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Preface

We are very pleased to present the proceedings of the Short Papers of the 21st International
Conference on Information Processing and Management of Uncertainty in Knowledge-
Based Systems (IPMU 2026). The conference was held on June 15-19, 2026, at the Faculty
of Economics of Sapienza University of Rome in Rome, Italy.

The IPMU conference is held every two years and aims at bringing together scientists
working on methods for the management of uncertainty and aggregation of information
in intelligent systems. Since 1986, the IPMU conference has been providing a forum for
the exchange of ideas between theoreticians and practitioners working in these areas and
related fields.

In addition to many contributed scientific papers, the conference has attracted promi-
nent plenary speakers, including Nobel Prize winners Kenneth Arrow, Daniel Kahneman,
and Ilya Prigogine. A very important feature of the conference is the presentation of the
Kampé de Fériet Award for outstanding contributions to the management of uncertain
and imprecise information. Past winners of this prestigious award include Lotfi A. Zadeh
(1992), Ilya Prigogine (1994), Toshiro Terano (1996), Kenneth Arrow (1998), Richard Jef-
frey (2000), Arthur Dempster (2002), Janos Aczel (2004), Daniel Kahneman (2006), Enric
Trillas (2008), James Bezdek (2010), Michio Sugeno (2012), Vladimir N. Vapnik (2014),
Joseph Halpern (2016), Glenn Shafer (2018), Barbara Tversky (2020), Tomaso Poggio
(2022), and Judea Pearl (2024). In this 2026 edition, the recipient of the Kampé de Fériet
Award is Robert Kowalski (Imperial College London, United Kingdom) for his seminal work
on human-oriented models of computing and computational models of human thinking. We
warmly congratulate him.

The TPMU 2026 conference offered a rich and comprehensive scientific program. It
featured four plenary talks delivered, in addition to Robert Kowalski, by Luc De Raedt
(KU Leuven, Belgium and Orebro University, Sweden), Maria Angeles Gil (University of
Oviedo, Spain), and Marco Zaffalon (IDSIA, Switzerland).

The 2026 edition of IPMU celebrated the 40th anniversary of the first edition of the
conference that took place in Paris, France. Rome was a particular fitting choice for this
special occasion, as Rome and Paris have been exclusively and reciprocally twinned since
April 1956.

The IPMU 2026 program consisted of 183 presentations divided into 22 special sessions
and a general track, authored by researchers from more than 25 countries.

For IPMU 2026, the authors had the option to submit either regular papers or short
papers. The present volume contains 51 accepted short papers. All accepted papers under-
went a thorough review process and were evaluated by at least two reviewers. Furthermore,



all papers were examined by the program chairs. The reviewing process respected the usual
conflict-of-interest standards, so that all papers received multiple independent evaluations.

Organizing a conference would not be possible without the assistance, dedication, and
support of many people and institutions, and IPMU 2026 is no exception. We are partic-
ularly grateful to the organizers of special sessions. Such sessions, dedicated to a variety
of topics and organized by experts, have always been a characteristic feature of IPMU
conferences.

We would like to acknowledge all members of the IPMU 2026 Program Committee,
as well as the additional reviewers who played an essential role in the reviewing process,
ensuring a high-quality conference. We thank them sincerely for their work and commit-
ment. We gratefully acknowledge the technical co-sponsorship of the IEEE Computational
Intelligence Society and the European Society for Fuzzy Logic and Technology (EUSFLAT).

We also acknowledge the support from Sapienza University of Rome, and in particular
from the Faculty of Economics and the Department of Methods and Models for Economics,
Territory and Finance; from the Rome Technopole Foundation; from the Springer team who
managed the publication of these proceedings. We want to thank EUSFLAT for funding
five student grants; the International Journal of Approzimate Reasoning (— Elsevier) for
funding a best paper award; Springer for funding a best paper award. Our very special
and greatest gratitude goes to the authors who submitted the results of their work and
presented them at the conference. Without them, this conference would not have been
possible.

