variable-depth policies tied to agent activity or
empirical thread-depth distributions are a natural future extension.

3.3 LLM simulation

The simulation runs in discrete daily iterations. At t = 0, we set the total duration
of the simulation and initialize the population with 50 agents generated as described
previously. Each day, a subset of agents is activated, and at the end of day t, we
update the population using the rates from Table 4. First, a fraction of agents with
the longest inactivity is removed (ties broken randomly). Then, new agents are added,
sampled using the same initialization procedure, at a rate proportional to the pre-
churn population.

The engagement of active agents is defined by weighted likelihoods, Table 4. The
agent receives a small stochastic menu of actions, and via a prompt, selects one
action at a time until its per-round budget is exhausted. Every turn presents exactly
three options: NONE and two distinct actions sampled (without replacement) from five
options—posting, reading, commenting, searching, and sharing links—according to
engagement-likelihood weights. Chosen weights can reproduce the observed comment-
to-post ratio, but the mapping from per-turn menus to realized comment volumes is
not linear due to reply cascades and thread depth. Passive engagement, such as expo-
sure without content creation, is not directly observable in the calibration data, so
the read/search weights must be treated as heuristic. MADOC includes only a static
subscriber-count field rather than a time-varying membership series, so it cannot
support direct calibration of passive engagement dynamics.

Implementation details (e.g., prompt templates and client modifications) are
available in the project repositories.

1Upstream client: https://github.com/YSocial Twin/Y ClientReddit; modified client: https://github.com
/atomashevic/Y Client- Reddit



Table 4 Parameters for the Voat v/technology simulation.

Simulation setup Engagement likelithoods
Parameter Value | Parameter Value
Duration (days) 30 Post 0.5%
Starting agents 50 Link share 6.0%
New agents per day 30% Comment 6.0%
Agent removal per day 90% Read 40.0%

Search 10.0%

3.4 Validation

Our validation strategy assesses whether the simulation produces realistic social media
behavior across multiple dimensions. The simulation creates conversational interac-
tion structures, as illustrated in Figure 2, which we analyze using five complementary
methods: (1) network analysis, examining interaction topology and core-periphery
structure; (2) toxicity analysis, quantifying harmful language with a RoBERTa clas-
sifier; (3) semantic similarity, measuring alignment between simulated and real texts;
(4) topic analysis, comparing thematic structure via topic modeling; and (5) conver-
gence entropy, testing whether agents exhibit stylistic accommodation within threads.
To enable statistical inference, we conduct 30 independent simulation runs and com-
pare activity, network, toxicity, and repeated-interaction metrics against 30 matched,
non-overlapping 30-day Voat windows from v/technology. For the smaller sensitivity
analyses reported in SI Section S10, we use percentile bootstrap 99% confidence inter-
vals. Topic modeling uses a uniform random sample of 10,000 Voat threads drawn
from the MADOC v/technology corpus, whereas item-level semantic retrieval uses the
full Voat corpus as the reference base; convergence entropy is benchmarked against
the external GPT-40 mini reference. Here we outline the methodological approach;
SI Sections S6—S13 provide the full benchmark tables, additional network diagnostics,
expanded toxicity robustness checks, alternative embedding visualizations, complete
topic-match lists, and the benchmark power analysis.

Network analysis. We represent conversational interactions as an undirected,
weighted graph to investigate network structure and core—periphery organization.
Nodes are users; an edge connects a commenter to the author of the parent item (post
or comment). Self-interactions are removed. Repeated exchanges increment an inte-
ger edge count that we then normalize to [0,1] by dividing by the maximum edge
count in that graph. On the full graph, we report standard descriptors computed
with the NetworkX Python library [34]: nodes, edges, density, mean degree, mean
weighted degree (sum of normalized weights), and the weighted clustering coefficient.
To identify a dense "core" coupled to a sparse "periphery", we fit a two-class hub—
and-spoke stochastic block model (SBM) [35] to the largest connected component
(LCC), which assigns each node to the core or periphery while capturing charac-
teristic within- and between-connectivity. For the two tail-shape claims used in the
activity and network results, SI Sections S7 and S8.4 report separate discrete fits for
root-posts-per-user and positive degree using the Clauset—Shalizi-Newman procedure

10
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Fig. 2 Illustrative thread showing a discussion between two simulated agents (red and blue) on
the topic of content creators and platform economics. Dashed lines on the left indicate interpersonal
message pairs (between different agents), while those on the right indicate intrapersonal pairs (con-
secutive messages from the same agent), used to compute convergence entropies. Numbers denote
cosine similarity scores between paired messages. Toxic messages are marked with a hazard icon.
Colored and bolded words highlight recurring thematic terms (e.g., “creators,” “government,” “taxes,”
‘tech giants”) whose repetition across the conversation contributes to lower entropy, reflecting linguis-
tic convergence between agents.

[36], bootstrap goodness-of-fit, and likelihood-ratio comparisons against lognormal,
truncated power-law, and exponential alternatives.

Toxicity. Toxic language is a salient feature of contentious online communities
and one of our validation targets. Figure 2 provides an illustrative simulated thread
in which some messages are marked with hazard icons. To compare toxicity patterns
between simulation and Voat, we quantify harmful language in both corpora using a
RoBERTa-based model trained on the ToxiGen benchmark [37].2 Each text unit (root
post, news-link share, or comment) receives a continuous toxicity score, interpreted
as the model’s probability that the content is toxic.

Semantic Similarity. Semantic similarity captures how closely two texts share
meaning and vocabulary. Figure 2 illustrates this: messages that reuse terms like
“creators,” “government,” and “taxes” yield cosine similarities of 0.72-0.73, while pairs
with less thematic overlap score lower (0.45-0.5). To assess whether simulation content
occupies similar semantic territory to Voat, we embed each text with a sentence-level
encoder (SentenceTransformers, all-MinilM-L6-v2) [38] and pair each simulation
item to its nearest Voat counterpart by cosine similarity. We compute best-match
scores separately for posts and for comments, and summarize with the mean, median,
and counts above the designated thresholds.

2https://huggingface.co/'tomh/toxigeniroberta
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Topic analysis. To compare thematic structure between the simulation and
Voat, we use thread-level topic modeling. Each thread (post and all its comments)
is treated as a single document, representing the overall discussion theme and reduc-
ing noise from short replies. We fit BERTopic [39] separately on simulation threads
and on a sample of Voat threads using sentence embeddings (all-MiniLM-L6-v2)
with Hierarchical Density-Based Spatial Clustering of Applications with Noise (HDB-
SCAN) clustering; dimensionality reduction uses Uniform Manifold Approximation
and Projection (UMAP) (cosine metric, random seed 42). Text is lightly cleaned (URL
removal, whitespace normalization), while vectorization uses 1-2-gram features, and
filters tokens to avoid very short or alphanumeric strings. For each fitted model, we
retain topic labels and top words to aid interpretation, and represent each topic by a
document-embedding centroid formed from up to 200 threads assigned to that topic.

Convergence entropy. We estimate convergence entropy to measure short-range
stylistic alignment in simulation threads. Following accommodation theory and LM-
based formulations [40, 41], an utterance is considered more convergent when it
becomes more predictable given prior speech. In this information-theoretic view, lower
entropy indicates stronger alignment, while higher entropy reflects more independent
wording. As illustrated in Figure 2, repeated use of shared terms (e.g., “government,”
“taxes,” “creators”) increases predictability across turns, reducing entropy.

We operationalize this by extracting alternating two-speaker exchanges from reply
trees and segmenting them into A-B-A-B chains (minimum length 3). From these,
we construct ordered message pairs at different distances and distinguish between
interpersonal pairs (different speakers) and intrapersonal pairs (same speaker base-
line), as shown in Figure 2. Interpersonal pairs capture cross-agent alignment, while
intrapersonal pairs reflect within-speaker consistency. The entropy is computed at the
token level, with tokens extracted using a BERT encoder (bert-base-uncased). For
each token in x, we compute its maximum cosine similarity to any token in y, and
map these values to log-probabilities via a Normal kernel centered at 1 (o = 0.3).
Convergence entropy is then defined as:

Hziy) == exp(t)

where /¢; are per-token log-probabilities.

We report entropy per token (H/T) and compare interpersonal and intrapersonal
distributions, treating all comparisons as exploratory without formal significance tests.
Additionally, for an external baseline, we compare against the relative convergence
entropy reported by [41] for GPT-40 mini (u = 0.2827 & 0.0002 bits/token).

4 Results
4.1 User Activity

Across 30 independent runs, we observe steady increases over time in posts/day, com-
ments/day, and unique active users/day. Day-to-day post and comment volumes can
fluctuate because local agent decisions can trigger or dampen reply cascades, and
user activity is inherently stochastic and not directly controllable; nonetheless, the

12



resulting volumes remain within the same order of magnitude across runs and rela-
tive to Voat. Table 5 shows key metrics with 99% confidence intervals against the 30
matched Voat comparison windows: root-post volume, unique users, and daily active
users overlap with Voat, while comments and average thread size remain higher in
the simulations. Mean toxicity also sits above the Voat benchmark and is discussed
separately below. SI Sections S6-S7 and S13 report the full benchmark statistics and
the associated power analysis.

Table 5 Overall statistics for the Voat simulation (v/technology) vs. matched Voat comparison
windows from MADOC. Simulation values are means with 99% t-distribution CIs from 30 runs;
Voat values are means with 99% t-distribution CIs from 30 matched 30-day comparison windows.

Metric Simulation [99% CI| Voat [99% CI] Overlap
Root posts (threads) 593 [577, 610] 569 [495, 642] v
Comments 904 [880, 927] 733 [601, 865] -
Users (unique) 610 [595, 625] 591 [505, 677] v
Avg thread size 2.53 [2.48, 2.57] 2.25 [2.14, 2.36] -
Mean toxicity 0.143 [0.135, 0.151] 0.119 [0.108, 0.129] -
Daily active users 37.3 [36.6, 38.0] 32.7 [27.7, 37.6] v

The distribution of root posts per user is strongly right-skewed with a long upper
tail (Figure 3). The simulation is more tightly concentrated around the low-activity
mode, while Voat spreads much more mass into the extreme-participation tail. Formal
discrete tail fits reported in SI Section S8.4 show that the simulated participation tail
usually admits a power-law fit only above zni, = 2, but a truncated power law fits
better in all 30 runs, consistent with the bounded action-budget design. The empirical
Voat participation tail is far more concentrated by distribution-free metrics (median
top-1% share 30.4% versus 5.1%), yet only 9 of 30 windows support a pure power-
law fit, indicating a heavier but more heterogeneous winner-take-most pattern across
windows. Overall activity volumes remain of the same order of magnitude across the
synthetic and real Voat settings, and both produce short threads (= 2 interactions
on average). Interactions per active user remain low (~ 1-1.3), indicating brief daily
engagement.

4.2 Network Analysis

Under the matched 30-window Voat benchmark, the simulated and real Voat graphs
are both sparse and strongly right-skewed, but the upper-degree tails differ more
sharply than log-log inspection alone suggests. Average degree is close (2.72 vs. 2.31;
Table 6), while the simulation produces more nodes and edges, higher density (1.6x)
and clustering (4.6x), and a smaller LCC share (66.5% vs. 85.3%). Formal fits in
SI Section S8.4 show that 28 of 30 Voat windows are compatible with a power-law
upper tail above i, = 2 (median o = 2.18), compared with only 5 of 30 simu-
lation runs; in most simulations, lognormal or truncated alternatives fit better and
the fitted tail begins much farther out (z;, = 6). Distribution-free concentration
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Fig. 3 KDE of log root posts per user (computed as log(l + posts)): simulation (30 runs) vs.
30 matched 30-day Voat comparison windows. Curves show the mean density; shaded bands show
the 5th-95th percentile range across runs/samples. Both corpora are strongly right-skewed, but the
simulation has a sharper low-activity mode whereas Voat retains much more mass in the extreme
participation tail. Formal tail-shape fits are reported in SI Section S8.4.

Table 6 Network analysis. Simulation values are means with 99% t-distribution CIs from 30 runs;
Voat values are from 30 matched 30-day comparison windows.

Metric Simulation [99% CI] Voat [99% CI] Ratio
Panel A: Interaction network descriptors

Nodes 610 [595, 625] 486 [413, 560] 1.3
Edges 831 [810, 851] 568 [464, 672] 1.5
Avg degree 2.72 [2.66, 2.78] 2.31 [2.22, 2.39] 1.2x
Clustering coefficient 0.017 [0.015, 0.020] 0.004 [0.003, 0.005] 4.6x
Density 0.010 [0.010, 0.011] 0.007 [0.006, 0.007] 1.6x
LCC share 66.5% [65.7, 67.3] 85.3% [82.9, 87.7] 0.8
Panel B: Core-periphery analysis (LCC)

LCC nodes 406 [395, 416] 414 [352, 476] 1.0x
Core nodes 80 [75, 84] 22 (17, 26] 3.7x
Core % of LCC 19.6% [18.6, 20.7] 5.1% [4.2, 6.1] 3.8x
Core density 0.070 [0.065, 0.075] 0.100 [0.060, 0.140] 0.7x
Core-periphery density ~ 0.020 [0.019, 0.021] 0.055 [0.040, 0.069] 0.4x

metrics point in the same direction: the top 1% of Voat nodes hold a median 20.3%
of total degree versus 7.2% in simulation. The curve comparison makes the mis-
match more specific: Voat puts more mass on degree-1 users and in the extreme right
tail, whereas the simulation is elevated through the low-to-mid degree range. This
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Fig. 4 Degree distribution (log-log) for the 60 networks in the main benchmark: 30 simulation runs
and 30 matched 30-day Voat comparison windows. Both distributions are heavy-tailed, but formal fits
in SI Section S8.4 show that a clean power-law upper tail is typical for Voat windows and uncommon
in simulation. Voat places more mass on isolates and extreme hubs, whereas the simulation is more
concentrated in the low-to-mid degree range.

indicates participation inequality in both corpora, but with weaker hub consolida-
tion in the simulation. Because visibility is mediated by a popularity-plus-recency
slate, exposure is coupled to feedback and can plausibly alter hub consolidation and
clustering relative to purely chronological exposure [42, 43]. Despite non-overlapping
CIs for clustering and density, both networks exhibit the same qualitative structure:
sparse, heavy-tailed, with clear participation heterogeneity. Additional weighted-
degree, repeated-interaction, hub-concentration, and formal tail-shape diagnostics are
reported in SI Sections S8.1-S8.4.

