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Abstract - Federated learning (FL) offers a decentralized paradigm for privacy-preserving medical imaging, yet static differential
privacy (DP) often degrades model utility. We propose FL-YOLO-DADP, integrating dynamic adaptive DP (DADP) with YOLOv8n
for hematological cell detection in digital holographic microscopy. Unlike static DP-FL, DADP adaptively scales noise and clipping
based on training phases, maintaining high accuracy while guaranteeing (e, §)-DP. Our experiments on a multi-client dataset demonstrate
that FL-YOLO-DADP significantly outperforms both centralized training on synthetic images and naive federated baselines, with 46.8%
higher mAP50 than the GANSs-generated train set. Further, Eigen-CAM visualizations confirm that critical morphological features are
retained, showcasing the framework’s robustness in small-data and heterogeneous settings.
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1. Introduction

The growing demand for privacy-preserving machine learning in medical imaging necessitates frameworks that balance
data confidentiality with model performance. Deploying deep learning for hematological cell detection (e.g., leukocytes,
erythrocytes, and platelets) faces two competing demands: preserving patient privacy under regulations like GDPR and
maintaining diagnostic accuracy. Centralized training on pooled data risks exposing sensitive patient information, while
synthetic data generated by diffusion models [1] or Generative Adversarial Networks (GANS) [2] introduces distribution
shifts that degrade detection performance. For instance, while diffusion models can generate high-quality synthetic images,
studies show ([3-4]) they do not always enhance downstream segmentation performance when substituting real medical
images, and may even introduce distortions that degrade detection accuracy.

Still, generative models like encoder-decoder networks, GANs, Denoising Diffusion Probabilistic Models (DDPMs),
and ControlNet-latent-img2img models are often proposed to replace raw images to mitigate privacy risks in small-scale
settings. Recent studies [5-8] have demonstrated the feasibility of generative models in medical imaging tasks, including
segmentation and synthetic data generation. For instance, encoder-decoder frameworks have been utilized to conceal
sensitive information in medical images, enabling data sharing without compromising patient privacy [5]. Similarly, GAN-
based models have been leveraged for medical image segmentation, effectively addressing domain adaptation and data
scarcity challenges [6]. Moreover, DDPMs have been applied to generate high-resolution volumetric medical images,
facilitating privacy-preserving data sharing without compromising clinical utility [7]. Additionally, advanced generative
models have been proposed for medical image synthesis, enhancing data availability while preserving patient confidentiality.
In [8], the authors discuss the integration of ControlNet with various external condition generation methods to enhance its
image synthesis capabilities.

Federated learning (FL) circumvents data sharing by training models locally on client devices and aggregating model
updates globally [9]. However, naive FL remains vulnerable to gradient inversion attacks [10], where adversaries reconstruct
training images from shared gradients. While prior DP-FL (Differential Privacy) approaches [11] apply fixed noise scales,
gradient statistics evolve non-linearly during training, rendering static clipping norms suboptimal. To address this, we
propose FL-YOLO-DADP, a framework for integrating dynamic adaptive differential privacy (DADP) into federated
YOLOVS training, ensuring minimal utility loss while enforcing rigorous privacy guarantees. Fig.1 overviews the FL-

129-1



YOLO-DADP workflow, illustrating how each client’s model updates and makes noises before sending it to an FL
Server Aggregator employing a FedMedian operation. In contrast to generative models, FL preserves raw data fidelity
while enforcing privacy at the algorithm level, avoiding the pitfalls of distributional mismatch in synthetic data.

FL Server Aggregator
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Fig. 1: FL-YOLO-DADP workflow.

Digital Holographic Microscopy (DHM) is a label-free imaging modality that measures refractive index variations
within cellular structures in information of cells. In this study, we employed DHM ! blood cell imaging. The microscope
employs a 528 nm SLED (PowerStar, Oslon) under partially coherent Kohler illumination in a transmission setup. The
laboratory prototype is equipped with a Nikon CFILWD 40x objective (NA =0.55), providing in particular phase
resolution for visualizing subtle cell morphologies in high-throughput flow cytometry conditions.

Notably, popular differential privacy (DP) mechanisms like DP-SGD are not under our consideration, as they
require clipping each sample's gradient and injecting noise into the aggregated gradients. However, wrapping the
optimizer with DP-SGD during the client's training phase in YOLO requires tremendous modification on the Ultralytics
package. Therefore, after training on each client, our methodology adds noise to the model parameters after training on
each client before sending them to the server called Local Differential Privacy (LDP). We inject LDP to FedAvg and
FedMedian for vanilla federation.