We hope that these proceedings provide readers with multiple ideas leading to numerous
research activities, significant publications, and stimulating presentations at future IPMU
conferences.

June, 2026 Barbara Vantaggi
Rome, Italy Giulianella Coletti
Thierry Denceux

Anne Laurent

Davide Petturiti

Enrique Miranda

Jestis Medina

Bernadette Bouchon-Meunier

Ronald R. Yager
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Medium-Range Temperature Forecasting: Neural
Networks or a Linear Model?

Luca Vincenzo Ballestra

Department of Statistical Sciences, Alma Mater Studiorum — University of Bologna,
Bologna, Italy
luca.ballestra@unibo.it

Abstract. This paper compares a seasonal vector autoregression, VAR(1),
with four neural-network architectures for medium-range forecasting of daily
mean temperature and mean sea-level pressure over horizons from 1 to 90
days. Forecast accuracy is evaluated with path-averaged multi-step MAE
and RMSE. The neural alternatives are a direct multilayer perceptron, a
recursive multilayer perceptron, a CNN-LSTM encoder—decoder, and an
LSTM sequence-to-sequence model. All nonlinear specifications incorporate
harmonic seasonality, and the direct multi-step architectures exploit the
known future seasonal sequence at the forecast origin. The empirical evi-
dence from daily Milan data is mixed: LSTM-Seq2Seq is strongest at the
shortest horizon, at the 30-day temperature horizon, and for 5-day pres-
sure forecasts; MLP-Rec attains the lowest 5-day temperature MAE and the
lowest 90-day temperature errors; and VAR(1) is strongest for temperature
at 10 days and for pressure from 10 days onward. No neural model domi-
nates uniformly across variables and horizons, while VAR(1) is substantially
faster. An additional LSTM-Seq2Seq experiment with shortwave radiation
and wind speed yields selective improvements, mainly at short horizons for
temperature and more modestly across several horizons for pressure.

Keywords: Temperature forecasting - vector autoregression - neural net-
works - LSTM - medium-range forecasting

1 Introduction

Accurate daily forecasts of near-surface atmospheric conditions matter for energy
systems, agriculture, infrastructure, and weather-related risk management. Although
numerical weather prediction dominates the very short run, forecast skill deterio-
rates with lead time because atmospheric dynamics are chaotic [1,4]. This makes
medium-range forecasting a natural setting in which to compare parsimonious sta-
tistical baselines with more flexible machine-learning models.

The paper asks whether nonlinear neural architectures yield gains large and
robust enough to justify their added complexity relative to a strong seasonal linear
benchmark on a single-site daily forecasting problem. This is informative because
seasonality and persistence already explain a substantial part of the predictable
variation, so a careful benchmark remains useful even when the evidence is mixed.

Accordingly, we compare a seasonal VAR(1) with four neural-network architec-
tures for forecasting daily mean temperature and mean sea-level pressure in Milan.

B. Vantaggi, G. Coletti, T. Deneuz, A. Laurent, D. Petturiti, E. Miranda, J. Medina, B.
Bouchon-Meunier, R. R. Yager (eds.)
Proceedings of the IPMU2026 Short Papers. June 2026, Rome, Italy, p. 337-342



The contribution is a controlled benchmark that emphasizes forecast accuracy, com-
putational cost, and whether any nonlinear gains remain meaningful once both are
considered. A brief additional experiment tests whether supplementing the strongest
recurrent architecture with shortwave radiation and wind speed improves the fore-
casts.

The main message is cautious. Neural gains are selective rather than uniform:
LSTM-Seq2Seq is strongest at the shortest horizon, at the 30-day temperature
horizon, and for 5-day pressure forecasts; MLP-Rec is best for temperature MAE
at 5 days and for both temperature metrics at 90 days; and VAR(1) becomes the
strongest model for pressure from 10 days onward.