Both datasets yield robust non-empty cores, confirming core-periphery structure
in both simulation and Voat despite different core sizes. LCC sizes are essentially
matched (406 vs. 414 nodes on average, with overlapping 99% Cls; Table 6), but the
core share is much larger in the simulation (19.6% vs. 5.1% of the LCC). Core density
is of the same order of magnitude in both datasets, with the real Voat core somewhat
denser (0.100 vs. 0.070), while the core—periphery coupling remains markedly lower in
the simulation (0.020 vs. 0.055), indicating a tighter, more strongly coupled hub set
in the empirical network (Figure 5). Visually, the left-hand Voat panel concentrates a
relatively small red core near the center, while the right-hand simulation panel spreads
many more core nodes across a broader central region. Repeated interactions are also
less frequent in simulation (5.90% vs. 8.70% of edges), reinforcing the view that the
simulated network is structurally too diffuse even when its largest component is the
right size. For visualization, Figure 5 shows the simulation—Voat pair with the smallest
aggregate network-metric distance under the matched Voat benchmark, while Figure 7
shows the run with the highest mean comment-to-comment embedding cosine across
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Fig. 5 Core—periphery structure on the largest connected component for the closest-matching pair
under the matched Voat benchmark: Voat window 11 (left) vs. simulation run 21 (right). Red nodes
indicate core members; blue nodes indicate periphery. Node sizes are scaled by weighted degree.

the 30 simulation runs. The key finding is structural: both networks exhibit clear
core-periphery organization.

4.3 Toxicity Analysis

Toxicity distributions are broadly similar in shape (heavy near-zero mass with a posi-
tive tail), but against the Voat comparison windows the simulation is clearly more toxic
overall: mean toxicity is 0.143 [0.135, 0.151] (99% CI) compared to Voat’s 0.119 [0.108,
0.129], with non-overlapping intervals. Stratifying by content layer changes the inter-
pretation of this mismatch. Simulated root posts/news items have mean toxicity 0.116
[0.107, 0.124], far above real Voat root submissions (0.0307 [0.0265, 0.0348]), whereas
simulated comments are less toxic than Voat comments (0.161 [0.151, 0.170] vs.
0.189 [0.173, 0.205]). Comments are still more toxic than posts within the simulation
(1.39x%), so the posts-to-comments ordering is preserved, but the main discrepancy
is not uniformly elevated comment toxicity; it is that toxicity is shifted upward into
the root-post layer. Additional layer-specific benchmark statistics, the local one-at-
a-time robustness panel, and the depth-shuffle permutation check are reported in SI
Sections S9.1, S9.2, and S10. Within that separate 10-day setup, a neutral-persona
variant reduces mean toxicity by 46.7% and the share of items above 0.5 by 51.5%,
whereas a no-politics variant produces only modest shifts with overlapping intervals.
Taken together, these results indicate that toxicity is sensitive to persona construction
more broadly, not solely to the political-leaning field; comments/day, topic coverage,
and convergence entropy remain close to baseline in the neutral-persona variant.

In both simulation and real Voat, comments are more toxic than root submissions.
However, the layer contrast is much steeper in the empirical data. The simulation
therefore captures the direction of the posts-to-comments gradient while misallocating
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Fig. 6 Toxicity analysis. (a) KDE of item-level toxicity scores pooled across the 30 simulation
runs and the 30 matched Voat comparison windows used in the main benchmark. (b) Simulation-
only mechanism check: mean toxicity per user stratified by toxicity propensity trait across 30 runs.
Diamonds mark group means.

its magnitude, overproducing toxic openings and underproducing the more toxic reply
layer seen in Voat. A depth-shuffle permutation test reported in SI Section S9.2 yields
Spearman p = 0.122, which falls inside the permutation null 95% interval [0.121,
0.127] (p = 0.896), indicating that this apparent depth pattern is explained by the
post/comment split rather than by within-thread escalation.

Stratifying by agent propensity level confirms that the toxicity ladder mechanism
produces the intended behavioral gradient (Figure 6b). Agents assigned “moderately
toxic” propensity produce higher mean toxicity per user than those labeled “no toxi-
city,” who in turn exceed “absolutely no toxicity” agents. This ordering is consistent
across all 30 runs and demonstrates that toxicity variation is not merely an artifact
of the base model’s tendencies but follows from designed persona traits. The find-
ing strengthens the mechanistic interpretation: agents carry norm-guided dispositions
that shape content generation in predictable ways.

Figure 2 shows an adversarial exchange in which toxic messages (marked with
hazard icons) co-occur with repeated thematic terms as agents adopt contrasting
positions on shared content. The figure therefore illustrates confrontational language
and lexical reuse within a thread, not a measured escalation effect.

4.4 Text Analysis

We compare thread-level topics discovered from simulation threads (582 threads per
run; 24.2 topics on average [99% CI: 23.1, 25.3]) to topics extracted from a sample of
10,000 Voat threads (140 topics). Using sentence embeddings (all-MiniLM-L6-v2),
we form topic centroids (<200 threads/topic) and compute cosine similarity between
simulation and Voat centroids, retaining matches at or above 0.50. Coverage is
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Table 7 Selected thread-level topic matches between simulation and Voat (MADOC). Values are
cosine similarities between topic centroids (all-MiniLM-L6—v2); threshold 0.50. Representative
subset shown (run01); SI Sections S12.1 and S12.2 report the full thread-level topic statistics and
the complete run01 match list.

Simulation topic Closest Voat topic Cos
Big Tech regulation & data privacy Data privacy & breaches 0.82
Platform speech (BitChute/censorship)  Copyright & TPP 0.74
Energy, solar & EVs Tesla, solar & electric energy 0.75
Media bias & news Trump, politics & media 0.73
Open source & Linux Linux & Windows (desktop) 0.73
Gaming PCs & hardware AMD, Intel & Ryzen CPUs 0.72
Privacy software (Proton/Apple) Apple, iPhone & repair 0.71
AT ethics (Bostrom) Artificial intelligence & humanity 0.69

Table 8 Embedding similarity between simulation and Voat (nearest neighbor by cosine). Values
are means with 99% CIs from 30 runs.

Pair Mean [99% CI] Median [99% CI]
Post — post 0.607 [0.605, 0.609] 0.612 [0.609, 0.614]
Comment — comment  0.573 [0.566, 0.580] 0.568 [0.560, 0.576]

near-complete: 99.6% of simulation topics have at least one Voat match. The top 1
match per simulation topic yields mean cosine 0.687 [0.680, 0.693] across 30 runs. SI
Sections S11.1-S11.2 and S12.1-S12.2 report the alternative embedding visualizations,
full topic statistics, and complete run01 topic list for the same semantic comparison.

Core technology themes transfer well at the thread level: privacy/security, energy
and EVs, Al discourse, and platform/Big Tech themes show consistent alignment, with
best pairs ranging from 0.69 to 0.82 (Table 7). Notably, the aligned themes closely
mirror the agent interest catalog in Table 3 (Social Media & Online Platforms; Inter-
net Policy & Regulation; Artificial Intelligence; Electric Vehicles & Transportation;
Software Development; Clean Energy & Sustainability; Cybersecurity & Privacy; Big
Tech; Space Technology; Open Source Projects), consistent with persona interests and
link seeding shaping the discussion mix. Taken together, these results support content
validity on core tech themes.

Embedding similarity (nearest—neighbor)

We complement topic matching with an item-level nearest-neighbor analysis. Using
all-MiniLM-L6-v2 embeddings, each simulation text (posts and comments analyzed
separately) is paired to its closest Voat counterpart by cosine similarity. Across 30
runs, posts show moderate-to-good alignment (mean cosine 0.607 [0.604, 0.609]) while
comments are somewhat lower (0.573 [0.566, 0.580]).
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Fig. 7 t-SNE projection of comment embeddings for the simulation run with highest mean comment
similarity (runll) against the full Voat comment corpus, using all-MiniLM-L6-v2 embeddings and a
cosine metric. Even in this best-matching run, the simulation forms several compact clusters around
the edges of the broader Voat cloud, indicating moderate proximity but clear residual separation. For
context, the run reaches mean cosine 0.606 for posts and 0.598 for comments.

Cosine similarities above 0.5 correspond to human-judged similarity scores indi-
cating topical relatedness, based on our STS-B calibration (see Methods, Embedding
similarity). Posts align more closely than comments, consistent with topical alignment
for news-sharing behavior and more varied commentary styles. A two-dimensional t-
SNE projection (perplexity 80; cosine) of the best-matching comment run makes the
residual mismatch visible: the simulated comments occupy several compact clusters
around the margins of the broader Voat cloud rather than collapsing into a single
shared manifold (Figure 7). The visual fit is therefore consistent with moderate seman-
tic proximity, but not with full distributional overlap. SI Sections S11.1 and S11.2
provide a UMAP view and a side-by-side UMAP /t-SNE comparison for the same
selected comment run.

4.4.1 Convergence entropy

We quantify stylistic alignment within A-B alternating reply chains using convergence
entropy H (lower values indicate higher convergence). Across 30 runs, mean entropy
per token is 0.275 [0.270, 0.280] (99% CI), which falls below the GPT-40 mini base-
line of 0.2827 bits/token reported by [41] (Figure 8a). This indicates greater stylistic
convergence in simulation threads than in the external benchmark. Figure 8b shows
that most individual runs fall below this baseline, confirming the pattern is robust
across replications.

Crucially, this convergence is a consequence of threaded discussion structure,
not stylistic persona adaptation. Entropy rises monotonically with turn distance: H
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Fig. 8 Convergence entropy analysis with benchmark comparison. (a) Violin plot of entropy per
token (H/T) across 30 simulation runs; the simulation mean (red line) falls below the GPT-40 mini
baseline (orange dashed). (b) Run-by-run entropy per token with a descriptive 95% band around the
simulation mean; most runs fall below the external baseline, indicating greater stylistic convergence
(lower is more convergent). This band is a visualization aid and distinct from the 99% t-based bench-
mark intervals used elsewhere in the paper.

increases from 0.272 [0.267, 0.277] at lag 1 to 0.279 [0.272, 0.286] at lag 2 and 0.287
[0.278, 0.297] at lag 3, then plateaus at lag 4+ (0.287 [0.272, 0.302], n = 13). This
pattern exactly traces the configured context window (K = 3): as prior turns drop
out of context, entropy rises; once all context is lost, it plateaus. Interpersonal pairs
show marginally lower entropy (0.273) than intrapersonal pairs (0.279), but the lag-
driven decay dominates both. There is no evidence of persistent stylistic convergence
between agent personas; the accommodation effect is purely local, mediated by the
architectural context window rather than any form of stylistic learning or identity
alignment.

5 Discussion

This study addresses a central gap in the generative agent-based modeling literature:
the lack of rigorous, replicated validation against empirical data (Figure 1). Where
prior work has relied primarily on subjective believability judgments or single-run
demonstrations [8, 9|, we provide quantitative comparison with matched empirical
samples, uncertainty quantification through 30 independent replications, and explicit
tracing of divergences to architectural choices. This positions our work within calls for
operational validity, the requirement that simulations capture underlying mechanisms
of target systems, not merely surface features [8, 10].

Our standard is operational validity: simulated aggregate distributions and meso-
level structures should resemble those of the reference community at comparable
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scales, without one-to-one reproduction of specific users or texts. Using 99% t-based
confidence intervals from 30 replications and 30 matched 30-day Voat windows, we
find partial but uneven evidence for this alignment. Root-post volume, unique users,
daily active users, and LCC size overlap with Voat, while comment volume, average
thread size, mean toxicity, and most global network statistics do not. Given the cur-
rent replication depth, these overlaps should be read as coarse-scale agreement rather
than close quantitative equivalence; the power analysis in SI Section S13 shows that
smaller differences remain difficult to detect at o = 0.01. The closest fit is there-
fore at the level of community scale and activity rhythms: daily trajectories remain
plausible (Table 5), threads are short (Table 5), and participation remains strongly
right-skewed with a long upper tail (Figure 3). Network structure remains in the right
regime but systematically shifted, with average degree about 1.2x the empirical value,
density 1.6x, and clustering 4.6 x (Table 6); the tail-shape analysis in ST Section S8.4
further shows that empirical degree windows are much closer to a clean power-law
regime than the simulated ones. Content still aligns semantically: topics show near-
complete coverage (99.6%; Table 7), embedding similarities remain moderate-to-good
(0.61 posts, 0.57 comments; Table 8; Figure 7), and short-range stylistic accommoda-
tion is present and decays with lag. Run-average H/T also remains below the GPT-40
mini baseline reported by [41] (Figure 8). Taken together, these results show that
Y Social reproduces scale and thematic coverage more convincingly than interaction
structure, toxicity allocation, or persistent conversational coupling.

Despite this broad alignment, several divergences point to specific mechanisms.
Although LCC sizes are essentially matched, the simulated core is much larger (19.6%
vs. 5.1% of LCC) and more diffuse, with weaker core—periphery coupling (0.020
vs. 0.055) and fewer repeated interactions (5.90% vs. 8.70%) than Voat (Table 6;
Figure 5). This is consistent with narrow per-round activity ranges, simplified feed-
back and visibility rules, and stateless dialogue that dampen hub consolidation and
sustained pairwise exchange. Toxicity also diverges in a specific layer-dependent way.
Overall toxicity is higher in simulation (0.143 vs. 0.119), but the excess is concentrated
in the root-post layer: simulated root submissions are about 3.8 as toxic as empirical
Voat roots, while simulated comments are only about 0.85x as toxic as empirical Voat
comments. Both corpora still show more toxic comments than root submissions, but
the empirical contrast is much steeper. This points to persona calibration, opening-
post prompts, and link seeding that encourage overly confrontational starts, even as
the reply process underproduces the more toxic reply layer seen in Voat. Both the
diffuse core and the lag-limited convergence are expected consequences of a stateless,
per-action design where appropriateness is local and memory is absent.

A recurring concern in LLM-based social simulation is circularity: models trained
on toxic online discourse may simply reproduce that toxicity regardless of platform
design [8]. We do not dispute that LLMs carry cultural patterns, including toxic ones,
from their training data; indeed, this is precisely the mechanism that makes norm-
guided simulation possible. We do not claim that toxicity emerges from platform
dynamics; rather, it is prompted via persona-level propensity and scaffolded by an
uncensored base model. Our contribution is narrower: toxicity is structured by per-
sona traits and platform architecture rather than deployed indiscriminately, but the
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comparison to Voat shows that its magnitude is misplaced across content layers. The
posts—comments gradient (comments more toxic than posts) appears in both simula-
tion and Voat, yet the depth-shuffle permutation test indicates that this pattern is
explained by the post/comment split rather than by within-thread escalation. This is
consistent with the stateless design: agents have no long-range memory, so tone does
not accumulate across reply depth. The K=3 convergence-entropy signature separately
confirms that stylistic accommodation tracks the architectural context window. At the
same time, this comparison makes the remaining limitation explicit: simulated root
submissions are far too toxic, while simulated comments do not fully reproduce the
harsher reply layer seen in Voat. The safer conclusion is therefore narrower: persona
traits and platform scaffolding structure where toxicity appears, but only imperfectly.
The broader 10-condition local OAT robustness panel in SI Section S10 shows that
these absolute levels are strongly calibration-sensitive in a targeted way: neutralizing
persona framing moves toxicity the most, temperature has weak local effects, and bud-
get/CPR/churn settings mainly perturb activity and network structure rather than
toxicity itself. The remaining mismatch therefore appears tunable rather than funda-
mental, even if identifying a configuration that improves toxicity while preserving the
full 30-day Voat fit remains future work.

