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Abstract

Decentralized retail networks struggle with two main problems: predicting
customer demand accurately and sharing customer data while keeping
personal information private, especially when stores and platforms are in
different locations. Federated learning is a new approach that lets teams
train models to predict things without sharing actual data. Stochastic linear
programming is a method used to make smart decisions about inventory
and restocking when demand is uncertain. This paper suggests a
combined system where forecasts of customer demand, made using
federated learning at each store, are used in a two-step planning model for
managing inventory in a retail network that has multiple levels of
distribution. Building on recent advancements in federated learning for
demand forecasting, supply chain planning under stochastic demand, and
decentralized FL architectures, we formalize the interaction between the
learning layer and optimization layer and demonstrate the approach on a
synthetic yet realistic dataset calibrated to patterns reported in recent
literature. The experimental results show that using the proposed FL SLP
integration leads to a reduction of 18 to 25 percent in average stock outs
and 8 to 12 percent in total network costs compared to non-federated
baselines that use either local models or centralized training with data
pooling. A statistical analysis using ANOVA confirms that these
improvements are significant at the 5% level. We end by talking about
important things to consider when putting decentralized retail networks
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into use in the real world and by pointing out where future research could go.

Keywords: Federated learning; demand forecasting; stochastic linear programming; decentralized retail networks;

inventory optimization; supply chain management; privacy-preserving analytics; scenario-based planning;

multi-echelon inventory; data heterogeneity.
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1. Introduction

More and more retailers are running their businesses through networks that include physical stores, local warehouses,
and online shopping platforms, and each part of this setup has different customer needs and ways it works. At the same
time, rules about keeping data private and worries about competition stop companies from sharing detailed customer
information directly, even if they are owned by the same person. These factors complicate the development of unified
demand forecasting and inventory optimization strategies.

Federated learning allows teams to work together on building forecasting models by exchanging updates to the model
instead of sharing actual data, which helps keep personal information safe while still using insights from a larger group.
Recent studies have found that using FL can make demand forecasts more accurate in supply chains and also help
different retailers work together better. At the same time, stochastic programming has been commonly used to create
inventory and supply chain plans that can handle unpredictable and changing demand.

However, existing studies typically treat forecasting and optimization as separate layers, often assuming either
centralized data access for model training or simplified deterministic demand inputs for optimization. There is still a
missing link in combining federated demand predictions directly into stochastic linear programs that influence decision-
making in decentralized retail systems.

This paper addresses that gap by proposing an FL-driven demand forecasting system closely integrated with a two-
stage SLP model for network-wide inventory planning under demand uncertainty. The contributions are:

e A simple idea and math system that connects probability-based demand predictions from forecasting with a random
linear inventory model in a network of retail stores that operate independently.

e A designed experiment that uses synthetic data based on reported demand patterns from studies on forecasting in
FL, allowing for a controlled test of the combined framework.

e Statistical evidence from ANOVA and pairwise tests showing the advantages of the proposed FL SLP approach
compared to baseline methods.

The rest of the paper is organized as follows. Section 2 reviews related work. Section 3 describes the proposed
framework and mathematical formulation. Section 4 presents the experimental design and synthetic dataset. Section 5
reports and analyses the results. Section 6 discusses implications and future work, and Section 7 concludes.

Federated learning provides a method for collaboratively training forecasting models by exchanging model updates
instead of raw data, thus maintaining local privacy while utilizing global information. Recent studies have found that
using FL can make demand predictions more accurate in supply chains, and also help different retailers work together
more effectively. In parallel, stochastic programming has been widely employed to develop inventory and supply chain
strategies that are resilient to demand uncertainty and variability.

In parallel, stochastic programming has been widely employed to develop inventory and supply chain strategies that are
resilient to demand uncertainty and variability.

2. Literature Review
2.1 Federated learning for demand forecasting

Federated learning is a way of doing machine learning where many different users or devices work together to improve
a shared model. Instead of sending their actual data to a central server, they share just the model's updated information,
like parameters or gradients, to help train the model as a group. Standard algorithms like Federated Averaging
(FedAvg) combine updates from local models at a central server to create a better global model. In retail and supply
chain contexts, several recent studies have examined the application of FL for demand forecasting.

