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npodeccopa, akanemruka HAH PA.

This issue of the Periodical is dedicated to the 85-th anniversary of

Yuri H. Shoukourian, Doctor of Technical Sciences, Professor,

Academician of NAS RA.



The prominent scientist, talented educator, accomplished organizer of science, and natural
intellectual, Academician  Yuri H. Shoukourian, has recently turned 85.
His contributions to computer science and information technologies, as well as his
organizational leadership in advancing these disciplines, are truly significant.

Yuri Shoukourian is distinguished by his keen sense of emerging trends in the development
of modern directions in computer technologies. This ability, combined with his broad scientific
outlook, enables him to promote the development of research in computing and informatics in
Armenia at a level consistent with international standards.

Prof. Shoukourian has made substantial contributions to the creation, deployment, and
integration of Armenia’s information and academic computer network with European research
infrastructures. Through his active involvement, Armenia’s National Supercomputing Center
was established, greatly supporting the advancement of computational sciences and their
application to Armenia’s societal needs and economic development.

For 40 years, Yuri Shoukourian has been leading the Institute for Informatics and
Automation Problems of the National Academy of Sciences of Armenia - first as director, and
later as scientific supervisor and department head.

His impact on training young specialists is considerable. Under his direct supervision, more
than 20 young researchers have obtained academic degrees. For decades, he has cultivated
generations of young scientists through the dissertation defence process, serving as the chair of
the institute’s specialized council.

On Yuri Shoukourian’s initiative and under his direct leadership, international conferences
in computer science and information technologies are regularly organized.

For his effective scientific and organizational work, Academician Yuri Shoukourian has
been awarded the Medals of St. Mesrop Mashtots and Badge of Honor, as well as the title of
Honored Scientist.

Since 1986, he has chaired the editorial board of the journal Mathematical Problems of
Computer Science. The editorial board of the journal sincerely wishes Yuri Shoukourian good
health, prosperity, and many more years of fruitful activity in service of scientific progress.



CONTENTS

V. Poghosyan
On Exactly Solvable Lattice Models and Their Mathematical Properties

E. Khalafyan

Better Thinking or a Bigger Model? Thinking--Answering Shuffles with Qwen3 on

GPQA

V. Poghosyan
A Visualization and Modeling Tool for Fault-Tolerant Gossip Graphs

G. Gharagyozyan
A PDE-Based Convolutional Neural Network with Variational Information
Bottleneck: Experimental Evaluation and Generalization Analysis

R. Veziryan
PDE-UNet: A Modified UNet Architecture Applied to Medical Image
Segmentation

A. Petrosyan, G. Petrosyan and R. Tadevosyan
Development of the Automated Alert System for Detection and Handling of
Compromised Email Accounts

A. Oghlukyan and Luis Fernando de Mingo Lépez
Infrequent Synchronization in Distributed AdaBoost

17

29

37

47

56

66






Mathematical Problems of Computer Science 64, 9-16, 2025.
doi:10.51408/1963-0135

UDC 519.175:519.21:530.145

On Exactly Solvable Lattice Models and Their
Mathematical Properties

Vahagn S. Poghosyan

Institute for Informatics and Automation Problems of NAS RA, Yerevan, Armenia
e-mail: povahagn@gmail.com

Abstract

This paper provides a comprehensive review of our previously obtained results on
exactly solvable lattice models, with a primary focus on the Abelian sandpile model,
dimer model, loop-erased random walks and their connections to the enumeration of
spanning trees.
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1. Introduction

The study of exactly solvable lattice models plays a fundamental role in the development of
equilibrium and nonequilibrium statistical theories. These models are typically governed by
relatively simple local dynamical rules, yet they often exhibit nontrivial critical behavior of
observable quantities.

Investigations of such models allow one to understand, through tractable examples, mech-
anisms underlying critical behavior in realistic systems, both at and away from equilibrium.

A key equilibrium lattice model is the Ising model [1, 2], originally introduced to de-
scribe critical properties near phase transitions. The exact solution of the Ising model on
the two-dimensional square lattice was first given by Onsager [3]|, demonstrating the possi-
bility of second-order phase transitions in systems with short-range interactions. The model
reveals critical exponents that diverge from those derived using perturbative or mean-field
approximations.

Beyond the Ising model, further models such as vertex models and generalized spin
systems have emerged. One prominent generalization is the @-state Potts model [4], where
the order of the phase transition depends on the parameter (). Exact solutions exist only
for specific parameter values in two dimensions.

9



10 On Exactly Solvable Lattice Models and Their Mathematical Properties

Various exact methods and the analysis of two-dimensional models are discussed com-
prehensively in multiple monographs [5, 6, 7].

Alternative formulations of the Ising model have also appeared. The Pfaffian formula-
tion by Hurst and Green [8], later recast by Kasteleyn in terms of dimer coverings [9, 10],
connected the model to the dimer problem introduced by Fowler and Rushbrooke [11]. Sig-
nificant exact results followed in the 1960s [9, 12, 13, 14], with the field expanding further
through later works [15, 16, 17, 18].

A mapping between dense dimer packings and spanning trees was established by Tem-
perley [19] and extended to general planar graphs [20]. For a detailed review of the dimer
model and its relation to loop-erased random walks, spanning trees and Green functions of
discrete Laplacian, see the work by Kenyon [21]. This correspondence persists even with the
inclusion of monomers, leading to models of spanning webs [22, 23, 24].

Fortuin and Kasteleyn [25, 26] demonstrated that lattice models constitute a broad class
of graph-theoretic problems, intersecting probability, combinatorics, and other domains.
They introduced the random cluster model, thee partition function of which reduces, un-
der parameter variations, to the Tutte polynomial [27, 28|, spanning tree enumeration [29],
percolation [30], the Potts model, and the Ashkin-Teller model.

Kirchhoft’s matrix-tree theorem [31] provides a means to compute network resistances
and connects these ideas to the enumeration of spanning trees.

Interest has grown in nonequilibrium exactly solvable lattice models. Criticality in such
systems typically arises without fine-tuning of parameters. Correlation functions decay ex-
ponentially away from criticality:

R(r) ~ exp —r/¢, (1)
where £ denotes the correlation length. At criticality, a power-law decay appears:
1
R(?”) ~ Tia' (2)

Critical behavior is marked by scale invariance and the absence of characteristic length
scales. Below the critical temperature, equilibrium systems may exhibit spontaneous order-
ing emerging purely from internal dynamics.

In nonequilibrium settings, systems often evolve into a subset of configurations the re-
current set from which escape is impossible, similar to attractors in deterministic systems.
This leads to a form of internal ordering. The resulting framework, where critical behavior
arises self-consistently, is termed self-organized criticality (SOC).

SOC systems, while governed by local rules, exhibit highly nonlocal behavior. A con-
jecture posits that this nonlocality may introduce logarithmic corrections in asymptotic

correlation functions: (log)?
ogr
R(r) ~ B Q
These systems are typically dissipative and open: they maintain stationary macroscopic
flows and convert all externally supplied energy into overcoming internal friction.

In 1987, Bak, Tang, and Wiesenfeld proposed a theory of SOC [32], asserting that many
systems naturally evolve toward criticality. Perturbations can trigger avalanches of all scales.
A canonical model in this context is the Abelian Sandpile Model (ASM) [32, 33, 34, 35], a
nonlinear stochastic system defined on graphs. Each vertex holds a discrete height. A local

update (addition of a grain) may trigger a cascade of topplings governed by deterministic
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rules, forming a cellular automaton. Only a subset of configurations recurrent configurations
emerge asymptotically. The stationary measure is uniform over this set, and transient states
have zero measure.

The Abelian property ensures that the order of relaxation steps does not affect the final
state, making ASM analytically tractable. The burning algorithm [35, 36, 37, 38] provides
a test for recurrence and constructs the associated spanning tree. Thus, a bijection exists
between recurrent states and spanning trees.

Numerous models have been proposed to describe SOC: sand models [39], earthquake
models [40, 41], forest-fire models [42, 43|, and others.

Exact solvable ASM variants on regular lattices showed that renormalization group ap-
proaches may yield incorrect predictions [44]. Square lattices are especially relevant due to
their rich nonlocal structure.

The source of nonlocality lies in recurrence testing, which involves global height config-
uration analysis.

Interestingly, probabilities of local observables (e.g., a specific height at a site) are de-
termined by nonlocal features of uniform spanning trees and dimer-monomer coverings. For
example, the number of neighboring predecessors in a spanning tree is a nonlocal quantity,
computable via path enumeration in the tree.

In the ASM, the probability P; for height 1 and the asymptotics of the two-point function

0'11<7"):P11(7”)—P12, T'>>1

were computed by Majumdar and Dhar [36], using the spanning tree representation and
Kirchhoft’s theorem.

Higher height probabilities (P, P3, P;) were addressed by Priezzhev [38] via ©-graph
enumeration, involving integrals of singular functions derived from 4 x 4 determinants. Later,
Ruelle [45] simplified them to a double integral.

This confirmed Grassberger’s Monte Carlo hypothesis [39, 46] that the average height in
the ASM is a rational number, 25/8.

2. Review of Our Results

In [23], the close-packed dimer model (domino tiling) on a two-dimensional square lattice
with a single vacancy at the center was analytically studied. By generalizing the spanning
tree representation to spanning webs, determinantal expressions were derived for random
variables describing dimer mobility. In the thermodynamic limit of large lattices, these
expressions reduce to the computation of Toeplitz determinants and their minors. The
exact probabilities for the vacancy to be strictly jammed and other diffusion characteristics
were calculated. Their numerical values agree with the numerical results and conjectures
presented in [22].

Asymptotic expressions for the probability distributions of height variables and their
two-point correlation functions in the Abelian sandpile model on the two-dimensional square
lattice were analytically obtained in [47, 48, 49, 50]. These expressions exhibit logarithmic
behavior previously predicted by logarithmic conformal field theory. It was shown that the
distribution of height probabilities is directly related to the return probability of a loop-
erased random walk (LERW) passing through a neighboring vertex of the starting point.
This connection was rigorously established via a mapping to a local monomer-dimer model
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[51, 52]. Although methods for computing these quantities and their optimizations had been
developed, and high-precision simulations were conducted, exact values remained conjectural
for many years [45, 53, 54, 55].

In [50], the fixed-energy sandpile model with conservative vertices (closed boundaries)
on the square lattice was studied, and a relation between its threshold density and the
stationary density of the Abelian sandpile model with open (dissipative) boundaries was
explored. While the minimal height initial state had previously been considered [56, 57],
the authors of [50] generalized this by considering negative initial heights. A conjecture was
proposed stating that the difference between the threshold and stationary densities tends to
zero as the absolute value of the negative initial height tends to infinity. This conjecture was
proven in [58], where a formal theory and a general theorem were established.

3. Conclusion

In this work, we summarized our recent results on several exactly solvable lattice models
and highlighted their shared mathematical structures. The connections among the Abelian
sandpile model, dimer coverings, loop-erased random walks, and spanning tree enumeration
reveal a unifying combinatorial framework that continues to motivate further analytical and
computational developments.
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Abstract

We show that for Qwen3, large language models (LLMs) on the Graduate-Level
Google-Proof Question Answering (GPQA) benchmark, thinker quality dominates an-
swerer size: a 14B thinker paired with a 0.6B answerer reaches 54.24% accuracy, close
to the 14B—14B diagonal (59.15%), whereas a 0.6B thinker reduces a 14B answerer
to 20.54%. We evaluate a thinking—answering shuffle in which a chain-of-thought is
generated by one model size (0.6B—14B) and supplied to every other size for label-
only answering, covering all 5 x 5 pairings across 448 GPQA questions. Accuracy
rises monotonically with thinker size, while answerer size has a modest effect. Larger
thinkers produce shorter, higher-entropy chains (mean length ~4,639 tokens; entropy
0.416) than smaller thinkers (14,566; 0.404), and these properties correlate with better
cross-model transfer. Implication: cache thoughts with a strong LLM and execute
answers with a small LLM to approach best-diagonal accuracy at a lower cost.
Keywords: Chain-of-thought (CoT), cross-model reasoning transfer, Qwen3, GPQA
benchmark, LLM token entropy.

Article info: Received 14 September 2025; sent for review 18 September 2025; ac-
cepted 13 October 2025.

1. Introduction

Chain-of-thought (CoT) prompting asks large language models (LLMs) to write brief inter-
mediate steps before the final answer and often improves reasoning [1, 2, 3, 4, 5]. However, it
remains unclear whether such traces transfer across model sizes and under what conditions
transfer helps or harms accuracy.

GPQA-main comprises 448 multiple-choice science questions across several disciplines.
Its adversarial distractors require multi-step reasoning, making it a rigorous testbed [6].
Prior work benchmarks individual model sizes on GPQA [7, 8, 9], but not cross-size reuse of
reasoning (thinking generated by one model and fed to another).

We, therefore, evaluate a simple thinking-answering shuffle: generate the chain of thought
with one Qwen3 model (0.6B, 1.7B, 4B, 8B, 14B) and feed it to every other size for label-only
answering, covering all 5 x 5 pairings. We report accuracy and summary statistics of the
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chains (length and entropy) and observe a strong asymmetry: larger thinkers consistently
lift smaller answerers, whereas small thinkers can degrade larger answerers.

Terminology.

Question answering (QA): select the correct option for a given question.

Chain-of-thought (CoT): intermediate natural-language steps the model writes before the
final answer.

A token is a subword unit used by the model.

Prefiz bias: in long prompts/rationales, early tokens or early hypotheses steer later de-
coding disproportionately, anchoring the model on an initial guess, even when later evidence
contradicts it [10].

Context competition: in long inputs, multiple spans compete for attention; evidence
especially in the middle of the context can be downweighted or ignored (lost in the middle),
reducing effective use of relevant information [10].

Primacy/recency effects: the tendency of LLMs to overweight information at the begin-
ning and the end of long contexts relative to the middle [10].

2. Related Work

Chain-of-thought prompting has been shown to significantly improve reasoning performance
in LLMs by eliciting intermediate logical steps before final answer generation. Wei et al.
demonstrated that explicitly prompting models to think step-by-step yields large gains on
arithmetic and commonsense tasks, especially for models above 100B parameters [1]. Sub-
sequent work by Kojima et al. found that even smaller models benefit from few-shot chain-
of-thought examples, though the improvements scale with model capacity [2].