2 Methods

Let T} and P, denote daily mean temperature and mean sea-level pressure on day
t. The bivariate target vector is y; = (T3, P;)’. Seasonality is represented by the
harmonic vector
s; = (sin(27d;/365), cos(27d;/365))’,

where d; is the day of the year. All models use these seasonal features, but they
differ in how past observations and known future seasonal covariates are mapped
into multi-step forecasts. For the direct multi-step neural architectures, the future
harmonic sequence (Sty1,...,Si+m) is treated as deterministic information avail-
able at the forecast origin and supplied together with the historical input window.
Background references on vector autoregressions include [2], [3].

VAR(1). The linear benchmark is the bivariate seasonal vector autoregression
vt =p+ Ay;1 +Csi + &4, yi = (Ty, Pr)".

The model is estimated by ordinary least squares and then iterated recursively to
obtain multi-step forecasts.

Neural models. The MLP-Dir uses the previous 30 days of temperature and pres-
sure together with the horizon-specific future harmonic sequence (syy1,...,Strm)
to predict the entire forecast path ¥, 1.4 g|¢ directly. The MLP-Rec uses only the
latest lag (L = 1), is trained for one-step prediction, and is then iterated recur-
sively; along the recursive path, the seasonal harmonics are updated day by day
using the corresponding forecast date. The CNN-LSTM-ED and LSTM-Seq2Seq
take a length-30 input sequence with four channels (T, P, sin, cos) and produce the
full H-step path in direct multi-step fashion, while their decoders receive the future
harmonic sequence (S¢41,...,S:+1) as known ex ante seasonal information. The
CNN-LSTM-ED uses two causal 1D convolutional layers before decoding, whereas
the LSTM—-Seq2Seq is purely recurrent.

Common training choices. All neural networks were implemented in R through the
Keras/TensorFlow interface and trained with Adam (learning rate 10~2), batch size
32, maximum 100 epochs, 10% validation split, and early stopping with patience 10.
Input scaling used training-sample moments only, and all neural results are based on
a fixed random seed equal to 123. The direct models were re-estimated separately
for each horizon H € {1,5,10,30,90}; the recursive VAR(1) and MLP-Rec were
trained once and then iterated forward.
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3 Data, evaluation, and baseline results

The data come from Open-Meteo (https://open-meteo.com) and cover Milan (Eu-
rope/Rome local time, CET/CEST) from 1 January 2000 to 1 January 2024. The
sample was split chronologically into 80% training observations and 20% test ob-
servations. Supervised windows were built after this split. Training origins were
therefore restricted so that both input lags and forecast targets lie within the train-
ing block. Test origins start on the first day of the test block; for the earliest test
forecasts, lagged inputs may use observations from the end of the training block,
which are known at the forecast origin and are therefore admissible. For each hori-
zon H, only forecast origins with all future realizations observed were retained, so
late incomplete test windows were dropped. Over the full sample, temperature has
mean 13.2°C and standard deviation 8.08°C; pressure has mean 1015.85 hPa and
standard deviation 7.56 hPa.

For each horizon H, test forecast paths were formed so that the first predicted
day lies in the test block and all H future realizations are observed. Hence the
number of complete test paths is My = Niest — H 4+ 1. Reported errors are path-
averaged: for each H, they average forecast errors over all retained windows and all
leads h =1, ..., H. Consequently, the statistic reported for H = 30 is not the error
at lead 30 alone, but the average error over the full path from lead 1 through lead
30. For a generic variable Y € {T, P},

Yivne — Yi+n

)

1 My H
MAEg(Y) = T Z Z
t=1 h=1

g H
RMSEy (Y) = Mfle ' (f@h\t - Yt+h)2'
=1 h=1

~+

These metrics summarize average performance over the entire forecast path up to
horizon H rather than isolated terminal-lead accuracy.