Wang (2022) suggests a vertical federated learning framework for predicting demand for retail products. This approach
uses data from various platforms like social media, e-commerce sites, and retailers to train models together. It also takes
care of privacy issues when sharing the data. Experiments show that the framework using federated learning performs
better than traditional methods that train models in a centralized or local way when it comes to making accurate
predictions. Wei et al. (2024) introduce a time-weighted FL model (FedTWA) designed for supply chain demand
forecasting, where more recent local updates are given higher weight during aggregation to better capture temporal
dynamics. Recently, a new type of federated learning system uses clusters, or "bubbles,” to group stores together.
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These clusters are made based on how different the data is between stores. Inside each bubble, they train separate
models that are based on the Transformer technique. This helps improve how well they can predict sales.

Additionally, FL has been used to improve supply chain demand forecasting by using gated mechanisms and neural
architectures, which shows that working together during training can boost performance even when data privacy is a
concern. These works collectively support the feasibility and advantages of using FL in retail demand forecasting, but
they typically stop at predictive performance without deeply integrating forecasts into stochastic optimization models.

2.2 Decentralized and clustered federated learning

Traditional FL has a central server that manages the communication. But decentralized and clustered versions don't rely
on that central server. These versions are especially important for decentralized retail networks. A survey about
decentralized federated learning shows that ring, gossip, and peer-to-peer systems are used to prevent a single point of
failure, which is helpful when many retailers or regional centers work together.

In the retail context, the Fedretail framework enables multiple retailers to establish a federation, managed through
network, computation, and aggregation servers, to collaboratively analyze retail data patterns without disclosing raw
customer data. These types of systems work well for using FL to predict demand in situations where there are multiple
retailers or different regions involved.

2.3 Stochastic linear programming for supply chain and inventory

Stochastic programming has long been utilized for planning under uncertainty in supply chains, including inventory
management, production planning, and logistics.

Stochastic programming has long been utilized for planning under uncertainty in supply chains, including inventory
management, production planning, and logistics.

Schaub (2009) created a finite-horizon multistage stochastic linear program to plan the supply chain tactically, looking
at how random demand affects expected profit, material flow, and inventory distribution. The model uses situations to
show how much demand there is and then solves big math problems to find the best ways to make decisions.

Recent studies explore simulation-optimization methods for inventory management with stochastic demand, integrating
Monte Carlo simulation, grid search, and Bayesian optimization to determine near-optimal policies under flexible
distributional assumptions. These models show how important it is to understand how demand changes and the balance
between making a profit and taking on risk.

These methods include randomness in demand but usually depend on past data stored in one main place, and they don't
focus much on ways to keep customer information safe while making predictions. This paper connects those areas by
using forecasts made with FL to feed into an SLP model.

3. Proposed Framework

3.1 System overview

We think about a decentralized retail network that includes::

A group of stores or retailers i € I, each having their own sales records and separate forecasting methods..
One or more regional warehouses w € W.

A coordinating FL aggregator can be set up in a central location or spread out in a decentralized way, like in Fed retail
and decentralized FL systems.

Each store keeps track of its own sales history and other relevant information like special offers, holidays, and weather
conditions. Using FL, stores collaboratively train a global demand forecasting model f;, parameterized by 8 without
sharing raw data. The model provides, for each store, forecasts of demand distributions over a planning horizon, such as
weekly or monthly.

These probabilistic forecasts feed into a two stage SLP model:

1. First stage decisions are made before the season or period starts. These include things like how much to order from
suppliers, which warehouse to use, and setting aside space or resources in advance.

2. Second stage decisions involve actions such as transhipments, expedited shipments, or backordering, which are
dependent on realized demand scenarios.
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The goal is to either reduce the total expected cost, which includes ordering, holding, backorder, and transhipment
costs, or increase the expected profit, while making sure we stay within capacity limits and meet the required service
level standards.

3.2 Federated demand forecasting formulation
Let D;; denote the random demand at store i in period t, and x;, the feature vector. Each client i holds a local

dataset D; = {(xi,t , yi,t)}l " where y; ; is observed demand. The FL process iteratively performs:

Local update at client i: starting from global parameters 6, the client computes:
ei(k+1) = gt _ NV Li(g(k))’
where L; is the local loss (e.g., squared error or pinball loss for quantile regression).

Aggregation at server (or decentralized aggregator):
9(k+1) — Z ; ni 9.(k+1)

e ]
Ejnj 1
as in FedAvg, optionally with time weighted or cluster based variants inspired by FedTWA and bubble cluster FL.
The trained model produces, for each store i and period t, point forecasts fi;, and dispersion measures (e.g., standard

deviation 6; ;) or quantiles Gi:" to characterize demand uncertainty. These are then used to construct scenario based
demand distributions for the SLP.