Our approach addresses key challenges in medical imaging, where privacy, heterogeneous data distribution, and
small sample sizes constrain traditional centralized learning. By adaptively clipping and injecting noise based on training
phases, FL-YOLO-DADP achieves near-centralized accuracy while ensuring stringent (e, 6)-differential privacy
guarantees. Comparative experiments on a phase image dataset show substantial improvements over synthetic data
baselines. Using a multi-client FL setup, we evaluate our DADP-FL framework against a YOLOv8n baseline and four
generative models. Metrics include mean average precision (MAP50) and inference speed, with FL configurations
optimized to minimize communication overhead. Experiments on a multi-client hematology dataset validate our
framework’s comparability in privacy-sensitive medical applications with small-data regimes.

Our contributions are:

1) By adaptively clipping and injecting noise over training phases, FL-YOLO-DADP achieves better accuracy

than centralized training on generative images while ensuring (e, &)-differential privacy.

2) Comparative experiments on a phase-image dataset show substantial improvements over synthetic-data

baselines.

3) Visualization of model explainability and proof of convergence under adaptive noise support theoretical

guarantees.

2. Related Work

1 Qvizio Imaging Systems (Belgium)
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2.1. General Comments

To comprehensively prove the feasibility of employing FL-based methods for developing a trustworthy data protection
protection system, we also utilize generative models to synthesize artificial images with conditional labels for feeding to
to YOLO model to classify cells for object detection performance comparison, as the original feature information can be
be fully encrypted on synthesized images. The generated images retain clinical relevance and anatomical correctness, as
validated by expert assessments in prior studies [12]. Such a framework can augment limited datasets and enhance
downstream diagnostic models without exposing sensitive patient information [13].

2.2. Benchmark

YOLO (You Only Look Once) has become a state-of-the-art object detection family for real-time applications,
performing bounding-box regression and classification in a single stage [14]. In [15], the authors applied YOLOv8x-p2 for
cell classification tasks on phase images and achieved high accuracy. We adopt YOLOvV8n for its improved backbone and
detect-head structure, which is well-suited to small or transparent objects such as blood cells.

2.3. Generative Models

2.3.1 Encoder-Decoder — Our model extends a simplified U-Net [16] that downsamples the conditional mask with 3
channels through convolution and pooling layers, then upsamples via transposed convolutions with skip connections. This
setup preserves spatial information crucial for synthesizing biologically realistic outputs.

Given the need to handle non-iid data across decentralized institutions, the encoder-decoder framework incorporates
domain-specific adaptations at the decoder level to address site-specific imaging variances, following strategies such as
modality-specific decoders[17]. U-Net is the foundational architecture for many popular generative models.

2.3.2 Generative Adversarial Networks (GANSs) — In this work, a conditional GAN framework is applied, where a U-
Net-based generator takes bounding box masks as input and synthesizes corresponding RGB images. The generator
architecture is inspired by the Pix2Pix [18] model, incorporating downsampling and upsampling layers for effective feature
extraction and image reconstruction [19]. The discriminator is based on the PatchGAN architecture [20], which classifies
image patches as real or fake, encouraging the generator to produce high-fidelity images at the local level.

During training, the generator aims to minimize the L1 reconstruction loss, which ensures that the generated images are
structurally like the real images, while the discriminator aims to minimize a binary cross-entropy loss to distinguish between
real and synthetic images. The combination of adversarial loss and reconstruction loss encourages the generator to produce
realistic images that capture both global and local features [21]. The generator’s encoder-downsampler and decoder-
upsampler blocks follow the pix2pix design, enhanced by skip connections that preserve spatial detail. The discriminator
uses consecutive convolution as LeakyReL U layers, leading to a final map where each patch’s output signals real or fake.

2.3.3 Denoising Diffusion Probabilistic Models (DDPM) — Unlike adversarial training, which can suffer from
instability and mode collapse, DDPMs iteratively transform random noise into structured images through a series of learned
denoising steps [22], leveraging a U-Net-based architecture to predict the noise at each time step.