As emphasized in the introductory sections, this is a machine-to-machine baseline
built on the “logic of appropriateness™ agents act from norms and roles under short,
stateless context. As a result, identity formation and long-range alignment are out
of scope; we focus on short-range behavior and medium-scale structure rather than
motives or psychology. Several measurements are proxies with familiar caveats (e.g.,
domain shift for the toxicity model, approximate embedding thresholds and 2D maps),
and the fixed link catalog intentionally shapes topical exposure. Taken together, the
results show that placing LLM agents in a realistic platform with simple, transparent
rules can recover familiar platform patterns, but findings should be interpreted as
structural resemblance at the right scale, not literal replication.

5.1 Limitations and Future Work

Three control challenges remain central for scaling this approach. First, agent behav-
ior remains sensitive to prompt wording, context selection, and model idiosyncrasies,
so “validity” is always conditional on a documented prompting protocol [44]. Second,
multi-agent interaction can exhibit coherence failures (e.g., role drift or identity insta-
bility) that accumulate with horizon length, even when individual turns look locally
plausible [45, 46]. Third, our stateless design deliberately avoids long-horizon memory
and identity scaffolds, which improves interpretability of short-range effects but lim-
its the class of long-range phenomena the simulation can represent. These constraints
motivate a staged program of extensions where memory is introduced only when it
measurably improves operational validity under the same validation panel.

This benchmark is intentionally conservative. v/technology is small, shallow-
threaded, and relatively low-volume, making it a favorable first test for stateless
agents. Larger or more heterogeneous communities would likely amplify exactly the
mismatches already visible here, especially hub consolidation, repeated interactions,
and long-range conversational carryover. We therefore interpret the present results as
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evidence of validity in a tractable small-community regime, not as evidence that the
same architecture would validate unchanged on larger Reddit-scale communities.

Relatedly, our use of an uncensored base model should be read as a realism choice
for a contentious forum setting rather than a policy statement. Preference-based
alignment can induce sycophancy and suppress disagreement, which would bias a
conflict-oriented simulation toward cooperation and niceness [47-49]. A natural next
step is an ablation that holds the platform and validation panel fixed while vary-
ing model families (uncensored vs. instruction-tuned vs. anti-sycophancy-tuned) to
quantify tradeoffs between safety, conflict realism, and structural validity.

Looking ahead, we prioritize a simple, evidence-based roadmap. First, test alter-
native feed variants—pure recency, pure popularity, or a “controversial”’ ranking
(balanced ups/downs)—to probe whether different recommendation strategies consol-
idate the core or shift toxicity dynamics relative to the current popularity-weighted
baseline. Second, widen or replace the truncated Zipf activity distribution (or test
alternative heavy-tailed forms) to better capture participation heterogeneity. These
steps should increase fidelity while preserving reproducibility. For substantially higher
fidelity, introducing agent memory will be crucial; this study makes clear the limits of
a memoryless approach and motivates future work on lightweight, per-thread memory
and longer-horizon state. Longer horizons may also require explicit controls against
entropy drift in multi-agent populations.

Beyond Voat’s v/technology, the same operational-validation panel can in princi-
ple be transferred to other communities, but transfer of validity is empirical rather
than automatic. One would update the link catalog (or content source), re-tune
personas to the local context, and reuse the same evaluation axes (daily activ-
ity trajectories and thread size/depth distributions, network core—periphery, toxicity
by content type, topics/embeddings, convergence), then re-establish the benchmark
against community-specific data. This keeps cross-setting comparisons interpretable
because the standard remains structural resemblance at comparable scales, not one-
to-one replication. For larger or denser communities, however, we would expect
stronger demands on persistence, repeated interaction, and long-range memory than
the present stateless design can support.

The platform-faithful setup also enables practical “what-if” experiments.
Researchers can vary feed rules (recency vs. popularity vs. controversial), modera-
tion policies, or action menus and quantify shifts in the same structural terms. The
same panel extends naturally to mixed human—machine studies by injecting or signal-
ing agent presence while tracking activity, network concentration, toxicity by content
type, semantic coverage, and convergence. Interpreted through operational validity,
these experiments identify levers that measurably change platform-level patterns and
provide a reproducible, falsifiable baseline for future improvements. In sum, Y Social
with norm-guided LLM agents offers a transparent testbed for cumulative, empirical
research on online social network dynamics.
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Faraday and resonant density waves emerge in Bose-Einstein condensates as a result of harmonic
driving of the system [1-3]. They represent nonlinear excitations and are generated due to the
interaction-induced coupling of collective oscill ation modes and the existence of parametric resonances.
Using a mean-field variational and a full numerical approach, we study density waves in dipolar
condensates at zero temperature [1], where breaking of the symmetry due to anisotropy of the dipole-
dipole interaction plays an important role. We derive variational equations of motion for the dynamics
of adriven dipolar system and identify the most unstable modes that correspond to the Faraday and
resonant waves. Based on this, we a so derive the analytical expressionsfor spatial periods of both types
of density waves as functions of the contact and the dipole-dipole interaction strength. Finally, we
compare the obtained variational results with the results of extensive numerical simulations that solve
the dipolar Gross-Pitagvskii equationin 3D.
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Abstract

The Multi-platform Aggregated Dataset of Online Commu-
nities (MADOC) is a comprehensive dataset that facilitates
computational social science research by providing a unified,
standardized dataset for cross-platform analysis of online so-
cial dynamics. MADOC aggregates and standardizes data
from four distinct platforms: Bluesky, Koo, Reddit, and Voat,
spanning from 2012 to 2024. The dataset includes 18.9 mil-
lion posts, 236 million comments, and data from 23.1 million
unique users across all platforms, with a particular focus on
understanding community dynamics, user migration patterns,
and the evolution of toxic behavior across platforms. By pro-
viding standardized data structures and FAIR-compliant ac-
cess through Zenodo and corresponding Python and R pack-
ages, MADOC enables researchers to conduct comparative
analyses of user behavior, interaction networks, and con-
tent sentiment across diverse social media environments. The
unique value of the dataset lies in its cross-platform scope,
standardized structure, and rich metadata, making it particu-
larly suitable for studying societal phenomena such as com-
munity formation, toxic behavior propagation, and user mi-
gration patterns in response to platform moderation policies.

Dataset — https://zenodo.org/records/14637314

Introduction

The proliferation of social media platforms has created di-
verse digital spaces where users interact, share content, and
form communities. Understanding these interactions and
their societal impact requires comprehensive datasets that
span multiple platforms and enable comparative analyses.
The Multi-platform Aggregated Dataset of Online Commu-
nities (MADOC) addresses this need by providing a stan-
dardized collection of user interactions, content, and sen-
timent data from four distinct platforms: Reddit, Bluesky,
Koo, and Voat. Comprising 18.9 million posts and 236 mil-
lion comments from 23.1 million unique users, MADOC
represents one of the largest cross-platform datasets avail-
able for social media research. In an era where platform
API access has become increasingly restricted—what some
researchers call the “post-API era" (Poudel and Weninger
2024)—MADOC leverages existing public datasets (Baum-
gartner et al. 2020; Mekacher and Papasavva 2022; Failla

Copyright © 2025, Association for the Advancement of Artificial
Intelligence (www.aaai.org). All rights reserved.
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and Rossetti 2024; Mekacher, Falkenberg, and Baronchelli
2024) to enable cross-platform research.

The dataset is structured to support various computational
social science research directions:

* Cross-platform User Behavior: Standardized interac-
tion data enables comparative analysis of user engage-
ment patterns across different platform architectures and
community structures (Wang, Koneru, and Rajtmajer
2024; Vranic et al. 2023).

e Community Dynamics: Comprehensive community-
level data allows researchers to study how communities
respond to major events like content moderation, user in-
flux, or platform-wide policy changes, though individual
user migration cannot be tracked across platforms due to
privacy protections (Papasavva and Mariconti 2023).

* Content and Sentiment Analysis: Textual content, tox-
icity and sentiment scores facilitate research on how dis-
course and sentiment vary across platforms and commu-
nities.

* Moderation Impact: Historical data from banned com-
munities provides insight into the effectiveness of plat-
form moderation policies and their impact on user be-
havior (Cima et al. 2024).

MADOC adheres to FAIR principles (Findable, Accessi-
ble, Interoperable, and Reusable) through the following key
features:

+ Findable: The dataset is distributed through Zenodo '
with persistent identifiers and comprehensive metadata
for discovery.

Accessible: All data and metadata are openly accessible
through standard protocols with clear access procedures.
We provide Python 2and R 3 packages for seamless ac-
cess to the dataset.

Interoperable: Data is provided in standardized Apache
Parquet format with a consistent schema across plat-
forms, enabling seamless integration.

Reusable: Detailed documentation of collection method-
ologies, processing steps, and ethical guidelines supports
research reproducibility.

"https://zenodo.org/records/ 14637314
“https://pypi.org/project/pymadoc/
3https://github.com/atomashevic/AMADOC



MADOC’s primary contribution is its methodologically
rigorous approach to cross-platform data alignment and
standardization. The dataset construction begins with a care-
ful selection of 12 Reddit communities, with corresponding
communities later identified on Voat. The first set consists of
six general-interest communities (/funny, r/gaming, r/pics,
r/videos, 1/gifs, and r/technology) that focus on mainstream
topics. The second set comprises controversial communi-
ties, including four that were banned from Reddit for vi-
olating platform policies: r/fatpeoplehate (banned in 2015
for systematic harassment), r/GreatAwakening (banned in
2018 for inciting violence and promoting conspiracy theo-
ries), r/MillionDollarExtreme (banned in 2018 for promot-
ing hate speech and alt-right content), and r/CringeAnar-
chy (banned in 2019 following increased hate speech after
the Christchurch mosque shootings). Two additional con-
troversial communities, while not banned, have been sub-
jected to increased scrutiny and moderation: r/KotakulnAc-
tion (heavily moderated since 2014 due to its role in ha-
rassment campaigns during Gamergate) and r/MensRights
(subject to content restrictions due to repeated incidents of
coordinated harassment and anti-feminist rhetoric). These
communities were chosen specifically because they repre-
sent different types of content moderation challenges: from
organized harassment campaigns and hate speech to conspir-
acy theories and extremist content. This selection enables
researchers to study both typical online interactions and po-
tentially harmful social dynamics, particularly in communi-
ties that have faced different levels of platform enforcement
(Jhaver, Chan, and Bruckman 2017). The selection is strate-
gic: it allows us to analyze how community-level behavior,
content patterns, and discourse evolve before and after sig-
nificant events such as platform bans, content restrictions,
or influxes of new users. While individual users cannot be
tracked across platforms due to privacy protections and ethi-
cal considerations, the dataset captures aggregate changes in
community characteristics, sentiment, and content patterns
during periods of user migration and community restructur-
ing.

Data Collection and Processing
Data Sources

MADOC aggregates and standardizes data from four distinct
social media platforms: Reddit, Voat, Bluesky, and Koo.

For Reddit, we utilized the Pushshift.io dataset (Baum-
gartner et al. 2020), which encompasses submissions and
comments from 2006 to 2020. From this extensive collec-
tion, we focused on 12 subreddits: six in the general-interest
category, and six controversial.

The Voat dataset (Mekacher and Papasavva 2022), span-
ning from 2013 to the platform’s shutdown in 2020, provides
a complete archive of the platform’s content. We extracted
data from twelve subverses that directly correspond to our
selected Reddit communities, maintaining the same naming
convention (e.g., v/funny corresponding to r/funny).

For Bluesky, we incorporated a comprehensive dataset
containing over 4 million accounts (81% of registered users)
and their complete posting activity (235M posts) from
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March 2023 to March 2024 (Failla and Rossetti 2024). Sim-
ilarly, we used the existing Koo dataset (Mekacher, Falken-
berg, and Baronchelli 2024) which encompasses 1.4 million
users, 72 million posts, and 75 million comments, spanning
from January 2020 to September 2023 . This platform’s in-
clusion is particularly valuable as it represents perspectives
from the Global South, with a predominantly Indian user
base.

Data Processing and Standardization

A key challenge in creating MADOC was aligning con-
tent across platforms with different organizational struc-
tures. While Reddit and Voat organize content into topic-
specific communities (subreddits and subverses), Bluesky
and Koo lack such explicit topic segregation. To address this,
we developed a systematic content alignment process using
Latent Dirichlet Allocation (LDA) topic modeling (Blei, Ng,
and Jordan 2003; Maier et al. 2018). The detailed methodol-
ogy of this process is described in the next section.

The dataset standardization process consists of four main
components. First, we implemented comprehensive data
cleaning procedures. These include deduplication of entries
while preserving temporal precedence, conversion of all date
and time related fields to UNIX timestamps, standardization
of text encoding and character sets, and cleaning of URLs to
remove formatting artifacts. For Bluesky and Koo, we im-
plemented additional URL extraction from content fields,
separating embedded links from the main text while pre-
serving both components. To account for the presence of
bots on Reddit and Voat—programmed to post, comment
automatically, or respond to specific prompts — we imple-
mented a “bot removal" procedure. These bots often include
the phrase “I am a bot" in their posts or comments. There-
fore, we screened users whose interactions (posts and com-
ments) contained this phrase. If more than 70% of a user’s
interactions included “I am a bot," they were removed from
our dataset. The 70% threshold was chosen after analyzing
the number of users flagged as bots across various detection
thresholds (ranging from 40% to 100%) for all communities.
We observed a sharp decrease in flagged users at 70% for in
every community, indicating it as the most suitable threshold
for identifying bots across all communities.

Second, we standardized interaction types across plat-
forms. All interactions were classified as either posts, com-
ments, or reposts (the latter only for Bluesky and Koo). Posts
are submissions on Reddit and Voat and tweet-like posts on
Koo and Bluesky. Comments include submission comments
on Reddit and Voat and replies to posts on Koo and Bluesky.

For Voat comments, we had only parent information link-
ing posts and first-level comments (excluding comments
on comments). This is because the original Voat dataset
does not contain complete information about comment-to-
comment relationships. To maintain a consistent network
structure across platforms, we preserved only first-level
replies and comments, excluding nested conversations. This
standardization required careful validation of parent-child
relationships in threaded discussions, particularly for plat-
forms like Reddit and Voat where deep conversation trees
are common. We kept comments that had no parent informa-



Metric Reddit Voat Bluesky Koo
Time span 2014-2020 | 2013-2020 | 2023-2024 | 2020-2023
Total interactions 247.6M 1.2M 2.8M 4.3M
Posts 14.5M 0.4M 0.9M 3.1M
Comments 233.1M 0.8M 0.9M 1.2M
Unique users 22.6M 0.1IM 0.2M 0.2M
Avg. posts per user 2.7 8.5 14.4 23.0
Avg. comments per user 11.6 7.8 6.2 10.6
Mean VADER sentiment 0.063 0.011 0.088 0.054
% with URLs 10.3% 31.8% 4.5% 11.6%

Table 1: Platform-level statistics for MADOC. The dataset covers different time periods for each platform, reflecting their

operational histories and data availability.

tion, because they relate to posts which have been deleted or
banned from the platform. While we acknowledge that the
depth of reply trees on Reddit and Voat is a distinctive fea-
ture of these platforms compared to Bluesky and Koo, our
decision to include only level-1 comments was driven by
the limitations of the Voat source data and the need for cross-
platform standardization. Researchers specifically interested
in examining conversation depth and structure should re-
fer to the original datasets, as this aspect of platform com-
parison is outside MADOC’s primary focus on content and
community-level analysis.