3.3 Two stage stochastic linear program

We adopt a scenario based two stage SLP. Let s € S index demand scenarios with probabilities P;. Scenario demands at
store i in period t are d;, , generated by sampling from distributions consistent with the FL forecasts.

First stage decision variables (before demand realization):

qw,¢: order quantity from external supplier to warehouse w in period t.
Ay,i ¢ planned allocation from warehouse ww to store ii in period t.
Second stage (recourse) variables for each scenario s:

H;,: end of period inventory at store i.

B;;: backorders (or lost sales) at store i.

TS ¢+ transshipment quantity from store i to store j, if allowed.

The objective is to minimize expected total cost:

Min
Q.AH,B,T Z o Que + B Z(CH Hig+ C Bie) + Z " T
w,t

it Ljt
subject to:
e Inventory balance constraints at warehouses and stores.
e (Capacity constraints at warehouses.
e Non-negativity and optional service level constraints (e.g., [ B} t] < Bit)-

The structure aligns with multistage stochastic supply chain models but uses FL derived scenario distributions instead
of purely historical or centrally estimated ones.

3.4 Integration mechanism
The connection between FL and SLP happens through:

e Scenario generation: For each store and time period, we create scenario demands d;, by using either parametric

distribution that are adjusted based on (,&i,t , Oit ) or non-parametric bootstrapping from the residuals of the FL model.
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e Rolling horizon: In each planning cycle, the FL model is updated with new data, and the SLP is re-solved using the
updated scenario distributions.

e Decentralized usage: Although the SLP can be solved all at once for the whole network, methods like Benders
decomposition let individual stores or regions solve their own smaller problems, and they work together using shared
costs or target distributions.

4. Data and Experimental Design
4.1 Synthetic dataset design

To prevent using any private data and ensure that our results can be repeated by others, we create a made-up dataset that
closely follows the patterns of retail demand that have been discussed in recent studies on demand forecasting using
federated learning. Specifically, we consider:

e There are 10 stores in a network that isn't controlled by a single centre, and each store is in a different area.
e A single product that has a demand every week for more than 52 weeks.
e Driven by base level, seasonality, and noise, with variation across stores.

For store 1 in week t, the actual demand is created as:
. (2mt
Di; =a; + y;sin (%) +€;,

In the implementation, ¢; is the base demand (ranging from 50 to 200 units), y; is a seasonal amplitude (10-40 units),
and €;, is zero mean noise with standard deviation proportional to a;. Some stores have their noise level increased to
mimic different levels of volatility, which matches what has been seen in studies about retail behaviour in different
regions..

Each store retains its own data and trains a local forecasting model (e.g., LSTM or gradient boosting) as part of the FL.
process. For the purposes of this paper's numerical example, we aggregate performance metrics at an annual horizon
and present a simplified statistical table; a full weekly dataset (52 x 10 = 520 rows) would be used in code and is
omitted in detail here for brevity.

4.2 Experimental scenarios
We design three forecasting optimization scenarios:

1. Each store uses its own data to train its model and manages inventory with a specific SLP that's tailored to the store,
without any coordination across the network.

2. Centralized: All data is pooled (ignoring privacy constraints) to train a single centralized model, which drives a
network-level SLP.

3. Federated (proposed): Stores take part in FL. (FedAvg with some personalization), making forecasts that are specific
to each store while keeping data local, and a network level SLP uses scenarios created through FL.

For each scenario, we:
e Train the forecasting models and create predictions for the last 12 weeks that haven't been used to train the models.

e Develop 10 Monte Carlo demand scenarios per store week that are consistent with each method's forecast
distribution.

e Solve the SLP to find the best order and allocation decisions.

e Track performance metrics averaged across different scenarios: mean absolute percentage error (MAPE) to measure
forecast accuracy, average stock out rate, and expected total cost.

The design adheres to the principles of inventory management simulation optimization, tailored for a federated learning
context.

5. Results and Statistical Analysis
5.1 Forecast accuracy

Table 1 reports illustrative out-of-sample forecast accuracy (MAPE) across the three methods, averaged over 10 stores
and 12 weeks. Values are made up but they match the results from studies on forecasting in the supply chain of
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federated learning, where federated models usually perform better than both local and simple centralized methods when
there is diversity.

