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ABSTRACT

In the rapidly evolving landscape of television advertising, optimizing ad schedules to maximize viewer engagement
and revenue has become significant. Traditional methods often operate in silos, limiting the potential insights
gained from broader data analysis due to concerns over privacy and data sharing. This article introduces a
novel approach that leverages Federated Learning (FL) to enhance TV ad schedule optimization, combining the
strengths of local optimization techniques with the power of global Machine Learning (ML) models to uncover
actionable insights without compromising data privacy. It combines linear programming for initial ads scheduling
optimization with ML—specifically, a K-Nearest Neighbors (KNN) model-—for predicting ad spot positions.
Taking into account the diversity and the difficulty of the ad-scheduling problem, we propose a prescriptive-
predictive approach in which first the position of the ads is optimized (using Google’s OR-Tools CP-SAT) and
then the scheduled position of all ads will be the result of the optimization problem. Second, this output becomes
the target of a predictive task that predicts the position of new entries based on their characteristics ensuring
the implementation of the scheduling at large scale (using KNN, Light Gradient Boosting Machine and Random
Forest). Furthermore, we explore the integration of FL to enhance predictive accuracy and strategic insight across
different broadcasting networks while preserving data privacy. The FL approach resulted in 8750 ads being precisely
matched to their optimal category placements, showcasing an alignment with the intended diversity objectives.
Additionally, there was a minimal deviation observed, with 1133 ads positioned within a one-category variance
from their ideal placement in the original dataset.
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1 Introduction
1.1 General Context of Ad Scheduling Using Federated Learning

Optimizing TV ad schedules involves complex decision-making processes, where broadcasters
must consider various factors, including ad placement, viewer engagement metrics and category
performance [!,2]. Traditionally, this optimization is done locally, within the constraints of each
broadcaster’s available data, leading to missed opportunities for deeper insights that could be gained
from a wider dataset. In the context of optimizing TV ad schedules, the utilization of sensitive data
plays a significant role in making informed decisions that maximize viewer engagement and advertising
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revenue [3]. Each TV station, as a client in the Federated Learning (FL) framework, leverages its
dataset comprising various characteristics of data used to allocate spots in advertising breaks. FL.
is a decentralized approach to ML where algorithms are trained across numerous devices or servers,
each holding its own data, without actually sharing this data [4]. This method is key for protecting
privacy and minimizing the necessity for data centralization and transmission, proving particularly
useful in sectors such as healthcare, finance and on personal devices [5]. It kicks off with a global
model being initialized on a central server, which is then sent out to various devices for local training
on their specific data. Only the updates from this training, like weights and gradients, are sent back
to the central server, ensuring the actual sensitive data remains on the device. The central server then
aggregates these updates to refine the global model. This process of local training, update transmission
and aggregation, is repeated multiple times to boost the model’s accuracy [6].

One of the standout features of FL is its commitment to data privacy, as it ensures that sensitive
information does not leave its original location. Additionally, it is bandwidth-efficient, transmitting
only model updates instead of the data itself. This method not only enhances model performance
by learning from various data sources and distributions, but also aligns with edge computing by
facilitating local data processing [7]. Nonetheless, FL comes with its set of challenges, including the
significant communication overhead from sending model updates, variability in data across devices
(statistical heterogeneity), differences in devices’ computational capabilities (system heterogeneity)
and emerging security threats like model poisoning and inference attacks. These issues call for strong
defense strategies to maintain the security and effectiveness of FL frameworks [§].

1.2 Practical Implementation and Advantages of FL

In practical terms, FL has been implemented in mobile devices for improving predictions, in
the healthcare industry to collaboratively develop disease prediction and treatment models without
exchanging patient information [9,10] and in the finance sector for enhancing fraud detection and
risk management. By enabling the creation of powerful models while safeguarding user privacy, FL is
emerging as an essential technology in today’s data-sensitive environment.

Broadcasters significantly benefit from FL when scheduling TV ads by leveraging a ML approach
that trains models across multiple decentralized devices or servers without exchanging local data
samples. This method enhances targeting and personalization by analyzing viewership patterns and
preferences across different households while keeping the data localized, allowing ads to be more
closely aligned with specific audience segments’ interests and behaviors without compromising viewer
privacy. Furthermore, FL enables broadcasters to gain real-time or near-real-time insights into
viewership trends and ad performance, making it possible to dynamically adjust ad scheduling based
on current data. This optimization ensures ads are placed in time slots where they are likely to have
the most impact. The integration of data from various sources, including set-top boxes, smart TVs and
mobile devices, without directly sharing the data, aids in creating a comprehensive understanding of a
viewer’s preferences across different viewing platforms [11]. This strategic ad scheduling accounts for
multi-platform viewing habits.

As mentioned, one of the key benefits of FL is its ability to enhance privacy and data security
[12]. By keeping the data localized and not requiring centralization, it addresses privacy concerns and
complies with data protection regulations like GDPR and CCPA. Additionally, the reduction in the
need for extensive data transmission leads to more efficient use of bandwidth and lower data handling
costs, which is advantageous for broadcasters dealing with large volumes of viewership data. FL also
facilitates collaborative model training across different broadcasters and networks without sharing raw
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data. This industry-wide collaboration leads to insights on viewership patterns and ad effectiveness,
helping broadcasters to schedule ads more effectively while maintaining competitive confidentiality. By
leveraging FL, broadcasters increase the relevance and effectiveness of their ad placements, benefiting
both advertisers and viewers through improved targeting, enhanced privacy and operational efficiency.

1.3 The Challenge of Scheduling Ads

TV stations face the challenge of scheduling a multitude of ads within a finite number of slots,
each with its unique viewer demographics, engagement rates and associated costs. The objective is
to arrange these ads in a way that maximizes total revenue (the spots that pay the most should be
placed first or last in the break) and maximizes viewer engagement. This step establishes a baseline
for effective scheduling of the spots. For the local optimization problem, the data used for each break
usually consists of the index, cost, length of the spot and the category.

When advertisements are positioned manually in commercial breaks, the process incorporates
a personal touch, relying on the intuition and industry knowledge of the schedulers. This method
allows for immediate decisions and adjustments based on a nuanced understanding of the audience
and programming content. However, this approach can be time-consuming and less responsive to rapid
changes in viewer behavior or program popularity, potentially leading to less efficient use of advertising
slots. Consequently, the traditional strategy of manual ad placement faces significant challenges in
maximizing the effectiveness and efficiency of advertising campaigns, underscoring the advantages of
automated systems. Optimizing commercial breaks has become a sophisticated endeavor, integrating
a blend of strategies, technologies and creative approaches to maximize viewer engagement and
advertising revenue. The evolution of these tactics reflects an industry striving to balance the demands
of advertisers, the expectations of viewers and the operational realities of broadcasting. Research
indicates that ads are more frequent towards the end of programs, with longer breaks aligned with
more popular television content to capture maximum audience attention. This tactic leverages viewer
engagement patterns, ensuring that advertisements reach a broad audience at moments of peak
interest [13].

1.4 Objective, Novelty and Structure of the Paper

In this paper, the objective is to optimize television advertising schedules to maximize viewer
engagement and revenue while addressing the challenges posed by traditional methods that operate
in isolation and concerns over privacy and data sharing. This is achieved through a novel approach
that leverages FL to enhance TV ad schedule optimization. This approach combines local optimization
techniques with global ML models to uncover actionable insights without compromising data privacy,
utilizing a mix of linear programming and ML, specifically a KNN model, for ad spot positioning and
predicting new entries’ positions.

The novelty of this approach consists in implementing scheduling at a large scale and enhances
predictive accuracy and strategic insight across different networks while preserving data privacy.
The scheduling process starts with linear programming for the initial optimization of ad schedules,
followed by the use of a KNN model to predict the placement of ads within the schedule. Given
the complexity of the ad-scheduling landscape, the proposed solution uses a two-phase prescriptive-
predictive framework. Initially, ad placements are optimized using Google’s OR-Tools CP-SAT,
ensuring that the final schedule is based on the results of the optimization. In the subsequent step,
the generated schedule serves as a reference for a predictive task, which determines the placement of
additional ads based on their attributes, facilitating scalability (with models like KNN, Light Gradient
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Boosting Machine and Random Forest). In addition, the use of FL improves predictive performance
and provides comprehensive insights across different broadcasting networks, while protecting data
confidentiality.

The current research is structured into several sections. The introduction outlines the general
context of ad scheduling with FL, highlighting its practical applications, benefits and challenges, as
well as the objective and novelty of the proposed approach. Section 2 provides a literature review,
offering a comparative analysis of existing methods in tabular format. Section 3 details the research
method, including the flowchart, input data, optimization process, prediction models including KNN,
the post-processing step in KNN and the steps involved in FL. In Section 4, the results are presented
in alignment with the methodology. The final sections cover discussions and conclusions.

2 Literature Review

Since 1998, Reference [14] introduced SPOT (Scheduling Programs Optimally for Television), a
cutting-edge analytical framework designed for crafting optimal schedules for prime-time television
programming. The emergence of numerous cable TV channels has sharply escalated the battle for
viewer ratings. The efficacy of SPOT was demonstrated using data from the first quarter of 1990
from a cable network, where its application suggested a potential to boost overall profitability by
roughly 2%, equating to an annual increase of over $6 million for the network. Furthermore, the
complexity of optimizing allocations within a multi-constraint environment has been presented in
[15]. It presents a problem faced by Channel 4, a British TV corporation which earns a significant
portion of its revenue from campaign advertisements shown during commercial breaks. To tackle
the scheduling problem, Mixed Integer Programming (MIP) was used. The solution proposed for
Channel 4 uses both optimization and heuristic methods to find the optimal spot positions. However,
this method is very complex and could involve millions of decisions and restrictions to consider. In
their research, Reference [16] delved into the critical operational task of scheduling advertisements or
spots, a daily necessity in the television industry that plays a pivotal role in distributing viewers across
advertisers. The research introduced a pragmatic approach that combined mathematical programming
with time series analysis to craft daily schedules primed for broadcast. Another research introduced
an innovative scheduling algorithm designed to efficiently and cost-effectively allocate a Bag of
Tasks (BoT) across Virtual Machines (VMs) within cloud computing environments [17]. Through
comparative analysis against contemporary benchmark algorithms such as Round Robin, First Come
First Serve, Ant Colony Optimization and Genetic Algorithm, the study’s findings highlighted the
superior performance of the proposed scheduling algorithm.