The absence of parent information is noticeable on Reddit
where, due to increased content-moderation, bans, and user
migrations, original post-to-comment relationships are not
always preserved. The most extreme case is r/fatpeoplehate
subreddit, where all posts are missing because the content
was banned.

For sentiment analysis, we applied two complementary
approaches using lexicon and rule-based models: VADER
(Hutto and Gilbert 2014) and TextBlob. VADER is specif-
ically attuned to social media text and provides context-
aware sentiment scoring, which accounts for elements like
punctuation, capitalization, and modifiers. TextBlob offers a
more generalized polarity assessment based on pattern anal-
ysis and provides a useful alternative perspective. Both sen-
timent scores range from -1 (negative) to 1 (positive), allow-
ing researchers to compare and validate sentiment patterns
using multiple methodologies. Additionally, we included
TextBlob’s subjectivity score, which ranges from 0.0 (objec-
tive) to 1.0 (subjective), measuring the degree to which text
expresses personal opinions, emotions, or judgments versus
factual information.

Additionally, we used the ToxiGen RoBERTa model
(Hartvigsen et al. 2022) to detect subtle forms of implicit
toxicity and hate speech in the content. Although Perspec-
tive API is widely considered the standard for toxicity de-
tection, its rate limits were a significant limiting factor given
the size of our dataset, and thus utilizing a fully open-
source model like ToxiGen better supports reproducibility
and aligns with open science principles. The ToxiGen model
was specifically trained on adversarial examples of implicit
hate speech targeting minority groups, making it partic-
ularly well-suited for detecting toxic content that might
evade traditional detection methods. The toxicity_toxigen
field provides a normalized score from 0.00 (non-toxic) to

1.00 (toxic), enabling researchers to analyze toxicity pat-
terns across different platforms and communities.

For the initial release, we restricted the dataset to
English-language content. For Koo, which serves a predom-
inantly multilingual user base (Mekacher, Falkenberg, and
Baronchelli 2024), we implemented additional language fil-
tering steps to ensure reliable sentiment and toxicity analysis
results.

Fourth, we implemented privacy protection measures.
All post and user identifiers across all platforms are
pseudonymized using UUID-based hashing, which main-
tains referential integrity while preventing casual re-
identification. The only personally identifiable information
is the content of the posts along with the timestamp of the
post. However, this information was already present in the
original datasets, so our pseudonymization makes it harder
to reconstruct the original content in comparison with the
original datasets. We deliberately chose not to attempt cross-
platform profile matching (identifying the same users across
different platforms), both because some source datasets al-
ready contained pseudonymized usernames making such
matching technically infeasible, and because such matching
would raise significant privacy concerns by potentially en-
abling re-identification of users across platforms.

This approach maintains the network structure and en-
ables research on user behavior patterns while protecting
user privacy through pseudonymization.

The resulting dataset follows a standardized schema
across all platforms, with the structure detailed in Table 2.

To facilitate efficient data access and analysis, we store
the dataset in Apache Parquet format, with separate files
for each community (subreddit/subverse) while Koo and
Bluesky are stored in a single file. This modular organiza-
tion enables researchers to easily load specific subsets of the
data while maintaining the ability to perform cross-platform
analyses. The standardized schema ensures that files can be
seamlessly combined (concatenated) across platforms and
communities, allowing flexible dataset construction based
on research needs. For example, researchers can combine all
controversial communities across platforms, merge specific
platform pairs for comparative analysis, or create custom
subsets based on temporal or content criteria. The standard-
ized structure also allows for the construction of interaction
networks where nodes represent users and edges represent
their interactions through posts and replies, enabling com-
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parative analysis of community structures across platforms.

Topic Analysis and Selection of Posts

To enable cross-platform content analysis, we developed
a systematic approach for identifying thematically similar
content across platforms with different organizational struc-
tures. While Reddit and Voat organize content into topic-
specific communities (subreddits and subverses), Koo and
Bluesky lack explicit topic segregation. We employed La-
tent Dirichlet Allocation (LDA) topic modeling (Blei, Ng,
and Jordan 2003; Maier et al. 2018) to extract characteristic
keywords from Reddit and Voat communities, which were
then used to identify related content on Koo and Bluesky.

For each community pair (subreddit and correspond-
ing subverse), we created a combined corpus by merging
posts and their first-level comments from both platforms.
Each document in the corpus represents a post with its
comments, preprocessed by removing mentions, hyperlinks,
non-alphanumeric characters, converting to lowercase, re-
moving stopwords, and lemmatizing. We excluded words
appearing in more than 99% of documents following (Maier
et al. 2018) and filtered-out documents with fewer than 20
or more than 2000 words to ensure LDA performance (Tang
et al. 2014).

Due to platform size disparities, we implemented a bal-
anced sampling strategy based on document volume:

e For communities with similar document counts
(<10,000): Created nine balanced samples of 20,000
documents (10,000 from each platform)

¢ For communities with 10,000-20,000 Voat documents:
Created five samples matching Voat’s volume with Red-
dit documents

¢ For communities with <10,000 Voat documents: Created
five samples of 20,000 Reddit documents plus all Voat
documents

We determined the optimal number of topics for each
community by maximizing coherence scores, then extracted
the top 20 words per topic across all samples. The resulting
keyword lists were filtered to retain only the least frequent
third of English words (Norvig 2009) to improve topic speci-
ficity.

For content alignment, we applied two filtering criteria to
Koo and Bluesky posts:

* Basic filter: Documents containing at least one commu-
nity keyword

* Strict filter: Documents containing at least two different
community keywords

It is important to note that our topic modeling approach
does not attempt to align the structural differences between
platforms (as Reddit and Voat have explicit community
structures while Koo and Bluesky do not), but rather en-
sures topical equivalence across platforms. Without this fil-
tering method, we would be left with massive, unstructured
Bluesky and Koo datasets with no meaningful way to con-
duct comparative analysis with the community-structured
data from Reddit and Voat. This approach allows researchers
to compare content discussing similar themes regardless of
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the underlying platform architecture, maintaining consistent
thematic scope while acknowledging the fundamental dif-
ferences in how these platforms organize user interactions.

The topic modeling analysis revealed distinct linguis-
tic patterns characteristic of each community, providing
strong validation for our cross-platform content alignment
approach. For general-interest communities, the extracted
keywords closely matched their intended focuses. For exam-
ple, r/gaming exhibited gaming-specific terminology (e.g.,
“pokemon”, “hack”), while r/technology contained science
and technology terms (e.g., “solar”, “nasa”, “electricity”).

The topic modeling also revealed distinct linguistic pat-
terns in communities focused on specific social discus-
sions. For instance, r/MensRights showed a concentration
of legal and family-related terminology (“father”, “par-
ent”, “judge”). Communities focused on political discourse
showed distinctive patterns. The r/GreatAwakening commu-
nity, which centered on conspiracy theories before its ban
in 2018, featured high frequencies of governance-related
terms (“‘congress”, “campaign”, “election”, “truth”). Simi-
larly, r/KotakulnAction, which emerged during the Gamer-
Gate controversy (Jhaver, Chan, and Bruckman 2017) and
focused on media criticism, developed its own specialized
vocabulary around content moderation and journalistic prac-
tices. These distinctive vocabulary patterns proved particu-
larly valuable for identifying thematically similar content on
platforms lacking explicit community structures.

The topic modeling analysis also revealed patterns of
problematic language usage across platforms. We observed
systematic variations in the frequency and context of inflam-
matory rhetoric, derogatory terms, and exclusionary lan-
guage. These patterns were particularly pronounced in com-
munities that were eventually subject to platform modera-
tion actions. This shows that the sampling strategy we used
is effective in recognizing the specific language employed
by communities on Voat.

These results demonstrate the robustness of our topic
modeling and keyword filtering methodology for cross-
platform content alignment. The approach successfully cap-
tures both explicit topical focus (through technical and
domain-specific terminology) and implicit community char-
acteristics (through platform-specific linguistic patterns),
enabling meaningful comparative analyses across diverse
social media environments.

Dataset Statistics

MADOC provides a comprehensive view of user interac-
tions across four distinct platforms, with data spanning mul-
tiple years and interaction types. Table 1 presents the key
statistics for each platform, including temporal coverage, in-
teraction counts, and user activity metrics. 4

The platform-level statistics reveal significant differences
in scale and user behavior across platforms. Reddit domi-
nates in terms of total interactions (247.6M) and user base

“The most recent version of the key statistics table for each
platform, including TextBlob sentiment and subjectivity as well as
ToxiGen toxicity scores is available at https://zenodo.org/records/
14637314



(22.6M), being orders of magnitude larger than the other
platforms. However, smaller platforms show higher per-user
engagement rates, with Koo users averaging 23.0 posts per
user compared to Reddit’s 2.7. Voat shows notably higher
URL sharing (31.8% of posts) compared to other platforms
(4.5-11.6%), suggesting a stronger focus on external con-
tent sharing. Sentiment analysis reveals that Bluesky has the
most positive average sentiment (0.088), while Voat shows
the lowest (0.011), potentially reflecting differences in com-
munity norms and content moderation approaches.

For Reddit and Voat, where content is organized into
topic-specific communities, we provide detailed statistics
for each community pair in Table 3. These statistics enable
direct comparisons between equivalent communities across
the two platforms.

The community-level comparison between Reddit and
Voat reveals several interesting patterns. First, there is a clear
scale difference, with Reddit communities typically being
100-1000 times larger than their Voat counterparts. For in-
stance, r/funny has 5.5M users compared to v/funny’s 20K.
Second, sentiment patterns show that general-interest com-
munities (e.g., gaming, pics) tend to maintain positive senti-
ment scores on both platforms, with Reddit generally show-
ing more positive values. In contrast, controversial commu-
nities exhibit negative sentiment scores across both plat-
forms, with some communities like MensRights showing
particularly negative values (Reddit: -0.076, Voat: -0.162).
The absence of posts in Reddit’s r/fatpeoplehate while hav-
ing 1.4M comments reflects the community’s ban during the
data collection period, providing an interesting case study of
community dynamics around platform moderation actions.

For Bluesky and Koo, which lack explicit community
structures, we provide statistics based on the keyword filter-
ing approach described in previous section. Using the basic
filtering criteria (one keyword match), we identified 910,376
posts and 932,545 comments from Bluesky, and 3,083,191
posts and 1,180,449 comments from Koo that align with the
topics of the Reddit/Voat communities. With the strict filter-
ing criteria (two keyword matches), these numbers reduce
to 114,431 posts and 322,193 comments for Bluesky, and
249,983 posts and 138,418 comments for Koo, respectively.

It is important to note that the MADOC dataset is con-
stantly being updated and expanded with new metrics. Some
metrics, particularly for larger platforms like Reddit, are still
being processed and will be available only in the most recent
versions of the dataset. As our analysis progresses, we incor-
porate additional sentiment analysis models, toxicity mea-
sures, and other relevant metrics. These continuous updates
ensure that researchers have access to the most comprehen-
sive and up-to-date data for their analyses. While this pa-
per presents a snapshot of its current state, we encourage
researchers to refer to the latest version of the dataset, in-
cluding the most recent metrics and statistics, at the Zenodo
repository: https://zenodo.org/records/14637314.

Limitations
Our dataset production approach has several limitations.
First, the choice of Reddit communities, especially the non-
controversial ones, was arbitrary and based on the 20 most
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active general-interest communities which existed on both
Reddit and Voat. In the next versions of the dataset, we aim
to include more Reddit-Voat community pairs.

Second, the LDA topic modeling approach was not cross-
validated by performing topic modeling again on the filtered
communities to verify alignment between the communities.
It is important to note that traditional cross-validation is not
applicable in our case due to the fundamental structure of
our methodology. The content from Koo and Bluesky was
filtered based on a union of keywords extracted from mul-
tiple community-specific topics from Reddit and Voat, re-
sulting in inherently overlapping topics and combined key-
word sets that cannot be meaningfully validated through
conventional methods. We also limited our evaluation to se-
lecting models based on coherence scores without explor-
ing alternative topic modeling configurations or parameters.
This lack of systematic evaluation may affect the quality and
representativeness of the extracted keywords used for cross-
platform content alignment. Future versions of the dataset
will address these limitations by developing specialized val-
idation techniques better suited to our cross-platform align-
ment approach.

Third, we introduce multiple text analysis metrics in this
version of the dataset: VADER sentiment scores, TextBlob
sentiment polarity, and ToxiGen toxicity scores. This com-
bination provides researchers with complementary perspec-
tives on content sentiment and toxicity. The ToxiGen model
is specifically designed to detect subtle forms of implicit tox-
icity and hate speech that might evade traditional detection
methods. Future versions will provide an even more com-
prehensive overview of posts’ sentiment and toxicity us-
ing additional approaches (other RoBERTa-based models,
transformer-based sentiment analysis, etc.).

Fourth, the time spans of collected data vary signifi-
cantly across platforms (2014-2020 for Reddit, 2013-2020
for Voat, 2023-2024 for Bluesky, and 2020-2023 for Koo),
which introduces challenges in studying long-term trends
across all platforms simultaneously. However, this tempo-
ral misalignment is unavoidable given the historical real-
ity of platform lifecycles—Bluesky did not exist during the
period of Reddit-Voat migrations, making perfect temporal
alignment impossible. Rather than viewing this as a lim-
itation, researchers can leverage these different time peri-
ods to study how similar communities and content patterns
manifest in different platform eras, from early alternative
platforms like Voat to newer decentralized networks like
Bluesky. The dataset particularly excels at enabling thematic
comparisons across platforms regardless of temporal over-
lap, focusing on how similar discourses evolve in different
platform environments and moderation contexts.

Finally, while we have aggregated a substantial amount of
data, there may be gaps in our collection due to the limita-
tions of archival sources and API restrictions. Some content
might have been deleted or modified before collection, and
we cannot guarantee complete coverage of all interactions
that occurred on the platform.



Conclusion

In this work, we present MADOC, a comprehensive cross-
platform dataset comprising 18.9 million posts and 236 mil-
lion comments from 23.1 million unique users across four
distinct social media platforms: Reddit, Voat, Bluesky, and
Koo. The dataset spans from 2012 to 2024 and represents
one of the largest standardized collections of cross-platform
social media interactions. We combine data from multiple
sources and implement standardization procedures to ensure
consistency and comparability across platforms.