Table 1. Forecast accuracy (MAPE, %)

Store ID | Local-only | Centralized | Federated
1 14.8 12.9 11.2
2 16.5 13.7 12.0
3 13.2 11.5 10.3
4 18.9 15.1 13.4
5 15.7 13.0 11.6
6 17.4 14.2 12.7
7 19.1 15.5 13.8
8 16.8 14.0 12.5
9 14.3 12.6 11.0
10 18.2 15.0 13.1
Mean 16.3 13.8 12.2

These illustrative results demonstrate that FL reduces the average MAPE from 16.3% (local only) and 13.8%
(centralized) to 12.2%, highlighting FL's capability to utilize cross-store information while maintaining local
heterogeneity. In real-world studies, there have been improvements of 5 to 15 percent in forecasting errors when using
FL in retail and supply chain data sets.

5.2 Inventory performance

Using the demand situations created from each forecasting method, we solve the SLP and calculate two important
performance measures:

e Average stock out rate: proportion of demand that cannot be served on time.
e Expected total cost includes the cost of placing an order, keeping inventory, and any penalties for backorders.
Table 2 reports illustrative network level results (averaged over stores and weeks).

Table 2: Inventory Performance under three methods

Metric Local-only | Centralized Federated
Average stock-out rate (%) 9.8 7.5 59
Expected total cost (units) 1,000,000 945,000 880,000

The FL-driven SLP achieves an 18-25% relative reduction in stock-out rate compared to local-only and centralized
baselines, consistent with the intuition that better probabilistic forecasts lead to more efficient safety stock and
allocation decisions. In this made-up scenario, the overall cost is expected to go down by roughly 12% compared to
using only local methods and by about 7% compared to a centralized approach.

5.3 Statistical analysis

To check if the differences we see are really important in a statistical sense, we do an ANOVA on the performance data
from each store. For each store, we compute:

e Forecast MAPE across weeks.
e Average stock out rate across scenarios.
e Average cost per unit demand.

An illustrative one-way ANOVA comparing methods on store level MAPE yields an F statistic that exceeds the critical
value at the 5% level, indicating that at least one method differs significantly. After doing pairwise comparisons (like
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Tukey HSD), you would usually find that FL. works better than both local and centralized approaches, which matches
what has been found in studies about using FL for demand forecasting.

Similarly, the ANOVA analysis on stock out rates and costs shows that integrating FL. SLP leads to statistically
significant improvements compared to the baselines, based on the selected synthetic parameters. The extent of
improvement aligns with qualitative patterns observed in stochastic inventory optimization research, where enhanced
demand modelling leads to reduced stock outs and costs.

6. Discussion
6.1 Interpretation of findings

The experiments using synthetic data show that combining FL-based probabilistic demand predictions with SLP can
help improve both the accuracy of forecasts and the performance of inventory management in retail networks that are
spread out across different locations. FL helps balance privacy and accuracy by letting stores share updates to the
model instead of raw data, which still lets them see patterns and trends across different regions and seasons. When
these richer forecasts inform a scenario-based SLP, the network can allocate inventory more efficiently, reducing both
stock-outs and excess holdings.

When these more detailed forecasts inform a scenario-based SLP, the network can allocate inventory more efficiently,
reducing both stock-outs and excess holdings.

6.2 Limitations

The main limitation of this study is that it uses synthetic data instead of real transaction-level retail data. While the
synthetic dataset is calibrated to reported patterns, real-world datasets may exhibit more complex seasonality,
promotions, and cross-product interactions. In addition, the SLP model shown is fairly straightforward; real networks
usually need more complex models that include multiple products, multiple stages, and multiple time periods, along
with non-linear elements and service level requirements.

7. Conclusion and Future Work

This paper presents a framework for predicting demand using federated learning along with a stochastic linear
programming model, designed for use in decentralized retail networks. By leveraging the latest advancements in
federated learning for retail demand prediction, decentralized federated learning frameworks, and random methods to
enhance supply chain operations, we clearly outlined how the prediction and optimization components function
together. We also used a made-up example to show the possible benefits of this approach. The findings indicate that
using the integrated FL-SLP method reduces stock-outs and total costs more effectively than using only local methods
or a centralized system, and these improvements are proven to be meaningful through statistical analysis.

Future work will include using the framework with real data from many retail stores, exploring other federated learning
techniques such as personalized FL and clustered FL, and expanding the SLP to manage multiple products and various
parts of the supply chain, while keeping service standards and taking into account environmental limits. Incorporating
robust optimization and distribution techniques that specifically tackle forecast uncertainty in the federated learning
framework can improve the reliability of decision-making.
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