The forward process introduces Gaussian noise to the real images over a series of time steps, progressively converting
them into pure noise. The model learns to reverse this process by predicting the added noise at each step, conditioned on the
input mask. The implemented U-Net model concatenates the noisy image and the mask as input and employs skip connections
to preserve spatial information. In testing, we sample random noise and then apply the learned reverse steps conditioned on
the bounding-box mask to yield synthetic images.

2.3.4 ControlNet Latent Img2lmg — The proposed framework combines latent diffusion models (LDMs) with
ControlNet for conditional image synthesis. LDMs leverage the latent space of a pretrained variational autoencoder,
ControlNet introduces additional conditioning inputs for fine-grained spatial control over the generation process [23].

The model consists of the following components: Autoencoder (VAE), U-Net Backbone, ControlNet Module, and Noise
Scheduler. VAE is Used to encode input images into a compressed latent representation and reconstruct high-quality outputs.
U-Net Backbone is a denoising neural network trained to iteratively remove noise from the latent space. The ControlNet
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module processes bounding box masks as spatial conditioning inputs and injects structured feature maps into the U-Net
via residual connections [24]. Noise scheduler implements a discrete noise distribution based on a scaled linear schedule.

3. Federated Learning
3.1. Overview

In this study, we implemented a FedMedian aggregation strategy within all federated YOLOV8 object detection
frameworks to detect cellular structures in microscopic medical images. This will be described in the following
subsections. The FedMedian strategy enhances robustness to outliers by calculating the median of local client models,
thereby mitigating the influence of adversarial or biased updates from individual clients [25].

3.2. FL-YOLO

Let there be N clinical sites (clients), each holding a local dataset D, of medical for k € {1, ..., N}. We define D,
as {(xx,0 vii)|[i = 1, ..., Dk |}, where x; ; is the i-th image on client k and y; ; includes bounding boxes and class labels.
For local model updates at round r, the server broadcasts the global parameters w1, Each client k trains locally for

one or more epochs on its dataset D, . We denote the new local model parameters by w(™. The clients’ updates are
determined as

™ _ @™
Aw,’ = w, —w®, (1)

In FedMedian aggregation, after collecting Aw,Er) from k clients, the server aggregates using FedMedian

m® = median(Awfr), Awér), . Aw,((r)), 2)

where “median” is taken coordinate by coordinate. The new global model is updated by
w® = wr=D 4 m®. 3)

3.3. FL-YOLO-Dynamic Adaptive Differential Privacy

3.3.1 Overview — Our framework combines federated YOLOVS training with dynamic adaptive DP, where noise
and clipping norms adjust based on real-time gradient statistics and training phase. The system comprises: Client-Side
for local training with adaptive gradient clipping and phase-dependent noise and Server-Side as robust FedMedian
aggregation and privacy budget tracking.

3.3.2 (¢, 8)-Differential Privacy — A randomized algorithm M satisfies (e, 6)-DP [26] if, for any two neighbouring
datasets D and D' differing in a single record and for all measurable subsets S,

Pr[M (D) € S] < e€Pr[M(D') € S] + 6. 4)

In federated learning, each client’s local update Awy, is clipped and noised before transmission, making the effective
update a differentially private mechanism. Then the server aggregates the differentially private updates to produce w(™.

3.3.3 Adaptive Clipping Scheduling — In practice, a static noise level ¢ across all training rounds may be
suboptimal. We propose a dynamic scheduling strategy that decays the noise in early rounds and increases it slightly in
later rounds if needed, mitigating catastrophic performance drops while maintaining overall privacy. We define:

o® — {Uo [a + (1 — )exp(—wr)], r < R/2 (Exploration), -

ool1+ B(r—R/2)], r = R/2(Exploitation),
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where g, is an initial scaling, and a, w controls decay rate, 8 governs late-stage noise growth. A central server coordinates
training over R rounds. At round r, each client uses ™ for the noise addition step, balancing privacy budget usage across
training.

3.3.4 Per-Client Differential Privacy Update — During round r, client k computes the £, norm of update vector Aw,Er).
The clipping norm €™ is updated via exponential moving average (EMA). With @ stabilizes the norm against outliers

C® = 9D 4 (1 - 6) | Aw I, ©

3.3.5 Process Steps — We perform the following processing steps:
1) Clip globally: Rescale Aw(™ so that || Aw(r) I, < C, where C is the global clipping norm

, - ¢
Aw « aw” - min L,———, @)
I Aaw,” I,

2) Add noise: Sample isotropic Gaussian noise z ~ N (0, 02C?I) and construct
AW, = Aw? +2,  wherez~ N(0,052C2I), 6)

The parameter ¢ is the dynamic noise multiplier controlling the trade-off between utility and privacy.
3) Update local model parameters

w® = w1 4 median(aw; 7, aw; 7, ..., aw;, ™). 9)
Under bounded gradients and adaptive noise, FL-YOLO-DADP converges to a stationary point of the federated loss.