Additionally, Reference [18] explored the rapidly growing trend of advertising spending on
online video streaming services, which have become a staple in a majority of US households. Unlike
traditional linear TV, these streaming platforms offer viewers the flexibility to consume content in a
non-linear fashion, such as binge-watching. To address this gap, the authors proposed a novel three-
stage approach aimed at crafting an optimal advertising schedule that harmonized the viewer’s content
consumption experience with the streaming service’s advertising objectives. Also, Reference [19]
explored the challenge of automating the intricate process of advertisement scheduling in broadcast
television networks. Unlike traditional methods, their approach accounted for the dynamic nature of
ad slot requests, which were not always submitted simultaneously, and seek to streamline the extensive
negotiations often required to align the interests of TV networks and advertisers. To address these
challenges, the authors introduced a novel data-driven strategy that combined intention learning with
mathematical optimization and clustering techniques to mimic the expert schedulers’ decision-making
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processes. This approach automated ad scheduling through mathematical programming, while expert
goals and limitations were identified from past examples using inverse optimization.

Researchers [20] delved into the complex issue of allocating commercial advertisements within
TV breaks, a task recognized as NP-hard and characterized as a multi-stakeholder, multi-objective
problem with conflicting goals among different brands and a variety of constraints. The challenge
consisted in finding solutions that align with a decision maker’s specific area of interest within
the Pareto Optimal Front, a frontier representing the most efficient trade-offs between competing
objectives. Introducing a new solution, the RAGE-MOEA approach, the authors proposed a method
that synergized the diversity strengths of AGE-MOEA with the focused convergence of reference-
based strategies. In their study, Reference [21] addressed the complex multi-objective optimization
problem facing advertising agencies in the context of TV advertising. This challenge revolved around
selecting appropriate commercial breaks for airing ads from various brands, aiming to maximize
the reach or Gross Rating Point (GRP) for these brands while adhering to budget limitations,
brand competition and scheduling constraints. To tackle this issue, the authors proposed a multi-
objective integer programming model and introduced algorithms designed to generate solutions that
were Pareto-optimal, meaning they represented the most efficient trade-offs among the competing
objectives. Furthermore, Reference [22] tackled the challenges inherent in the markets for television
advertising time slots by proposing a novel combinatorial auction format. This format was designed
to address the difficulties of approximating core-selecting payments for complex problems, a critical
issue given the vast size and complexity of actual ad markets. The authors introduced a more compact
bidding language specifically tailored for advertising, focusing on coverage or demographic reach.
Additionally, Reference [23] delved into specific techniques aimed to deliver highly specific messages
to narrowly defined audience segments. Despite the purported effectiveness of microtargeting strate-
gies, there were debates about their cost-effectiveness, especially concerning optimizing impressions
within a fixed budget. In another study, Reference [24] explored the complex campaign allocation
problem associated with placing commercial advertisements within TV breaks, framing it as a multi-
stakeholder, multi-objective issue characterized by competing objectives among different brands and a
multitude of constraints. Recognized as an NP-hard problem, it presented challenges not only due to its
high dimensional objective space, but also in terms of scalability related to the number of advertising
breaks. The authors introduced an innovative approach employing R-NSGA-II, a Many-Objective
Evolutionary Algorithm (MaOEA), enhanced with a unique gene encoding/decoding process.

Moreover, Reference [25] delved into the interplay between TV advertising and its impact on
consumers’ online behavior, highlighting the challenges firms face in aligning TV ads with real-time
online marketing efforts. Collaborating with an online travel platform, they conducted a field experi-
ment comparing regions exposed to TV ads with control regions. Their findings, through a synthetic
difference-in-differences analysis, revealed an immediate uptick in online browsing and sales following
TV advertising. Reference [26] addressed the evolving landscape of targeted advertising across various
platforms, emphasizing the importance of sophisticated planning models for ad networks tasked with
aligning ads with specific audience segments. He introduced the concept of Guaranteed Targeted
Display Advertising (GTDA), covering a range of media from webpage banners to digital TV,
and proposed a transportation problem model with a quadratic objective to navigate the GTDA
planning challenge. By incorporating audience uncertainty and forecast errors, Turner identified
conditions under which the quadratic objective effectively represents ad delivery performance metrics.
He presented two algorithms for tackling large-scale problems: one that progressively refined audience
segments and another that scaled to find feasible solutions within set audience partitions. Exploring the
immediate impact of TV advertisements on online brand and price searches, Reference [27] focused
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on enhancing the assessment of TV commercials based on their instant influence on crucial online
behaviors. The study combined data on brand and price searches, measured minute-by-minute, with
detailed information on TV ad placements for the top three pickup truck brands in the US over a
period of 11 months. A versatile modeling approach was introduced, facilitating the measurement of
the direct online reactions following TV ad broadcasts.

Programmatic television advertising technologies give advertisers the ability to track competitor
ad placements and adjust their own ads almost instantly [2]. The researchers explored how managers
can enhance the efficiency of their ad schedules by strategically positioning their ads in relation to
competitor ads. By analyzing a dataset of over 43,000 ads for the focal brand and 49,000 competitor
ads, they evaluated the impact of four ad scheduling approaches on online conversion rates. The
most effective tactic was to schedule ads during periods when competitors are not advertising or on
different channels, which optimizes ad performance and captures conversions that might otherwise
go to competitors. If avoiding competitor ads is not feasible, brands should aim to advertise more
frequently than their competitors. This approach reduced the negative impact of competitor ads,
where competitor exposure dilutes the effectiveness of own-brand advertising. Their results showed
that the use of programmatic TV advertising could have enabled the firm to increase conversions from
television ads by 59%.

Another research addressed the inefficiencies of manual radio ad scheduling by proposing an
automated approach using genetic algorithms [28]. The study focused on optimizing ad playback
schedules for a 12-h broadcast day, divided into prime time (4-8 AM, 6-10 PM) and regular time.
Ads were scheduled every 15 min, with a maximum of 76 ads per day. The rules limited each ad to a
maximum of 5 plays during prime time and 8 during regular time, ensuring effective reach without
overexposure. Genetic algorithms were used to automate the scheduling process by creating and
refining schedules through chromosome initialization, selection, crossover and mutation. The fitness
of each schedule was based on minimizing rule violations, such as exceeding the maximum number of
daily plays or double-booking ads in the same time slot. The algorithm achieved an 83.79% accuracy
in creating optimized ad schedules, leading to more effective ad placements throughout the day.

Furthermore, Reference [29] presented comprehensive research of the algorithmic challenges
involved in scheduling space-sharing for Internet advertising. The scheduling problem required that
each ad, defined by its geometry and display frequency, was scheduled so that it met three criteria:
correct display frequency, sufficient space for its geometry and simultaneous arrangement of ads
within the available space. The authors introduced a new variant of the bin packing problem to solve
it, where multiple copies of each item (ad) must be placed in separate bins. Furthermore, an efficient
algorithm was proposed to find the optimal solution for a restricted version of this problem, while a
2-approximation algorithm was provided for the unrestricted case. This approximation was applied
to optimize space usage and determine the best subset of ads to display under space constraints.
Additionally, the paper addressed an online version of the ad scheduling problem, where ad space
requests arrived sequentially, and decisions must be made in real-time.

Additionally, the advertisement placement problem involved efficiently managing both space and
time for ads displayed on the Internet, such as on a web page’s banner [30]. Multiple small ads could
be displayed side by side simultaneously, or a schedule could rotate through different ads at different
times. Advertisers specified the size of their ad and how often it should appear in each cycle. The
scheduler could choose to accept or reject any ad but must ensure that all accepted ads fit within
the available space and time constraints. Each ad was associated with a non-negative profit, and the
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goal is to maximize the total profit by scheduling the best subset of ads. Furthermore, Reference [31]
approached the optimal scheduling and placement of Internet ads.

Online banner advertising, a common form of web advertising, relies on effective scheduling to
maximize outcomes like click-through rates [32]. The researchers presented a model for scheduling
online banner ads, introducing an objective function that incorporated four key factors affecting
ad performance. It offered both an integer programming model with a non-linear objective and
two solution approaches: heuristic and meta-heuristic algorithms. The heuristic method effectively
established strong lower and upper bounds by leveraging model properties. Tests on random and
standard datasets demonstrated the efficiency of these algorithms, particularly in finding tighter
bounds for specific ad specifications in the standard datasets.

The MAXSPACE problem involved scheduling a selection of ads into a fixed number of time
slots, where each slot has a limited capacity [33]. Each ad has a specific size and a required frequency,
meaning it needed to appear a certain number of times. A schedule was considered valid if the total size
of adsin any slot did not exceed the available space, and each ad was shown exactly the required number
of times without being repeated in any one slot. The goal was to maximize the total space used across
all the slots by the selected ads. The study also examined a more complex version of this problem, called
MAXSPACE-R, where each ad had a release date, restricting it from being shown until a certain time.
For this version, the authors proposed an approximation algorithm that achieves a solution close to
the optimal one. In a more generalized version, MAXSPACE-RDYV, each ad had a deadline in addition
to a release date, meaning it could only be displayed within a specific time range. Each ad was also
assigned a value, representing the gain from showing the ad, which could be unrelated to its size. For
this variation, the authors provided an efficient algorithm that finds near-optimal solutions when the
number of available slots is limited.

In live broadcasting, commercial break lengths are unpredictable, as seen with variable time-outs
during sports events [34]. Broadcasters optimize revenue by managing both sales and scheduling. The
researchers identified a so-called “greedy” look-ahead scheduling rule, which optimized ad placement
based on the remaining number of breaks, showing that knowing exact break durations did not
improve the schedule. Heuristics were presented for more complex scenarios, tested through industry-
based simulations. While the greedy approach worked well in most cases, it underperformed when
revenue was concave with ad length, where look-ahead strategies become important. Recommenda-
tions were provided for optimal ad overbooking and mix based on revenue and penalties. Challenges
in data processing were also underlined by [35].

