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Introduction - Medical segmentation
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What is medical segmentation?

                                                                                  Why is it important?
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Problems of manual segmentation:

● Time-consuming
● Inter-annotator variability
● Human error
● Scalability
● Specialist dependency
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Automatic Medical segmentation
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Spatial Model Checking

Spatial Model Checking for Images
Applies formal methods to image analysis and uses logical 
formulas to identify pixels with specific spatial properties

Advantages

✓ Complete Transparency
Every step is traceable

✓ Formal Verification
Mathematical guarantees

✓ Clinical Alignment
Encodes expert knowledge
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VoxLogicA: Spatial Model Checking

Intensity-based operators: Define regions based on image intensity values (<., >., =.)

Example: let whiteDots = (intensity =. 255) identifies pixels with intensity value 255

Distance operators: Express metric relationships between spatial regions (pdt)

Example: pdt(redDot) <=. threshold identifies all points within a specified distance from a reference region

Topological operators: Express connectivity and reachability properties (∼> N)
Example: corridors ∼> N(entrance) finds all corridor pixels reachable from the entrance

Boolean operators: Combine spatial predicates (& (AND), | (OR), ! (NOT) )

Example: let common = reachableFromEntrance & reachableFromExit computes intersection
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From CNN to NNu-Net

CNNs are a specific type of neural network optimized for 
image recognition. They rely on three fundamental ideas:

● Convolution
● Pooling:
● Feature Hierarchy

Convolutional Neural Networks:
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U-Net architecture and nnU-Net Framework

nnU-Net Framework
•Automatic preprocessing

•Dynamic adaptation

•Hyperparameter optimization

U-Net Architecture

•Skip connections

•Multi-scale features

•Spatial preservation



nnU-Net loss function - Dice score
How does nnU-Net improve its weights to 
obtain correct segmentations?
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The problem with deep learning

•Accountability: ensuring compliance with clinical guidelines
•Tunability: allowing practitioners to adjust parameters for specific protocols.
•Explainability: providing clear and understandable explanations.

Medical segmentation with NN-uNet



Recent studies have shown that nnU-Net struggles 
to recognize specific geometric and topological 
properties, including:

● Distance-based tasks for geometric 
comprehension (top)

● Connectivity analysis for topological 
understanding (bottom)
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Geometric and Topological Understanding
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The hybrid advantage: logic and deep 
learning
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The mechanism of hybridization
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Results of this
methods
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Synergistic integration proposed
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•Synergistic: Single unified model, no post-processing.
•Superior Performance: Outperforms baseline nnU-Net.
•Tunable: Geometric terms independently weighted.
•Geometry-Aware: Constraints learned during training.

Improvements:

Input Data
(Dataset of 

Medical Image)

VoxLogicA:
Extract Geometrical 

Constraint

Final Output:
Geometrically 

consistent 
segmentation output

nnU-Net Prediction:
nnU-Net Adjust

with the constraint
in the loss
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The differentiable neuro-symbolic loss
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Dataset consisting of 500 grayscale images 
(512×512 pixels) containing:

1. One target circle (radius 25-55px) with 
intensity gradient

2. Distractor shapes (polygons: triangles, 
squares, pentagons, hexagons)

3. Partial occlusions (2-5 black rectangles 
covering parts of the image)

4. Gaussian noise (σ=10)

Objective: segment the circle despite 
occlusions and distractors.

Input image
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Synthetic validation
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Ground truth|
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Spatial reasoning timeline - Soft logic
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Spatial constraints in the loss - Compactness
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1. Compactness Loss
(Isoperimetric Index)

Penalizes 
Deviation from 

Roundness
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Spatial constraints in the loss - Boundary
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2. Boundary Smoothness Loss

Favors Smooth 
Contours

Metric:
Variance of 
Laplacian
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Spatial constraints in the loss - Circle
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3. Circle Loss

Penalizes 
Elongation
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nnU-Net Evaluation: key metrics
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1. OVERLAP METRICS 
(VOLUME)

Measure correctly identified 
pixels vs. total.
● DICE: Balances 

precision & recall. 
Standard for total mass.

● IOU (Intersection over 
Union): Ratio of 
intersection to union. 
More strict on small 
errors.

2. GEOMETRY & SHAPE 
METRICS (APPEARANCE)

Measure if predicted shape 
respects properties.
● COMPACTNESS: 

Similarity to a circle. 
Low for elongated 
roads.

● ECCENTRICITY: 
Elongation. Near 1 ideal 
for roads.

3. BOUNDARY & DISTANCE 
METRICS (EDGES)

Focus on boundaries and 
spatial error position.
● BOUNDARY IOU: 

Overlap along contours 
only, ignoring internal 
area.

● HAUSDORFF 
DISTANCE: Max 
distance between 
prediction and reality. 
Finds hallucination.



Top row:
results from the 
Baseline model 
(standard 
nnU-Net).

Bottom row:
results from the 
Geometric Loss 
model.
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Preliminary results
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The reported results represent the mean values of all 6 metrics computed on the 
test set, with baseline nnU-Net on the left and hybrid loss on the right.
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Preliminary results
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Research Progress and Roadmap
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Conclusions
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