Research on the scaling behavior of LLM reasoning has largely focused on measuring in-
context performance within single model sizes. Zhang et al. analyzed reasoning trace length
and coherence across model sizes up to 50B parameters, finding that larger models produce
more concise and higher-quality chains [11]. However, the potential to transfer reasoning
traces between models of different sizes remains largely unexplored.

A few recent studies have begun to investigate cross-model prompting. Li et al. experi-
mented with using reasoning chains generated by a smaller model to prompt a larger model,
reporting modest gains in answer accuracy on mathematical benchmarks [12]. Conversely,
Smith et al. explored the reverse - using large-model chains for small-model answerers - but
limited their analysis to only two model sizes [13].

Our work differs by systematically evaluating all pairwise combinations of Qwen3 models
from 0.6B to 14B parameters on a scientific question answering (QA) benchmark, and by
analyzing both accuracy and statistical properties of the reasoning traces, such as token
length and entropy.

3. Methods

3.1. Models and Sizes

We evaluate five variants of the Qwen3 family, differing only in parameter count and cor-
responding model capacity. All models share the same transformer architecture and vo-
cabulary. Key architectural details and hyperparameters (e.g., number of layers, hidden
dimension, attention heads, context window) are summarized in Table 1. All models were
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Table 1. Qwen3 dense model variants used in this work. All models share the same Transformer
backbone and vocabulary.

Model Params (B) Layers Hidden dim Attn heads (Q/KV) Context (tokens)
Qwen3-0.6B 0.6 28 1024 16 / 8 32,768
Qwen3-1.7B 1.7 28 2048 16 / 8 32,768
Qwen3-4B 4.0 36 2560 32 /8 32,768"
Qwen3-8B 8.2 36 4096 32 /8 32,768T
Qwen3-14B 14.8 40 5120 40 / 8 32,768"

Notes. Hidden dimensions, layers, heads, and vocab are taken from the official config. json; vocabulary size
is 151,936 for all five models. Native context window is 32,768 tokens; T indicates models with documented
support for 131,072 tokens via YaRN RoPE scaling [15].

run locally on my hardware using the official pretrained checkpoints (default settings; no
fine-tuning). More details on the experimental setup and deployments are in Appendix A.

Why Qwen3? My shuffle protocol requires an open-source model family with identical
tokenization across sizes, so that a thinking trace generated by one size can be consumed
verbatim by another without re-tokenization artifacts. This requires public access to the
tokenizer and vocabulary to enable exact token-level entropy and related metrics. Qwen3
satisfies these requirements: all variants expose the same tokenizer and vocabulary and share
a closely matched Transformer backbone and long context window (32,768) [14], minimiz-
ing confounds from architectural drift. The family is released across a wide spectrum of
parameter scales (0.6B-14B), providing multiple capacities trained under a common recipe,
which helps hold constant data and methodology when comparing sizes. By contrast, cross-
family comparisons (e.g., LLaMA or DeepSeek) would entangle differences in tokenization,
training corpora, and optimization procedures, obscuring size effects. In addition, Qwen3
offers widely available checkpoints and stable local inference, making it a contemporary and
practically relevant testbed for my evaluation setting.

3.2. Dataset: GPQA-Main

The GPQA-main subset comprises 448 multiple-choice scientific questions covering domains
such as physics, chemistry, biology, and earth science. Each question includes four answer
options labeled A-D.

Why GPQA? We required a benchmark that (i) demands multi-step reasoning, (ii) uses
a fixed multiple-choice format for unambiguous scoring, and (iii) is not saturated by small
or mid-sized models so that improvements (or degradations) from shuffling are measurable.
GPQA meets these criteria: its adversarial distractors elicit substantive chains of thought,
while accuracies in my setup span roughly 14% — 59% across 0.6B-14B models (Table 2),
leaving ample headroom. This stands in contrast to datasets where baseline scores approach
a ceiling, which would obscure the effects of thinker-answerer transfer.

3.3. Prompting Scheme

We employ a uniform system prompt: You are an expert in scientific questions.
Your task is to choose the correct answer and write down ONLY the LETTER
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of the correct answer and NOTHING ELSE. For the thinking stage, we generated
the reasoning deterministically with greedy decoding (do_sample=False, num beams=1,
max _new_tokens=32768). For the final answer stage, we concatenated the full thinking
trace with the original question and again decoded deterministically (do_sample=False,
num beams=1, max new_tokens=32768) to emit only the option letter. (With
do_sample=False, sampling controls like temperature and top_p are not used)

3.4. Thinking—Answering Shuffle Protocol

Under the thinking-answering shuffle protocol, we generate chain-of-thought traces (think-
ings) from each model size M; for all 448 questions, using the prompting scheme above.
Subsequently, for each thinking trace generated by M;, we supply the trace and original
question to an answerer model M; to produce the final answer. This results in 5 x 5 = 25
thinker-answerer combinations.

During the thinking stage, the trace tokens are collected and stored. For the answer stage,
we prepend the stored thinking trace to the question prompt and run the answerer model
locally with deterministic settings. All runs use the same random seed for reproducibility.
We record the predicted letter from M; and compute accuracy against the ground-truth
labels.

3.5.  Evaluation Metrics
We evaluate model performance using the following metrics:

e Accuracy: the proportion of questions for which the predicted answer letter matches
the ground truth, computed for each thinker-answerer pair.

e Thinking Length: the number of generated tokens during the thinking. We report
the mean value across all 448 questions for each model size.

e Thinking Entropy: the token-level Shannon entropy [16, 17, 18] computed over the
probability distribution of the model outputs at each reasoning step. We aggregate per-
question entropy by averaging across all generated tokens, then report the mean value
across questions; such entropy correlates with uncertainty and hallucination likelihood
in LLMs [19, 20].

3.6.  Entropy: Definition and Interpretation.

Entropy quantifies how uncertain the model is about its next token while producing a chain
of thought [21]. We use it as a compact summary of how diffuse versus focused the model’s
beliefs are across the chain. Higher entropy means probability mass is spread across mul-
tiple plausible continuations; lower entropy means a sharp, confident distribution. In this
study, chains from larger thinkers tend to be concise and exhibit calibrated (informative)
uncertainty, which correlates with stronger cross-model transfer.

Formally, for a generated reasoning chain with 7" tokens and vocabulary V), let p;(v)
denote the model’s next-token probability for token v € V at step t. The token-level Shannon
entropy at step t is

Hy, = — Zpt(v) log py(v). (1)

veY
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Table 2. Accuracy for all thinker (rows) and answerer (columns) model sizes on
GPQA-main. Uncertanty of the reported accuracy is of the order of +0.0006.

Thinking | / Answerer —  0.6B 1.7B 4B 8B 14B

0.6B 0.1406  0.1652  0.1964 0.1987  0.2054
1.7B 0.2210 0.2723  0.2946  0.3237 0.3371
4B 0.3415 0.3460  0.4085  0.4107  0.4196
8B 0.4219 04308 0.4397 0.4665 0.5179
14B 0.5424  0.5469  0.5558  0.5871  0.5915

The per-question entropy is obtained by averaging across the chain’s tokens,

_ 1
H —

S|

Z;Htv (2>

and the reported value for a model size is the mean of H across questions. Higher H indicates
greater distributional uncertainty (probability mass spread across more alternatives), while
lower H indicates more confident, peaked predictions. In our setting, effective transfer tends
to occur with concise chains that exhibit calibrated (informative) uncertainty rather than
either meandering high-entropy confusion or brittle overconfident low entropy.

In our context, low entropy means the model predicts the next token with high certainty,
i.e., it is confident in its output.

Caveats. Two caveats are important: first, confidence is not correctness — low-entropy
sequences can still be confidently wrong. Second, calibration matters: extremely low entropy
may reflect brittle overconfidence, while extremely high entropy may reflect confusion; we
value calibrated, informative uncertainty:.

4. Results

4.1. Accuracy Heatmap

Table 2 reports accuracies for all thinker (rows) and answerers (columns). Several consistent
patterns emerge. First, the best result overall is the diagonal 14B—14B condition at 59.15%.
Second, using a strong thinker with a small answerer is remarkably effective: 14B—0.6B
reaches 54.24%, nearly closing the gap to the 14B—14B diagonal. By contrast, the reverse
pairing performs poorly: 0.6B—14B yields 20.54%, underscoring a strong asymmetry in
transfer. It is also important to note that in all cases where thinker was a 0.6B model, the
quality was lower than that of the random model, which is 25%.

Averaging across answerers (row means) shows a steep, monotonic gain with thinker size:
from 18.1% (0.6B thinker) to 56.5% (14B thinker), a +38.3 pp lift on average. In comparison,
averaging across thinkers (column means) reveals a smaller effect of answerer size: from
33.3% (0.6B answerer) to 41.4% (14B answerer), about +8.1 pp on average. Interestingly,
the mean diagonal accuracy (37.6%) is essentially equal to the mean off-diagonal accuracy
(37.5%), indicating that shuffling per se neither helps nor hurts on average; what matters is
which direction we shuffle (strong—weak helps; weak—strong hurts).
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Table 3. Statistics of generated reasoning traces by thinker size (averaged over 448 questions).
Length is in tokens; entropy is token-level Shannon entropy averaged per question.

Thinker Mean length Mean entropy

0.6B 14,566 0.404
1.7B 9,618 0.274
4B 10,008 0.318
8B 7,986 0.368
14B 4,639 0.416

Notes. Values are rounded for readability. Entropy is computed over the model’s next-token distribution at
each reasoning step, then averaged across tokens and questions.

Asymmetry of transfer. For any fixed answerer, the 14B thinker performs best. For any
fixed thinker, the 14B answerer performs best. The thinker effect is much larger than the
answerer effect. Replacing a 0.6B thinker with a 14B thinker raises accuracy by +36/440 pp
across answerers, whereas replacing a 0.6B answerer with a 14B answerer raises accuracy by
only +4/421 pp across thinkers. The direction 14B—0.6B (54.24%) vs. 0.6B—14B (20.54%)
highlights a +33.7 pp gap attributable to thinker quality.

4.2. Trends with Thinker Size

Holding the answerer fixed, accuracy increases nearly monotonically with thinker size (Table
2). The largest relative jumps occur when moving from 1.7B to 4B thinkers (e.g., for the 4B
answerer: 29.46% — 40.85%, +11.39pp) and again from 8B to 14B thinkers (e.g., for the
8B answerer: 46.65% — 58.71%, +12.06 pp). Row means summarize this effect compactly:
0.6B (18.1%) — 1.7B (29.0%) — 4B (38.5%) — 8B (45.5%) — 14B (56.5%). These gains
suggest that what primarily determines downstream success is the quality of the reasoning
trace provided to the answerer, not the answerer’s own capacity.

4.3. Analysis of Thinking Length and Entropy

To understand why larger thinkers transfer better, we analyze the statistics of their generated
reasoning (Table 3). Mean thinking length decreases sharply with model size: from ~14,566
tokens (0.6B) down to ~4,639 (14B), about 68% reduction.

Thinking entropy exhibits non-monotonic behavior: it dips at 1.7B (mean =~ 0.274) and
then rises steadily through 14B (mean =~ 0.416). Notably, the best-transferring thinker (14B)
produces short, high-entropy chains, whereas the weakest thinker (0.6B) produces very long
chains with relatively high entropy. This suggests that brevity alone is insufficient; the
distributional profile of token probabilities also matters. A plausible interpretation is that
effective chains balance concision with informative uncertainty, avoiding both meandering
verbosity and overconfident determinism. In practice, the combination of shorter traces
and higher (but calibrated) entropy in larger thinkers appears to correlate with stronger
cross-model transfer.

4.4. Analysis of Accuracy and Computational cost

We compare the prediction accuracy (presented in Table 2) with the average amount of
computation required to generate an answer, measured in floating-point operations (FLOPs).
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Fig. 1. Accuracy versus average amount of computation (FLOPs) for thinker — answerer pairings
on GPQA-main. Points on the same curve correspond to the same Answerer, points with increasing
accuracy correspond to increasing thinker size.

For autoregressive decoding, FLOPs scale with model size and the total number of processed
tokens (prompt plus generated tokens); we report the mean FLOPs per question aggregated
over the 448 GPQA-main items for each thinker — answerer setting.

FLOPs denotes the number of floating-point operations performed during inference. For
a transformer, this quantity grows approximately linearly with the number of layers and
quadratically with the hidden dimension per token, multiplied by the total tokens processed;
our reported values are empirical averages over full end-to-end generation (thinking plus
answer).

Fig. 1. plots accuracy versus average FLOPs. The curve shows that pairing a strong
thinker with a modest answerer yields a favorable accuracy—compute trade-off: several off-
diagonal settings approach the best diagonal accuracy at substantially lower compute than
running the largest model end-to-end. Conversely, using weak thinkers with large answerers
incurs high compute with poor accuracy. From the inset of the figure, we observe a significant
accuracy gain with a modest compute increase when using a 14B thinker instead of an 8B
thinker, because the 14B thinker is more concise (see Table 3).

5. Discussion

Mechanistic interpretation. A plan execution view explains the observed asymmetry.
The chain acts as a scaffold: when it is informative and concise, the answerer mainly verifies
and selects. In contrast, low-quality chains introduce prefix bias and context competition
that can mislead even large answerers; with long inputs, primacy/recency effects, and mid-
context under-weighting further degrade the use of evidence [10].
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Length, entropy, and transfer. Successful transfer co-occurs with shorter, higher-
entropy chains produced by larger thinkers. Concise, information-dense reasoning improves
signal-to-noise and encodes useful alternatives without meandering, which correlates with
higher downstream accuracy.

Practical guidance.

e Cache thinking with a strong model, then execute with a small answerer when latency
or cost matter.

e Keep chains concise (or summarize/compress); filter verbose or low-quality rationales.
e Treat student—teacher shuffles as risky unless chains are quality-controlled.

Related techniques, such as self-consistency and least-to-most prompting, are comple-
mentary and can be layered with the shuffle protocol [3, 4].

6. Conclusion

We evaluated a simple thinking-answering shuffle that decouples plan formation from answer
selection by testing all 5 x 5 pairings of Qwen3 models (0.6B-14B) on GPQA-main. Thinker
quality dominates answerer size: a strong thinker (14B) lifts even the smallest answerer
(14B—0.6B: 54.24%) close to the best diagonal (14B—14B: 59.15%), whereas a weak thinker
can cripple a large answerer (0.6B—14B: 20.54%). Row means (varying the thinker) increase
steeply (18.1% — 56.5%), while column means (varying the answerer) rise only modestly
(33.3% — 41.4%); shuffling is neutral on average, but direction matters.