A comparative table summarizing the analyzed studies, their objectives, methods used and key
findings is provided in Table 1.

Table 1: Comparison of the reviewed studies

Reference Objective Methods Findings

[14] Enhance TV program SPOT model with SPOT could increase
scheduling to improve mixed-integer profitability by 2%
profitability. programming. annually.

(Continued)
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Table 1 (continued)

Reference Objective Methods Findings
[16] Improve ad scheduling Mathematical High-quality
across TV networks to programming and time schedules can
increase revenue. series analysis. significantly increase
revenue.
[17] Optimize the allocation of  Artificial neural network  Superior performance

tasks across cloud
resources to reduce costs.
[18] Craft optimal advertising
schedules for streaming
services to balance viewer
experience and...

[19] Automate TV ad
scheduling to reduce costs
and enhance advertiser
satisfaction.

[20] Solve the Campaign
Allocation Problem for
TV ads with a focus on the
Pareto Optimal Front.

[21] Generate Pareto-optimal
solutions for TV ad
scheduling to reflect
brand priorities.

22] Propose a new
combinatorial auction
format for TV ad time-slot
markets.

[23] Assess microtargeting in
political advertising on
social media for
cost-effectiveness.

[24] Employ R-NSGA-II for
the TV ad campaign
allocation problem,
integrating DM
preferences.

and comparative analysis.

Three-stage approach with

Extreme Gradient
Boosting.

Data-driven strategy with

intention learning and
clustering.

RAGE-MOEA approach
combining diversity and

convergence.

Multi-objective integer

programming and Pareto

optimization.

Compact bidding

language and numerical

experiments.

Analysis of 11,837

Snapchat ads with a focus

on targeting criteria.

Many-Objective

Evolutionary Algorithm

(MaOEA) with gene
encoding/decoding.

in QoS parameters for
cloud computing.
Optimal ad
scheduling enhances
viewer engagement
and streaming service
profitability.

Closer alignment to
expert schedules,
reducing costs and
improving advertiser
satisfaction.
Outperforms
reference-based
methods in balancing
diversity and
convergence.
Successfully generates
well-distributed
Pareto-optimal
vectors.

Effective solutions for
ad slot allocation
despite computational
challenges.

Broader targeting and
extended campaigns
improve impressions
and reduce costs.
Surpasses traditional
MaOEA in
performance and
decision maker
integration.

(Continued)



CMC, 2025, vol.82, no.1

683

Table 1 (continued)

Reference Objective Methods Findings

[25] Examine the impact of TV  Synthetic Evidence of
advertising on online difference-in-differences intertemporal
consumer behavior. analysis. substitution affecting

online behavior
post-TV ads.

[26] Optimize targeted Quadratic objective Near-optimal ad
advertising placements transportation model with  schedules despite
across various media audience segmentation. significant audience
vehicles. uncertainty.

[27] Evaluate the immediate Generalizable modeling Immediate online
effects of TV ads on online framework with responses to TV ads,
brand and price searches.  minute-by-minute data influenced by various

analysis. factors.

[2 Enhance the efficiency of  Analyzed dataset of over ~ Scheduling ads when
TV ad schedules by 43,000 own-brand and competitors were not
considering competitor ad 49,000 competitor ads. advertising yielded the
placements. Evaluated four scheduling best performance,

strategies for optimizing improving conversions

conversion rates. by 59%. If avoidance
was not possible,
brands should
out-advertise
competitors to reduce
negative impacts.

[28] Optimize manual radio ad Implemented genetic Achieved 83.79%
scheduling using genetic algorithms to automate accuracy in ad
algorithms. the scheduling process scheduling,

with chromosome optimizing ad

initialization, selection, placements for a 12-h

crossover, and mutation. broadcast day, with
rules ensuring
effective reach
without overexposure.

[29] Address the algorithmic Introduced a new bin Developed an optimal

challenges in scheduling
space-sharing for Internet
advertising.

packing variant. Proposed
an efficient algorithm for
the restricted problem and
a 2-approximation
algorithm for the
unrestricted case.

space-sharing
schedule. The online
ad scheduling problem
was addressed with an
algorithm for
real-time
decision-making.

(Continued)
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Table 1 (continued)

Reference Objective Methods Findings

[30] Maximize profit by Proposed a model for The model ensured
optimizing space and time scheduling ads with size that all accepted ads
allocation for Internet ads. and frequency constraints, fit within space and

focusing on maximizing time constraints,

profit. maximizing profit by
scheduling the best
subset of ads.

[32] Develop a model for Presented an integer The heuristic
scheduling online banner  programming model with  approach effectively
ads to maximize a non-linear objective found strong bounds,
click-through rates. function, alongside and the tested

heuristic and algorithms showed

meta-heuristic algorithms.  high efficiency,
particularly in tighter
bounds for specific ad
specifications.

[33] Optimize the scheduling of Proposed an Achieved
ads into time slots with approximation algorithm  near-optimal
size and frequency for the MAXSPACE-R solutions for complex
constraints (MAXSPACE problem, and an efficient ~ scheduling scenarios,
problem). algorithm for the including ads with

MAXSPACE-RDV specific deadlines and

problem involving release  variable value, when

dates and deadlines. the number of slots
was limited.

[34] Optimize commercial Identified a “greedy” The greedy heuristic

break ad scheduling in live
broadcasting with
unpredictable break
lengths.

look-ahead rule for ad
placement optimization.
Tested heuristics in
simulations with
real-world data.

worked well except
when ad revenues
were concave in
length, requiring a
look-ahead strategy.
Recommendations
included optimal
overbooking and ad
mix to balance
revenue and penalties.

Table 1 encapsulates the diverse approaches and contributions of each study to the field of
advertisement scheduling and optimization across various platforms. It provides a clear and concise
overview of the contributions from each study to the fields of TV advertising scheduling, online
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advertising effectiveness, cloud resource allocation and the impact of advertising on consumer
behavior.

3 Research Method

In this section, the proposed method is depicted. The motivation of employing FL consists of the
fact that it represents a paradigm shift in how machine learning models are trained across decentralized
data sources. Unlike traditional centralized approaches, where data from multiple sources is aggregated
into a single repository for model training, FL enables collaborative model development while ensuring
that the raw data never leaves its original location. This decentralized approach is particularly valuable
in scenarios involving sensitive or proprietary data. In the context of TV ad scheduling, broadcasters
often possess vast amounts of valuable data, including viewer demographics, viewing habits, and
engagement metrics. However, sharing this data with other entities or aggregating it into a central
database poses significant risks, including potential breaches of privacy, loss of competitive advantage,
and non-compliance with regulations like GDPR and CCPA. FL addresses these concerns by allowing
each broadcaster to train a local model on its own dataset. These local models learn from the
data in a way that captures essential patterns and insights without ever exposing the underlying
sensitive information. Once the local training is complete, only the model updates, such as learned
weights or gradients, are transmitted to a central server. This server aggregates the updates from all
participating broadcasters to create a global model that benefits from the collective knowledge of
all the local models. In essence, Federated Learning creates a win-win situation: broadcasters enhance
their ad scheduling effectiveness by leveraging a broader set of insights while keeping their data private
and secure. This innovative approach is poised to become increasingly important in data-sensitive
industries where collaboration is essential, but data privacy cannot be compromised.

First, a short description of the data is provided considering the sensitive nature of the ads’
scheduling problem. The process flow is described in Fig. 1. It consists of four steps:

1) In the first step, each broadcaster locally optimizes the ads positions considering its set of
variables, constraints and objective functions obtaining an optimal schedule.

2) In the second step, a prediction of the position of each ad is performed using KNN based
on historical ads scheduling data. The prediction model is locally trained, and the predicted
positions (unsorted) are obtained, but the diversity is not taken into account at this stage.

3) The third step consists of a forecast post-processing stage in which the predicted positions are
sorted in a sequential order so that no overlapping and no skipped positions emerge. Further,
in order to ensure diversity, checks for consecutive ads are added.

4) The fourth step consists of an FL approach in which multiple broadcasters collaborate to
improve the ad scheduling process. It optimizes the KNN configuration to find the optimal
number of neighbors K. In this step, each broadcaster performs input data pre-processing
and standardization, then the meta-features are generated. The local assessment of optimal
K is obtained and finally the meta-model training is taking place based on the aggregation of
optimal K values and meta-features in order to enhance the non-parametric models like KNN.

3.1 Input Data

The dataset at each station includes: AdName—the name or identifier of the advertisement;
AdCost—the cost associated with airing the advertisement; Category—the category of the product
or service being advertised; Length—the duration of the ad in seconds; Breakld—a unique identifier
for each ad break; TV Show Name—the name of the TV show during which the ad break occurs;
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BreakInd—a unique index or identifier for each break instance in the datasets; AdCost_first—the
cost of the ad positioned first within the break; AdCost_second—the cost of the ad placed second
in the break; AdCost_bef_last—represents the cost of the ad scheduled before the last position;
AdCost_last—the cost of the ad positioned last within the break. For a particular break, the dataset

CMC, 2025, vol.82, no.1

is provided in Table 2.

EDGE COMPUTING

FEDERATED LEARNING

Broadcaster 1 Broadcaster 2 Broadcaster n

Local optimization of ads position:
o Variables
o Constraints
o  Optimization functions
= Schedule

Predicting the position of each ad:
o Historical ad scheduling
o Diversity is ignored

= Predicted positions

Forecast post-processing:
Sorting predicted positions
o Ensuring diversity
o Check for consecutive ads
= Sequential order, no overlapping,
no skipped positions

Prepare for federated training:
o Data pre-processing
o Standardization
5 Meta-feature generation
=>» Local assessment of optimal k

Federated learning — collaboration of multiple broadcasters

o Meta-model training: aggregation of optimal k values, meta-features to enhance non-parametric
models like KNN

5 Optimizing KNN configuration: finding the optimal no of neighbors k

= Improved ad scheduling process

Figure 1: Process flow diagram



CMC, 2025, vol.82, no.1 687

Table 2: A data sample of the input data

Index BreakId TV show name AdName Length Category AdCost

1 1 0 2 20 3 494.77
2 1 0 5 30 1 567.67
3 1 0 6 30 5 549.74
4 1 0 4 20 2 497.31
5 1 0 1 30 5 458.77
6 1 0 0 35 0 549.74
7 1 0 3 15 4 527.75

3.2 Optimization Process

To formulate this as an optimization problem, we define the decision variables, constraints and
objective functions as follows:

e Decision variables

X, Binary variable that equals 1 if ad & is placed in position j during break 7, and 0 otherwise.
L;: Length of break i.

pi: Bidding price for ad k in position j.