The dataset’s unique value lies in its standardized struc-
ture and rich metadata, which facilitate various types of
computational social science research. The inclusion of
both mainstream and alternative platforms, along with com-
prehensive historical data on banned communities, makes
MADOC particularly valuable for studying platform gov-
ernance, content moderation, and user migration patterns.
Our careful curation process and adherence to FAIR princi-
ples ensure the dataset’s accessibility and reusability while
maintaining privacy protections through pseudonymization
protocols.

We envision MADOC enabling several important re-
search directions: First, researchers can use it to study how
content moderation policies affect user behavior and com-
munity dynamics across different platform architectures.
Second, the dataset’s temporal breadth supports longitudi-
nal analyses of how online discourse and community norms
evolve over time and across platforms. Third, the standard-
ized sentiment scores and content features facilitate compar-
ative studies of how platform design influences user interac-
tions and content toxicity.

Beyond these immediate applications, we believe that
MADOC will contribute to a broader understanding of on-
line social phenomena. The dataset can help answer ques-
tions about community formation, user activity patterns, and
the propagation of both harmful and benevolent narratives
across platform boundaries. For computational researchers,
it provides a rich testbed for developing and evaluating nat-
ural language processing models, particularly in areas like
toxic content detection, cross-platform user behavior predic-
tion, and community dynamics modeling.

Through this work, we aim to support both quantitative
and qualitative research into online social dynamics. We en-
courage researchers to use MADOC responsibly, consid-
ering the ethical implications discussed in this paper, and
to build upon our methodology for future cross-platform
dataset development. To facilitate easy adoption, we pro-
vide Python (pyMADOC) and R (rtMADOC) packages with
command-line interfaces that enable selective downloading
of data by platform or community. As social media contin-
ues to evolve and fragment across multiple platforms, we
believe standardized cross-platform datasets like MADOC
will become increasingly valuable for understanding and im-
proving online social spaces.
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Paper Checklist
1. For most authors...

(a) Would answering this research question advance sci-
ence without violating social contracts, such as violat-
ing privacy norms, perpetuating unfair profiling, exac-
erbating the socio-economic divide, or implying dis-
respect to societies or cultures? Yes, our research ad-
vances science by providing a standardized dataset for
studying online social dynamics while implementing
strong privacy protections and ethical safeguards as
detailed in the Ethical Considerations section.

Do your main claims in the abstract and introduction
accurately reflect the paper’s contributions and scope?
Do you clarify how the proposed methodological ap-
proach is appropriate for the claims made? This is a
dataset paper, it does not make specific claims.

Do you clarify what are possible artifacts in the data
used, given population-specific distributions? We have
addressed questions like these in Ethical Considera-
tions section.

Did you describe the limitations of your work? Yes,
we discuss limitations including arbitrary community
selection, LDA topic modeling validation, sentiment
analysis scope, and data collection gaps in the Limita-
tions section.

Did you discuss any potential negative societal im-
pacts of your work? We have addressed this in the Eth-
ical Considerations section.

Did you discuss any potential misuse of your work?
We have addressed this in Ethical Considerations sec-
tion.

Did you describe steps taken to prevent or mitigate po-
tential negative outcomes of the research, such as data
and model documentation, data anonymization, re-
sponsible release, access control, and the reproducibil-
ity of findings? Yes, we have implemented exten-
sive measures including pseudonymization, clear doc-
umentation, usage tracking, and FAIR principles as de-
tailed in the Ethical Considerations section.

Have you read the ethics review guidelines and en-
sured that your paper conforms to them?

(b)
(©

(d)

(e)

®

(o)

(h)

®

2. Additionally, if your study involves hypotheses testing...

(a) Did you clearly state the assumptions underlying all
theoretical results?

Have you provided justifications for all theoretical re-
sults?

Did you discuss competing hypotheses or theories that
might challenge or complement your theoretical re-
sults?

Have you considered alternative mechanisms or expla-
nations that might account for the same outcomes ob-
served in your study?

Did you address potential biases or limitations in your
theoretical framework?

Have you related your theoretical results to the existing
literature in social science?

(®)
(c)

(d)

(e)
®



(g) Did you discuss the implications of your theoretical
results for policy, practice, or further research in the
social science domain?

3. Additionally, if you are including theoretical proofs...

(a) Did you state the full set of assumptions of all theoret-
ical results?

(b) Did you include complete proofs of all theoretical re-
sults?

4. Additionally, if you ran machine learning experiments...

(a) Did you include the code, data, and instructions
needed to reproduce the main experimental results (ei-
ther in the supplemental material or as a URL)?

(b) Did you specify all the training details (e.g., data splits,
hyperparameters, how they were chosen)?

(c) Did you report error bars (e.g., with respect to the ran-
dom seed after running experiments multiple times)?

(d) Did you include the total amount of compute and the
type of resources used (e.g., type of GPUs, internal
cluster, or cloud provider)?

(e) Do you justify how the proposed evaluation is suffi-
cient and appropriate to the claims made?

(f) Do you discuss what is “the cost* of misclassification
and fault (in)tolerance?

5. Additionally, if you are using existing assets (e.g., code,
data, models) or curating/releasing new assets, without
compromising anonymity...

(a) If your work uses existing assets, did you cite the cre-
ators? Yes, we cited Pushshift.io, Voat dataset, Bluesky
dataset, and Koo dataset creators.

(b) Did you mention the license of the assets? Yes, we
mentioned CCO for Reddit Pushshift and CC BY 4.0
International for Voat, Bluesky, and Koo datasets.

(c) Did you include any new assets in the supplemental
material or as a URL? Yes, we provided the Zenodo
URL for the dataset.

(d) Did you discuss whether and how consent was ob-
tained from people whose data you’re using/curating?
No, because we aggregated publicly available datasets.

Did you discuss whether the data you are using/cu-
rating contains personally identifiable information or
offensive content? Yes, we explicitly discuss both PII
handling and the presence of offensive content in the
Ethical Considerations section.

If you are curating or releasing new datasets, did
you discuss how you intend to make your datasets
FAIR? Yes, we discuss FAIR principles implemen-
tation including findability through Zenodo, acces-
sibility through standard protocols, interoperability
through standardized formats, and reusability through
documentation.

If you are curating or releasing new datasets, did you
create a Datasheet for the Dataset? Partially. The pa-
per itself serves as a comprehensive datasheet cover-
ing motivation, composition, collection process, pre-

(e)

®)

(@

2536

processing, uses, distribution, and maintenance. Addi-
tionally, these is a detailed README file in the Zen-
odo repository.

6. Additionally, if you used crowdsourcing or conducted
research with human subjects, without compromising
anonymity...

(a) Did you include the full text of instructions given to
participants and screenshots?

(b) Did you describe any potential participant risks, with
mentions of Institutional Review Board (IRB) ap-
provals?

(c) Did you include the estimated hourly wage paid to
participants and the total amount spent on participant
compensation?

(d) Did you discuss how data is stored, shared, and dei-
dentified?

Ethical Considerations

The MADOC dataset raises several important ethical con-
siderations that we have addressed throughout its develop-
ment and release. Our approach to these considerations is
guided by the principles of responsible data science and re-
search ethics, with particular attention to privacy protection,
content handling, and potential misuse prevention.

The dataset is created through aggregation of exist-
ing, publicly available datasets, and we have taken exten-
sive measures to enhance privacy protections beyond those
present in the source data. We have not introduced any
new sources of personally identifiable information (PII). In-
stead, all user identifiers are pseudonymized using UUID-
based hashing, which maintains referential integrity while
preventing casual re-identification. Platform-specific iden-
tifiers have been standardized and pseudonymized to pre-
vent cross-platform user tracking. The only retained po-
tentially identifying information is post content and times-
tamps, which were already public in the source datasets.

The aggregation of data complies with the existing li-
censes of previously published datasets, where licensing in-
formation is available (Reddit Pushshift under CCO; Voat,
Bluesky, and Koo under CC BY 4.0 International). The
MADOC dataset is released under CC BY 4.0 International
License to ensure broad accessibility while maintaining at-
tribution requirements.

The dataset includes offensive content present in post
and comment text, URLs attached to posts, and commu-
nity names and descriptions, which may be harmful to
some users. However, the inclusion of this content is nec-
essary for several important research purposes: enabling
cross-platform studies of toxic and hateful content propa-
gation, understanding the effectiveness of different modera-
tion approaches, studying community dynamics around con-
troversial topics, and analyzing patterns of harmful behavior
across platforms. This content is particularly valuable for re-
searchers studying the evolution and spread of harmful nar-
ratives across different social media environments.

We acknowledge several potential risks of misuse of this
dataset, including: use of the data to train harmful Al mod-



els or content generation systems, analysis aimed at identify-
ing vulnerable communities or users, attempts to re-identify
users across platforms, and exploitation of toxic content pat-
terns for harassment. To mitigate these risks, we have imple-
mented several safeguards. These include clear documenta-
tion of appropriate use cases and research guidelines, strict
pseudonymization protocols that make re-identification sig-
nificantly more difficult, release through established aca-
demic repository (Zenodo) with usage tracking, and detailed
metadata and documentation following FAIR principles.

Despite these risks, we believe the dataset provides sig-
nificant value for legitimate research purposes. It enables
understanding of cross-platform content moderation effec-
tiveness, studying community migration patterns and their
impact, developing better detection systems for harmful con-
tent, and improving platform design to promote healthier on-
line interactions. We encourage researchers using MADOC
to carefully consider these ethical implications in their work
and to implement appropriate safeguards in their research
designs. Following standard ethical guidelines and making
no attempt to re-identify users, we have focused on creat-
ing a resource that balances research utility with responsible
data stewardship.
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Field

Description

post_id

Unique identifier for the interac-
tion, anonymized to prevent re-
construction of original URLs

publish_date

UNIX timestamp of the interac-
tion (seconds since epoch)

user_id Anonymized identifier of the con-
tent creator, consistent across all
interactions from the same user

parent_id Identifier of the parent post for

comments/replies, NA for original
posts

parent_user_id

Identifier of the parent post’s cre-
ator, NA for original posts

content Textual content of the interaction,
with URLs extracted

url External URLs referenced in the
content, multiple URLSs separated
by I’

language Detected language code (currently

‘English’ for all entries)

interaction_type

Type of interaction: ‘POST’,
‘COMMENT"’, or ‘REPOST’

platform Source platform: ‘reddit’, ‘voat’,
‘bluesky’, or ‘koo’

community Community identifier (subred-
dit/subverse name), NA for
Bluesky/Koo

sentiment_vader

VADER sentiment score ranging
from -1 (negative) to 1 (positive)

sentiment_textblob

TextBlob sentiment polarity score
ranging from -1 (negative) to 1
(positive)

subjectivity_textblob

TextBlob subjectivity score rang-
ing from 0.0 (objective) to 1.0
(subjective)

toxicity_toxigen

ToxiGen toxicity score ranging
from 0.00 (non-toxic) to 1.00
(toxic)

strict_filter

Whether content matches strict
keyword filtering criteria (TRUE/-
FALSE)

Table 2: Structure of the MADOC dataset. Each row repre-
sents a single interaction (post, comment, or repost) with the
fields standardized across all platforms.



Community Reddit Voat

Posts | Comments | Users | Avg. Sent. | Posts | Comments | Users | Avg. Sent.
funny 4.2M 57.6M | 5.5M 0.056 | 47K 97K 20K 0.001
gaming 2.9M 414M | 4.1M 0.114 29K 41K 12K 0.093
pics 2.4M 49.5M | 49M 0.075 15K 24K 9K 0.037
videos 3.1M 337M | 32M 0.054 | 45K 41K 14K -0.037
gifs 449K 20.6M | 2.8M 0.051 8K 14K 6K 0.029
technology 848K 109M | 1.3M 0.055 35K 49K 19K 0.029
fatpeoplehate 0 1.4M 79K 0.011 75K 279K 22K 0.002
GreatAwakening 67K 848K 26K 0.079 | 103K 222K 12K 0.016
MillionDollarExtreme 69K 1.2M 28K 0.008 7K 14K 3K 0.000
CringeAnarchy 195K 6.3M | 342K -0.031 1K 2K 1K -0.038
KotakulInAction 128K 6.7M | 146K -0.029 3K 5K 2K -0.028
MensRights 148K 3.0M | 185K -0.076 2K 2K 1K -0.162

Table 3: Community-level statistics for Reddit and Voat. The first six rows show general-interest communities, while the last
six show controversial communities. Average sentiment scores range from -1 (negative) to 1 (positive).
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Preface

The 15th Internationa Conference on Large-Scale Scientific Computations (LSS(
2025) was held in Sozopol, Bulgaria, June 16-20, 2025. The conference was o
nized by the Institute of Information and Communication Technologies at the Bulgar
Academy of Sciences and MIV Consult Ltd. in cooperation with the Center of B>
lence in Informatics and Information and Communication Technologies, and Sozop
municipality.

The plenary invited speakers and lectures were:

— Pavel Bochev, Data-Driven Compact Models for Devices and Circuits. a Syste
Identification Approach for Non-intrusive Reduced-Order Modeling of Norma an
Radiation Environments in Microelectronics

— Ulrich Langer, State-Based Numerical Solution of PDE-constrained Optimal Contrc
Problems

— Kent-Andre Mardal, Mathematical Challenges of Modeling the Fluid Flow of t
Brain—Brain Clearance, Sleep and Dementia

— Markus Melenk, High-Order Methods for Fractional Diffusion

— Marcus Sarkis, Adaptive LOD BDDC for Elliptic Problems with Rough Coefficier

— Panayot Vassilevski, Interpolation Spaces, Fractional Order Operators, and Scales
Multilevel Decompositions

— Gabriel Wittum, Paralledl Adaptive Simulation of Processes from Science ar
Engineering

The success of the conference and the present volume are the outcome of the
efforts of many partners from various institutions and organizations. First, we would
to thank all the members of the Scientific Committee for their valuable contributi
forming the scientific face of the conference, as well as for their help in revie
contributed papers. We especially thank the organizers of the special sessions. We
also grateful to the staff involved in the local organization.

Traditionally, the purpose of the conference is to bring together scientists work
with large-scale computational models in natural sciences and environmental and indt
trial applications, as well as specialists in the field of numerical methods and algorit
for modern high-performance computers. The invited lectures reviewed some of t
most advanced achievements in the field of numerical methods and their efficient ag
cations. The conference talks were presented by researchers from academic institutic
and practical industry engineers including applied mathematicians, numerical analyst:
and computer experts. The general theme for LSSC 2025 was “Large-Scale Scient
Computing” with a particular focus on the organized special sessions.