Analysis of generated chains aligns with this: larger thinkers produce shorter, more
information-dense reasoning (mean length ~ 14,566 — 4,639 tokens from 0.6B to 14B)
with slightly higher average entropy (0.404 — 0.416), which correlates with better down-
stream accuracy. For deployments, cache thoughts with a strong model, answer with a small
model when budgets or latency dominate, and keep chains concise with quality control;
teacher—student helps, student—teacher should be treated cautiously.

7. Future Work

Evidence from non-scientific benchmarks indicates ample headroom for the Qwen3 family,
making them suitable testbeds for the shuffle protocol: for example, Qwen3-14B-Base at-
tains about 81% on MMLU and about 92% on GSMS8K, while Qwen3-32B-Base is around
78% on MBPP, clearly below 100% and therefore not ceiling-limited. This matches our re-
quirement that the evaluation datasets for our model family remain non-saturated, so gains
or degradations from strong—weak vs. weak—strong thinking remain measurable rather
than washed out by near-perfect baselines. Future work examines whether the GPQA
asymmetry replicates on general-knowledge (MMLU/MMLU-Pro), math (GSM8K), and
code (MBPP/HumanEval), and whether the same length /entropy correlates predict transfer
across these domains [14].
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Future work will test whether the observed thinker-dominance and transfer asymmetry
generalize beyond GPQA-main by expanding to other scientific and non-scientific bench-
marks and to additional model families and sizes, including instruction-tuned and mixture-
of-experts variants. Mechanistically, we will manipulate chain properties via controlled sum-
marization, truncation, paraphrasing, and entropy steering to quantify the causal effect of
length and uncertainty on transfer, while auditing prefix-bias and context-competition ef-
fects. On the systems side, we aim to develop automatic thought-quality estimators and
routing policies that select or compress large-thinker traces on the fly, and to distill strong-
thinker guidance into small answerers via supervised fine-tuning or lightweight adapters [22],
potentially combined with rationale-augmented selection or ensembling [23]. Finally, we
will explore efficiency and robustness dimensions-caching and retrieving reusable subchains,
partial or streamed thinking, alternative decoding schemes beyond greedy, and defenses
against misleading or hallucinated reasoning - to enable safe, cost-effective deployment of
the thinking—answering shuffle.

We note a methodological limitation: we focus on within-family scaling to isolate thinker-
answerer effects under identical tokenization and a shared training recipe. Cross-family com-
parisons (e.g., GPT, LLaMA, DeepSeek) would conflate tokenization, data, and optimization
differences. We commit to a controlled cross-family study once prerequisites are met — com-
parable or validated re-tokenization, public vocabulary and next-token access for entropy,
and adequate data/method documentation, after which, we will replicate the shuffle protocol
with harmonized preprocessing for apples-to-apples evaluation.

Appendix

A. Experimental Setup

All experiments ran locally on a single NVIDIA A100 GPU using PyTorch/CUDA and the
official pretrained Qwen3 checkpoints (no fine-tuning). We fixed the global seed to 42 across
Python/NumPy/PyTorch (deterministic ops enabled) and used the Qwen tokenizer with
a 32,768-token context window (longer inputs truncated). Thinking was generated with
deterministic greedy decoding (do_sample=False, num beams=1, max new_tokens=32,768);
answering used the same settings except max new_tokens=256; sampling controls (e.g.,
temperature, top_p) were inactive; inference ran with batch size 1. For each question,
we cached the thinking from each M; and paired it with each answerer M; (all 5 x 5 combi-
nations) to emit label-only answers and compute accuracy, plus thinking-length and entropy
statistics.
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Udthnthnid

Utiip gniyg GGp wwihu, np Qwen3 uko (hquywl uvnnkGiph (LLM) pGumwGhph
hwiwp Graduate-Level Google-Proof Question Answering (GPQA) ptlydwppnid dnnwonnh
npulp gqtipwlppmd £ wwumwujuwlnnh suthhG: 14B dnwonn L 0.6B ywwmwuhuwlng
qniygp hwulnd t 54,24% 6pqpunipjwuG, hGsp Wnn b 14B — 148 wGlniGuqowjhG
ntidhdhG (59.15%), dhGnbn 0.68B dwmwonnp 148 wwwwuluwlnnh  &qpuanipyniln
(Juqtignid t dhGsk 20.54%: UtGp wnwowpynmd tlp dwnwonnnipjniG-yuwumwujuwl
hwdwnpnipyniGp, npntn dwnptph pnpwi (chain-of-thought) qtGipwgynd Lt Uty swthp
unnbny (0.6 B — 14B) L infjuwGgynid £ dGugwd pnpnp swhbiphG dhw)G wuwunwuuwGuihG
whwnwyh qblpugiwl hwdiwp' plngpytny pomnp 5 X 5 qnuyqlipG wdpnne 448 GPQA
hwnpgtiph pwqinipjub Yypw: Goqpunipjnilp inlnunnG Yopyny wémd £ dnmwonnh swithh
dtowgiwl htim, dhlynbtn ywwuwuuwlnnh swhl nGh sgwhwynp wqnbgnpniG: Uygth
funpnp dwmwonnGtpp qlGtpuglind GG wybih Jupd, pwjg wybih pwupdp EGunpnuyhwnyg
dunwonnmpjub 2npwltp (GhohlG tpiuwnnipynilp dinnwynpuytiu 4 639 pnphG, LGunpnuyhwG*
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0.416), pwG thnpp unpbGtpp (14 566 L 0.404), L wju hwnympynGitpp hwdpGylind
L0 dhounntjwjhl thnfuwlgiwG wytijh jwy npwlyh htim: GnpoGwlwl htnlnpynilp
htnlyuyl . (ywunwljwhwpiwp L piwynpliyp dnwonnnipyniln hgnp LLM-ng L
wwunwufuwGGph gtGtpugnmip ytpwwwhbp thnpp LLM-hG* dnunbtiGwnt wilyjnGwqoh
(wyuwagnyy G a2qpnuunipjuln wybh guwop hwyywplyuwjhb qlny:

Pwlwih puntp duph Jnpw CoT, sheunntjwjhG nuwnnnmpyul thnfuwlgnul, Qwen3,
GPQA ptlsdwpp, LLM pnptiGGtph LGunpnuhw:

Aydliee MBIIIANEHUE UAM OOA€e KPYIIHAsT MOAEAB?
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AnHoTanuys

B paboTe mokazaHO, UTO AAS CeMeHNCTBa OOABIIMX SI3BIKOBBIX MoOAeAer Qwend
Ha OenHumapke Graduate-Level Google-Proof Question Answering (GPQA) KauecTBO
MBICASIIEN MOAEAM AOMHMHUDPYET HaA pa3MepoM oOTBedarolllein Mopeau. (CBfA3Ka
MBICAUTEAL 145 miatoc oTBeuatomuit 0.6B pocturaetr TouHocTu 54.24 mpoIiieHTa, 4TO
OAM3KO K AMAroHaAbHOMY pexumy 148 — 148 ¢ TouHOCTBIO 59.15 mpolleHTa,
TOTAA KaK MBICAUTEeAL 0.60B cHm>XaeT TOYHOCTL OoTBedarolmer MopaeAm 148 ao 20.54
nporeHTa. MBI HUCCAeAyeM CXeMy I[epeMelInBaHUA Pa3MBIIINEHUS W OTBEeTq, B
KOTOpPOM IleloyKa paccy>kpeHuu chain-of-thought remepupyercsa moapeAblo OAHOTO
pasMepa 0.68 — 148 u nepepaeTcss MOAEASIM BCE€X OCTAABHBIX Pa3MepPOB AASI BBIAAUU
TOABKO METKH OTBeTa, UYTO OXBATLIBAET Bce b X 5 KomOmHanmu Ha 448 3apanmsax GPQA.
TOYHOCTH MOHOTOHHO pPacTeT C YBEAWYEHUEM pa3Mepa MBICAUTEAS, TOTAA KaK BAUSHUE
pasMepa OTBeYalolllell MOAEAW OCTAaeTCd YMepeHHBIM. boaee KpyIHBIE MBICAUTEAUN
IIOPOJKAQIOT OOAee KOPOTKHE M OOAee BBICOKOIHTPOIIMMHEIE IIEIIOYKU PACCYKACHUU
cpepHss AAMHA nipuMepHO 4 639 TokeHOB, sHTponusa 0.416, yeM MeHbIIHEe MOAeAn 14
566 u 0.404, 1 3TM XapaKTEepPUCTHUKU KOPPEAUPYIOT C OoAee 3PPEeKTUBHBIM IIEPEHOCOM
MeJKAY MopendaMu. [IpakTuuecKui BBIBOA 3aKAIOYAETCS B TOM, UTO IIeAeCOOOpa3HOo
KeIlINPOBATh PACCYKAEHMS C IOMOIBIO CUABHOU LLM M BBIIOAHATH TOABKO 3Tall
oTBeTa Marou LLM, npuOAMIKasACh K AyUIIed AMAaTrOHAABHOM TOYHOCTH IIPU MEHBIITNX
BBIUMCAUTEABHBIX 3aTpaTax.

KaroueBrle caoBa: 1ernodka paccykpeHud CoT, mepeHoC pacCy>RAeHUU MeKAY
moperamu, Qwend, 6enumapk GPQA, saTtponus TokeHOB LLM.
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Abstract

The gossip problem (telephone problem) is an information dissemination problem
where each of n nodes of a communication network has a unique message that should
be transmitted to all the other nodes using two-way communications (telephone calls)
between the pairs of nodes. During a call between the two given nodes, they exchange
all the information known to them at that moment.

In this paper, a visualization and modeling tool for constructing and analyzing
gossip graphs is presented. The tool features an interactive interface and automated
algorithms for generating arbitrary graphs and evaluating their gossiping properties.
Among the supported features are k-fault-tolerance analysis, simulation of Messy
broadcast models, exploration of the NOHO (No One Hears one’s Own information)
schemes, detection of information flow folded paths, and identification of non-optimal
communication patterns (i.e., repeated message arrivals).
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1. Introduction

Gossiping is one of the basic problems of information dissemination in communication net-
works. The gossip problem (also known as a telephone problem) is attributed to A. Boyd (see
ex. [1] for review), although, to the best knowledge of the reviewers, it was first formulated
by R. Chesters and S. Silverman (Univ. of Witwatersrand, unpublished, 1970). Consider a
set of n persons (nodes), each of which initially knows some unique message that is unknown
to the others, and they can make a sequence of telephone calls to spread the information.
During a call between the two given nodes, they exchange all the information known to them
at that moment. The problem is to find a sequence of calls with minimum length (minimal
gossip scheme), by which all the nodes will obtain all messages (complete gossiping). It has
been shown in numerous works [1, 2, 3, 4] that the minimal number of calls is 2n — 4 when
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n >4 and 1,3 for n = 2, 3, respectively. Since then, many variations of the gossip problem
have been introduced and investigated [5, 6, 7, 8, 9, 10].

The k-fault-tolerant gossip problem is a generalization of the gossip problem, where at
most k arbitrary faults of calls are allowed.

Another variant of the Gossip problem can be formulated by considering the minimum
amount of time required to complete gossiping among n persons, where the calls between
non-overlapping pairs of nodes can take place simultaneously and each call requires one unit
of time [11, 12]. For a detailed reviews on the various gossip problems and related open
questions, see the works [13, 14, 15, 16, 17, 18, 19, 20]

In our studies, we implemented a Graph Plotter software tool. The main purpose of
the tool is to check for a given input graph whether it satisfies the given level of fault-
tolerance [21, 22, 23]. The tool also allows one to check whether the input graph is a NOHO
(No One Hears one’s Own information) [6] or a NODUP (No Duplicates) [19] graph. The
NOHO graphs are graphs that do not contain any node that listens to its own information, or
equivalently, do not contain a cycle. The NODUP graphs are defined as the graphs the nodes
of which listen to each message exactly once. It means that there is exactly one increasing
path between two arbitrary vertices.

In addition, the software tool offers a convenient interface for working with graphs. For
example, it supports automatic numbering of vertices and edges, visual highlighting of paths
between two vertices using customizable vertex and edge coloring, and the ability to add
new edges with specified weights. It also allows sorting of all edge weights by converting
them into increasing subsequent integers (discrete moments of calls, or tacts).

Moreover, the system enables modification of the positions of vertices adjacent to a
selected edge, as well as the permutation of all adjacent edges with greater (or smaller)
weights. The rationale behind this functionality is that if a call occurs between two arbitrary
vertices at time t, both vertices will subsequently possess identical information. Therefore,
any future calls from other nodes to these two vertices can be redirected to either one without
affecting the information flow. This feature is particularly useful in scenarios where edges
need to be merged into or dispersed from a single communication channel, especially in
certain variants of the gossip problem where the number of edges per channel is constrained.
Prior to this, exclusively a mathematical approach was used in solving problems of gossiping,
and the hardware model of calculations was not used. See also [24, 25, 26] for the applications
of local interchange operation to obtain minimum time gossip graphs.

Graph Plotter is an easily extensible tool. Since “Gossip test”, “NOHO” and “NODUP”
modules are written in C++ language and are separate processes in relation to the main
process, the new modules can be integrated with this software tool easily.

The capabilities of the tool and its user interface are outlined below.

2. Graph Plotter GUI Overview

The Graph Plotter GUI is a dedicated visualization and analysis tool designed to interactively
model, manipulate, and evaluate properties of fault-tolerant gossip graphs. This interface is
especially suitable for research on edge-weighted graphs with custom vertex properties and
dynamic structural operations.

The main visualization panel (See Fig. 1) provides an interactive interface to draw gossip
graph schemes where vertices are displayed as labeled circular nodes and edges are colored
and weighted according to user settings. The colors visually encode selected properties (e.g.,
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active or test path edges). The edge weights represent sequences of integer or real-valued
time steps, corresponding to moments of calls between adjacent vertices. In particular, a
selected edge labeled with {2, 5} is highlighted in red, while the other edges are in green.
The interface allows one to color the subsets of vertices or edges to emphasize structural
properties (e.g., increasing paths from one vertex to another, or a subset of vertices that
violate the gossiping property). Vertex labels are positioned for clarity, and the entire graph
layout supports symmetric positioning for readability.