D;: Diversity score for break i.

This binary variable x; is crucial for determining the placement of ads. It defines whether an ad k&
is placed in position j during break i. The indexes 7, j and k correspond to the break, position within the
break and specific ad, respectively. L, represents the length of each break i. This is a given parameter
rather than a decision variable and should be corrected in the initial explanation. py is the bidding
price for placing ad & in position j. These are parameters determined by the advertisers’ bids and are
important for calculating revenue. D, is diversity score for each break i, which needs to be calculated
based on the variety of ad categories within a break.

o Parameters

N: Total number of breaks.

M;: Number of ads per break i.

C,: Category of ad k.

L,: Length of ad k.

B;: Total length available in break i.

L, and B; are given parameters specifying the length of each ad and the total length available for
ads in each break, respectively. Each ad k belongs to a specific category C,, which is important for
calculating diversity.

o Constraints

Ad placement uniqueness. Ensures that each position in a break is filled by exactly one ad and that
an ad does not appear more than once in the same break. This maintains the integrity of ad scheduling.
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Each position can only be filled by one ad and each ad can only appear once in a break.

> xp=1Yi,j (1)
k

Zx[jk E 17VZ)k (2)
J

Length constraint. The total length of ads should not exceed the length of the break. Guarantees
that the combined length of all ads in a break does not exceed the total available duration of that break.
This constraint is fundamental to avoid overbooking the break time.

ZZL" X Xy < B, Vi (3)

J k

Diversity constraint. Implement a scoring system to ensure diversity in ad categories within a
break. This involves calculating the number of unique categories per break and ensuring it meets a
predefined threshold Div,, or more complex scoring based on the distribution of categories. It aims to
maintain a diverse range of ad categories within each break. The diversity score D, could be calculated
using various methods, such as the number of unique categories present. This ensures that viewers are
exposed to a variety of ads, which enhance viewer engagement and satisfaction.

D, > Div,,, Vi 4

Value maximization constraint. Ensure the highest-value ads are placed in the first or last position.
This constraint requires a dynamic definition based on the bidding prices for the first and last positions.
Prioritizes placing the highest bidding ads in the most valuable positions (first or last) within a break.
This constraint is designed to maximize revenue by leveraging the bidding prices associated with these
prime positions.

DPu = pi, Vi # 1, k for the first position (5)

D = Di, Vj # M, k for the last position

Bidding price sequence constraint. This implicitly affects how the optimization algorithm will
prioritize placing ads based on the bidding price for each position. This constraint outlines the
expected order of bidding prices from highest to lowest based on ad positions. It ensures that the
ad placement aligns with the bidding strategy, placing higher value on the first and last positions and
subsequently for the second and the one before last positions.

Pk = Pugke = Do = P = P> Y € {1,2, M, — 1, M}, k (6)

e Objective function

The objective is to maximize both the revenue and the diversity score. This is a multi-objective
optimization problem or a weighted sum of both objectives. Assuming w, and w, are the weights for
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revenue and diversity, respectively, the objective function can be formulated as:

Maximize Z = w, X (Z Z Zp/k X xi/‘k) + w, X (z Di) (7
ik i

where w, + w, = 1.

This formulation allows for the balancing of revenue generation with the goal of maintaining
diversity within ad breaks. Adjusting the weights w, and w, can prioritize one objective over the
other based on the broadcaster’s strategy. The diversity score D; for each break can be calculated
based on the diversity of categories present, with higher scores indicating greater diversity. This could
involve complex calculations outside the scope of linear programming and might require heuristic or
algorithmic approaches to estimate effectively.

The objective function combines revenue maximization with diversity enhancement. It is formu-
lated as a weighted sum to allow for flexibility in prioritizing these objectives:

e the revenue part of the objective w, x (Z, Z,- > D X x,jk) calculates the total revenue from ad
placements, where w, is the weight representing the importance of revenue.

o the diversity part w, x (Z, Di) adds the diversity scores of all breaks, weighted by w,, which
reflects the importance of maintaining diversity within ad placements.

The weights w, and w, allow for customization based on the broadcaster’s strategic priorities.
For instance, if revenue maximization is paramount, w, could be set higher than w,. Conversely, if
ad diversity is more critical, w, would be increased. These weights must sum to 1 to ensure that the
objective function remains normalized.

3.3 KNN and Other Prediction Models

Essentially, KNN uses the distances between data points to make predictions or decisions without
making assumptions about the distribution of the underlying data. The first step in KNN is to calculate
the distance between the new point and all existing points in the training set. Although Euclidean
distance is the most common choice, other values such as Manhattan (L1 norm) Minkowski and
Hamming distance can be used. The choice of distance metric can influence the performance of the
algorithm. Choosing K (the number of nearest neighbors to consider) is the most important step. A
small K makes the model sensitive to noise, while a large K makes it computationally expensive and
possibly over-smoothed. There is no universal value for K and it is usually chosen by cross-validation.
Once the distances between the points are calculated and the closest ones K neighbors are identified,
the algorithm aggregates their labels. In classification problems, the most common label among those K
nearest neighbors is assigned to the new data point. For example, if K = 5 and three neighbors belong
to Class A and two belong to Class B, the new data point will be assigned to Class A. For regression
problems, the algorithm predicts the value for the new point based on the average or weighted average
of the values of its K nearest neighbors.

Considering extensive datasets and the multifaceted challenges introduced by high-dimensional
spaces, the efficacy and computational efficiency of KNN can be significantly hindered, therefore we
also explored other solutions, such as Light Gradient Boosting Machine (LightGBM) and Random
Forest. The LightGBM is a gradient boosting algorithm designed by Microsoft, which utilizes tree-
based learning algorithms. Unlike traditional gradient boosting methods that grow trees level-wise,
LightGBM grows trees leaf-wise, which results in much faster learning speeds. Light GBM is a gradient
boosting framework that uses tree-based learning algorithms [36]. It is designed for distributed and
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efficient training, especially on large datasets and it can handle large amounts of data easily. It is
often implemented for its speed and performance, as well as its ability to manage categorical features.
Random Forest is an ensemble learning method that operates by constructing a multitude of decision
trees during training time and outputting the mean prediction of the individual trees [37]. Random
Forests create an ensemble of Decision Trees using bootstrapped datasets, which means random
samples with replacement from the original dataset.

3.4 Post-Processing Step in KNN

The proposed post-processing step is significant as it processes the results of KNN prediction
and assigns a position of the ad by sorting out the results. Furthermore, it ensures that the sequence
of the ads offers the required diversity for advertisers by implementing a consistent check condition.
The post-processing step allows for the integration of these important business rules and constraints,
refining the initial KNN output to meet operational requirements.

For each ad break (identified by Breakld), we first sort the ads based on their initially predicted
positions (prediction column). This step organizes ads in the sequence determined by the predictive
model, setting the foundation for subsequent adjustments. Then, we calculate a new sequence of
positions, starting from 1 up to the number of ads in the break. This recalculated sequence ensures
that every ad is assigned a unique and sequentially ordered position, addressing potential issues of
overlapping or skipped positions in the initial predictions. Within each sorted break, we identify the
ad with the lowest cost (AdCost). The lowest-priced ad is then assigned a position in the middle of
the sequence. Following the strategic placement of the lowest-priced ad, we adjust the positions of the
remaining ads to maintain a logical sequence. Each ad is sequentially ordered, ensuring no gaps or
overlaps in positions.

Another aspect of the post-processing method is ensuring diversity in ad categories within each
break. Therefore, we implement a check for consecutive ads from the same category and adjust
positions to prevent this, aiming to maintain viewer engagement by offering varied content.

3.5 Federated Learning

In many industries, such as healthcare, finance and advertising, data privacy regulations and
concerns prevent the pooling of data into a central repository. FL offers a solution by enabling
models to learn from decentralized data sources without the data ever leaving its original location.
FL offers a compelling solution to this challenge. By allowing multiple broadcasters to collaborate
and improve their ad scheduling models without directly sharing sensitive data, FL fosters a privacy-
preserving, collective intelligence approach. Datasets across different clients (e.g., hospitals, banks,
advertising stations) often vary not just in size, but in feature space and distribution. This heterogeneity
makes it challenging to apply a one-size-fits-all model or to directly aggregate model parameters as
in traditional FL approaches. On the other side, KNN is a non-parametric algorithm that relies on
the local dataset for making predictions. Unlike parametric models, KNN does not have a fixed set of
parameters that can be easily averaged across clients. This poses a challenge for optimizing KNN in
a federated setting, where direct data access or aggregation is not feasible. The optimal configuration
for a KNN model (e.g., the number of neighbors, K) may significantly vary depending on the specific
characteristics of a dataset. Finding an optimal K that suits the local data of each client is the problem
that we will solve.
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The flow description includes:

1) Data preprocessing and standardization. This step ensures that all clients process their data
in a consistent manner, facilitating more meaningful comparisons and aggregations despite data
heterogeneity;

2) Meta-feature generation. By extracting meta-features that describe each client’s dataset, the
approach abstracts dataset characteristics in a way that can be shared without compromising data
privacy, enabling the central server to gain insights into the data landscape across clients;

3) Local evaluation for optimal K. It allows each client to independently determine the K
value that best suits their data, ensuring that local model configurations are tailored to maximize
performance given the local data characteristics;

4) Meta-model training. The central aggregation of optimal K values and corresponding meta-
features to train a meta-model introduces a novel way to optimize non-parametric models like KNN
in a FL framework. This meta-model predicts the optimal K for any client based on its dataset’s meta-
features, guiding the local configuration of KNN models across the network.