Temperature MAE Temperature RMSE

@~ VAR(1) -@- VAR(1)
124 —®- MLP-Dir 1.6 1 ~©- MLP-Dir
h @ MLP-Rec @~ MLP-Rec

~@- CNN-LSTM-ED 1.4 ~@- CNN-LSTM-ED

1.04 ~@- LSTMSeq2seq @ LSTM-Seq2Seq

T T T T T T

1510 30 90 1510 30 90
Forecast horizon (days) Forecast horizon (days)

Fig. 1. Temperature MAE and RMSE over forecasting horizons for the five baseline mod-
els.
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Table 1. Path-averaged forecast errors for temperature (T') and pressure (P). Panel A
reports MAE and Panel B reports RMSE. Best value in each column is in bold.

Panel A: MAE

Temperature [°C] Pressure [hPa]
Model 1 5 10 30 90 1 5 10 30 90
VAR(1) 1.075 1.681 1.916 2.156 2.255 3.210 4.898 5.329 5.602 5.646
MLP-Dir 1.223 1.892 2.052 2.178 2.230 3.077 4.996 5.467 5.731 5.767
MLP-Rec 1.041 1.668 1.923 2.166 2.171 3.185 4.894 5.460 6.024 6.285

CNN-LSTM-ED 1.437 1.904 2.030 2.167 2.319 3.077 5.030 5.628 5.761 5.856
LSTM—-Seq2Seq 1.020 1.795 1.952 2.113 2.236 2.855 4.853 5.446 5.782 5.808

Panel B: RMSE

Temperature [°C] Pressure [hPa)
Model 1 5 10 30 90 1 5 10 30 90
VAR(1) 1.379 2.124 2.391 2.658 2.760 4.351 6.670 7.151 7.461 7.521
MLP-Dir 1.562 2.365 2.540 2.704 2.760 4.170 6.748 7.297 7.610 7.666
MLP-Rec 1.350 2.132 2.422 2.710 2.697 4.326 6.691 7.343 7.967 8.265

CNN-LSTM-ED 1.778 2.380 2.511 2.698 2.890 4.182 6.787 7.517 7.657 7.776
LSTM-Seq2Seq 1.332 2.234 2.418 2.612 2.763 3.886 6.591 7.283 7.677 7.752

Table 1 and Fig. 1 for temperature show a stable qualitative picture across MAE
and RMSE. At H = 1, LSTM-Seq2Seq attains the lowest error for both variables
under both loss functions, although MLP-Rec remains close for temperature. At
H =5, the ranking is split by variable and metric: MLP-Rec yields the lowest tem-
perature MAE, VAR(1) has the lowest temperature RMSE, and LSTM—-Seq2Seq is
best for pressure under both metrics. At H = 10, VAR(1) has the lowest tempera-
ture errors and is also best for pressure under both MAE and RMSE.

Over longer forecast paths, the gains of the neural models remain selective rather
than broad. At H = 30, LSTM-Seq2Seq yields the lowest temperature MAE and
RMSE, but its advantage over VAR(1) is modest in absolute magnitude (2.113
versus 2.156 in MAE, and 2.612 versus 2.658 in RMSE). At H = 90, MLP-Rec
attains the lowest temperature errors (2.171 in MAE and 2.697 in RMSE), improving
on both VAR(1) and the direct MLP for this variable. For pressure, however, the
seasonal VAR(1) is the best model from H = 10 onward under both MAE and
RMSE. This means that no neural architecture dominates uniformly across variables
and horizons.

CNN-LSTM-ED is often the weakest specification, although its updated 10- and
30-day temperature errors are closer to the strongest alternatives than in the earlier
run. Overall, nonlinear flexibility yields only selective gains on this dataset, whereas
a parsimonious seasonal linear benchmark remains difficult to outperform robustly.

