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Abstract. Public procurement is a complex process often susceptible to corrup-
tion and Machine Learning (ML) has emerged as a promising approach to iden-
tifying fraud in public procurement. While many ML methods for fraud detection
rely on tabular data, information from the network of relationships between the
entities involved in procurement process remains underutilized. This work aims
to fill this gap with a study of ML methodologies for detecting collusion in pub-
lic procurement using data extracted from the relationships network. Enriching
the “Operation Car Wash” with topological information extracted from graphs
helped improve the results by 1% and decrease the variability of the evaluated
models by almost 5%.

1. Introduction

Public procurement is a structured competitive bidding process that governments
widely employ to allocate public funds for acquiring essential goods and ser-
vices [Curtis and et al. 1973]. This mechanism is intended to promote transparency, effi-
ciency, and fairness, ultimately ensuring that governments and taxpayers obtain greater
value for money [Garcia Rodriguez and et al. 2022]. Despite these goals, public pro-
curement is inherently complex and is often perceived as a significant source of corrup-
tion [Sanz et al. 2024].

The identification of corruption in public procurement has received widespread
academic attention due to its central role in economic growth [Fazekas and Wachs 2020].
Machine Learning (ML) models have been widely used in the literature. Gallego
et al. used contract data to train ML models capable of predicting if a public
procurement process will result in a corruption investigation or breach of contract
[Gallego et al. 2021]. Wallimann and Sticher used a public procurement dataset from the
Swiss railway infrastructure market to build ML models capable of detecting collusion
[Wallimann and Sticher 2023].

Although the network of relationships between entities is central to the public
procurement process, it remains an underutilized data source in fraud detection research,
as shown in [Schneider dos Santos et al. 2025]. This work aims to address this gap by
conducting a study on the use of topological information extracted from a graph of bids
and tenders, aiming to enrich a dataset of collusive tenders and evaluate whether this
approach can improve the collusion detection rate of machine learning models. In this



study, we also trained Deep Learning (DL) models capable of processing graph data and
evaluate their ability to detect collusion.

Using the “Operation Car Wash” dataset enriched with topological information
extracted from the network of relationships between the entities involved in the procure-
ment process, the results from traditional ML methods improved by 1% and the variability
in performance using different data split techniques decreased by nearly 5%.

2. Data and Experimental Setup

The data used in this work contains information about collusive tenders in the context
of the “Operation Car Wash”. The dataset also contains screening variables, statistical
features about bids in a tender that can be used to improve the collusion detection rate of
ML methods. This dataset was made available by [Garcia Rodriguez and et al. 2022] and
enriched by [dos Santos et al. 2024] with information about the companies participating
in the tenders, including: legal nature, capital invested, and the founding date.

Following [dos Santos et al. 2024], our first methodology involved training tradi-
tional ML models using the “Operation Car Wash” dataset in a tabular format. The scikit-
Learn [Pedregosa and et al. 2011] library was used to implement the following models:
GradientBoosting (GB), RandomForest (RF) and the Multi-layer Perceptron (MLP). In
the second methodology, we created a heterogeneous graph based on the information
from the “Operation Car Wash”. The proposed model is shown in Figure 1.

Figure 1. Graph modeling of the “Operation Car Wash” dataset
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The proposed graph is designed to train ML models for graph classification prob-
lems. In these applications, models are trained using a dataset of independent graphs to
make predictions specific to each graph [Hamilton 2020]. We used this model to extract
relevant topological information from the bidding network. Features such as centrality
measures and node embeddings were calculated and used to enrich the tabular dataset.
The objective of this study is to evaluate the efficacy of this enrichment in enhancing the
performance of models trained with tabular data.

The results of traditional and graph models were assessed using the balanced ac-
curacy metric. We also executed the following data split strategies: Repeated Holdout
with 100 repetitions, Repeated K-Fold with 10 repetitions, and Nested K-Fold. A hyper-
parameter tuning process was conducted to find an optimal architecture for the models.



3. Results and Discussion

The first strategy for enriching the tabular dataset consists of calculating centrality mea-
sures for all nodes in the bidding network. The following centrality measures were calcu-
lated: Betweenness, Eigenvector, and PageRank. The second enrichment strategy consists
of generating node embeddings using the Node2vec algorithm. These embeddings were
based on past co-bidding relationships, which were modeled as the CO_BIDDING rela-
tionship shown in Figure 1. We used the Neo4j Graph Data Science library' to create
these embeddings and centrality measures. Table 1 presents the models that achieved the
best results with the enriched datasets.

Table 1. Results of the enrichment process using graph-based features

Centrality Measures Node Embeddings
Data Split Model Balanced Acc. Model Balanced Acc.
Holdout GB 88,16 (8.22) GB 86.58 (8.92)
K Fold RF 90,53 (6.81) GB 87.86 (9.51)
Nested CV RF 87,94 (11.10) GB 87.12 (12.86)

As shown in Table 1, enriching tabular data with graph information enhanced
model performance over the baseline strategy. The addition of centrality measures in-
creased model accuracy by 1% and decreased the standard deviation of the results by
nearly 5%. This suggests the proposed enrichment strategy reduces performance variabil-
ity, thus enabling a more reliable selection of models for detecting public procurement
collusion.

We also used the proposed graph modeling, shown in Figure 1, to train a Graph
Convolutional Network (GCN) for a graph classification task. In this task, a model is
trained with the objective of predicting whether a tender is collusive or non-collusive.
The model was built using stacked GraphSage layers in the PyTorch Geometric (PyG)
library?. Table 2 shows the results.

Table 2. Results of the GCN model for graph classification

Strategy  Balanced Accuracy Std

Baseline 71.15 12.75
K-Fold 75.24 7.58
Nested CV 77.06 12.03

Despite the use of a hyperparameter optimization process, the implemented strate-
gies did not significantly improve the model’s accuracy. A potential explanation for these
results is the limited size of the dataset used. The “Operation Car Wash” dataset is com-
posed of 100 tenders, of which only 32 are classified as collusive. The limited number of
samples complicates data splitting, particularly for cross-validation.

Thttps://neo4j.com/docs/graph-data-science/current/algorithms/
Zhttps://pytorch-geometric.readthedocs.io/en/latest/



4. Conclusion

This work investigated the use of graph-based data to improve the collusion detection
rate of different ML methodologies. The enrichment of tabular data with topological
information, extracted from the network of relationships between the entities involved in
the procurement process, not only improved the accuracy of traditional models but also
significantly reduced the variability of results from different data splitting techniques.

The use of graph-based DL models, however, did not outperform conventional
methods that employed tabular data from the collusive tenders of the “Operation Car
Wash”. Further experiments are needed to validate the efficacy of GCNs for detecting col-
lusion in public procurement. Future work should include using larger and richer datasets
and testing alternative convolutional layers. Future work could also explore node classifi-
cation to assess its viability for this problem, especially with limited data.
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