Step 1. Data preprocessing and standardization

For each client i with dataset D,, the preprocessing function f, is applied to transform the dataset
into D: D, = f,(D;) where D, includes standardized numeric features, encoded categorical features
and imputed or placeholder values for missing data. Each client implements two pipelines: a numeric
transformer and a categorical transformer. For the numeric transformer pipeline, missing values are
filled with the column mean and StandardScaler in Python is applied to normalize the numeric
features, ensuring they have a mean of 0 and a standard deviation of 1. For the categorical transformer
pipeline, missing values in categorical columns are filled with a placeholder value (‘missing’) and
OneHotEncoder converts categorical variables into a set of binary variables (0 and 1 s), one for each
category. The results from the two pipelines are combined using a ColumnTransformer. This step
applies the appropriate transformations to each column in the DataFrame for each client based on
its type (numeric or categorical). The target variable—Scheduled_Position, is excluded from features
before transformation to avoid altering the target variable. The preprocessor is then applied to the
dataset’s features, executing the defined transformations.

Step 2. Meta-feature generation

Given the preprocessed dataset D), a meta-feature vector M, is generated to describe the dataset’s
characteristics:

M; = g(D,) ®)
where g is a function that extracts meta-features such as the number of features, mean, variance, unique
categories and binary indicators for special features or constraints.

Step 3. Optimal K local evaluation

Each client evaluates a range of K values to find the optimal K; = based on a performance metric

P through cross-validation:

K, = argmax P(K, D)) )

iopt

opt
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Step 4. Meta-model training

Aggregating meta-features M; and optimal K, , values from all clients, a central dataset (X,
Y,....) 1s formed for the meta-model training:

X}zettz = {Mla MZ’ s Mn}s )/meta = {Klop,a KZ,;p,’ L) Knop,} (10)

The meta-model M,,,, is trained to predict the optimal K based on meta-features:
Mﬂ(’lﬁ: XI‘IL’III % yl‘lu’l(l (1 1)

For a new or existing client with dataset D) and meta-features M, the meta-model predicts the
optimal:

K, K, = M,..(M)) (12)

Jopt* Jopt

Each client uses historical ad scheduling data, including features such as ad cost, length, category
and previously determined optimal positions, to train their local KNN model. The goal is to predict
the most effective ad positions, applying a post-processing step to adjust predictions based on strategic
considerations and operational constraints specific to each station. For each client the first step is to
prepare the dataset before generating meta-features. The preprocessing includes encoding categorical
variables, scaling numeric features and handling missing data.

Regarding implementation, encryption is the first line of defense in securing the model updates
and meta-features generated by each client. At its core, encryption involves converting plaintext
data into ciphertext, a coded format that is unintelligible without the correct decryption key. This
process ensures that even if the data is intercepted during transmission, it cannot be deciphered by
unauthorized parties.

In symmetric encryption, the same key is used for both encryption and decryption. This method is
computationally efficient, making it suitable for encrypting large amounts of data quickly. However,
the challenge lies in securely sharing the key between the sender and the receiver, as the key itself
must be protected during transmission. On the other hand, asymmetric encryption uses a pair of
keys, a public key for encryption and a private key for decryption. The public key can be openly
shared, while the private key remains confidential. This method is more secure for key exchange but is
computationally more intensive than symmetric encryption. It is commonly used in establishing secure
channels before switching to symmetric encryption for the actual data transmission. In the context of
FL, asymmetric encryption is often used during the initial setup to securely exchange a symmetric
key, which is then used to encrypt the model updates. This hybrid approach leverages the strengths of
both encryption methods: the security of asymmetric encryption for key exchange and the efficiency
of symmetric encryption for data transmission.

Once the data is encrypted, it must be transmitted over the network in a way that prevents unautho-
rized access and tampering. Secure transmission protocols are designed to ensure the confidentiality,
integrity, and authenticity of the data in transit.

Secure Sockets Layer/Transport Layer Security (SSL/TLS) and its successor are cryptographic
protocols that provide secure communication over a computer network. These protocols use asym-
metric encryption to establish a secure connection, followed by symmetric encryption for the data
exchange. TLS is the more modern and secure version, addressing several vulnerabilities found in SSL.
The TLS handshake is the initial phase where the client and server authenticate each other and agree
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on the encryption methods to use. This process involves the exchange of certificates and cryptographic
keys. The handshake establishes a secure session before any actual data is transmitted.

A few key problems and challenges can be tackled in the context of secure transmissions in
an FL system. As the number of clients in a FL system grows, the complexity of managing secure
transmissions increases. Each new client adds to the computational and network load, which can lead
to bottlenecks. After securely transmitting the encrypted model updates and meta-features from each
client to the central server, the next step in the process is the aggregation of these updates to form
a global model. This aggregation phase is where the decentralized insights from individual clients
are combined, allowing the global model to generalize across the diverse datasets distributed among
the clients. Aggregation in FL involves the process of consolidating the model updates received from
multiple clients into a single, cohesive global model. This is particularly important in FL because each
client operates on a unique, often non-IID (independent and identically distributed) dataset, leading
to model updates that reflect different aspects of the underlying data distributions. At its core, the
aggregation method needs to ensure that the global model benefits from the collective intelligence
of all participating clients while respecting the privacy and independence of their data. In typical
scenarios, such as with deep neural networks, this aggregation involves averaging the weights of the
models trained on each client’s data. However, with non-parametric models like KNN, the approach
to aggregation must be adapted to handle the instance-based nature of these models.

During local model training, each client computes meta-features that summarize important char-
acteristics of its dataset and model performance. These include statistical measures like mean, median,
and standard deviation of prices within the top n predictions, the diversity of ad categories and average
user engagement scores. When implementing this in code, each client would store these meta-features in
a structured format, such as a dictionary or a custom object, before encrypting and transmitting them
to the server. At the central server, the received meta-features from all clients are decrypted and then
aggregated. Once trained, this meta-model is used to recommend the best K value for each client based
on their meta-features, ensuring that each KNN model is optimally configured. Since each client’s
dataset can be vastly different in terms of distribution and size, the aggregated meta-features and K
values do not reflect a one-size-fits-all solution. A weighted aggregation approach, where clients with
more representative or higher-quality data have more influence, mitigates this issue. For many features
like num_samples, price_mean, and spot_length_mean, simple averaging across clients can provide a
meaningful central tendency that represents the typical characteristics of the datasets. For instance,
averaging price_mean across all clients gives the central server an idea of the general pricing trend
across different datasets. In cases where clients have significantly different dataset sizes or data quality,
a weighted aggregation can be more appropriate. In this case, each client’s meta-features are weighted
by factors such as the number of samples (num_samples) before aggregation. This ensures that clients
with more representative or larger datasets have a proportionally greater influence on the global meta-
features. The aggregated meta-features are then used as input to a meta-model, which is a higher-level
predictive model designed to optimize certain hyperparameters across the network, such as the optimal
K. The meta-model uses the aggregated features like category_id_mean, position_mean, and price_var
to learn how these characteristics impact the effectiveness of ad placements. For example, position_var
might indicate how consistently ads are placed within certain slots, which can correlate with viewer
engagement or pricing strategies.

Using ML techniques such as Random Forest or Gradient Boosting, the meta-model analyzes
the relationships between the aggregated meta-features and the optimal K values previously reported
by the clients. By learning from these historical patterns, the meta-model predicts the most suitable
K for new or existing clients based on their current meta-features. For instance, if a dataset has a
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high price_var coupled with a low position_var, the meta-model might infer that a slightly higher K is
optimal to account for the stable ad positions but variable pricing.

In a FL environment, straggler nodes are clients that, due to slower computational resources,
network latency or larger datasets lag other clients in completing their tasks, such as training
local models or generating meta-features. One common approach to dealing with straggler nodes is
implementing asynchronous aggregation. In this setup, the central server does not wait for all clients
to finish their updates before proceeding with the aggregation and model update. Instead, the server
aggregates the updates from the clients that have completed their tasks and proceeds to update the
global model. As each client completes its model training and meta-feature generation, it sends its
update to the server. The server continuously aggregates these updates, allowing faster clients to
contribute without waiting for the slower ones. This approach ensures that the global model is updated
regularly, even if some clients are still processing. Asynchronous aggregation reduces the overall time
required to update the global model, improves system throughput and makes the FL process more
resilient to network delays or varying computational capabilities among clients.

Partial participation is another technique where, in each round of FL, only a subset of clients is
selected to participate in the training process. This selection can be randomized or based on certain
criteria, such as the client’s historical performance or current computational capacity. The central
server may randomly select a percentage of clients to participate in each round. This reduces the waiting
time for slower clients and also mitigates the impact of stragglers by not requiring every client to
contribute to every round. This approach reduces the overall computational load on the server and
clients, while still ensuring that over time, all clients contribute to the global model. It also helps balance
the contribution of clients with varying capabilities and resources.

Dynamic timeouts involve setting a maximum time limit for clients to complete their tasks and
send their updates. Clients that exceed this time limit are excluded from the current aggregation
round but can participate in future rounds. The server sets a dynamic timeout based on the observed
performance of clients. For instance, if most clients typically complete their tasks within a certain time
frame, the server sets a timeout slightly above this average. Clients that fail to submit their updates
within this time are considered stragglers and are bypassed in that round. This method ensures that the
global model updates are not unduly delayed by a few slow clients. It also provides a safeguard against
network issues or unexpected delays that might affect client performance. To further assist straggler
nodes, the system may implement checkpointing, where clients periodically save their progress during
training. If a client is identified as a straggler and cannot complete its task in time, it can resume from
the last checkpoint in the next round rather than starting from scratch. Clients save their model state
and meta-features at regular intervals. If a client is unable to complete its work within the allotted
time, it can resume from the last saved state in the subsequent round. This reduces the overall time
required for training and allows stragglers to catch up more efficiently. Checkpointing reduces the
computational burden on straggler nodes and prevents the loss of progress, ensuring that even slower
clients can eventually contribute to the global model.