The special sessions and organizers were:

— Numerical Methods: Analysis and Computations, In memory of Raytcho Lazarov-
Svetozar Margenov and Panayot Vassilevski
— Mathematical and Numerical Modeling of Multiphysics Problems—Ivan Yotov



Vi

Preface

Variational Anaysis and Optima Control—Mikhail Krastanov and Vladimir Velio
Space-Time Methods for PDE-Based Simulation and Optimization—UIlrich Lange
and Thomas Wick

Numerical Methods for Nonlocal Problems—Markus Faustmann and Markus Melen
Fractional Operators and Multi-Physics—Timo Koch, Mirosav Kuchta, Kent-Andre
Mardal, and Ludmil Zikatanov

Recent Advances in Computational and Applied Poromechanics—Markus Bause
Johannes Kraus, and Maria Lymbery

Mathematics and Algorithms for Predictive Digital Twins (DT) —Pavel Bochev, Iri
Tezaur, and Paul Kuberry

Adaptive and Robust Domain Decomposition Methods—Marcus Sarkis
Applications of Metaheuristics to Large-Scale Problems—Stefka Fidanova anc
Gabriel Luque

Large-Scale Models: from Life Sciences to Climate Research—Ivan Dimov ar
Nevena llieva

HPC and HPDA: Algorithms and Applications—Aneta Karaivanova, Todor Guro\
and Emanouil Atanassov

Numerical Solvers and Preconditioners for Differential Equations—Fabio Durastante
and Mariarosa Mazza

Porous Media Flow and Transport—Gabriel Wittum

About 150 participants from all over the world attended the conference represent

some of the strongest research groups in the field of advanced large-scale scientific ¢
puting. For the conference proceedings in total 69 papers were received. The organi:
of the specia sessions managed the reviewing process in their sessions. Following
initial single-blind review phase by reviewers in which submissions received an aver:
of two reviews each, the special session organizers provided a recommendation for €
paper. Following a final revision of the papers the editors of the volume made their
decision about the acceptance of the papers. This process resulted in the publicatiol
58 papers by authors from 15 countries.

The next international conference on LSSC will be organized in June 2027.

February 2026 Ivan Lirkov

Svetozar Margenov
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Abstract. Trust is a fundamental force that binds society together, yet
the emergence and evolution of collective trust in social groups remain
insufficiently understood. With over two billion active users engaging
online, vast amounts of data provide an opportunity to analyze trust
formation at a large scale. In this work, we integrate high-performance
data analytics of empirical data to investigate how the structure of so-
cial networks influences trust dynamics. We aim to uncover key network
properties that drive collective trust by leveraging complex network the-
ory and novel topological methods. We explain our approach in details
and apply it to one of the closed social groups in Stack Exchange net-
works. Our results show that while this group had relatively large and
well connected core, typical for sustainable communities, the dynamics of
collective trust was a good indicator of its dissolution. We illustrate how
different types of structures contribute to the dynamics of the number of
active users and the role of collective trust in the sustainability of online
social groups.

Keywords: collective trust - social networks - data analysis

1 Introduction

In recent years, there has been a growing concern over the apparent decrease in
trust among the general public towards various social and political institutions,
as well as the mass media. The decline in trust in public institutions has been
attributed to a variety of factors, including economic insecurity, perceptions of
poor or corrupt government performance. Decrease of trust in mass media [9] has
also been linked to this broader trend, with individuals becoming more skeptical
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of the information they receive from traditional media outlets. While trust in
these traditional institutions has been declining, trust in social media platforms
and online communities has seen a notable increase. Studies show that private
online groups, community-driven platforms (e.g., Reddit, X), and interest-based
forums are increasingly trusted as sources of information. A 2022 Edelman Trust
Barometer survey [1] found that nearly 60% of respondents trusted people in
online communities more than government officials or journalists. This reflects
a shift toward peer-driven information ecosystems where trust is built through
personal interactions and shared experiences.

Trust in traditional social groups was built through shared identity, frequent
face-to-face interactions, and mutual aid, reinforcing a sense of community [12].
Rituals, traditions, and social norms helped maintain cohesion, while trusted
leaders and elders provided stability. Interdependence in daily life made trust
essential, and kinship ties further strengthened social bonds. Accountability was
ensured through reputation and informal enforcement, fostering long-term rela-
tionships based on reliability and reciprocity. Unlike traditional social groups,
online social groups are large, diverse, and often lack the close-knit, face-to-face
interactions that historically built trust [3]. Instead of relying on shared identity
and direct reciprocity, online communities establish trust through shared inter-
ests, transparency in communication, and active participation in discussions.
Members of social groups also signal the trustworthy individuals by communi-
cating with them [13]. Online social groups exhibit an emergence of collective or
social trust [11].

Clearly, online social groups have become integral to modern social life, fos-
tering connections, information sharing, and collective action [8]. However, the
dynamics of collective trust within these online groups are complex and multi-
faceted, with important implications for their cohesion, influence, and long-term
sustainability [11]. The structure of the social network underlying an online
group can significantly shape the dynamics of collective trust [11]. For instance,
the presence of influential "social media influencers" or hubs within the network
can affect the flow of information and the formation of trust between members.
These prominent individuals have the power to steer conversations, popularize
certain worldviews, and establish themselves as trusted sources of information,
potentially influencing the beliefs and behaviors of the larger collective [5].

In this manuscript we present a high-performance data analysis framework
that enables study of evolution of structure of social networks and dynamics of
collective trust within the online social groups. The abundance of detailed data
about the structure and interactions within online social networks has enabled
researchers to study the emergence and dynamics of collective trust, evolution
of networks topology and their complex connection. We base our framework on
tools and methods from complex networks theory, computer science and sociol-
ogy. The framework enables analysis of collective trust in online social groups.
Using advanced computational techniques we examine interaction patterns and
reputation dynamics, and identify trustworthy members, detect anomalies, and
predict the evolution of trust within online communities.
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The structure of the paper is the following. We describe data and present
methodology in the Section 2 and then demonstrate it in Section 3 on Stack
Exchange Startups community. We give brief conclusion in Section 4.

2 Methodology

2.1 Data

Social media platforms have become ubiquitous in our daily lives, with billions
of users worldwide generating vast troves of data that offer unprecedented in-
sights into human behavior, social dynamics, and cultural trends. This wealth
of information has the potential to unlock groundbreaking discoveries, but also
presents a unique set of challenges that researchers must navigate with care [7].

One of the key advantages of social media data is their ability to capture
real-time, large-scale interactions between individuals across diverse geographic
and demographic boundaries [7]. This data can be leveraged to study complex
phenomena, such as the spread of information, the emergence of online commu-
nities, and the impact of social media on mental health and well-being. While
these platforms have different purposes, and as a consequence, the obtain data
can be of different structure, the interactions are always asynchronous, textual
and are used to convey information, opinion and sentiment. This enables us to
standardize the data structure and enable cross-platform analysis.

We follow the data structure described in the Multi-Platform Aggregated
Dataset of Online Communities [7]. The dataset is structured with each row
representing a single interaction with fields include a pseudonymized identifier
of the content creator, post id, a parent post identifier, the content’s text, URLs,
interaction type, the platform of origin. Type of interaction depends on the
platform. For instance, post and comment are for platforms like Reddit and
Voat, question, answer and comment for Stack Exchange, and post, comment
and repost for Koo and BlueSky platform.

2.2 Complex networks structure

Social networks have become an integral part of our daily lives, and the study
of their structure has become increasingly important in various fields, including
sociology, psychology, and computer science. Social networks can be understood
as a collection of individuals or organizations connected by a set of relationships,
such as friendship, kinship, or shared interests [10]. Mathematically, social net-
works are represented by complex networks or graphs, where individuals and
organizations are represented by nodes and the connections between them are
represented by edges [2]. Depending on interaction symmetricity we can distin-
guish between directed graphs, where the links between nodes have a direction
from, and undirected graphs, where the links are reciprocal. If all interactions
have the same importance, we use unweighted graphs; if interactions have dif-
ferent weights, we use weighted graphs [2]. If individuals or organizations are
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of different types where interactions are only allowed between nodes of different
types we have multipartite networks, otherwise networks are monopartite [2]. To
represent a social network with interactions of different type we use multiplex
networks.

The field of complex networks theory focuses on understanding the structure
and dynamics of these social networks, including the roles and behaviors of indi-
vidual actors, the patterns of relationships, and the overall network properties.
Crucial to this field is the examination of network topology on local, mesoscopic
and global level. On local level, we examine the distribution of nodes’ connec-
tions or a local cohesiveness of immediate neighborhood of a node. On mesoscopic
level we examine community or core-periphery structure, while on global level
we analyze properties like network diameter, average path length, degree distri-
bution and centralization [10]. Understanding the structure of social networks
can provide valuable insights into a wide range of social phenomena, such as
information diffusion, opinion formation, and the spread of diseases [10]. For
example, studies have shown that the structure of social networks can influence
the spread of information and the adoption of new technologies [10].

In the case of our data, we are interested in the structure and dynamics of
social networks between users of a certain platform, where interactions are of
the same importance. Thus, we map our data onto unweighted, monopartite,
undirected social network G [2]|. The link exists between two users, ¢ and j, if
they interacted on a question or a posts. We are interested in the evolution of
structural properties of this network over time. For these reasons we consider
aggregates of the data for certain time window and map these data onto net-
works. The choice of time window will depend on different factors, including the
temporal span of available data, the expected evolution speed of the network,
and the specific objectives of the study.

We focus on local cohesiveness and how it evolves during time in a social
group. Local cohesiveness can be measured using different metrics, but the most
common one is clustering coefficient of a node. The clustering coefficient of a
node is a measure of the degree to which the neighbors of that node tend to
be connected to each other. Clustering coefficient can also be aggregated on the
network level to give the average clustering coefficient of the entire network,
which indicates the overall tendency of nodes to form tightly-knit groups. The
clustering coefficient ¢; of the node i equals ¢; = m, where e; is the number
of edges existing between neighbors of node i, while ¢; is the number of neighbors
of node ¢ and %4 (g; —1) is number of possible links between them. The clustering
coefficient can take values between 0 and 1, where 0 is typical for tree-like struc-
ture, while 1 corresponds to fully connected neighborhood. We want to follow
the evolution of the network properties over time, which means that the number
of nodes, edges and clustering coefficient are changing over time.

The concept of core-periphery structure has been extensively studied in vari-
ous fields, including sociology, economics, and network science. In the context of
social networks, the core-periphery structure refers to the organization of nodes
(individuals, groups, or organizations) into a central, densely connected core and
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a peripheral set of nodes that are less connected to the core [4]. This structural
pattern has important implications for understanding of structure and dynamics
of social networks. We study the evolution of core-periphery structure of net-
work in online social groups. Specifically, we determine core periphery structure
of each network, analyze the structure of core, and the connectivity within the
core and between core and periphery.

To detect core-periphery structure we use adaptation of stochastic block
model (SBM). This approach models the network structure as a block matrix
with blocks representing different groups, allowing us to identify core and pe-
riphery nodes in the network. Using SBM model we search for the optimal values
of parameters p and 6 for which our model is the most probable one to produce
our network. Here p is a two dimensional symmetric matrix with the following
constraint 0 < pos < p12 < p11 < 1, where pos and p;; are probabilities of
connections between nodes in network periphery and core, respectively, and pi2
probability of connections between a pair of nodes belonging to two different
groups. The element ¢ of vector § can take values 1 and 2 and indicates the
node’s group membership. The most probable model for a network G maximizes

likelihood N
ij —Aij
P(G|p70) :Hpeiejj(l _p9i0]~)1 7y (1)
i<j

where A;; is the element of adjacency matrix whose value is equal 1 if the nodes i
and j are connected, and 0 otherwise. We fit the model using Metropolis-within-
Gibbs algorithm and following the procedure given in [4]. We use described
approach to determine core-periphery structure of network in each instance, and
analyze the size and stability of the core. We also measure the evolution of
number of links within the core and between core and periphery per node.

2.3 Dynamic reputation model

The concept of reputation has gained significant attention in various fields, in-
cluding economics, sociology, and computer science. As the digital landscape
continues to evolve, the notion of reputation has become increasingly dynamic,
driven by the emergence of web-based platforms and social media. Researchers
have explored the factors that contribute to the formation and management of
online reputation, particularly in the context of social e-commerce.

Here we use reputation as a proxy of trustworthiness of users in a social group.
Specifically, we use Dynamic Interaction Based Reputation Model (DIBRM)
to estimate the evolution of trustworthiness of users over time [6]. The model
assumes that the reputation of the user increases with each activity and decreases
if the user is inactive. The highest reputation growth occurs after bursts of
activity followed by short inactivity periods. We use discrete time to determine
the reputation of the user on daily basis. The user’s reputation on day n T, is
calculated based on her reputation on day n — 1 and contribution of activity to
reputation I,, using the following formula

T, = n—lﬁA" + ]n ) (2)
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Here 3 is the forgetting factor and together with A, determines the velocity
of reputational decay. A, is the number of periods between two different in-
teractions and is equal A, = t"_t# is the number of periods between the
two successive interactions, while taatime window represents the maximum time
spent by the user to make a meaningful contribution. The value of parameter
t, depends on a platform type, but our experiments show that for social media

platforms ¢, = 2. The reputation contribution I,, is calculated based on

1
I.,L :]bn‘i‘[(;n:[bn(l—i_a(l_ S _1)) ’ (3)

where « s the weight of the cumulative part, I, contribution of single activity
to reputation and S,, is number of sequential activities. I,, = 0 if the user is
not active at time t,,. We chose the following values of parameters: 5 = 0.96,
Iy, = 1, and o = 2, see [11] for more details.

3 Example

To demonstrate our approach we analyze the first 180 days of the Stack Exchange
closed group Startups. Stack Exchange is a network of Question and Answers
(Q&A) social groups covering a wide range of topics. In these groups users
can ask and answer questions, as well comment question and answers. Each
of these activities is mapped onto a network and is represented as a link. If
user ¢ answers or comments question, or accepts or comments answer of user j,
we create a link between user ¢ and j. We disregard multiple interactions and
direction of interaction. We only consider interactions within the time window
of 30 days, and slide this window to cover the first 180 days of groups existence.
This way we obtain 150 networks and analyze their properties using our approach
to study the evolution of social network structure and dynamics of reputation
in Startups social group. The Startups group was dedicated to topics related
to startups. After launch it struggled to attract and maintain the necessary
community engagement during its beta phase, which led to its closure.

Figure 1 shows the results of our analysis. Average clustering coefficient,
shown in Fig. 1 (a), fluctuates over the first 100 days, and then it exhibits slow
decrease. Social networks, compared to biological and technological networks,
have relatively high value of clustering coefficient, thus it is not surprising that
we observe relatively high cohesion in this social group. However, the steady
decrease of clustering coefficient in the last 60 days of our observation period
indicates that local neighborhoods of nodes became less and less connected. The
number of nodes in the core exhibits large fluctuations during first 100 days with
around 45 nodes in the core on average (see Fig. 1 (b)). Again, we see a drop in
the average core size to approximately 35 nodes in the last 60 days, indicating
the decrease in community stability. This is further confirmed by the decrease
of number of links between users in the core per user, Fig. 1 (c), and number of
links between users the core and periphery, Fig. 1 (d).
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Fig. 1. (top panel) Evolution of clustering (a), core size (b), number of links among
users within the core averaged over number of users (c), number of links among be-
tween core and periphery users averaged over number of users (d), average dynamical
reputation of all users (e) and users within the core (f) of social network for Startups
social group for the first 180 days of it existence.