4. Experiments
4.1. Dataset and Setup

We use |mmunomagnet|c cell separatlon to bUI|d a DHM database for calibration. The produced dataset was randomly
split inrte-w z 6 6 ingfor training, validation, and testing in the ratio of
10:1:1.

During local training, the model was evaluated on the validation set at regular intervals to monitor its accuracy and
adjust hyperparameters accordingly. Finally, the models were assessed on the test set to eliminate bias. We generated a
lightweight dataset for 3 agents, each comprises a training set with 2,400 frames and a validation set with 240 frames, and
an ultimate test set with 240 frames for evaluating all models. Each frame, measuring 384x512 pixels, contains up to 30
cells. Benchmark and generative models were trained for 20 epochs in our experiment settings, with specific hyperparameters
set to optimize their performance.

For generative models, we simulated the scenario of synthesizing images from all agents locally and send to the central
server for YOLOv8n training. In FL-based models, each local YOLOv8n was trained 1 epoch in each round and aggregated
for 20 rounds to mimic the case of each client can update the model per round as in the centralized learning environment.

Therefore, in total all 7,200 images were trained for generative models and FL-based models, either by synthesized or
federated. The learning rate for both local and centralized YOLOv8n was set to 1e-02, momentum to 0.937, and weight decay
to 5e-04, with batch sizes of 32. These hyperparameters were selected based on a combination of default settings and
hyperparameter tuning.
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All experiments were conducted using Python 3.10.13 and PyTorch 2.0.1+cul118 on an NVIDIA Tesla V100S GPU
with 32GB of memory, CUDA version 11.6, to sustain robust and consistent training environments. We used Python
packages: Ultralytics YOLOV8.1.34, flwr 1.11.1, for setting up Federated Learning.

4.2. Comparative Experiments

4.2.1 Evaluation Metrics — To evaluate the performance of object detection like YOLO, for local and central cases,
we utilized macro-averaged precision, macro-averaged recall, and mAP50 as our primary metrics. Macro-averaged
precision averages the precision scores across all classes, giving equal weight to each class. Macro-averaged recall
averages the recall scores across all classes.

The mean Average Precision mAP50 at 50% Intersection over Union (loU) threshold measures the model's accuracy
in predicting bounding boxes around objects. The quantity mAP50 considers various loU thresholds, starting at 0.5.
With TP; and FP; as true positives and false positives for class i, N as the number of classes, AP; as the average precision
for class I at loU of 0.5, we calculate the equations as

acro Procic _1i i Macro R 11—1i di AP _1iAP o
acro Precision = N lTPi T FP,’ acro kecall = N . 1TPl- Y FN,’ 50 = N . 4 i
= = -

4.2.2 Comparative Analysis — We conducted a comparative analysis of various object detection models in our
experimental setup. YOLOv8n was chosen for its established performance and efficiency in various object detection
tasks. Four generative models were included to explore whether we could find incremental improvements in speed and
accuracy for data privacy protection compared with FL framework. FedMedian was selected as a fundamental weighting
approach for federation.

All local models were trained from scratch. We evaluated the performance of all different models with the same
computational configuration on our customized dataset, summarized in Table 1. This test set contains annotated 240
phase images. The quantitative comparisons of four models on cell classification are in terms of macro-averaged
precision, macro-averaged recall, macro-averaged AP50 for all classes, macro-averaged APs, for the erythrocyte class,
macro-averaged AP50 for the leukocyte class, macro-averaged AP50 for the platelet class, image size (pixel), and
inference time (milliseconds).