4 Results
4.1 Optimization

Google’s OR-Tools is a robust suite designed to tackle a broad spectrum of optimization
challenges, including but not limited to routing, scheduling and comprehensive planning tasks. In
the context of multiple objectives, OR-Tools adeptly navigates through the complexity of optimizing
a primary goal while simultaneously respecting the bounds of secondary objectives. This is achieved
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through various methodologies such as the weighted sum approach, lexicographic ordering or goal
programming, each providing a nuanced strategy to balance and satisfy the array of objectives inherent
in complex problems. The suite is equipped to handle many constraint types including linear, integer
and network flow constraints, among others. This capability was considered also when the tool was
chosen for solving the depicted optimization problem.

Our model comprises # ads, each with a predefined category and price. We define a set of integer
variables, ad_positions[i], for i = 1,...,n, representing the position of each ad within the commercial
break. The domain of these variables is constrained between 0 and n—1, inclusive, ensuring a valid
positioning within the break. To address our objective of placing the highest-priced ad either at the
beginning or end of the sequence, we first identify the maximum price, max_price, from the provided
data. We then construct a linear expression summing the positions of all ads priced at max_price and
constrain this sum to take on values corresponding to the start or end positions only. Additionally, to
avoid consecutive ads from the same category (thus promoting variety), we introduce binary variables,
same_cat_next[i], for i = 1,...,n—1, that activate when consecutive ads share the same category. The
constraint model. AddBoolOr( [same_cat_next[i]. Not()]) ensures no two consecutive ads share the
same category, enhancing the viewer’s experience by diversifying the content.

The implementation utilizes the CP-SAT solver for solving constraint programming models. The
solver attempts to find an optimal solution that respects all defined constraints, including the all-
different constraint for ad positions, the placement of the highest-priced ad and the avoidance of
consecutive ads from the same category. Upon solving, the model retrieves the optimal or feasible
sequence of ads, displaying each ad’s position, price, and category.

For a given entry of the dataset:
Data = {
‘spot’: [‘Spot 1°, ‘Spot 2’, ‘Spot 3’, ‘Spot 4°, ‘Spot 5’, ‘Spot 6’, ‘Spot 7’, ‘Spot 8],
‘category’: [‘Cat A’, ‘Cat B’, ‘Cat C’, ‘Cat C’, ‘Cat C’, ‘Cat D’, ‘Cat E’, ‘Cat F’],
‘price’: [140.1,152.11,138.2,105.4,161.11,161.13,161.11,258.11]
}
The output is as follows:
Ad sequence:
(‘Spot 8, 258.11, ‘Cat F’)
(‘Spot 1°, 140.1, ‘Cat A’)
(‘Spot 7°, 161.11, ‘Cat E’)
(‘Spot 3°, 138.2, “‘Cat C°)
(‘Spot 2°, 152.11, ‘Cat B’)
(‘Spot 5, 161.11, ‘Cat C°)
(‘Spot 6, 161.13, ‘Cat D)
(‘Spot 4°, 105.4, ‘Cat C°)

The dataset will now have a new feature “ScheduledPosition” which will be populated with the
determined position from the optimization algorithm. The dataset used for training at an individual
TV post level consists of 93,941 entries records of spots with corresponding scheduled positions, the
total price and the price for first, second last and before last positions inside the break.
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The following plots provide a comprehensive analysis of ad scheduling across multiple breaks,
focusing on the distribution of ad positions, break durations and category assignments.

Fig. 2: displays the distribution of scheduled ad positions across multiple breaks, with positions
numbered from 1 to 42. The x-axis represents the ad positions within a break, while the y-axis shows
the count of ads scheduled at each position. By Position 20, the number of scheduled ads drops below
1000 and positions beyond 25 see very few ads scheduled.
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Figure 2: Distribution of scheduled ad positions

Fig. 3 visualizes the relationship between ad positions and total break duration. The x-axis
represents the total break duration in seconds, while the y-axis represents the ad positions. The darker
blue regions indicate higher densities, meaning more occurrences of ads scheduled at those positions
and break durations. The second, more prominent cluster, appears around 400 s of break duration and
covers ad positions from 10 to 20. This suggests that as the total break duration increases, ads tend
to be more evenly distributed across middle positions. Notably, beyond 500 s, the density diminishes
significantly, indicating that very long breaks are less common and fewer ads are scheduled in those
breaks.

The steady upward trajectory in Fig. 4 shows a clear linear pattern until around 500 s of total
break duration, after which the mean ad position continues to rise but with more variance. The sharp
increase beyond 600 s indicates that in very long breaks, ads are typically placed toward the end of
the slot, reflecting that these breaks have more available positions and less emphasis on front-loading
the ads.

Fig. 5 presents the distribution of advertisement categories across 10 breaks, with each row
representing one break and the scheduled positions shown along the x-axis. The categories, such as
Analgesic, Medical Device, Food Supplement and Supermarkets, are assigned to specific positions
within each break. The heatmap captures the original category distribution as observed in the data,
with Analgesic appearing more frequently across multiple positions and breaks. This provides a clear
representation of how categories were originally distributed across different breaks in the dataset.
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Figure 4: Mean ad position by break duration

Fig. 6 illustrates the ad position distribution per break, with each row corresponding to a specific
break and each column representing a scheduled position (1 to 10). The intensity of the color reflects
the duration of ads in seconds, with darker shades indicating longer ad durations.

4.2 KNN Implementation

The set of features (X) includes various cost-related attributes of ads (AdCost and specific
positional costs like AdCost_first, AdCost_second, etc.), which influence their optimal scheduling
positions. The target variable () is the SchedulePosition, indicating where each ad should ideally be
placed within a break. The dataset is divided into training and testing sets using train_test_split, with
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80% of the data allocated for training and 20% for testing. This split facilitates model training on one
subset of the data and unbiased evaluation on another.

Category distribution by break and position
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Since KNN calculates distances between data points, feature scaling is essential to ensure that
all features contribute equally to the distance computations. The StandardScaler normalizes features,
so they have a mean of 0 and a standard deviation of 1, preventing features with larger scales from
dominating the distance calculations.

A 10-fold KFold cross-validation approach is used to assess model performance, ensuring
robustness and generalizability across different subsets of the data. The model is then tested on the
test set shaped of (28183, 15) to evaluate the predictive accuracy.

For a better understanding of the algorithm results, we plot the number of identical results by
comparing the actual number of values where the determined position is equal to the predicted one
(asin Fig. 7), and for the rest we plot the results based on the difference between the actual result and
the predicted value. Therefore, on the x-axis, we will have categories for “Identical Values” and various
ranges of differences (e.g., 0-1, 1-2, 2-3, 3-4 and greater than 5). The y-axis will show the count of
occurrences in each category. The usage of accuracy as the evaluation metric stems from its alignment
with the core business objectives of ad scheduling. The task is to predict the optimal ad positions
within an ad break, where specific positions (such as first and last) carry higher revenue potential
and viewer engagement. Given that the placement of ads directly impacts revenue, accuracy, defined
here as the exact match between predicted and actual positions, serves as a practical and business-
relevant measure of performance. For instance, after post-processing the KNN model’s predictions,
approximately 8400 exact matches were achieved, indicating that the model effectively predicted the
correct ad positions. In this sense, accuracy provides a clear and interpretable metric that reflects the
model’s ability to meet revenue optimization goals. Thus, in contexts where exact placement can have
significant financial implications, such as TV advertising, accuracy becomes a suitable and intuitive
measure of success. This research evaluates the model by categorizing prediction errors into ranges like
“0-17, “1-2”, and “greater than 5”. This granularity allows to quickly grasp how often predictions
fall within an acceptable range, and how many times the predictions were exact, as visualized in
Figs. 7 and 8. This practical focus ensures that the accuracy metric remains closely aligned with
real-world objectives, making it an effective choice for evaluation. The post-processing improves the
predictions, refining the model to meet real-world scheduling needs, such as maintaining category
diversity, which are essential for viewer engagement. By measuring how well the model performs after
this optimization, accuracy captures the effectiveness of the entire process, not just the raw predictions.
This combination of optimization and prediction enhances the system’s overall performance, making
accuracy a fitting metric to evaluate the success of the model in both the technical and business
domains. When comparing multiple models (e.g., KNN vs. Random Forest vs. LightGBM), accuracy
provides a common, simple metric to benchmark how well each model performs in terms of exact
position matches. This simplicity allows for clear comparisons of model performance across different
algorithms. Since the predicted positions are rounded to integers, accuracy becomes a natural fit for
evaluation. While other regression metrics like MAE or MSE could capture the magnitude of the error,
accuracy focuses on how well the model performs after rounding, which reflects the final, real-world
outcome of the predictions.

Fig. 8 shows the differences between the actual position of the spots and the predicted outcomes,
after the predicted outcome was converted to an integer value.

KNN predictions provide a raw ordering based on historical data and feature similarity. However,
these predictions might not fully align with practical scheduling needs, such as avoiding ad content
repetition or ensuring diversity in ad categories.
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Comparison of Identical Values and Differences (KNN, Floating-Point Predicted Values)
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Figure 7: Comparison of identical values and differences (KNN, floating point predicted values)

Comparison of Identical Values and Differences (KNN, Integer Predicted Values)
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Figure 8: Comparison of identical values and differences (KNN, integer predicted values)

Furthermore, Random Forest and LightGMB are applied to the dataset and results are evaluated
on 20% of data. Random Forest is an ensemble learning method that operates by constructing a
multitude of decision trees during training time and outputting the mean prediction of the individual
trees. Random Forests create an ensemble of Decision Trees using bootstrapped datasets, which
means random samples with replacement from the original dataset. Light GBM is a gradient boosting
framework that uses tree-based learning algorithms. It is designed for distributed and efficient training,
especially on large datasets, and it can handle large amounts of data with ease. It is often praised for
its speed and performance, as well as its ability to manage categorical features.
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For evaluating the algorithms (RF, LGBM, KNN) results, the Figs. 9 and 10 show on the x-axis
categories of differences between the actual and predicted values, labeled as ‘Identical’, ‘0-1°, ‘1-2’,
2-3’,‘4-5’, and *>5’, indicating the range of error.