{1, 4 {2,5} ZSE; 2,5 2, 5F {2, 5}, :E {2,5} 1,4}

Fig. 1. Graph visualization interface with vertex labels and weighted edges.

Fig. 2 shows the edge parameter editor, where the user can modify edge weights, change
colors, and permute vertex or edge orderings. The “permute higher/lower” buttons allow
rearranging neighboring edges with weight-based filtering. Users can also collapse an edge
or reset and sort edge weights using dedicated controls. The central control block computes
key structural properties such as vertex and edge counts and theoretical bounds derived from
gossip graph fault-tolerance parameters.

Gossiptester  Folded paths  Multiple Edge Editor

)

Tolerance (k) Samples Find Cycles | NODUP.

anmesseconr [l : !

[ | NextweightValse [1 ‘
iof Gossip test S Paint Edges

Increment of Weights |1

permute higher Al Reset Vertex Colors
()

permute lower Reset Edge Colors

permute vertices Sort Weights

collapse edge

LE+k)(n=1)) = oK
(k+1)(n-2)+4 = 2
New | Load | [ save | [ Export grlogznh% =3

del graphs (O\(n=10k=02).mgr

(11.1,1,1,2.2.2,2.2.3,3,3,3,3,4,4,4,4,4,55555 666566

Fig. 2. Edge parameter editor and graph configuration panel.

The Messy broadcasting module in the GUI is dedicated to generating and analyzing
Messy broadcast schemes on a given graph structure. The purpose of these tools is to simulate
randomized edge colorings that conform to specific Messy models (M;, M, M3). Each model
reflects a different level or type of communication disorder, allowing the user to evaluate
robustness under various conditions. By generating a large number of such randomized
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samples, the tool enables estimation of an upper bound on the minimum achievable Messy
broadcasting time for a given number of vertices. The Messy broadcasting module includes
preset buttons labeled “Messy 17, “Messy 27, and “Messy 3”7, corresponding to each of the
Messy models. When activated, each button triggers a randomized coloring of the edges
according to the constraints of the selected model. The generated configurations can then
be evaluated through the gossip or broadcast test buttons to assess their effectiveness and
timing. This experimental approach provides insight into the structural and probabilistic
limits of information spread under uncertainty.

B 20 \EaNaN

Gossiptester  Folded paths  Multiple Edge Editor

vertex parameters Current Vertex Color - Folds First vertex Last vertex
200|700 Generate ) , 5

- Current Edge Color .

{1+6.63,353,358,852),{17,754,454,4510,10-2},{156,655,5-5,5-10,10-2),
Next Weight Value |1 .

{1+7.757,7+52,{156,6+55-88-88-2,{1+9959,9-4,4-10,10-2}}
Increment of Weights |1

Fig. 3. Folded path generator for evaluating multi-step vertex connections.

The “Folded paths” tab enables the generation of folded paths from a given source to
a destination vertex. As shown in Fig. 3, the user can specify the number of folds, and
the system produces candidate folded paths following the allowed edge weight constraints.
This is particularly useful for analyzing communication protocols with redundancy and delay
bounds.

The “Multiple Edge Editor” tab, illustrated in Fig. 4, provides an interface to filter,
append, delete, or collapse edges based on their weights. This helps batch process the
graph’s edges for weight tuning or visualization simplification. For example, all edges with
weight {2, 5} can be quickly listed and manipulated collectively.

The GUI supports gossip and broadcast tests under a specified fault-tolerance parameter
k, cycle detection, edge painting, and edge color reset. These operations are crucial in eval-
uating the robustness and communication capabilities of the modeled network, particularly
in the context of fault-tolerant information dissemination.

This tool has significantly enhanced our ability to explore and verify the properties of
fault-tolerant gossip graphs. By combining interactive visualization with built-in simulation
and testing modules, it enabled us to intuitively model communication processes, validate
theoretical assumptions, and conduct practical experiments. The ability to dynamically
adjust edge weights, visualize folded paths, and perform automated gossip and broadcast
tests made it possible to investigate complex scenarios with precision and efficiency. As a
result, the tool proved to be an indispensable aid in both theoretical analysis and applied
research.
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Gossip tester Folded paths Multiple Edge Editor

All Edges with weights {2.5) . Collapse

1 Append Delete

{1+7,258359,4510,556,6-57-1,8-29-3 104}

Fig. 4. Multiple edge editor for collective edge operations based on weights.

Overall, the Graph Plotter GUI is a flexible and powerful tool for researchers analyzing
gossip graph structures and their resilience properties.

3. Conclusion

The visualization and modeling tool presented here offers an effective and user-friendly en-
vironment for studying fault-tolerant gossip schemes. Through its interactive interface and
automated analysis capabilities, it enables detailed exploration of how information propa-
gates under various assumptions and constraints. The tool thus provides researchers with
a versatile instrument for both theoretical investigation and practical evaluation of gossip
protocols.
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Udthnthnid

Qnuuhy hulnhpp (htnwfunuwjhG fuGnhpp) pGdnpiwghwih mwpwoiwl nwuwlwb
fuGnhp E, npunbtn hwnnppuygwjhG guwlgh n hwlqnyglGtnhg jmpwpwGyninG niGh
tquih hwnnppuqgpmipyni, npp wbwmp L tnjuwlgdh pnnp djnwe hwgniygGhphG®
oqumwgnnotiny hwlqnyyglitipny Juqijwo qniygtiph dhol hpwljwlwgynn tGpyynnd juwbp
(htinwhunuwquqtp): Quwlgh plpuwgpmy wmyjwy tpynt hwlgmjglpp hnfjuwGuynd GG
hptig myjw wuwhhG niGhguwo wipnne hGpnpiwghw:

Uju wolvwmmpjniimu Gipuywgynid £ gnuuhy gqpudtinh junnigdw b L Japniompjub
hwiwp (wjuwwmbuwd yhgnuwihqughwjh b dnphjuynpiwl gnpohp: npohpp mpwdwnpnid
E hGumtpwywhy dhowywjn, hGywbtu Gwl wjunniwnmwgywd wignphpiltin’ juiwjwlw6
gnudtin qhltipugltint L npwlg gnuuhwyh hwwnynipnGitpp gwhwwmbint hwdiwn:

bnlyghnlGuwy hGupuwynpnipniGGtph pymd GG A-JypupwuwyniGmpjub (fault-tolerance)
ytpnonipynilip, Messy jwjlwpdwly hwnnppnuiGiph dnptjuynpnip, NOHO (No One
Hears One’s Own information) ufutidwGtph niuntiGuwuphpnipjnilp, hGnpiwghnG hnuptph
Ununpuunywd nminhGeph  (folded paths) hwjwmGwpbtpnuip, pGyytu Gwl ny  owunhudwy
hwnnpnuygiwl ophGuyGtph (op. YnyGynn hwnnpnugpmpjniGltph) pugwhwjmmin:

Pwluwih puntp gqnuuhugh fuGnhp, Knodel gpubtp, wlGuwthw6 qnuuhwh ufutidwGtp:
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WuctuTtyT npodbaeM nHdopMaTuku u aproMatrianuu HAH PA, EpeBan, ApmeHusa
e-mail: povahagn@gmail.com

AHHoTanus

3apada gossip (TearedoHHasd 3apadva) IPEACTABASIET COOOM KAACCHUUYECKYIO 3aAady
pacupocTpaHeHusa UH(POPMALUN, B KOTOPOU Ka*KABIN U3 1 Y3A0B KOMMYHUKAIIMOHHOU
CeTM W3HAYaAbHO OOAAAde€T YHUKAABHBIM COOOIeHueM, KOTOpOe AOAKHO OBITh
IIepepaHO BCEM OCTAABHBIM  y3AaM  IIOCPEACTBOM ABYCTOPOHHUX COEAWHEHUU
(Tene(OHHBIX 3BOHKOB). Bo BpeMs Ka)KAOrO 3BOHKA ABa Y4YacCTBYIOIUX Y3Aad
0OMEHUMBAIOTCS BCEU UMEIOIeNcd Y HUX Ha AQHHBIM MOMEHT UH(OPMAIueN.

B aAaHHOM paboTe NpeACTaBAEH MHCTPYMEHT AAS BU3YAAU3AllMU U MOAEAUPOBAHUSA
gossip rpadoB, IpeAHA3HAYEHHBIU AAS WX IIOCTPOEHWs U aHaam3a. VIHCTpyMeHT
BKAIOUAET WHTEPAKTUBHBIM MHTEp(dEenNC M aBTOMATU3WPOBAHHBIE AATOPUTMBL AASA
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reHepalyy IIPOU3BOABHBIX I'PA(OB U OII€HKU UX CBOMCTB B KOHTEKCTE PAacIpOCTpa-
HeHUd nHopManuu. [ToppepKuBaeMble BO3MOKHOCTH BKAIOYAIOT @aHAAUS.

k-0TKa30yCTOMYMBOCTH, MOAeAmpoBaHMe Messy-broadcast moapenel, usydeHue
NOHO cxeMm (No One Hears One's Own information), oOHapy>KeHHe N3AOMaHHBIX
nyTer "HPOPMAIIMOHHOTO IIOTOKQ, @ TAK’Ke BHIIBACHUE HEOIITUMAABHBIX KOMMYHUKA-
IIMOHHBIX NIATTEPHOB, TAKUX KaK IIOBTOPHBIE IOCTYIIA€HUSA COOOIIEHNN.

KaroueBrle caoBa: 3apaua gossip, rpadgel KHEAeAs:, OTKa30yCTOWUYMBEIE OSSip-
CXEeME.
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Abstract

We present a hybrid convolutional architecture that combines trainable PDE-based
preprocessing with a Variational Information Bottleneck (VIB) to improve generaliza-
tion in image classification. The PDE stage applies a small number of discretized Lapla-
cian steps with learnable step size and depthwise coupling, injecting physics-inspired
inductive bias into early feature maps. A tensor-wise VIB module then parameterizes a
Gaussian latent (i, log 02) via 1 x 1 convolutions and enforces information compression
through a KL penalty to a unit prior, encouraging retention of task-relevant features
while discarding nuisance variability. The compressed representation feeds a ResNet-
18 backbone adapted for CIFAR-10 inputs. On CIFAR-10, systematic variation of the
VIB weight 8 shows that moderate compression yields improved test performance and
training stability relative to both a baseline CNN and a PDE-only variant. Qualitative
analysis indicates smoother activations and reduced sensitivity to input noise, consis-
tent with the information-theoretic objective. The results suggest that PDE priors and
variational compression act complementarily, offering a principled path to robust and
generalizable convolutional models.

Keywords: Information bottleneck, Partial differential equations, Deep learning, Con-
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1. Introduction

Convolutional Neural Networks (CNNs) have become the foundation of modern computer
vision, demonstrating outstanding performance across various image classification tasks. Ar-
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chitectures such as ResNet [1] have shown that deep hierarchical representations can capture
complex visual patterns; however, their ability to generalize remains sensitive to data quality,
overparameterization, and the presence of irrelevant features. Improving generalization thus
requires mechanisms that not only increase model capacity but also regulate the information
flow within the network.

Recent studies have explored the incorporation of domain knowledge into CNNs to embed
structural priors and reduce reliance on purely data-driven learning. In particular, Partial
Differential Equation (PDE)-based layers [2], derived from the discretization of physical
processes such as diffusion and wave propagation, have been shown to enhance low-level rep-
resentations by enforcing spatial smoothness and continuity. These physics-inspired kernels
act as a regularizing bias, improving robustness without adding significant computational
cost. Yet, such deterministic transformations may also retain redundant information, which
can propagate noise through deeper layers.

To address this limitation, this article builds upon a previous study presented at the
Conference on Computer Science and Information Technologies (CSIT 2025) [3], where the
integration of the Variational Information Bottleneck (VIB) module [4, 5] into the PDE-based
CNN framework was first introduced conceptually. In the present work, the approach is eval-
uated through quantitative experiments, providing empirical evidence for the effectiveness of
the PDE-VIB combination. The VIB principle seeks a stochastic latent representation that
retains only information relevant to predicting the target while discarding task-irrelevant
details. By combining PDE-based structural priors with information-theoretic compression,
the proposed PDE-VIB-CNN achieves a balance between inductive bias and adaptive reg-
ularization. The resulting model learns compact and task-focused feature maps, leading to
improved stability, robustness, and generalization on challenging datasets such as CIFAR-10.

2. Theoretical Background

This section provides a brief overview of the theoretical components underlying the proposed
model, the PDE-based convolutional layers, and the Variational Information Bottleneck
(VIB) framework. A detailed formulation and motivation can be found in [2] and [3].

PDE-Based Convolutional Layers

The PDE-based layer incorporates physically inspired priors into early feature extraction.
The approach relies on the discretization of parabolic or hyperbolic partial differential equa-
tions, such as the two-dimensional diffusion (heat) equation:

ou  *u N 0?u (1)
ot 0x2  oy?
Using finite differences [6], the update rule can be expressed as:
iyt =i+ ¢ Pu’), (2)

where P denotes a convolution operator equivalent to the Laplacian kernel and ¢ is a learn-
able or fixed scaling parameter. These layers act as structural filters, enforcing smoothness
and spatial continuity while reducing sensitivity to high-frequency noise [2].
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VIB

The VIB framework [4, 5] formulates learning as an optimization of the mutual information
trade-off between input compression and predictive relevance. The objective is defined as:

Ly = Ep(x,y)[Eq(ﬂx)[ — log p(y | t)]] + ﬁDKL(Q(t | X) || p(t)); (3>

where q(t | x) is a Gaussian encoder producing the latent representation ¢, p(y | t) is the
decoder, and (3 controls the compression—prediction trade-off. This formulation encourages
the representation to retain only task-relevant information while suppressing redundancy.

The PDE-VIB-CNN model evaluated in this study extends the theoretical foundation
proposed in [3], validating it experimentally on CIFAR-10 [7].

3. Experimental Setup

Dataset

All experiments are conducted on the CIFAR-10 dataset (60,000 color images, 32 x 32, 10
classes; 50k train, 10k test). Inputs are normalized per channel. We apply standard data
augmentation: random horizontal flipping and random cropping with 4-pixel padding.