Table 1: Comparative experimental results on our customized dataset

Model | Precision | Recall | Apval-all | APZ#-RBC | APZ2-WBC | APZSL-PLT
Benchmark

YOLOv8n 10693 |0.85 | 0.856 | 0.81 | 0.959 | 0.799
Generative Models

Encoder-decoder 0.358 0.629 0.518 0.207 0.906 0.441
GANs 0.856 0.305 0.327 0.003377 0.871 0.106
DDPM 0.911 0.281 0.315 0.0264 0.813 0.107
Controlnet-img2img | 0.383 0.556 0.459 0.445 0.838 0.0928
Federated Learning-Based Models

FedAvg-YOLO 0.547 0.7 0.672 0.612 0.868 0.536
FedMedian-YOLO 0.555 0.688 0.673 0.605 0.84 0.574
Ours

FL-YOLO-DADP [0.375 | 0.501 | 0.48 | 0.323 | 0.718 | 0.399

For the performance evaluation, we averaged the statistical metrics over the 3 agents. Our proposed FL-YOLO-
DADP model achieved comparable accuracy of macro-averaged AP50 with training on small dataset, up to 72% for
single class. The accuracy is much higher than generative models like GANs, DDPM, and ControlNet-latent-img2img
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in mAP50-all, particularly for mAP50-PLT. It improves 46.79% from GANs in mAPS50-all, and 276.42% in in mAP50-PLT.
Encoder-decoder-generated images got slightly better testing results than ours.

We then applied the model explainability tool Eigen-CAM, based on class activation maps (CAM), focusing on making
sense of what a model learns from the visual data to arrive at its predictions. The visualizations of our experimental models
are displayed in Fig. 2. It shows Eigen-CAM explains most accurately for YOLOv8n trained on an exemplary original phase
image for correctly locating and tightly masking cells, even for small objects as platelets in our case in subfigure 2). In 4),
the edges of the map are blurrier than the explanation of the benchmark and vanilla FedMedian-YOLO, which is within our
expectations. It shows it retained focus on cell boundaries despite the noise, outperforms the generative models. This suggests
that its capability to grasp significant features in the model explainability space is aligned with how humans generally
comprehend vision.

To investigate the general effectiveness, the noise multiplier ¢ and clipping norm C are set as various groups to ensure
(e, 6)-DP guarantees. We tracked when ¢ = {0.001,0.0001} and C = {1,10} in initial settings for the noise scale and
gradient clipping bound, how would they control the trade-off between utility and privacy. The macro-averaged AP50 is
plotted in Fig. 3. Our developed FL-YOLO-DADP is generally outperforming the vanilla FL-YOLO, and the DADP
mechanism particularly achieves better convergence performance in FedMedian than in FedAvg. It was noticed of slightly
lower mAP50 in our approach with ¢ = 0.0001 and C = 10 on our test set, meaning adding the least noise as less distortion
to the gradients for faster convergence, and preserving the most gradient information for higher sensitivity. It indicates that
FL-YOLO-DADP can improve model performance while increasing privacy guarantees.

1) 2) 3) 4)

9) 0 11) 12)

Fig. 2: 1) Original phase image, 2) Eigen-CAM explains YOLOvV8n trained on original phase images, 3) Eigen-CAM explains
FedMedian-YOLO trained on original phase images, 4) Eigen-CAM explains FL-YOLO-DADP trained on original phase images, 5)
Encoder-decoder-generated image, 6) Eigen-CAM explains YOLOvV8n trained on encoder-decoder-generated images, 7) GANs-
generated image, 8) Eigen-CAM explains YOLOvV8n trained on GANs-generated images, 9) DDPM-generated image, 10) Eigen-CAM
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explains YOLOvV8n trained on DDPM-generated images, 11) ControlNet-latent-img2img-generated image, 12) Eigen-CAM explains

Fig. 3: Eigen-CAM: 1) encoder-decoder, 2) GANSs, 3) denoising-diffusion-probabilistic-model, 4) controlNet-latent-img2img model.

YOLOvV8n trained on ControlNet-latent-img2img-generated images.
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5. Conclusion
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Federated Rounds

FL-YOLO-DADP advances privacy-preserving medical imaging by dynamically adapting DP parameters to
training phases, achieving a principled balance between data privacy protocol compliance and diagnostic accuracy. On
a multi-client digital holographic microscopy dataset, the framework outperforms generative models like GANs by
46.8% in mAP50 crossing all classes and 276.4% in mAP50-PLT, while guaranteeing (g, 8)-DP. Eigen-CAM
visualizations confirm retained sensitivity to fine cellular textures, addressing distribution shifts in small-data regimes.

In future work, we will extend the approach to real-world multi-center study in a hospital environment.
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