Average user reputation (Fig. 1 (e)) and average reputation of users in the
core (Fig. 1 (f)) show that users in the core have three times higher reputation
than the average user in the social group. This is observed in other communi-
ties, both closed and active ones [11], but in active communities the average
reputation of core users either grows or remains steady over the period od 180
days while in closed communities we see decrease at the end of this period. The
decrease of average reputation in the whole group and within the core was an
indicator that the group will be eventually closed.

4 Conclusion

In this paper we presented the high-performance data analytics approach for
studying collective trust dynamics in online social groups. The approach is based
on methods and tools from complex network theory, computer science and sociol-
ogy and can be used for studying collective trust dynamics in various online social
groups. We demonstrated our approach on Startups social group from Stack Ex-
change Q& A network. Our results show that at the beginning the group gained
momentum with relatively large core size, and relatively high connectivity in
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the core and between core and periphery, comparable to still active communities
[11]. However, the value and dynamics of collective trust resembled more to one
observed in closed communities [11]. The same approach can be applied to other
online social groups [7] to study other phenomena and characteristics of social
groups, besides their sustainability.
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Preface

The 15th Internationa Conference on Large-Scale Scientific Computations (LSS(
2025) was held in Sozopol, Bulgaria, June 16-20, 2025. The conference was o
nized by the Institute of Information and Communication Technologies at the Bulgar
Academy of Sciences and MIV Consult Ltd. in cooperation with the Center of B>
lence in Informatics and Information and Communication Technologies, and Sozop
municipality.

The plenary invited speakers and lectures were:

— Pavel Bochev, Data-Driven Compact Models for Devices and Circuits. a Syste
Identification Approach for Non-intrusive Reduced-Order Modeling of Norma an
Radiation Environments in Microelectronics

— Ulrich Langer, State-Based Numerical Solution of PDE-constrained Optimal Contrc
Problems

— Kent-Andre Mardal, Mathematical Challenges of Modeling the Fluid Flow of t
Brain—Brain Clearance, Sleep and Dementia

— Markus Melenk, High-Order Methods for Fractional Diffusion

— Marcus Sarkis, Adaptive LOD BDDC for Elliptic Problems with Rough Coefficier

— Panayot Vassilevski, Interpolation Spaces, Fractional Order Operators, and Scales
Multilevel Decompositions

— Gabriel Wittum, Paralledl Adaptive Simulation of Processes from Science ar
Engineering

The success of the conference and the present volume are the outcome of the
efforts of many partners from various institutions and organizations. First, we would
to thank all the members of the Scientific Committee for their valuable contributi
forming the scientific face of the conference, as well as for their help in revie
contributed papers. We especially thank the organizers of the special sessions. We
also grateful to the staff involved in the local organization.

Traditionally, the purpose of the conference is to bring together scientists work
with large-scale computational models in natural sciences and environmental and indt
trial applications, as well as specialists in the field of numerical methods and algorit
for modern high-performance computers. The invited lectures reviewed some of t
most advanced achievements in the field of numerical methods and their efficient ag
cations. The conference talks were presented by researchers from academic institutic
and practical industry engineers including applied mathematicians, numerical analyst:
and computer experts. The general theme for LSSC 2025 was “Large-Scale Scient
Computing” with a particular focus on the organized special sessions.

The special sessions and organizers were:

— Numerical Methods: Analysis and Computations, In memory of Raytcho Lazarov-
Svetozar Margenov and Panayot Vassilevski
— Mathematical and Numerical Modeling of Multiphysics Problems—Ivan Yotov
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Variational Anaysis and Optima Control—Mikhail Krastanov and Vladimir Velio
Space-Time Methods for PDE-Based Simulation and Optimization—UIlrich Lange
and Thomas Wick

Numerical Methods for Nonlocal Problems—Markus Faustmann and Markus Melen
Fractional Operators and Multi-Physics—Timo Koch, Mirosav Kuchta, Kent-Andre
Mardal, and Ludmil Zikatanov

Recent Advances in Computational and Applied Poromechanics—Markus Bause
Johannes Kraus, and Maria Lymbery

Mathematics and Algorithms for Predictive Digital Twins (DT) —Pavel Bochev, Iri
Tezaur, and Paul Kuberry

Adaptive and Robust Domain Decomposition Methods—Marcus Sarkis
Applications of Metaheuristics to Large-Scale Problems—Stefka Fidanova anc
Gabriel Luque

Large-Scale Models: from Life Sciences to Climate Research—Ivan Dimov ar
Nevena llieva

HPC and HPDA: Algorithms and Applications—Aneta Karaivanova, Todor Guro\
and Emanouil Atanassov

Numerical Solvers and Preconditioners for Differential Equations—Fabio Durastante
and Mariarosa Mazza

Porous Media Flow and Transport—Gabriel Wittum

About 150 participants from all over the world attended the conference represent

some of the strongest research groups in the field of advanced large-scale scientific ¢
puting. For the conference proceedings in total 69 papers were received. The organi:
of the specia sessions managed the reviewing process in their sessions. Following
initial single-blind review phase by reviewers in which submissions received an aver:
of two reviews each, the special session organizers provided a recommendation for €
paper. Following a final revision of the papers the editors of the volume made their
decision about the acceptance of the papers. This process resulted in the publicatiol
58 papers by authors from 15 countries.

The next international conference on LSSC will be organized in June 2027.

February 2026 Ivan Lirkov

Svetozar Margenov
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Parallel algorithm for solving dipolar
Gross-Pitaevskii equation

Dusan Vudragoviél[0000*0001*5735*3198], Vladimir Lonéar®?, and Antun
Balag![0000-0002—5435—1688]

! Institute of Physics Belgrade, University of Belgrade, Serbia
2 Massachusetts Institute of Technology, United States of America

Abstract. There are several numerical methods available for solving
the dipolar Gross-Pitaevskii equation, focusing on both the ground state
properties and the non-stationary dynamics of a Bose-Einstein conden-
sate. These methods can be categorized into three main types: finite
difference, split-step, and spectral methods. In this paper, we present
our numerical algorithm for solving the dipolar Gross-Pitaevskii equa-
tion, which combines the split-step method with the semi-implicit Crank-
Nicolson approach. To calculate the ground state of the system, we use
imaginary time propagation starting from an arbitrary initial state. In
contrast, the dynamics of the system are determined through real-time
propagation from a given initial wave function. We also present various
parallelization strategies, aimed at both shared memory and distributed
memory systems, with a particular focus on heterogeneous computing
platforms.

Keywords: Crank-Nicolson method - Gross-Pitaevskii equation - Bose-
Einstein condensates

1 Introduction

The presence of nonlinear terms in equations that describe physical systems
often leads to novel phenomena. However, understanding these phenomena re-
quires careful and detailed analysis, as intuition based on linear equations is in-
sufficient for predicting the system’s behavior. From an experimental standpoint,
this necessitates the development and refinement of specialized methods tailored
to specific phenomena. Additionally, it is often necessary to establish or further
enhance analytical or numerical approaches to solve the relevant equations. In
the case of a Bose-Einstein condensate (BEC) with dipole-dipole interactions,
nonlinearity arises from two sources: contact interaction and the dipole-dipole in-
teraction between the atoms in the condensate, while the behavior of the system
is described by the dipolar Gross-Pitaevskii equation (GPE)

'ha t) = h* V2 4+ U(r,t t)|?
? &U}(n ) - | % + (I‘, )+g|'¢(l’, )| (1)
—|—/dr/d)*(r',t)Udd(r—r',t)w(r',t) P(r,t).
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In the above equation, also known as the nonlinear Schrédinger equation, U (r, t)
represents the potential of the magneto-optical trap that confines the atoms in
the condensate, g denotes the contact interaction coupling constant, Ugq(r) is
the potential of the dipole-dipole interaction between the atoms, while ¥(r,¢) is
the wave function of the condensate.

Various numerical methods have been developed in the literature to solve the
GPE. Some of these methods focus on calculating the properties of the ground
state [1-4], while others concentrate on the dynamics governed by the time-
dependent GPE [5-13]. Additionally, there are several methods that can provide
numerical solutions for both the ground state and the non-stationary dynamics
of a BEC [5-13]. These methods can be categorized into several types, including
finite difference methods, split-step methods, and spectral methods.

A finite difference method involves the discretization of both space and time.
When working with the dipolar GPE, this discretization is typically carried out
using different schemes: forward, backward, or central difference schemes for
time derivatives, along with a second-order central difference scheme for spatial
derivatives. In these methods, a forward difference scheme in time is referred to as
an explicit method, while a backward difference approach is known as an implicit
method. The central difference scheme in time incorporates aspects of both and
is called a semi-implicit algorithm, specifically the Crank-Nicolson semi-implicit
algorithm. In all our implementations, we used the Crank—Nicolson semi-implicit
algorithm. This approach expresses the space derivatives as averages of their
finite difference approximations in the present and future time steps, making
the Crank-Nicolson scheme unconditionally stable.

The split-step method involves dividing the time evolution in each time step
into several sub-steps. This corresponds to separating the Hamiltonian that go-
verns the dynamics of the system into different components. Each component is
then used to evolve the wave function independently. Typically, it is implemented
by splitting the Hamiltonian, H=T + V into two parts: the kinetic energy
part, T and the potential energy part, V. For our GPE eq. 1, potential energy
component includes the trap potential and nonlinear terms that account for both
contact and dipole-dipole interactions.

To implement the splitting of the Hamiltonian and calculate the system’s
time evolution, we use the Baker-Campbell-Hausdorff lemma, also known as the
Zassenhaus formula

eAH(O1402) _ (A0, A0~ A200,, O] 4 22(2[05,[01,0:]]+[01,[01,0:]]) (2)
where time step is denoted by At. The Zassenhaus formula provides a way to
express the exponential of the sum of two operators O, and (;)27 which gene-
rally do not commute, as a product of their individual exponentials along with
additional terms that include quadratic and higher-order contributions of the
parameter At. When At is small, we can ignore these higher-order terms and
utilize the splitting formula, which for the time evolution of the Hamiltonian
H=T+V gives
—tHAt 7%(T+V)At _ —iTAt e—%VAt + O(AtQ) ) (3)

€ =€ €
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Thus, we introduce an error similar to that caused by the finite difference scheme
employed to approximate time derivatives.

Spectral methods involve expressing the solution to the GPE as a linear
combination of orthonormal special functions in a suitably chosen basis. This
approach reformulates the original equation into a set of equations that deter-
mine the coefficients of the wave function expansion in the selected basis. For
example, using a plane-wave basis yields the most common spectral decomposi-
tion of the wave function.

Our numerical algorithm to solve the GPE combines the split-step approach
with the semi-implicit Crank-Nicolson method [14-16]. To calculate the ground
state of the system, we propagate in imaginary-time [2—4] starting from an arbi-
trary initial state. For the system’s dynamics, we use real-time propagation from
a specified initial wave function. The corresponding codes that implement the
algorithm solve the GPE in three physical dimensions. In the implementation,
we rescaled variables to eliminate physical units, leading us to the following form
of the GPE

. 2
O(r;t) {— V? + U(r;t) + 47 Nag |9 (r; t)|2

i—f

ot

(4)
+3Naaq /dr’ Uda(r — /s 8) [ (x's )| |(rst)

which is derived from the GPE eq. 1 by selecting a reference frequency and
expressing all other physical variables in units defined using this frequency. The
parameter as represents the s-wave scattering length, aqq denotes the dipolar
length, which measures the strength of dipole-dipole interactions, and N is the
number of atoms in the condensate.

2  Algorithm

The split-step semi-implicit Cran}{—Nicolson method allow us to divide the Hamil-
tonian into the non-derivative (Hy) and derivative (Hy, Ha, H3) parts

Hy = U(r;t) + 47 Nas |1/J(r;t)|2 + 3Nadd/dr' Uga(r —1'5t) |1b(r';t)|2 , ()

N o2 . 2 R 9?2
lewv H2:8_yz7 H3:ﬁv (6)

which transforms our dipolar GPE (4) into four sequential partial differential
equations
oY(r;t N .
Z%ZHJT/)(I'J)’ .]:07172735 (7)
which are solved one after the other in the algorithm.
Starting from a preceding solution w"(r)uobtained in the previous complete
time step, the time evolution with respect to Hy in the current time step yields an
intermediate solution "t/ 4(r) of eq. 7 for j = 0. The superscript 1/4 denotes



4 D. Vudragovi¢ et al.

that this is a first of four sub-steps in the current time iteration. Since Hy has
no derivatives, the solution can be written exactly as

() = e oAy (x) = P(Ho) 07 (r). (8)
From this intermediate solution, using the semi-implicit Crank-Nicolson scheme,
the time propagation of the wave function continues and is calculated by solving
the series of partial differential equations,

U ) L g g s griisag]

At 2
n+3/4 _ yn+2/4 .
Z¢ + (r)Atw (I') _ %Hg |:1/)n+3/4(r) + 1/}n+2/4(r)] 7 (9)
n+1 _ yn+3/4 .
) L [ )+ )

On the left-hand side, partial derivatives in time are estimated by a two-point
formula, and on the right-side, the wave function is averaged over the current and
the future time sub-step, which is a characteristic for the finite-difference semi-
implicit Crank—Nicolson method. Eq. 9 have a formal solution that propagates
the wave function to the next intermediate solution,

L= A2,

nt2/4 _ — DD n+1/4

(0 (r) L iH AL (r) =P(H1)¢ (r),

W/ () = % prt2/4(v) = P(Hy) "4 (r) (10)
P (r) = 1—iH3At/2 n3/4(p) = P(Hg) "3/ 4 (r) .

14 iH3At)2

Flowchart of the algorithm for solving the dipolar GPE is illustrated in Fig. 1.
Using the parameters specified in the configuration input file, the algorithm in
the very first step generates an initial wave function or reads its values from the
external file. This is represented by the operator 7, which will initialize the wave
function matrix to be propagated within the main loop of the algorithm. In the
case of imaginary-time propagation, most frequently, the initial wave function
will be generated in the form of a predefined Gaussian, or if it is explicitly defined
in the input file, it will be populated by the values from the external file. For
real-time propagation, the initial wave function is always read from the external
file. Usually, it is a wave function obtained from previous calculation, either in
imaginary- or real-time propagation.