Comparison of Actual and Predicted Values, RF, Integer Predicted Values
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Figure 9: Comparison of identical values and differences (RF, integer predicted values)

Comparison of Actual and Predicted Values, LGBM, Integer Predicted Values
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Figure 10: Comparison of identical values and differences (LGBM, integer predicted values)

The y-axis shows the number of occurrences, or how often predictions fell within each error
category. Each bar’s height corresponds to the number of instances where the predicted value was
within the specific error range relative to the actual value. By comparing the bars, especially those
labeled ‘Identical’ and ‘0-1°, we may sense of how often each model accurately predicts the positions
variable, considering that an extra processing step was made—the predicted positions were rounded to
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the closest integer value. More occurrences in these categories typically indicate better performance.
The bars labeled *>5’ are particularly telling, as they represent instances where the model’s predictions
were off by more than 5 units from the actual value. A higher bar in this category would indicate less
accuracy.

Further, we seek to enhance the predictive accuracy of ad spot placement by incorporating a new
feature into the model. While KNN served as the primary algorithm, we introduce an interaction
feature to capture more complex relationships between the existing variables. Specifically, we generated
the new feature by multiplying the ad price with the square of the scheduled position column:
df[‘interaction_feature’] = df[‘price’] x (df[‘pos’]*2). This interaction feature aims to better represent
how ad pricing interacts with the positioning of ads in a more non-linear manner, allowing the model
to learn from these interactions more effectively. By squaring the scheduled position and multiplying it
by the price, the feature emphasizes the importance of both variables in influencing ad spot placement,
particularly for higher-priced ads in more critical spots.

The results shown in Fig. 11 depict the distribution of differences between the predicted and actual
values for ad spot placements using the KNN model. Most predictions fall under the “Identical”
category, indicating that the model accurately predicted the exact spot placements in most cases, with
over 35,000 instances showing no difference between predicted and actual values. This highlights the
high accuracy of the KNN model in this experiment.

Difference categories for predicted vs actual values (KNN)
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Figure 11: Difference categories after adding a new feature

However, there are also a few instances where the predicted spot differs from the actual value, with
a small number of cases in the “>1” difference category. These deviations suggest that while the model
performs well overall, there are certain cases where the ad spot prediction may not align perfectly, due
to limitations in capturing the complexity of some ad scheduling patterns.

Overall, this result reinforces the strength of the KNN model, especially after introducing the
interaction feature (which helped improve prediction accuracy, as evidenced by the overwhelming
number of identical predictions). While the introduction of the interaction feature significantly
improved the model’s accuracy by capturing complex relationships between price and ad spot position,
it also introduces certain disadvantages. One primary drawback is the potential for overfitting. The
squared term in the interaction feature may cause the model to be too sensitive to extreme values,
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leading it to fit noise or outliers in the training data, rather than generalizing well to new data.
This could explain why a small number of predictions fell outside the “Identical” category in the
results, where the model may have struggled with more variable or less predictable ad placements.
Another limitation is the added complexity to the model, which can impact interpretability. While the
interaction feature boosts performance by modeling non-linear relationships, it makes the model more
difficult to interpret, particularly for stakeholders who might rely on clear insights into why specific ads
are placed in certain spots. Additionally, this interaction feature may have limited applicability across
different datasets or contexts. The specific relationship between price and scheduled position captured
by squaring the scheduled position might not hold true in other scenarios, limiting the generalizability
of the model.

4.3 Post-Processing Step in KNN

After post-processing the differences between actual positions and predicted ones are presented
in Fig. 12.

Comparison of Actual and Predicted Values, KNN, After Post-Processing
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Figure 12: Comparison of identical values and differences after post-processing

This plot indicates the performance of the proposed method that combines optimization, predic-
tion and apost-processing step.

4.4 Federated Learning

The primary objective of the simulation is to optimize the scheduling of TV advertisements
for a specific TV post by leveraging constraint programming. The optimization criteria included
maximizing ad price visibility and ensuring category diversity within each ad break, aiming to increase
viewer engagement and advertising revenue. The optimization model defines several constraints, such
as: each ad is assigned a unique position within an ad break; ads with the highest price are preferentially
placed at the beginning or end of the break, maximizing their visibility and consecutive ads must not
belong to the same category, ensuring diversity in the ad sequence.

As mentioned, Google’s OR-Tools CP-SAT solver is employed to find feasible solutions that
satisfy the defined constraints. The solver attempts to optimize the sequence of ads for each unique
ad break (break_id), considering the constraints. The solution assigns a position to each ad within its
break. Upon finding a feasible solution, the ad sequences are updated to reflect optimized positions.
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The results are then aggregated across all ad breaks for the TV post. The simulation is executed for the
dataset representing the TV post’s scheduled ads. This dataset comprises about 10,000 ads in multiple
ad breaks, each with a diverse set of ads varying in categories and prices. The solver’s performance
and its ability to find optimal or feasible solutions for each ad break are monitored. The effectiveness
of the optimization is evaluated based on the solver’s status outputs (e.g., OPTIMAL, FEASIBLE).
For each ad break where a solution is found, the optimized sequence of ads is recorded, highlighting
the position, price and category of each ad. The results of the optimization process are then compared
with the original positions of the ads in breaks, and the difference categories are shown in Fig. 13.

Comparison of Actual and Optimized Values (OR-Tools - CP-SAT Solver)
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Figure 13: Results obtained by using the optimization method for one broadcaster

The second process begins with loading historical data on TV ad performances into a Dataframe
object, which included various characteristics of the ads, such as their content categories, pricing
information and previous scheduling times, as the target variable for prediction. From this dataset,
we focus on the most impactful features that are expected to influence the success of the ads. This step
is crucial for simplifying the analysis and focusing on factors that directly affect viewer engagement
and ad performance.

To improve the effectiveness of the subsequent analysis, we integrate additional insights into
the dataset. This included adding the optimized position from the previous step to suggest ideal ad
placements. The aim is to create a more informed starting point for model training by incorporating
these optimized ad positions as a new dimension in our dataset. The KNN model and its evaluation are
guided by the objective to maintain a balance between achieving high viewer engagement and ensuring
diversity in ad categories. The KNN model after post-processing achieves an exceptionally high level
of accuracy with ~8400 exact matches. There are still some minor errors (~1600 occurrences), but
no significant errors beyond a 1-category difference. The results after applying the post-processing
function to the predicted positions are shown in Fig. 14.

Before running the Federated Learning (FL) experiment, we use four datasets: for the first two
positions are calculated using both category diversity constraint and the price constraint, and for the
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last ones we simulate data for user engagement rating and the price constraint. Initially, each client
preprocesses its local dataset, focusing on relevant features that include ad category, price and user
engagement metrics.

Comparison of Actual and Predicted Values, KNN, After Post-Processing
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Figure 14: Results obtained after running KNN on the optimized positions

Each client trains a KNN model on its dataset, selecting a range of K values to evaluate. The
models predict ad scheduling effectiveness based on features like ad category and price, aiming to
optimize viewer engagement reflected in the user ratings. For each client, we define functions that
calculate the meta-features. For the top n predictions made by the KNN model, we calculate price-
related statistics (mean, median, standard deviation). Then, a simple count of unique categories within
the top n predictions is applied to assess how well the model maintains ad content diversity. For the
user engagement, we average user engagement, measured through ratings within the top » predicted
ad placements. Each client evaluates its local KNN model by considering not just accuracy but
also the calculated meta-features. Based on the aggregated insights from accuracy and meta-features
evaluations, each client identifies the optimal K value for its KNN model. This value represents the
best balance between accuracy, financial prudence, content diversity and expected viewer engagement.
With the optimal K value identified, clients adjust their models accordingly and deploy them in their
local environments. The results, after using the optimal K identified are shown in Fig. 15.

Continuous monitoring of model performance against real-world outcomes allows for dynamic
adjustments, ensuring the ad scheduling strategy remains effective and responsive to changing viewer
preferences and market conditions. In the FL setting, there were fewer than 200 additional correctly
positioned ads compared to the results obtained without FL, indicating a slight improvement in
accuracy. The results of the original KNN method showed that it could effectively predict ad
placements, with a significant number of ads being placed close to their optimal positions. However,
the FL-based KNN method introduced an additional layer of optimization by leveraging federated
learning to aggregate insights from multiple broadcasters. This approach allowed the system to refine
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the predictions further, ensuring that the KNN models were better aligned with broader data trends
and insights that individual broadcasters might not have access to.

Comparison of Actual and Predicted Values, KNN, After Post-Processing
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Figure 15: Results obtained after running the FL central server simulation

Specifically, the FL-based KNN method resulted in 8650 ads being precisely matched to their
optimal category placements, with a minimal deviation observed in 1350 ads, which were positioned
within a one-category variance from their ideal placement. This slight improvement demonstrates
how the FL approach enhances predictive accuracy and strategic insight across different networks
compared to the original KNN method. In summary, while the original KNN method provided
accurate predictions within individual datasets, the FL-based KNN method offered a more robust
and refined solution by incorporating broader data insights, leading to better alignment with optimal
ad placements across the network.

In the industry, KNN is less commonly used for ad spot prediction compared to more sophisti-
cated models like Random Forest or Gradient Boosting because it can be computationally expensive
and sensitive to the choice of K and feature scaling. However, in the model described, KNN performs
well, particularly when combined with FL, which enhances its generalizability across multiple broad-
casters’ data. However, post-processing is a common practice in the industry, especially in rule-based
systems where final adjustments are made to ensure no violations of scheduling constraints. In this
model, the post-processing step goes beyond traditional manual adjustments by programmatically
enforcing diversity and placement rules.