3.1 Computational cost

Table 2 reports training, test, and total runtimes for the five baseline models, aggre-
gated over the five forecast horizons. All computations were performed on a laptop
equipped with a 12th Gen Intel Core i5-1245U processor and 16 GB RAM.
VAR(1) is more than an order of magnitude faster than every neural alterna-
tive. Among the neural models, LSTM-Seq2Seq is the cheapest in total runtime,
requiring about 33 seconds across the five horizons, versus less than half a second
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Table 2. Training, test, and total runtimes (seconds) for the five baseline models, summed
over H € {1, 5,10, 30,90}.

Model TrainTime TestTime TotalTime
VAR(1) 0.01 0.45 0.46
MLP-Dir 54.37 1.75 56.12
MLP-Rec 18.74 19.94 38.68
CNN-LSTM-ED 85.23 8.09 93.32
LSTM-Seq2Seq 16.01 16.84 32.85

Table 3. LSTM-Seq2Seq with additional encoder inputs (shortwave radiation and wind
speed): path-averaged errors and runtimes.

H MAEr RMSEr MAEp RMSEp Train Test Total

1 1.012 1.328  2.837 3.787 186.42 4.58 191.00
5 1.752 2.193  4.806 6.534 232.73 4.33 237.06
10 2.098 2.592  5.473 7.267 203.22 5.34 208.56
30 2.159 2.681 5.710 7.635 159.73 5.28 165.01
90  2.348 2.901 5.788 7.736 243.39 4.09 247.48

for VAR(1). MLP-Rec is also relatively inexpensive because it is trained once and
then iterated forward, but its recursive test-time cost is larger. Even where recurrent
networks improve accuracy, those gains carry a substantial computational premium.

The evidence should nevertheless be interpreted cautiously. The benchmark uses
a single location, a single chronological split, and path-averaged rather than lead-
specific losses. These limitations narrow the scope of the conclusions.

4 LSTM-Seq2Seq with additional meteorological inputs

The additional-input experiment asks whether local meteorological variables im-
prove forecasts beyond persistence and harmonic seasonality. We extend only LSTM-
Seq2Seq because it remains the most attractive recurrent baseline: it is best at H = 1
for both variables, best for temperature at H = 30, best for pressure at H = 5, and
the cheapest neural model in total runtime.

The extension augments the encoder input sequence with daily shortwave radi-
ation and wind speed while leaving the forecast targets unchanged. Table 3 reports
the resulting errors and runtimes. The gains are selective. For temperature, both
MAE and RMSE improve at H = 1 and H = 5, but worsen from H = 10 onward.
For pressure, the additional inputs improve RMSE at all horizons and MAE at most
horizons, with modest gains.

The computational cost of the additional-input model is substantial. Summed
over the five horizons, it requires 1049.11 seconds, compared with 32.85 seconds for
the baseline LSTM-Seq2Seq in the updated baseline run. The extra-input specifi-
cation is therefore best interpreted as a targeted robustness check rather than as a
broadly superior model.
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5 Conclusions

For daily data from Milan, the evidence does not support a uniformly superior
nonlinear model for medium-range forecasting. Neural architectures can improve
upon a seasonal linear benchmark, but the gains are selective, horizon-dependent,
and variable-specific. LSTM-Seq2Seq is strongest at the shortest horizon and at
the 30-day temperature horizon, as well as for 5-day pressure forecasts; MLP-Rec
performs best for temperature MAE at 5 days and for both temperature metrics at
90 days; and VAR(1) remains the strongest model for pressure from 10 days onward.

The main implication is comparative. On this benchmark, a seasonal VAR(1)
remains hard to beat once computational cost is taken into account, especially for
pressure. The updated results give MLP-Rec a clearer advantage for long-horizon
temperature forecasts, but this does not translate into broad dominance across vari-
ables and horizons. The additional-input extension of LSTM-Seq2Seq confirms the
same message: supplementary meteorological information can help at very short
horizons, but not enough to change the overall balance between accuracy and com-
plexity.

Within the present setting, parsimonious seasonal linear dynamics remain a
strong baseline for medium-range daily forecasting, and more complex nonlinear
models must clear a high bar to justify their additional cost.
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