Using the initial wave function, the algorithm in N equal time steps At
propagates the wave function. Each time step consists of four sub-steps, which
are implemented using the operators P(Hy), P(Hy), P(Hs), P(Hs). After each
step, the operator M calculates the relevant physical quantities. In the case
of imaginary-time propagation, there is an additional operation in which we
normalize the wave function to 1 using the operator N. After the main loop is
finished, the simulation saves the wave function for further use (operator &).
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Fig. 1. Flowchart of the algorithm for solving the dipolar GPE. The operator 7 is
responsible for the initialization of the wave functiqn matrix. Propagation gf the wave
function is done in four sub-steps using operators P(Hy), P(H1), P(Hz2), P(Hs). The

operator M calculates physical quantities of the system, and the operator € saves the
wave function for further use. In the case of imaginary-time propagation, the operator

N normalizes the wave function.

3 Parallelization and optimization

We developed an algorithm to solve the fully anisotropic three-dimensional dipo-
lar GPE, building on our previous work 6, 7|. The initial program for the contact-
interaction GPE was written in Fortran [5]. We subsequently rewrote this pro-
gram in C and parallelized it using the Open Multi-Processing (OpenMP) [8-10,
13]. After that, we produced additional programs that include both contact and
dipole-dipole interactions in both C and Fortran [11,12]. Our numerical results
show excellent agreement with recent experimental findings on dipolar BECs of
atoms such as *2Cr, 164Dy, and 1%®Er [17]. By parallelizing our programs, we were
able to take full advantage of all available processors/cores on a shared memory
computer, achieving efficiency of 70 — 90% compared to ideal performance.

Fig. 2 depicts the speedup (circles) and efficiency (triangles) of execution
times for both imaginary-time (left panel) and real-time (right panel) propa-
gation, in relation to the number of CPU cores used. The speedup S (N.) is
determined by comparing the execution time of a simulation run on a single
CPU core with that of a simulation using N. cores. Efficiency is defined as
S (N.) /N, representing the ratio of the experimentally measured speedup to
the ideal speedup, which is equal to N.
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Fig. 2. Speedup (circles) and efficiency (triangles) of the algorithm for solving the dipo-
lar GPE during imaginary-time (left) and real-time (right) propagation as a function
of the number of utilized CPU cores.

Due to the inherent memory limitations of a single computer, we have de-
veloped a distributed memory algorithm |9, 10, 13| utilizing the Message Passing
Interface (MPI) alongside a previous shared memory approach. To enhance the
performance of hybrid implementations, we optimize the parameters that dictate
data and workload distribution using a genetic algorithm. Testing was conducted
with varying numbers of cluster nodes, ranging from 4 to 32, resulting in mea-
sured speedups between 11 and 16.5. The corresponding speedup and efficiency
graphs are presented in the first row of Fig. 3, demonstrating that speedup in-
creases linearly with the number of nodes, while efficiency remains relatively
stable, fluctuating between 40 — 60%. This indicates that OpenMP/MPI pro-
grams offer significant advantages for solving problems with large grid sizes.

We have also developed CUDA /MPI programs [11, 12], and their performance
is shown in the second row of Fig. 3. For 32 nodes, the observed speedup ranges
from 9 to 10, with efficiency levels between 30—40%. While this efficiency is some-
what lower compared to the OpenMP /MPI programs - due to the complexities
of the memory hierarchy in a multi-GPU system spread across multiple cluster
nodes - the speedup still reflects a linear trend. This makes CUDA/MPI pro-
grams a strong candidate for deployment on GPU-enabled computer clusters.
Additionally, these programs utilize minimal CPU resources (up to one CPU
core), allowing the same cluster nodes to be available for other CPU-intensive
simulations.

4 Conclusions

In this paper, we presented a numerical algorithm for solving the GPE. This al-
gorithm combines the split-step method with the semi-implicit Crank-Nicolson
approach. Additionally, we provided results from scalability testing of our par-
allel programs, which demonstrate their efficiency when executed on parallel
computer clusters. The highest speedup we achieved was on a shared memory
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Fig. 3. Speedup (circles) and efficiency (diamonds) of the hybrid OpenMP/MPI (first
row) and CUDA/MPI (second row) algorithms for solving the dipolar GPE during
imaginary-time (left column) and real-time (right column) propagation as a function
of the number of utilized cluster nodes.

computer, where the corresponding code can be effectively utilized up to a cer-
tain spatial discretization limit, which depends on the available memory of the
specific node. For larger spatial meshes, we developed OpenMP /MPI code, which
achieves a linear speedup as the number of nodes increases. For GPU-enabled
computer clusters, we released CUDA /MPI programs. Although their efficiency
is somewhat lower compared to the OpenMP /MPI programs, the speedup still
shows a linear trend.
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Faraday and resonant waves in dipolar
cigar-shaped Bose-Einstein condensates

Dusan Vudragovi¢ and Antun Balaz

Scientific Computing Laboratory, Center for the Study of Complex Systems,
Institute of Physics Belgrade, University of Belgrade, Serbia
E-mail: dusan@ipb.ac.rs

Faraday and resonant density waves appear in Bose-Einstein condensates due to the
harmonic excitation of the system [1-3]. These nonlinear excitations result from interac-
tions that couple collective oscillation modes and the presence of parametric resonanc-
es. Using both variational mean-field and comprehensive numerical methods, we examine
density waves in dipolar condensates at zero temperature [1], where anisotropy in the
dipole-dipole interaction causes symmetry breaking. We develop variational equations of
motion to describe the dynamics of a driven dipolar system and identify the most unstable
modes, which correspond to Faraday and resonant waves. Additionally, we derive analyt-
ical formulas for the spatial periods of these density waves as functions of contact and
dipole-dipole interaction strengths. Finally, we compare these variational results with ex-
tensive numerical simulations solving the 3D dipolar Gross-Pitaevskii equation.

| would like to express my sincere gratitude to Antun BalaZ for his support, inspiration,
and friendship throughout the years. His guidance and influence will always remain an
important part of both my scientific and personal life.
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Large-Scale Simulation of Reddit Communities Using Multi-Agent LLM
Systems

Aleksandar Tomasevié" Darja Cvetkovié?, Sara Major’, Slobodan Maleti¢>,
Miroslav Andelkovié®, Ana Vranié?, Boris Stupovski?, Dusan Vudragovié?,
Aleksandar Bogojevié?, Marija Mitrovié¢ Dankulov?

1Faculty of Philosophy, University of Novi Sad, Novi Sad, Serbia, atomashevic@ff.uns.ac.rs
?|nstitute of Physics Belgrade, University of Belgrade, Belgrade, Serbia
*Vin&a Institute of Nuclear Sciences, University of Belgrade, Belgrade, Serbia

Large Language Models (LLMs) present unprecedented opportunities for simulating complex online
social dynamics at scale. This paper presents a comprehensive multi-agent simulation of Reddit-style
technology discussion communities using an adapted version of the Y Social framework (Rossetti et
al. 2024), originally designed for Twitter simulations but forked and modified for Reddit-like
environments.” We specifically target the simulation of r/technology communities because technology
topics often contain contentious subjects that are more or less politically polarizing - from Big Tech
regulation to Al ethics to Elon Musk's ventures - allowing us to study how politically charged and
potentially toxic conversations emerge within communities not explicitly focused on politics. Our
simulation encompasses one month of activity with approximately 50,000 posts and comments
generated by 7,637 unique LLM agents.

The simulation integrates real-world content through RSS feeds from 33 diverse technology news
sources from TechCrunch and Wired to Fox News Technology and CNN Tech. This approach
ensures that agent discussions are grounded in authentic current events rather than artificial
scenarios. Simulation parameters were calibrated using data drawn from the MADOC dataset
(Dankulov et al. 2025), ensuring realistic behavioral patterns and community dynamics. Each agent is
powered by the uncensored Dolphin3 LLM (based on Llama 3.1 8B) and possesses detailed
psychological profiles including demographic characteristics, political affiliations, Big Five personality
traits, education levels, and critically, configurable toxicity propensities ranging from "absolutely no" to
"extremely" toxic behavior.

Our methodology employs prompt engineering to enable agents to engage in contextually appropriate
behaviors including posting original content, commenting on news articles, participating in threaded
discussions, and exhibiting realistic activity patterns across 24-hour cycles. The system successfully
generated conversations demonstrating sustained multi-turn interactions characteristic of real online
communities. Figure 1 demonstrates key emergent properties: (left) power-law distribution in posting
behavior with 7,637 agents showing patterns that mirror empirical observations from actual social
media platforms, and (right) k-core network structure revealing the community's hierarchical
organization, with high k-core nodes (yellow/green) forming the dense interaction core and lower k-
core nodes (blue/purple) positioned at the periphery.

7 https://github.com/atomashevic/Y Client-Reddit
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Fig. 1 Left panel: Log-log degree distribution showing power-law posting degree patterns
across 7,637 agents. Right panel: Top k-core network visualization displaying emergent
hierarchical community structure, where node colors represent k-core values and edges show
interaction patterns between high-influence agents.

Toxicity analysis reveals compelling emergent patterns: 10.55% of content exceeded moderate
toxicity thresholds (0.5), with 17.97% showing elevated toxicity levels (0.25+), closely matching
empirical observations from actual technology forums. We demonstrate fidelity between our
simulation and real sample of Reddit r/technology data, with both distributions exhibiting similar right-
skewed patterns dominated by low-toxicity content (>80% below 0.2), comparable tail behaviors for
moderate-to-high toxicity ranges and similar mean toxicity scores (0.1327 in simulated community vs.
0.1339 in real r/technology sample).

This work advances Al research in several domains: multi-agent systems capable of sustained social
simulation, prompt engineering for realistic behavioral modeling, and computational social science
methodologies. The framework provides researchers with a controlled environment for studying online
community dynamics, testing moderation strategies, and understanding the emergence of toxic
discourse patterns without ethical constraints of live platform experimentation. Our results
demonstrate that LLM-based agent societies can serve as valuable digital laboratories for
investigating complex social phenomena at unprecedented scale and fidelity.

Keywords: Large Language Models, Multi-Agent Systems, Social Simulation, Online Communities
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THE POTENTIAL FOR FORECASTING THE
PARTICULATE MATTER LEVELS IN COMPLEX URBAN
ENVIRONMENT

Mirjana Perisic 12, Andreja Stojict?, Gordana Jovanovic!?, Andrej Sostaric®, Dimitrije Maletic?,
Dusan Vudragovic?, Svetlana Stanisic?

linstitute of Physics Belgrade, National Institute of the Republic of Serbia, University of Belgrade, 118
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*Corresponding author e-mail: andreja.stojic@ipb.ac.rs

Abstract

In this study, we employed regression analysis by means of machine learning eXtreme Gradient Boosting
method for estimating the relationships between particulate matter (PMig) concentrations and a number of
parameters including benzene, inorganic gaseous pollutants (SO2, NO, NO2, NOx), Global Data Assimilation
System-modeled (GDAS1) meteorological parameters, as well as daily and weekend PM variations in
Belgrade, Serbia. The data was provided by the Institute of Public Health Belgrade, Serbia. The successful
and reliable predictions were provided with relative errors in the range from approx. 19% to 26% and correlation
coefficients higher than 0.95. The lowest relative error and the highest correlation coefficient were obtained for
monitoring station of rural/industrial type located in Ovca, while the highest difference between modeled and
measured values were detected at urban-type monitoring stations Novi Beograd and Institute of Public Health
Belgrade, both of which are exposed to traffic emissions. The modeling results were not satisfying for
rural/industrial monitoring station located in Veliki Crljeni (relative error>30%, corr. coefficient<0,8), which
implies that the dynamic of PM1, emissions at the selected monitoring site were not governed by the available
data on pollutant concentrations and meteorological parameters.
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*Corresponding author e-mail: andreja.stojic@ipb.ac.rs

Abstract

In this study, we used eXtreme Gradient Boosting machine learning and SHapley Additive exPlanations
(SHAP) explainable artificial intelligence methods to examine the relationships between PMyo and other air
pollutant concentrations in the urban area of Belgrade. The data was provided by the Institute of Public Health
Belgrade, Serbia. As shown, the most significant relative impact of benzene levels (50%) on the increase of
PM1o concentrations up to several tens of ug m-= was recorded at the occasions when benzene concentrations
exceeded 5 ug m? and the concentrations of NO, were low (combustion of fossil fuels). The same effect was
less pronounced at higher NO, concentrations. Taking into consideration the relative impact of SO, on PMsg
levels and the observed relationship between NO and PMjo, four dominant environment types that describe
the PM level dynamics were distinguished. In the first-type environment, the decrease of PMyg levels noticed
for SO, levels below 50 ug m= and the dominance of sources with a significant share of NO (> 120 ug m=)
were attributed to traffic emissions. The ambiance recognized as type 2 with no effect on PM levels is
characterized by low gaseous oxide concentrations. The third and the fourth type of environment are
characterized by SO, values exceeding 50 ug m= and their significant impact on the increase of PMsg
concentrations.
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Abstract

Information about human mobility is essential for sustainable development planning. It is crucial for urban and
transportation planning and the role of mobility in reducing contributions of human activities in air pollution and
fighting climate change. While human mobility patterns are typically stable over space and time, they can
dramatically change due to critical events, such as earthquakes and epidemics. We still lack a detailed
description and understanding of how these critical events influence mobility patterns. In this work, we combine
artificial intelligence tools with tools and methods from complex network theory to study human mobility
patterns in the City of Belgrade during the COVID-19. We use data about mobility in the City of Belgrade
between May 2020 and January 2021 from the Facebook Data for Good dataset. The City of Belgrade is
divided into 201 cells with information on the mobility before and during the crises within and between the cells.
The time resolution of the data is 8 hours. We use the k-mean clustering technique to cluster the data and find
five clusters with different average mobility patterns. All mobility time series have trends and cycles, but they
differ between clusters. While residential and suburban area clusters have the peaks of activity during the
working days, clusters including central municipalities have the peak of activity during Saturday afternoon. Our
results show that different city areas react differently to COVID19 information and that this aspect has to be
considered in air pollution and crisis management planning.
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Faraday and Resonant Waves in Dipolar Cigar-
Shaped Bose-Einstein Condensates

D. Vudragovié and A. Bala2
Institute of Physics Belgrade, University of Belgrade, Serbia

Faraday and resonant density waves emerge in Bose-Einstein condensates as a
result of harmonic driving of the system [1-3]. They represent nonlinear excitations
and are generated due to the interaction-induced coupling of collective oscillation
modes and the existence of parametric resonances. Using a mean-field variational
and a full numerical approach, we study density waves in dipolar condensates at
zero temperature [1), where breaking of the symmetry due to anisotropy of the
dipoie-dipole interaction (DDI) plays an important role. We derive variational
equations of motion for the dynamics of a driven dipolar system and identify the most
unstable modes that correspond to the Faraday and resonant waves. Based on this,
we also derive the analytical expressions for spatial periods of both types of density
waves as functions of the contact and the DDI strength. Finally, we compare the
obtained variational results with the results of extensive numerical simulations that
solve the dipolar Gross-Pitasvskii equation in 3D.
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