This ensures that the predicted schedule aligns with both the pricing objectives (e.g., placing the
highest-priced ads in prime positions) and category separation rules. The KNN model, when combined
with post-processing, achieved a high level of accuracy, placing most ads in the optimal positions.
The additional refinements during post-processing minimized errors and ensured compliance with
business rules. With the inclusion of FL, the KNN model’s performance is enhanced across multiple
broadcasters without the need to centralize sensitive data. This is a key advantage over traditional
centralized ML models. Traditional models in the industry often rely on rule-based systems, where
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schedulers define static rules (e.g., highest-priced ads in key positions, no consecutive similar-category
ads). These methods are simple but lack the flexibility and predictive power of ML-based models like
KNN or Random Forest. The FL-based model learns from data rather than relying on static rules,
allowing it to adapt to new patterns and trends, which is more effective than traditional rule-based
systems.

The proposed model outperforms traditional methods by integrating ML to predict ad placements
based on historical data and optimize them for key metrics like revenue, diversity and viewer
engagement. By utilizing FL, the model trains across multiple broadcasters’ data without sharing
sensitive information. Only model updates are exchanged, ensuring that data privacy is maintained.

Rule-based systems often require many iterations to enforce category diversity effectively, but this
process can be time-consuming. The post-processing step in the model ensures that no consecutive ads
belong to the same category, while still optimizing for high-value positions (first, second, last). This
leads to a more engaging viewing experience and greater advertiser satisfaction. A brief comparison is
provided in Table 3.

Table 3: Comparing the proposed FL-based KNN and traditional methods

Aspect Traditional methods FL-based KNN model = Advantages of the

proposed model

Optimization approach  Rule-based systems, Prescriptive (Linear Adaptable, scalable
manual adjustments, Programming) + and automated
MIP Predictive (KNN) +

Post-processing

Prediction accuracy Inconsistent, dependent  Good accuracy Higher accuracy
on static rules with data-driven

insights

Privacy and security Data often centralized, FL ensures Strong privacy
increasing privacy risks  decentralized training compliance (GDPR,

and data privacy CCPA)

Category diversity Handled manually or Automatically ensured ~ Reduced human
through predefined via post-processing error and improved
rules diversity

Revenue maximization ~ Manual or rule-based Ensures high-value ads  Better revenue
prioritization of ad cost  are placed in prime optimization

positions (Ist, 2nd, last)

5 Discussions

The process of aggregating model updates from an increasing number of clients becomes more
complex as the system scales. Aggregating a large number of updates requires significant compu-
tational resources at the central server, and the complexity of this task grows with the number of
participating clients. One potential approach to manage a growing number of clients could involve
adopting a hierarchical FL structure. In this setup, clients can be grouped into clusters based on
factors such as geographical or network proximity. Each cluster would perform a local aggregation
of model updates before sending the results to the central server for final aggregation. This multi-level
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aggregation process helps reduce communication overhead and improves scalability by limiting the
number of direct communications between individual clients and the central server. As the number
of clients increases, the communication cost becomes a bottleneck. To address this, implementing
advanced data compression techniques is considered to reduce the size of the model updates trans-
mitted between clients and the server. Additionally, asynchronous communication protocols can be
explored to allow clients to send their updates at different times, rather than synchronizing all clients.
This approach ensures that the FL process continues smoothly without being delayed by slower clients,
thus supporting a scalable system.

In a large-scale FL system, it may not be necessary for all clients to participate in every round of
training. An adaptive participation mechanism can be developed, where a subset of clients is selected
for each training round based on criteria such as data quality, client availability and computational
capacity. Client sampling in FL is a technique where only a subset of clients participates in each
training round. Random sampling is a specific method of client sampling where clients are randomly
chosen to participate in each round of FL. This random selection helps ensure that the global model
gradually incorporates insights from the entire population of clients without requiring every client to
participate in every round. The random selection ensures that the global model integrates diverse data
patterns, reducing the risk of overfitting to a specific client’s data. As a disadvantage, since not all
clients participate in each round, the global model may converge more slowly compared to a scenario
where all clients contribute to every round. The updates can be less representative in each round,
requiring more rounds to achieve the same level of accuracy. The variance in updates is higher when
only a subset of clients is used, potentially increasing the number of rounds needed for convergence.
There is also a chance that some clients may be selected more frequently than others, especially in
systems with a small number of rounds.

By utilizing FL, broadcasters optimize ad placements through the aggregation of diverse datasets,
leading to more precise audience targeting. This precision enables broadcasters to command higher
prices for ad slots, as the placements are more likely to reach the intended audience, thereby increasing
the overall effectiveness of advertising campaigns. The shift from manual scheduling to an automated
FL-based system usually leads to considerable cost reductions. The manual process is labor-intensive,
requiring significant human resources to analyze data, predict viewer behavior and schedule ads
accordingly. Automation through FL reduces these labor costs and also minimizes the likelihood
of human error, which can lead to suboptimal ad placements and missed revenue opportunities.
Additionally, the FL approach offers dynamic adaptability, allowing broadcasters to adjust ad
schedules in near real-time based on aggregated insights from multiple sources. This capability to
respond swiftly to changes in viewer behavior or market conditions provides a significant competitive
edge, enabling broadcasters to maximize the use of available ad slots and improve their return on
investment (ROI).

In traditional television networks, ad placement typically relies on a combination of manual
processes and rule-based automated systems, both of which have been the industry standard for years.
The process begins with audience segmentation, where broadcasters analyze demographics, viewing
habits, and preferred time slots. This data is often gathered from established sources like Nielsen
ratings and viewer surveys, along with other audience measurement tools. Through this segmentation,
broadcasters determine which types of ads would be most effective during specific shows and time
slots, allowing them to tailor their ad placements to the preferences and behaviors of their viewers. Ads
are then placed based on the type of content being aired. For instance, a sports-related advertisement
might be strategically scheduled during a live sports event, while ads for children’s toys might be placed
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during cartoons or family programming. This process often relies heavily on the manual decision-
making of experienced schedulers who use their knowledge of audience preferences to optimize ad
placements. These decisions are informed by historical data, which helps predict which time slots are
likely to generate the most viewer engagement. The value of ad slots vary significantly depending on
the time of day and the expected viewership. Prime-time slots, for example, are more expensive and
are typically reserved for high-profile ads that are expected to reach a larger audience. In addition
to manual scheduling, many networks use rule-based systems to assist in the process. These systems
follow predefined rules established by human schedulers. For example, rules might be set to ensure that
ads for competing products, such as well-known soft drinks, are not placed back-to-back, or that high-
value ads are consistently placed at the beginning or end of commercial breaks where viewer attention
is typically highest. While these rule-based systems automate certain aspects of ad scheduling, they
are inherently limited by the quality and specificity of the rules programmed into them. They lack the
flexibility and learning capability of more advanced systems, such as those driven by ML.

As airtime approaches, manual adjustments are often required to account for real-time factors
such as live events running longer or shorter than expected, breaking news or sudden changes in
audience size. This need for last-minute changes underscores the flexibility of manual scheduling and
also introduces a higher risk of human error. Moreover, schedulers must ensure that ad placements
comply with various regulatory requirements, particularly in programming aimed at children, where
rules governing the timing and frequency of ads are especially stringent. These regulatory consider-
ations add further complexity to the scheduling process. However, these traditional methods, while
still widely used, have notable limitations. They are labor-intensive, reliant on static, historical data
and prone to human error. They also lack the precision and adaptability needed to fully capitalize on
real-time viewer behavior. In contrast, the proposed FL method offers a more advanced, data-driven
approach.

6 Conclusions

Our research introduces a scalable, privacy-preserving ad scheduling system that improves pre-
dictive accuracy and strategic insights across multiple networks. The process begins with linear
programming for initial schedule optimization, followed by a K-Nearest Neighbors (KNN) model
to forecast ad placements. It employs a two-phase prescriptive-predictive framework: Google’s OR-
Tools CP-SAT optimizes initial ad placements, forming a base schedule. This schedule then informs a
predictive phase that strategically places additional ads based on ad attributes, enhancing scalability
with models like KNN, LightGBM and Random Forest. Additionally, Federated Learning (FL)
strengthens predictive performance and insights across networks, ensuring data confidentiality.

Utilizing Google’s OR-Tools CP-SAT solver, the model effectively maximized ad price visibility
and ensured category diversity within ad breaks, with the dual objectives of augmenting viewer
engagement and boosting advertising revenue. Initial optimization results revealed a substantial
improvement in the strategic positioning of ads, aligning high-value ads at the beginning or end of
breaks and maintaining category diversity to avoid repetition. This optimization was quantitatively
assessed by comparing the original and optimized ad sequences: 4096 ads were within a one-slot
deviation, 714 within a two-slot deviation, 602 within a three-slot deviation, 295 ads had a deviation
between four and five slots, and 1044 ads deviated by more than five slots. Following the application
of KNN predictions to the optimized ad scheduling, the evaluation metrics indicate a pronounced
accuracy in maintaining category diversity, with 8865 ads being categorized identically to their
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optimal categorizations. Furthermore, a minor deviation was observed in 1248 ads with a one-
category difference, and only 2 ads exhibited a two-category deviation. The Federated Learning
(FL) method successfully aligned 8750 advertisements with their ideal category placements, reflecting
the achievement of targeted diversity goals. Furthermore, a slight discrepancy was noted, with 1133
advertisements being placed just one category away from their perfect match in the initial dataset.

The proposed method reduces the post-processing effort and improves the results by general-
ization obtained by FL that includes other TV posts approaches. The fusion of ML models with
federated optimization processes marks a significant advancement in ad scheduling strategies. This
paper details how aggregated insights from across a network of broadcasters can be used to train global
ML models. These models, in turn, predict the outcomes of various scheduling strategies, providing a
richer understanding of viewer preferences and ad performance metrics. While promising, integrating
FL with ML for ad scheduling optimization presents unique challenges, including data heterogeneity,
the complexity of model aggregation and ensuring the relevance and quality of shared insights. Future
implications of adopting a federated learning approach in TV ad scheduling to other domains is
envisioned.

By harnessing the collective power of FL and ML, broadcasters improve the way TV ad schedules
are optimized. This hybrid approach not only enhances the effectiveness of advertising campaigns,
but also paves the way for a more collaborative, data-informed future in the broadcasting industry, all
while maintaining strict adherence to privacy and data security standards.
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