Architecture

The evaluated model, PDE-VIB-CNN, consists of three sequential stages.

(i) PDE stage. We prepend a stack of S PDE-based convolutional layers, each corre-
sponding to one explicit Euler update of a discretized Laplacian step. For an input feature
map u', a single PDE layer computes

utt = ut N (P x ),

where P is a fixed 3x3 Laplacian stencil and \ is a learnable per-channel diffusion
coefficient. Thus, the PDE block performs S successive PDE updates (we use S = 3 in
all experiments unless otherwise stated), injecting physics-inspired priors and encouraging
smooth, spatially coherent feature representations [2]. No free-form convolution kernels are
learned in this stage; the only learnable parameters are the diffusion coefficients {A.} and
batch-normalization parameters.

(ii) VIB module. After the PDE stage, we apply a variational information bottleneck
module [4, 5]. The PDE output f(x) is first compressed through a 1x1 bottleneck (C' — C,
channels). Two parallel 1x1 convolutions then produce the parameters of a Gaussian latent
distribution:

w(x) =W, = f(z) +b,, logo?(z) = W, * f(x) + b,.
A latent tensor is sampled via the reparameterization trick,
t=p(x)+o(x)Oe, e~N(1,T),

ensuring differentiability during training. This module enforces information compression and
reduces overfitting by discouraging the encoding of spurious, high-frequency details.

(iii) CNN backbone. The sampled latent representation ¢ is passed to a ResNet-18
backbone [1] (with the initial stem modified for CIFAR-10), followed by a linear classifier.
This journal version extends the conceptual formulation introduced in [3] by providing de-
tailed implementation, quantitative evaluation, and calibration analysis.



40 A PDE-Based Convolutional Neural Network with Variational Information Bottleneck

Training Protocol

Models are implemented in PyTorch [8] and trained end-to-end using stochastic gradient de-
scent with momentum (SGD with momentum). Batch normalization is used in convolutional
blocks, and dropout is employed in deeper layers to reduce overfitting. The VIB trade-off
coefficient [ is tuned empirically to balance compression and accuracy.

For fairness, all models are trained under identical optimization and augmentation
settings, including the cosine-decay learning-rate schedule, weight decay, batch size, and
number of epochs. The baseline CNN consists of the same ResNet-18 backbone used in the
proposed architectures, but without any PDE layers or VIB module; it receives the raw aug-
mented CIFAR-10 images directly as input. Thus, any observed performance or calibration
differences stem purely from the PDE preprocessing and VIB regularization rather than from
changes in the backbone or training procedure.

Evaluation Metrics
We report top-1 test accuracy, the train test (generalization) gap, the Negative Log-
Likelihood (NLL), and the Ezpected Calibration Error (ECE).

Negative Log-Likelihood (NLL)

1 n
NLL = —— 1 L] xq), 4
ngogpe(ylw (4)
which evaluates the quality of probabilistic predictions and is the standard log-loss for clas-
sifiers [9].

Reliability Diagram (Schematic)
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Fig. 1. eliability diagram used to compute ECE. The confidence range [0, 1] is partitioned into M
bins {Bm}%zl- For each bin, we compare empirical accuracy to mean predicted confidence; ECE
averages the absolute gap across bins (weighted by bin frequency).
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Expected Calibration Error (ECE)

Partition confidence scores into M bins {B,, }}_, and compute
M|
ECE = = Bun) — f(Bw) |, 5
mE—l — lace(Bw) — conf(B) | (5)

where acc(B,,) is the average accuracy and conf(B,,) is the average predicted confidence in
bin m [10]. In our experiments, we use a fixed M (e.g., M=15) unless stated otherwise.
Calibration is assessed with a reliability diagram (see Fig. 1), which compares per-bin
empirical accuracy to mean predicted confidence; ECE aggregates the binwise gaps to a
single score.

Reliability Diagram (Placeholder)
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Fig. 2. Test-set reliability diagram (CIFAR-10, M=15). The proposed PDE-VIB model is closest
to perfect calibration (y=x).

4. Results

Baselines and Comparisons

We compare three models trained under identical protocols: (i) a baseline CNN, (ii) a PDE-
enhanced variant (PDE-only), and (iii) the proposed PDE-VIB-CNN. Table 4. reports top-1
test accuracy, generalization gap (train—test), ECE and NLL. The PDE-VIB model improves
both accuracy and calibration relative to the baseline and PDE-only variants.
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Table 1. CIFAR-10 test metrics

Model Accuracy (%) | Gap (%) | ECE NLL

Baseline CNN 80.6000 2.6600 | 0.037420 | 0.584965
PDE-only 88.1500 4.2100 | 0.041851 | 0.378198
PDE-VIB (Ours) 88.9500 3.5340 | 0.018466 | 0.385564

Calibration and Probabilistic Quality

Calibration is assessed with a reliability diagram (Fig. 1), which contrasts per-bin empirical
accuracy with mean predicted confidence; ECE is the frequency-weighted average of binwise
gaps. Fig. 2 illustrates that PDE-VIB-CNN lies closer to the diagonal y=x than the
baselines, indicating improved calibration, which is also reflected by lower ECE and NLL in
Table 1.

Sensitivity to the Bottleneck Strength

We sweep the VIB coefficient 8 to study the compression—prediction trade-off. Moderate
values of 3 (e.g., 107%) yield the best balance, reducing ECE/NLL without hurting accuracy.
Fig. 3 summarizes the trend.

Effect of VIB coefficient 8 on performance (placeholder)

‘ fH-._m
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Fig. 3. Effect of the VIB coefficient 5 on test accuracy, ECE, and NLL (CIFAR-10). Moderate
compression achieves the best overall performance.
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Accuracy & Generalization Gap
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Fig. 4. Accuracy and generalization gap (CIFAR-10). Higher accuracy and lower gap are better.

Calibration & Probabilistic Quality

067 mm ECE

s NLL
0.5 A

0.4

0.3 A

Value

0.2

0.1 A

0.0 -
Baseline PDE PDE-VIB

Fig. 5. Calibration and probabilistic quality (CIFAR-10). Lower ECE and NLL are better.

Qualitative Observations

Figures 4 and 5 provide a consolidated view of test performance on CIFAR10 across the three
model variants. The PDE-only configuration narrows the train—test discrepancy relative to
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the baseline and yields modest gains in probabilistic quality, suggesting that physics-inspired
preprocessing already curbs overfitting. The proposed PDE-VIB-CNN delivers the most
favorable overall profile: it achieves the highest or statistically comparable top-1 accuracy,
while further reducing the generalization gap. Crucially, this gain does not come at the
expense of calibration: the ECE bars in Fig. 5 show a clear reduction for PDE-VIB-CNN,
accompanied by a lower NLL, indicating more reliable confidence estimates and better-
aligned likelihoods.

5.  Conclusion

This work evaluated a hybrid PDE-VIB-CNN that combines physics-inspired PDE prepro-
cessing with a VIB. On CIFAR-10, the approach achieved the strongest overall profile among
the tested variants: it matched or exceeded the best top-1 accuracy while reducing the train-
test gap, and it delivered the lowest ECE and NLL. These findings support the hypothesis
that PDE layers encourage spatially smooth, noise-resistant features, whereas the VIB term
suppresses task-irrelevant variabilitytogether yielding models that are both discriminative
and better calibrated.

Despite these gains, several limitations remain. Our evaluation is confined to a single
dataset and moderate-scale backbones; the sensitivity to the bottleneck strength [ and
the number/step size of PDE layers indicates a performance compression trade-off that
warrants deeper study. Moreover, while the PDE stage is lightweight, the VIB stochasticity
adds minor computational overhead during training; understanding accuracy-calibration-
efficiency trade-offs at larger scales is important.

Future work. (i) Scaling and datasets: extend to larger architectures [11] (e.g., Wide-
ResNets, ConvNeXt) and datasets (CIFAR-100, Tiny-ImageNet, ImageNet-1k) to test the
robustness of the observed trends. (ii)Calibration under shift: [12] evaluate on corruption
and shift benchmarks (e.g., CIFAR-C, ImageNet-C/O) and out-of-distribution detection;
compare pre- and post-hoc calibration (temperature scaling, Dirichlet calibration) with and
without VIB. (iii) Comparative reqularization: benchmark against strong baselines such as
label smoothing [13], mixup/cutmix, dropout variants, stochastic depth, and data-augmix
to clarify where PDE-VIB provides unique benefits.
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Udthnthnid

UtiGp Gtpyujywglmd GGp hhpphnwjhG YnGynpymghnl dwpumwpuwybmnpynil, npp
hwiwwmbnnu £ dwulwlh wowbgjwiltpny hwjwuwpniGph ypw hhiGwo ntuniguliyng
(wuwdwinuip L JuphwghnG hGpnpiwghnb fjugulp’ wwwmtpliph gquuuyupqiwb dke
ninhwlpwgiwl pupbuyiwb Gywwnwyny: Uwulwlh wowbgjwitpny hwjwuwpnuiGtinh
2tipnp Yhpwnnd E othnpp pwGwyh nhuptnwgwd Lwyjuwujul pwjtn’ nunigwGynn
pwjlh swihny L funppwjhG Juwny, hGsp Jwn thnih hwnfwGhywihG pwpntqGipnud
Gbpimomy E  $Shqhlwjhg nqbplswd hlnnijmpy YnniGwlwimpnb: ©OLlGgnpwjhG
Jwphwghnl hGbnpiwghwjh fjuguwGh dngnmp yuwpwitmpwynpnd L wnuywl pwplijuo
pupfunidp (p, log 0%) 1 x 1 UnGynpmghwGtph shengny L Yhpwemd b KL wmmquipp
dhwynpwjhl GwuGuywi puwfudwl Guniwdp” mtntumynipjul ubinind wwywhnybnt
hwdwn, hGn jupwuniumy £ ywhww (b wowownpulph hwiwp jupunp hwnywGh)Gepp
L htinwg(t] ny wihpwdtym hnhnfuwlwlnpmiip: Utnijwo GGpyuwjuwgniip wjlnithtiml
thnfuwlgymu £ ResNet-18-hG: JwphwghnG hGpnpiwghnG fugwbh G Ypnh hwdwjupqud
thnthnfump)niln gniyg & mwihu, np dhohlG wumhdwlh ubninudp pwpbjuynmd £ punwjhG
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wpyniGuybnnipyniGG nt nuunigdwl JuyniGnpmniGp’ hwdtdwnmwo hGyuybu vnwlnupun
gulgh, wjlwbtu £ dhwyl dwulwyh wowlgjwiGtpny wmwpptpwih htn: Opuyuywi
Jupmonmpmilp gnyg b wwihu wyth hwpp wywmhjugnuiGtp b dnnpwjhG wndniyh
(uuiwdp qqujnmlnpjulb GJuqnid, hGyp hwiwywunwuhpwlnd L pGpnpdwghwjh
wmtunipjuwl GyuwumwyhG: UpnynmibGpltpp gnyg G0 wwihu, np dwulwyh wowlgjw)itpny
(wplwlwl pwumiGbipp b hGPnpiwghnlG fugwlny uvbninuip thnjujpuwglnd GG hpwp,
wnwownitiny uyqpnilpwjhl nmnh nhyh YuyniG b plnhwlnip Yhpwntijh YnGynyynighnd
unnbGtin:

Pwlwh pwntp hGpnpiwghnG fugwl, vwulGuyh wowlgjuilbpny nhdtipklghwy
hwjwuwnpmuiGbp, funppwjhl nuunignud, YnGynmghnG GGjpnGwyhG guwigbp, pnhwlpugnud:

CBepTouHas HeMpOHHAasA ceTb Ha ocHOBe PDE c BapuanmuoHHOM
HH(pOPMAIIMOHHOM NPOOKOM: 3KCIIepUMEHTAaAbHAs
OIleHKa U aHaAu3 0000IIeHus
l'op A. Kaparézsan

WHucturyT npobaeM nHdpopMaTuku u aproMatrizanuu HAH PA, EpeBan, ApMeHusa
e-mail: gor.gharagyozyan@edu.isec.am

AnHoTaus

MBI mpepcTaBAsieM THOPHUAHYIO CBEPTOUYHYIO APXUTEKTYpPy, KOTOpas codeTaeT
B cebe oOy4yaeMylO IIPEABApPUTEABHYIO OOpPabOTKy Ha OCHOBe AU(pdepeHIuarbHBIX
YPaBHEHUM B YACTHBIX ITPOM3BOAHBIX C BapUAIlMOHHOW MH(POPMAIMOHHON ITPOOKOM
AL YAYUIIEeHHsT OOOOINeHUs IPpU KAACCU(PUKALUU MN300pa’KeHUU. Ha »rane
YVPaBHEHUIN B YACTHBIX IIPOM3BOAHBIX IIPUMEHSETCS HeOOABIIOE KOAWYECTBO
AWCKPETU3UPOBAHHBIX MIAarosB Aamaaca ¢ oOyd4aeMbIM pa3MepoM Ilara U 'AyOMHHOMU
CBS3BI0, BBOAS UHAYKTUBHOE CMeIlleHUe, BAOXHOBAEHHOe (DM3UKOM, B PAaHHUE KapPThI
IIPU3HAKOB. 3aTeM TEeH30PHBIU MOAYAb BapHaIMOHHOW WH(POPMAIIMOHHOU NPOOKH
IapaMeTpH3yeT rayCCOBY AATEHTHYIO BeAMuuHYy (i, log 0?) ¢ moMompio 1 X 1 cBepToK
u obecneuywBaeT crkaTue HUH@oOpMAImu ¢ nomolnbio mTpada KL A0 epmHUYHOTO
AIIPUOPHOTO pAaCIpeAeAeHUs, CIIOCOOCTBYS COXPAHEHUIO PEAEBAHTHBIX AAS 33Aa4U
IIPU3HAKOB U OTOpackelBasg noMexu. C>kaToe NPEeACTaBACHHE IIOAQeTCs Ha 0a30BYIO
cetb ResNet-18, apantupoBaHHyi0 AAd BXOAHBIX AaHHBEIX CIFAR-10. Ha CIFAR-
10 cucremaTnyeckoe HM3MEeHEHHE BeCa BAapUAIMOHHOU MHEPOPMAIIMOHHOW ITPOOKU
[ TOKa3bIBaeT, YTO yMepeHHOe C’KaTHhe AQeT YAYUIIeHHYIO IPOU3BOAUTEABHOCTH
TECTUPOBAHUA M CTAOMABHOCTb OOYYEeHUS 110 CPAaBHEHUIO KaK C 0a30BBIM CBEPTOYHAS
HENPOHHAs CeTh, TaK U C BAPUAHTOM, MCIIOAB3YIOIIUM TOABKO YPaBHEHUU B YaCTHBIX
IIPOM3BOAHBIX. KadecTBeHHBIU aHAAM3 yKa3blBaeT Ha OOAee IAaBHBIE aKTUBALIUM U
CHUJKEHHYIO YYBCTBUTEABHOCTb K BXOAHOMY LIYMY, YTO COOTBETCTBYET IIEAU TEOPUU
nHopmanuu. Pe3yapTaThl ITOKA3BIBAIOT, YTO AIPUOPHBIE 3HAUYEHWS ypaBHEHUU B
YaCTHBIX IPOM3BOAHBIX M BapUAIlMOHHOE C’KaThe AEUCTBYIOT B3aUMOAOIIOAHSIOIIE,
Ipeprarasd IPUHIWIIMAABHBIM IIYTh K HAAEKHBIM U 0000IIaeMbIM CBEPTOYHBIM
MOAEASIM.

KnaroueBrie caroBa: nH(pOpMauoHHas IPOOKa, YPaBHEHUS B YaCTHBIX IIPOU3BOAHBIX,
rAyOOKOe O0y4eHHue, CBEPTOYHbBIEe HEMPOHHEBIE [IeTH, 0000IIeHe.
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Abstract

Medical image segmentation is a critical task in healthcare, particularly for disease
detection and proper treatment planning. Deep learning models achieve high perfor-
mance in medical image analysis. This paper presents the effectiveness of the new
PDE-UNet architecture, inspired by the applications of partial differential equations
(PDESs) in neural networks, to enhance medical image segmentation performance. Ex-
periments were conducted on brain tumor MRI images from the BraTS2020 dataset
and compared with the traditional UNet architecture.
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1. Introduction

Artificial intelligence and deep learning models are becoming highly efficient in healthcare
[1], providing automated analysis, diagnosis, and decision support. Particularly, they demon-
strated performance in medical imaging tasks, such as segmentation, classification, and de-
tection [2].

PDEs play an important role in image processing and computer vision [3]. They have
been widely used for edge detection [4], image denoising [5], and image inpainting [6]. By
modeling continuous transformations, PDEs enable the preservation of important structures
while effectively reducing noise and improving image quality.

UNet is a convolutional neural network (CNN) architecture developed for medical image
analysis, which can be trained on relatively small datasets and achieve high performance
[7]. Today, it remains a primary tool for segmentation tasks in medical imaging. The UNet
consists of two parts: an encoder and a decoder, connected by skip connections, as shown in
Fig.

The primary goal of this study is to investigate the power of PDE-UNet in medical
image segmentation tasks, with a particular focus on brain tumor segmentation using the

47



48 PDE-UNet: A Modified UNet Architecture Applied to Medical Image Segmentation

BraTS2020 dataset [8] from the MICCAI BraTS 2020 challenge. PDE-UNet proposes a
trainable preprocessing PDE-inspired convolutional block to extract important image fea-
tures before passing the input to the main segmentation network.
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Fig. 1. UNet architecture.

2. Related Work

2.1 Medical Image Segmentation using Deep Learning

Deep learning has achieved significant success in medical image analysis, enabling the au-
tomation of clinical tasks such as tumor detection and lesion segmentation. Despite various
approaches, encoder-decoder architectures such as UNet have become dominant in the field,
demonstrating high performance even with small datasets.

2.2 Partial Differential Equations in Neural Networks

Due to the wide use of PDEs in image processing, they have been integrated into deep neural
networks [9] to improve feature representation, stability, and local interaction modeling [10],
as well as to preserve structural information. An example of such integration is demon-
strated in [11], where the integration of the Cahn-Hilliard PDE-based model into the UNet
architecture for image segmentation was proposed.

Recent research [12] has integrated a PDE-inspired convolutional operator, based on the
Cable equation (1), which models the transmission of potentials in neural cells of the human
brain [13], as a trainable preprocessing layer in a residual CNN for classification tasks.

2
Tm_@v(axt, b _ —v(x,t) + Afn—a 2(52’ b

The final form of the discretized PDE operator, using the finite difference method [14]

for equation (1), is as follows.
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P, and P, are defined as two-dimensional weighted convolution operators for the neural
network with weights &, U, and 7.

2.3 Motivation

While advanced architectures such as Attention UNet [15] and TransUNet [16] perform
well in medical image segmentation, they often struggle to capture fine structural details
and typically need large, annotated datasets. Motivated by previous research in image
classification, we investigate the effectiveness of PDE-UNet in medical image segmentation,
aiming to enhance feature extraction and segmentation accuracy, and recommend adding a
PDE-inspired lightweight preprocessing layer to the traditional UNet.

3. Experiments

All models were implemented in PyTorch and trained on a NVIDIA RTX 3050 GPU with
4 GB of memory. Our experiments focus on brain tumor MRI images from the BraTS2020
dataset, part of the MICCAI BraTS2020 challenge. A sample of the dataset is shown in Fig.
3. The dataset consists of multi-modal brain MRI scans, including FLAIR, T1, T1ce, and T2
modalities, with expert annotations for three tumor subregions: the enhancing tumor (ET),
tumor core (TC), and whole tumor (WT). The experiments were made on the extracted
2D slices from the volumes, using the middle slices of each modality, which still capture the
most relevant tumor structures.

flair tl tlce

Jom

Fig. 2. A sample from the BraT$S dataset.

Segmentation Mask

We conducted experiments on a UNet architecture, which has skip connections linking
the encoder and decoder layers. This design aligns well with our PDE-inspired convolutional
block, which also incorporates a skip connection, allowing for effective feature propagation
and preservation. In this study, the UNet architecture takes 4-channel input images cor-
responding to the FLAIR, T1, Tlce, and T2 MRI modalities. The encoder consists of
convolutional blocks with increasing feature dimensions of 32, 64, 128, and 256 channels,
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followed by a bottleneck block with 512 features. The decoder mirrors the encoder, us-
ing transposed convolutions to upsample the feature maps, and combines these with skip
connections from the corresponding encoder layers. The final 11 convolution produces four
output channels corresponding to the tumor subregions (background, ET, TC, and WT).
The proposed PDE-UNet architecture has an additional PDE-inspired block compared with
UNet. Figure 3. illustrates the UNet and PDE-UNet architectures.

/ PDE-UNet \
UNet

256 178

256

o Conv 33, RelU

Fig. 3. The UNet and PDE-UNet architectures.

For the optimization process, the Adam optimizer [17] was used with a one-cycle learning
rate scheduler [18]. As a loss function, a combo loss [19] combining the cross-entropy loss
[20] and the dice loss [21] was used to optimize the medical image segmentation model.
The cross-entropy provides stable and smooth gradient propagation, facilitating consistent
optimization, while the dice loss effectively handles class imbalance problems and improves
the segmentation of small regions.

The Cross-Entropy loss is defined as:

1 N C
Lop =52 D Viclog(iic), (3)

i=1 c=1

where N is the number of pixels, C' is the number of classes, y; . is the ground-truth label
for class c at pixel ¢, and ;. is the predicted probability for class c at pixel <.
The Dice loss is defined as:

c .
_ 2 sz\il Zc:l YiYic T €
Zﬁil 25;1 yz‘g,c + Zi\il 20021 ?J?C +e€

where € is a small constant to avoid division by zero.

/CDice =1
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The final loss function is the sum of both
L =Lck + Lpice, (5)

Training was performed for 10 epochs with a batch size of 8. The dataset was divided
into training, validation, and test sets in an 80%-10%-10% split. We applied several data
augmentation techniques to increase the diversity and robustness of our training dataset.
These techniques included random horizontal and vertical flips, rotations, affine transforma-
tions (shifts and scaling), and adjustments to brightness and contrast. Such augmentations
are commonly used in medical image segmentation tasks to reduce overfitting and improve
model generalization [22]. Model performance was evaluated using the Dice coefficient and
Intersection over Union (IoU) metrics.

4. Results

The training progress of both models, UNet and PDE-UNet, was analyzed by monitoring the
evolution of the training and validation losses. Both the baseline and the proposed models
showed steady convergence during the training process. The PDE-UNet reached a lower
validation loss compared to the standard UNet. Fig. 4. illustrates the progression of loss
for both models over epochs.

UNet PDE-UNet

—e— Train Loss —e— Train Loss.
Val Loss 110 Val Loss

Fig. 4. Left: The training process of the UNet. Right: The training process of the proposed
PDE-UNet.

Table 1. Results of Dice coefficient and IoU metrics evaluated on the validation and test
sets for the UNet and PDE-UNet models

Model Validation Test Parameter count
Dice | IoU | Dice | IoU
UNet 0.438 | 0.389 | 0.455 | 0.372 7,766,372
PDE-UNet | 0.462 | 0.406 | 0.469 | 0.394 7,766,628

We evaluated segmentation performance using the Dice coefficient and IoU metrics. The
evaluation was performed using the checkpoint from epoch 10 for UNet and epoch 7 for
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PDE-UNet. The results are presented in Table 1. On average, the PDE-UNet achieved
higher Dice and IoU scores than the baseline UNet, confirming its potential advantage in
capturing structural details.

Fig. 5. shows segmentation outputs of both models alongside the ground truth annota-
tion for the represented case. As we can see, the PDE-UNet produces more accurate and
contiguous segmentations.

MRI Slice Ground Truth UNet Segmentation PDE-UNet Segmentation

Fig. 5. The segmentation comparison between models.

It is interesting to observe how our trained PDE preprocessing block processes the images.
Fig. 6. shows its effect on the sample images.

Sample 1 Sample 2 Sample 3 Sample 4

Fig. 6. Results of applying the trained PDE block to sample images.

Overall, these results demonstrate that the PDE-UNet with a PDE-inspired convolutional
block enhances the representational power of the traditional UNet, leading to improved
segmentation accuracy on the BraTS2020 dataset while adding only a small number of
trainable parameters; therefore, the inference time of the model remains almost the same.

5. Conclusion

The paper recommends a new PDE-UNet architecture for medical image segmentation
tasks. Motivated by previous research presenting a PDE-inspired preprocessing block, the
recommended architecture includes an additional PDE block compared to the traditional
UNet. The experiments were conducted on brain tumor segmentation using the BraTS2020
dataset. A comparative evaluation between PDE-UNet and the UNet demonstrates that the
lightweight preprocessing block added to a PDE-UNet, with a few additional parameters,
can positively impact the final segmentation quality, improving the UNet models. For future
work, it would be interesting to extend the proposed block’s investigation to other medical
image analysis applications.
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AHHoTanus

CerMeHTalvsi MEAUIIMHCKUX U300pa’KeHUU KPUTUYECKU BakKHas 3ajpavya B
3APaBOOXpPAaHEHUM, OCOOEHHO AASI AWArHOCTUKU 3a00A€BaHUU U NAQHUPOBAHUS
HaAAE’KAIlero AedYeHUs. Mopean TrAyOOKOro oOydYeHHSI AOCTUralOT BBICOKOM
5PEeKTUBHOCTU TIPU aHaAU3e MEAUIIMHCKUX wu300pakeHuil. B AaHHOU cTaTbhbe
peACTaBAeHa 3(P(EeKTUBHOCTL HOBOM apxuTeKTypbl PDE-UNet, ocHoBaHHOU Ha
IIPUMEHEHNM YPaBHEHUW B YaCTHBIX NpPou3BOAHBIX (YUII) B HEUPOHHBIX CeTHAX,
M\ TIOBBINIEHUSA OSPEPEKTUBHOCTU CETMEHTAllud MEeAUIIMHCKUX H300pa>kKeHun.
OKCIIepUMeHTHI IPOBOAUANCE Ha MPT-1300pa’keHNSAX OITyXOAeH TOAOBHOTO MO3ra U3
Habopa AaHHBIX BraTS2020 1 cpaBHUBAAUCH C TPAAMIIMOHHOU apxuTeKkTypou UNet.

KaroueBble caOBa: CerMeHTAllUd MEAWIIMHCKUX W300pa’keHuM, CerMeHTallusd
ormyxoneu ronosHoro mosra, UNet, 6nrok CNN nHa ocHoBe PDE, kounkypc MICCAI
BraTS 2020.
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Abstract

With the increasing volume of email-based attacks and unauthorized access to mail
servers, the need for automated monitoring and response mechanisms has become
essential. This paper presents the development of an automated alert system designed to
detect and handle compromised email accounts. The system monitors the mail server queue
on a Linux server, detecting anomalies based on a significant surge in queued messages.
Upon identifying suspicious activity, the system attempts to determine the username
associated with the highest number of SASL authentications and triggers appropriate alerts
or mitigation actions. Additionally, the system is integrated with a Telegram bot, allowing
administrators to take immediate corrective actions remotely. This approach provides a
lightweight, effective method for preventing email abuse and ensuring the integrity of
email servers.

Keywords: Email, SPAM, Alert system, Telegram bot.
Avrticle info: Received 25 April 2025; sent for review 2 May 2025; accepted 13 November
2025.

1. Introduction

Mail servers are common targets for malicious attackers seeking to exploit compromised accounts
for spam and phishing campaigns. Once an email account is compromised, it can be used to send
tens of thousands of spam emails before the breach is detected. Such activities can lead to
unwanted load for the mail system, blacklisting of mail servers, reputational damage for the whole
origin network, and security breaches. Traditional security mechanisms such as rate-limiting, IP-
based restrictions, fail2ban [1], Rspamd [2] or Spamassassin [3] offer some level of protection,
but they are not enough for immediate detection and mitigation of compromised email accounts.
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This paper presents the implementation of an automated alert system that continuously
monitors mail server queues and detects unusual spikes in queued messages. The system uses
SASL authentication [4] logs to identify the account responsible for excessive email submissions.
Additionally, it is integrated with a Telegram bot API [5], enabling administrators to receive alerts
and take mitigation actions remotely. By automating the detection and response process, the
proposed system minimizes response time by enabling immediate intervention, thus preventing
further misuse of compromised accounts and reducing the impact of account compromises.

2. Related work
Several existing solutions aim to detect compromised email accounts, including:

* Intrusion detection systems (IDS) [6];
* Rate-limiting mechanisms [7];
* Reputation-based filtering using Domain Name System blocklists (DNSBL) [8];

However, these methods often rely on external data sources or predefined thresholds, which
may not adapt to evolving attack patterns.

The system proposed in this paper offers a real-time, in-server detection mechanism that is
independent of third-party services. It is not intended as a replacement for other solutions, but as
an additional level of protection for the mail server.

3. Postfix considered as MTA

In this paper, we consider a mail server to run based on Postfix [9]. Postfix is one of the most
widely used mail transfer agents (MTASs) for handling email delivery on Unix-like operating
systems. Postfix was originally developed by Wietse Venema as a secure alternative to the standard
UNIX MTA - Sendmail. Formerly known as Vmailer, Postfix was released by the end of 1998 as
the IBM Secure Mailer and later renamed to Postfix [10, 11].

Postfix is known for its performance, flexibility, and ease of configuration. It supports various
authentication mechanisms, filtering capabilities, and queue management features, making it a
preferred choice for mail servers ranging from small deployments to enterprise-level
environments. Due to its modular design, Postfix integrates well with security tools, spam filters,
and monitoring systems, ensuring reliable and efficient email processing.

4. System Design and Implementation

The automated alert system is running regular checks for a sudden increase in the mail queue size.
In case an unusual number of messages is detected in the queue, additional checks are performed
to identify the cause of the anomaly. Most often, this indicates that the password of an email
address has been hacked (usually by brute force) and spam has been sent from that address. If the
assumption is confirmed by additional checks of log files, the system triggers an alert and takes
emergency steps to prevent further damage. Details of the system are described below.

4.1 Mail Queue Monitoring

Postfix manages email delivery through a structured mail queue system, which consists of several
directories where messages are temporarily stored during processing. The main queue directories
include:
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* Incoming Queue (/var/spool/postfix/incoming) — Stores new messages before they are
processed by Postfix.

* Active Queue (/var/spool/postfix/active) — Contains messages that are actively being
delivered. Postfix prioritizes these messages for immediate processing.

* Deferred Queue (/var/spool/postfix/deferred) — Holds messages that could not be
delivered on the first attempt. Postfix retries delivery at scheduled intervals.

* Maildrop Queue (/var/spool/postfix/maildrop) — Used for messages submitted locally by
Postfix-compatible senders.

* Hold Queue (/var/spool/postfix/hold) — Stores messages that require manual intervention
before being processed further.

Each message in these directories is stored as a separate file with metadata that helps Postfix
track its delivery status. The queue management system ensures efficient handling of emails,
preventing congestion and optimizing delivery performance. Administrators can monitor and
manage the queue using commands such as "postqueue -p" to list queued messages.

Since our goal is to detect spam outbreaks, which typically result in a sudden surge of emails
being queued, monitoring the mail queue size is a crucial step. A basic way to achieve this is by
using the "postqueue -p" command, which lists all queued messages and allows administrators to
assess the queue status. Thus, the number of messages in the queue can be obtained at any time
with a command sequence like "postqueue -p | tail -n +2 | wc -I".

However, this approach requires parsing command output, which can be inefficient, especially
during a large-scale spam event when thousands (or even tens of thousands) of messages may be
queued. To improve performance, we opt for a more efficient method - directly counting the
number of files in the Postfix queue directories (Incoming Queue, Active Queue, Deferred Queue
and Maildrop Queue). This approach eliminates the overhead of command execution and text
processing, providing a faster and more reliable way to detect email surges in real-time.

It should be noted that we do not need to check the Hold Queue (/var/spool/postfix/hold)
because messages in this directory are placed there manually or through policy-based filtering and
are not actively processed for delivery. Unlike all other Postfix queue directories, which reflect
real-time email flow, the hold queue contains messages that require administrative intervention
before they can proceed. Since a spam outbreak results in a rapid increase in automatically queued
messages, monitoring the hold queue would not provide meaningful insights into the outbreak's
severity or impact. Instead, focusing on the other queues ensures that we detect and respond to
excessive email generation more efficiently.

4.2 Periodic checks

To ensure continuous checks, the monitoring script should run periodically as either a Cron job
[12] or a Systemd service timer [13], providing real-time detection of spam outbreaks without
significant resource usage. Since it only performs lightweight operations - counting files in the
mail queue and parsing logs - it runs efficiently without impacting system performance.

4.2.1 Monitoring with Cron Job

Generally, configuration with a Cron job is easier and sufficient. It only requires adding a line to
the root user's crontab configuration, like the following example:
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*[2 * *** [path/to/script.sh

As a result, the script will be continuously executed every 2 minutes.

But there is an important detail about Cron jobs that should be noted forimportant monitoring
actions like the one described in this work. Running of any Cron job always depends on the cron
service, which is a separate process (typically named cron or crond, depending on the Linux
distribution), responsible for running scheduled tasks. So, if crond/cron accidentally stops or
crashes, none of the scheduled jobs would run until the service is restarted. That is why the next
systemd service timer-based solution is more preferable for our task.

4.2.2 Monitoring with Systemd Service

The key advantage of systemd timers over cron jobs is that they are managed by the systemd
process. And since systemd is the process number one in the Linux system, it is always running as
long as the system is up. This would ensure that any scheduled script will execute reliably. Even
if a timer fails, the systemd process can restart it automatically.

However, configuring systemd timer requires much more efforts than just adding a line in Cron
configuration. Below, we present an example of such a configuration.

Creating a systemd service file (/etc/systemd/system/spam-check.service):
[Unit]

Description=Spam Outbreak Detection Script

After=network.target

[Service]

ExecStart=/path/to/script.sh

Restart=always

User=root

[Install]

WantedBy=multi-user.target

Creating a timer (/etc/systemd/system/spam-check.timer):
[Unit]

Description=Run spam check script every minute

[Timer]

OnBootSec=2min

OnUnitActiveSec=2min

[Install]

WantedBy=timers.target

Enabling and starting the timer:
systemctl enable --now spam-check.timer

The above systemd timer configuration ensures the script runs at regular intervals, detecting
anomalies promptly while maintaining system efficiency.

It should be noted that the checking frequency of every 2 minutes mentioned above was given
as an example, but it can be adjusted according to need. At the same time, it is important to mention
the fact that the log file check (which can take a considerable amount of time) is performed only
at the second stage, in case of detection of exceeding the threshold of the mail queue size. This
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means that in most cases, the check time will be very insignificant. We have checked this
assumption by running the script (with the "time" prefix) to determine its execution time, and on
average, we found it to be about 12-17 milliseconds. Thus, frequent script launching has virtually
no effect on system load while at the same time ensuring timely response to anomalies.

4.3 ldentifying the Compromised Account

Identifying the compromised account is completed at a second stage only if the mail queue size is
detected to exceed the defined threshold. This is accomplished by analyzing the mail server log
file. On each run, the script parses SASL authentication messages in the current mail server log
file to determine which user has authenticated most frequently within a recent timeframe (on most
Linux systems the default place for such messages is /var/log/mail.log).

Log files are generally subject to rotation,which are most often performed either on a weekly
or monthly basis. In any case, the checks described below reveal the most recent data for the period
after the last file rotation. The command sequence used for the checks is presented below:

cat /var/log/mail.log | awk -F"sasl_username=""{print $2}' | sort | uniq -c | sort -nr | head -6 | tail -5

The result is a list of sorted top 5 authentications from the last period. In case of a spam
outbreak, the first line (or the first few lines) will have a comparatively very large number of
successful authentications, which is a proof of a potentially compromised account.

An example of the alert message is presented below:

Mail server queue has exceeded the specified threshold.
Current queue size is: 12869
Top 5 SASL authentications from /var/log/mail.log:
15628 [compromised-mail-address] @somedomain
234 [other-mail-address1]
122 [other-mail-address2]
104 [other-mail-address3]
86 [other-mail-address4]

In case such an anomaly is detected, the system immediately flags that email account as
potentially compromised, notifies the administrator of the problem, and provides the opportunity
to take preventive actions, which are described below.

4.4 Telegram Bot Integration

Integration with Telegram Bot is performed according to Telegram Bot APl Documentation [5].
The script is integrated with the Telegram Bot to send alerts. Administrators receive messages with
details such as the compromised account, suspicious activity, and recommended actions.

An example of a script to implement integration with a Telegram Bot is presented below:
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#!/bin/bash

tgbot:"*********************"

thhatl d ="kkkkkkhhhhkhhihhhixn

tgurl="https://api.telegram.org/bot"$tgbot"/sendMessage"
QUEUEDIR_ROOT="/var/spool/postfix"

MAX_QUEUE_LENGTH=***

# Get the number of messages sitting in each postfix queue directory

Q_ACTIVE=$(find ${QUEUEDIR_ROOT}/active -type f | wc -I)

Q_INCOMING=$(find ${QUEUEDIR_ROOT}/incoming -type f | wc -I)

Q_DEFERRED=$(find ${QUEUEDIR_ROOT}/deferred -type f | wc -I)

Q_MAILDROP=$(find ${QUEUEDIR_ROOT}/maildrop -type f | wc -I)

# If any of these queues contain more than SMAX_QUEUE_LENGTH issue an alert

if [ ${Q_ACTIVE} -gt ${MAX_QUEUE_LENGTH} -0 ${Q_INCOMING} -gt
${MAX_QUEUE_LENGTH} -0 ${Q_DEFERRED} -gt ${MAX_QUEUE_LENGTH} -0
${Q_MAILDROP} -$

Q_TOP5=$( cat /var/log/mail.log | awk -F"sasl_username=""{print $2}' | sort | uniq -c | sort -nr | head -
6 | tail -5)

tgmessage="Queue on ${HOSTNAME} is: $((${Q_ACTIVE} + ${Q_INCOMING} + ${Q_DEFERRED}
+ ${Q_MAILDROP}))"$'\n'$Q_TOP5

curl -s -d

"chat_id="$tgchatid" &text=$tgmessage&parse_mode=markdown&disable_web_page_preview=1"
$tgurl > /dev/null 2>&1

exit 2

fi

exit 0

4.5 Mail Queue Clean up

Since Postfix does not provide a ready mechanism to remove messages from the queue based on
the sender's email address, we use the following solution to clean up the mail queue, based on a
compromised email address pattern:

#1/bin/bash
# Define the email pattern to search for
ADDRESS_PATTERN="$1"
if [[ -z "$ADDRESS_PATTERN" ]]; then
echo "Usage: $0 '<email-pattern>""
echo "Example: $0 'spam@domain.com' or $0 '@domain.com™
exit 1
fi
# Get queue IDs for messages matching the pattern
QUEUE_IDS=$(postqueue -p | grep -B1 "$SADDRESS_PATTERN" | grep "*[A-F0-9]" | cut -d' ' -f1)
# Check if any queue 1Ds were found
if [[ -z "$QUEUE_IDS" ]]; then
echo "No matching emails found in the queue."
exit 0
fi
# Remove matching emails
echo "Removing emails matching pattern: SADDRESS PATTERN"
echo "$QUEUE_IDS" | xargs -r postsuper -d
echo "Done."”
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4.6 Mitigation Actions

Upon detecting a compromised account, the alert system allows administrators to take predefined
mitigation actions via Telegram bot, including:

» stop/start mail service;
* mail queue is cleanup (remove queued mails form the compromised email address);
» lock/unlock/generate new password for compromised email account.

Besides notifications and managing with the Telegram bot, the system can also send alerts via
email.

5. Results and Evaluation

The described alert system was tested on a Linux-based mail server running Postfix. The key
findings include:

e Compromised accounts are successfully detected in real-time within several minutes after
spam outbreak, significantly reducing response times compared to manual detection.

* The system prevented the mail server from being blacklisted by proactively blocking
malicious email bursts.

» The Telegram bot significantly improved response times by allowing administrators to take
action remotely.

* Low resource usage made it feasible the system to run constantly without impacting mail
server performance.

» Solution to check Postfix mail queue directories is more efficient than using "postqueue -
p" command, as it avoids parsing output and provides an immediate count of queued
messages, which is crucial in case of large-scale spam outbreak, involving thousands or
even tens of thousands of spam emails suddenly filling up the mail queue.

» Solution to configure systemd timers instead of Cron job ensures checks do not depend on
the cron process existance.

6. Conclusion

The developed automated alert system provides an effective solution for detecting and handling
compromised email accounts. It significantly improved detection accuracy and reduced
administrative workload. At the same time, it is not a replacement for standard protection methods,
but rather complements them perfectly.

By leveraging real-time mail queue monitoring and SASL authentication analysis, it enhances
email security while minimizing the need for manual intervention. The integration of a Telegram
bot further improves response efficiency, allowing administrators to act quickly during a spam
outbreak.

The system described in this paper, has been successfully tested on the Academic Scientific
Research Computer Network of Armenia (ASNET-AM) [14] and is currently being actively used
for implementation of set goals.
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AHHOTANUA
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MOYTOBBIM CEpBEpaM MOTPEOHOCTh B ABTOMATHU3MPOBAHHBIX MEXaHU3MaxX MOHUTOPUHTA U
pearupoBaHHs CTAHOBHUTCS BCe OoJiee CYIIeCTBEHHOH. B 3Toii cTaThe mpencTaBieHa pa3paboTka
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ABTOMATHU3UPOBAHHOW CUCTEMbI OMOBEILIEHNUS, PEeAHA3HAYEHHOM st OOHapyX)eHUs U 00paboTKH
B3JIOMAHHBIX YUETHBIX 3aIHCEH ANEKTPOHHOM MoYThl. CUCTEMA OTCIIEKUBAET OUEpPEb MOYTOBOU
ciIyO0bI Ha cepBepe Linux, oOHapy»XuBasi aHOMaJMu Ha OCHOBE PE3KOTO BCIUIECKAa KOJUYECTBA
coobmenuit B ouepenu. [Ipu BeIsIBIEHUN MOAOOHON aKTHBHOCTH CHCTEMA MBITACTCS OMPEICIIUTh
UM TI0JB30BATElIsA, CBSI3aHHOE C HAWOOJBIIMM KOJWYECTBOM ayTeHTHu(ukaruii SASL, u
3aIyCKaeT COOTBETCTBYIOIINE ONOBEIIEHUS WM IEHCTBUS IO YCTPaHEHUIO nocieacTsuil. Kpome
TOr0, cucTeMa UHTerpupoBana ¢ 6orom Telegram, 4To mMo3BossieT aAMUHUCTPATOPaM yAAJIECHHO
IOpeANpUHIMATh HEMEJUICHHBIe KOppeKTHpyomue aencTBus. Takoil moaxon oOecreyuBaer
OBICTPBI M A(()EKTUBHBIA METO TIPEIOTBPAICHUS 3I0YTIOTPEOIICHHI JIEKTPOHHON MOYTON U
o0ecreyeHns EIOCTHOCTU TIOYTOBBIX CEPBEPOB.
Kawuessie cioBa: Email, SPAM, Alert system, Telegram bot.
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Abstract

Distributed machine learning has become increasingly vital as data sources continue
to expand geographically. Traditional ensemble methods such as AdaBoost demonstrate
impressive predictive capabilities but often require frequent synchronization across nodes,
resulting in significant communication overhead. This paper introduces a novel paradigm
of infrequent synchronization in which nodes perform multiple rounds of local AdaBoost
before exchanging partial or complete model updates. The potential advantages include
reduced communication costs, the ability to handle intermittent connectivity, and
competitive accuracy compared to fully synchronized approaches. A real-world use case in
the trucking industry is presented to demonstrate the feasibility and value of this new
approach. The paper concludes by outlining future directions and the expected impact on
communication-efficient distributed learning.
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1. Introduction

1.1 Background

The evolution of big data analytics has necessitated the adoption of distributed machine learning
frameworks that can operate across geographically dispersed nodes. Ensemble algorithms,
particularly AdaBoost [1], stand out for their ability to transform weak learners into a strong
classifier through iterative reweighting of training examples. Yet, the classical distributed
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deployment of AdaBoost relies on frequent data or model exchanges, often every boosting round
to maintain a coherent global model [2]. This can be problematic in scenarios where
communication is costly, bandwidth is limited, or connectivity is intermittent [3].

1.2 Problem Statement

This research explores a delayed or infrequent synchronization strategy in distributed AdaBoost
to minimize communication overhead without substantially sacrificing model accuracy [4].
Specifically, it examines whether AdaBoost's iterative process can be adapted to function
effectively under limited exchange conditions, an area partially explored in [5, 6] but remaining
relatively undeveloped for classical boosting approaches.

1.3 Research Objectives

1. Reduced Communication Overhead: Demonstrate how the frequency of synchronization
rounds can be lowered to a fraction of the total boosting iterations while still retaining high
model accuracy.

2. Adaptive Local Training: Investigate how local reweighting schemes can operate in
isolation for multiple iterations to mitigate the stale model challenge.

3. Real-World Feasibility: Illustrate a use case where intermittent connectivity is common,
namely the trucking industry, to validate the proposed method's applicability and benefits.

2. Related Work

2.1 Communication-Efficient Ensemble Methods

Studies in communication-efficient boosting [7] and local update strategies [8] establish that sparse
or delayed parameter sharing can preserve accuracy under theoretical guarantees. Distributed
boosting algorithms such as PreWeak and AdaSampling reduce synchronization overhead by
transmitting partial updates or sampled data to a central coordinator [9]. Nonetheless, these
methods often necessitate specialized sampling or model pruning to ensure convergence.

2.2 Federated Learning Paradigms

Federated learning (FL) promotes infrequent synchronization, a property particularly valuable in
privacy-sensitive industries such as healthcare and finance [10]. Techniques like Federated
Averaging (FedAvg) allow clients to perform multiple local gradient-descent updates before
transmitting aggregated model parameters to a central coordinator, thereby substantially reducing
communication overhead [5]. Although the underlying motivation of decreasing communication
is shared, FedAvg and distributed AdaBoost differ fundamentally in their learning dynamics.
FedAvg operates on parametric, differentiable models whose parameters can be averaged
meaningfully across clients. In contrast, distributed AdaBoost aggregates weak learners through
weighted voting rather than parameter averaging, and its communication steps revolve around
synchronizing model weights, error rates, or classifier outputs rather than gradient-based updates.
This distinction highlights that, while both paradigms benefit from reduced communication
frequency, the mechanisms enabling synchronization in distributed AdaBoost require algorithm-
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specific coordination rather than straightforward parameter averaging, motivating the development
of tailored synchronization strategies.

2.3 Distributed Systems and AdaBoost Synchronization

Distributed systems rely on principles such as scalability, consistency, and fault tolerance [11].
Achieving these principles often involves trade-offs; scalable systems commonly sacrifice strict
consistency to ensure fault tolerance and availability [12]. Ensemble methods like AdaBoost face
unique synchronization challenges due to their sequential nature; each iteration requires updated
global error rates to adjust sample weights, typically necessitating synchronous communication
[1, 13].

In contrast to federated learning's flexibility in synchronization (e.g., asynchronous and hybrid
approaches such as FedBuff), distributed AdaBoost methods commonly enforce synchronous
communication rounds [14]. Empirical analyses, such as LoAdaBoost FedAvg, illustrate
AdaBoost's integration within federated frameworks by combining synchronous aggregation with
adaptive weighting strategies to enhance accuracy and efficiency [15]. However, AdaBoost's
inherent sequential dependencies limit the potential for asynchronous updates, reinforcing the
necessity of carefully managed synchronization mechanisms [16].

3. Proposed Methodology

The primary goal is to minimize synchronization events in a distributed AdaBoost framework
while still preserving sufficient model accuracy. Each node locally runs multiple rounds of
AdaBoost on its partition of data, updating instance weights and training weak learners without
requiring continuous global communication [7, 5]. Periodically, but as rarely as feasible, these
partial updates are exchanged and merged into a global ensemble, aligning node-specific
reweighting strategies and capturing the collective knowledge [6]. This strategy builds upon the
classical boosting concept [1] yet limits the overhead typically associated with every-round
synchronization. While more local iterations between communications can slightly increase the
risk of model drift, careful selection of when and how often to synchronize helps balance reduced
bandwidth usage with acceptable predictive performance in large-scale or bandwidth-constrained
environments.

3.1 Algorithmic Framework

The novel contribution is an infrequent synchronization strategy for AdaBoost. Instead of
synchronizing after each boosting iteration, each node trains locally for K rounds, storing partially
updated models in a local buffer. After these K rounds, the node communicates with a central
server or peer nodes to merge and refine the global ensemble. The process repeats until the desired
number of boosting rounds is reached.

Key Insight: By decoupling local updates, the model allows partial divergence in node-specific
weight distributions. Periodic global synchronization steps mitigate error accumulation and realign
the ensemble.
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3.2 Pseudocode
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Algorithm: InfrequentSyncAdaBoost

Input:
D={D_1,D 2,..,D_N} // Partition of data across N nodes
T /I Total number of boosting rounds
K /I Frequency of synchronization

base_learner // Base classifier for AdaBoost

Initialize:
For each node n:
Initialize local sample weightsw_n(i) =1/|D_n|

Forroundt=1to T:
For each node n in parallel:
1. Train weak classifier h_n(t) on D_n using current weights w_n
2. Compute error_n(t) =X [w_n(i) * I(h_n(t)(x_i) #y_i)]
3. Compute o_n(t) = 0.5 * In((1 - error_n(t)) / error_n(t))
4. Update weights:
w_n(i) =w_n(i) * exp(-o._n(t) * y_i * h_n(t)(x_i))
5. Normalize w_n(i)

Ift% K==0ort==T:
/I Synchronize across nodes
6. Gather {h_n(t"), a_n(t")} for t' in {t-K+1, ..., t} from each node

8. (Optional) Prune or refine ensemble if it becomes too large
9. Broadcast H_g(r) to all nodes, so they can align partial states

Output:
Final aggregated ensemble: H_g(T)

7. Construct global ensemble H_g(r) by merging or aggregating these weak classifiers

3.3 Complexity Analysis

e Communication: Reduced from O(NT) in classical distributed AdaBoost (where each

node synchronizes every iteration) to O(NT / K) in the proposed infrequent scheme.

Computation: Minimal additional overhead arises from merging partial ensembles, which
can be done through a simple central aggregator. Local computations remain identical to
standard AdaBoost.

Potential Trade-offs: Longer local training phases might introduce greater divergence
from the global optimum, demanding careful parameter tuning (e.g., selection of K).
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4. Evaluation

4.1 Experimental Setup
Three variants of distributed AdaBoost are compared:

1. Fully Synchronized (Baseline): Synchronization at every boosting round.

2. Moderately Synchronized: Synchronization every 5 rounds.

3. Infrequent Synchronization: Synchronization only once or twice (e.g., every 25 or 50
rounds).

A sample result table and visualizations based on the evaluation metrics for 100 boosting rounds
is shown in Table 1.

Table 1. Synchronization analysis

Sync Strategy | Sync Rounds | Communication | Accuracy (%) | TrainingTime (S)
(MB)

Fully 100 120.0 95.4 240

Synchronized

Every 5 Rounds 20 24.0 94.9 180

Every 25 Rounds 4 4.8 94.2 160

Once (at End) 1 1.2 91.5 140

Communication (MB)

Communication Overhead by Sync Strategy
120

100
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60+

40

20

Synchronization Strategy

Fig. 1. Communication overhead by synchronization strategy.
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Fig. 2. Model accuracy vs Synchronization strategy.
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Fig. 3. Training time by synchronization strategy.

Although the final accuracy for the “Once (at End)” synchronization strategy is lower at 91.5%
compared to more frequent synchronization, it remains sufficiently high for many real-world
applications. In scenarios where faster training time, reduced communication overhead, or
intermittent connectivity takes priority, a slight reduction in accuracy can be acceptable. This
performance level still represents a robust predictive capability, ensuring that the trade-off between
model quality and limited synchronization is justifiable in numerous large-scale or bandwidth-
constrained deployments.
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4.2 Real-World Use Case: Trucking Industry

4.2.1 Context and Data Generation

Each truck in a large fleet is equipped with sensors gathering telematics data: fuel usage, engine
temperature, speed, brake usage, GPS location, etc. Due to remote driving routes and sporadic
connectivity, the trucks can only synchronize with the central office every few hours or at
designated checkpoints.

4.2.2 Application

e Predictive Maintenance: Early detection of mechanical issues based on aggregated sensor

data.

e Fuel Efficiency Optimization: Identifying fuel-wasting driving behaviors across different
terrains.

e Driver Safety Analysis: Monitoring and alerting high-risk driving patterns (sharp braking,
speeding).

4.2.3 Implementation

Local AdaBoost runs on each truck for multiple iterations, updating the distribution of "tricky"
instances found in that truck’s routes. When connectivity allows, all partial models are transmitted
to a central aggregator, which merges them and redistributes global updates.

Outcome: Even with one or two synchronizations per day, fleet-wide predictive performance
remains competitive, enabling near-real-time insights into vehicle health and driver habits without
overwhelming the limited communication infrastructure.

5. Conclusion and Future Work

The proposed infrequent synchronization strategy for distributed AdaBoost addresses pressing
challenges in large-scale, communication-constrained settings. Preliminary analyses indicate that
local training for multiple rounds before synchronizing can significantly reduce communication
overhead with a modest trade-off in convergence speed or final accuracy. Future work will involve
formalizing convergence bounds, exploring adaptive synchronization schedules based on node-
specific performance, and implementing privacy-preserving protocols to handle sensitive data
(e.g., driver habits or proprietary operational metrics).
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Heuactas CHUHXpOHU3alus B pacipCaciICHHOM AdaBoost
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e-mail: artur.oghlukyan@edu.isec.am, fernando.demingo@upm.es

AHHOTANUA

Pacnpenenennoe MammHaHOe 00ydeHHE CTAHOBUTCA Bce 00Jiee BaXKHBIM, MOCKOJIBKY MCTOYHUKH
JaHHBIX MPOAOJDKAIOT pPacCHIMpAThCA reorpaduuecku. TpalulMOHHBIE aHCAMOJIEBbIE METObI
pacrio3HaBaHus, Takue Kak AdaBoost, AeMOHCTPHPYIOT BHEUATIISAIONIME BO3MOXKHOCTH
MIPOTHO3UPOBAHUS, HO YacTO TPeOYIOT aKTUBHOM CHHXPOHU3ALUU MEXAY y3JIaMH, YTO MPUBOJUT
K 3HaYUTEIbHBIM HAKJIAJHBIM PacXxoJaM Ha CBsI3b. DTO MPEAI0KEHHE BBOJUT HOBYIO MMAPATUTMy
HEYaCTOW CHHXPOHH3AIIUU, B KOTOPOU HECKOJIBKO payHI0B JoKaabHOTO AdaBoost BEITIONHSIOTCS
710 0OMEHa YaCTUYHBIMH WJIM TTOJIHBIMUA OOHOBJICHUSIMH MoJiend. [loTeHInanbHbIe MPerMyIecTBa
BKJIIOUAIOT CHM)KEHUE 3aTpaT Ha CBSA3b, CIOCOOHOCTh 00pabaThIBaTh MPEPHIBUCTOE MOAKIIOUEHHE
U KOHKYPEHTOCIIOCOOHYI0 TOYHOCTh IO CpPAaBHEHHUIO C MOJHOCTbIO CHHXPOHHU3HPOBAHHBIMU
noaxoaamu. [IpencrasieH peanbHbIM IpUMEp HCTIOIB30BaHMs B OTPACIIN IPY30IEPEBO30K, YUTOOBI
MPOJEMOHCTPUPOBATH OCYILIECTBUMOCTH U LIEHHOCTD 3TOT0 HOBOTO MoxoAa. CTaThs 3aBepIiaeTcs
ONKCaHHEM OYAYIIMX HANpaBJICHUH U OKUAAEMOro BIUSHHS Ha 3(PQPEKTUBHOE C TOUKU 3PCHUS
CBSI3M pacmpeesieHHOe 00yUeHHe.

KawueBble cioBa: pacnpenenéuubiii AdaBoost, HedyacTass cMHXpOHM3aLus, aHCaMOJIeBOe
o0ydyeHue, KOMMYHUKaIMOHHO-3()ekTuBHOE 0O0yueHue, (QemepaTuBHOEe oOydeHue, ciaadbie
oOyyaromuecsi, MacIITabupPyeMOCTh, OTKa30yCTOHYMBOCTb, pa3BEpPTHIBAHHE B pPEATbHbIX
YCIIOBUSIX.
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