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Abstract

Label fusion is widely used in fields such as medical imaging, remote sensing, and
product rating, among others. In a label-fusion application, usually several assessments
of the same item are obtained, often from different algorithms or human experts, to esti-
mate the missing ground truth. However, a quantification of performance uncertainty is
important to understand whether more data (e.g., more raters) are needed for a more cer-
tain estimation of the ground truth. In this work, we describe a software that implements
our Bayesian extension of STAPLE in order to provide an estimation of uncertainty, which
could help decision makers in accepting estimations or requiring additional data. The main
feature of the developed software is its wider applicability in many contexts where ground
truth is not available, but can be estimated by reaching a consensus among different rates.
The experimental results on the MSSEG2016 dataset on brain segmentations to identify
multiple sclerosis lesions are reported to show the effectiveness of the methods and the use
of the software.

Keywords: STAPLE, Label fusion, Bayesian method, Medical image analysis (MSC2020:
62C10, 62H35)

1 Introduction
Label fusion is a technique used in medical imaging and computer vision to combine multiple
labeled images or segmentations into a single, more accurate result [15]. It is commonly applied
in the context of medical image analysis, such as brain imaging, where different segmentations
(e.g., anatomical structures) from various sources or experts are integrated to improve overall
precision and reliability of labels [17]. Although medical image analysis is a main field of
application, label fusion can have different applications, including remote sensing for Earth
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observation [13], emotion recognition in videos [16], product rating, and web search quality
[20]. For the sake of clarity, and without loss of generality, we will focus on medical imaging
as a guiding example throughout the paper.

In a label-fusion application, usually several segmentations of the same image are obtained,
often from different algorithms or human experts. Then, these segmentations are combined
using various statistical or computational techniques to produce a final consensus segmentation.
A common method for label fusion is majority voting, where each voxel or pixel is assigned the
label that appears most frequently across the different segmentations. In more complex cases,
votes from different segmentations can be weighted according to the confidence or accuracy
of the source, improving the fusion result. However, the problem of finding an appropriate
weighting arises, which leads to advanced label fusion techniques that use statistical models to
account for the variability and reliability of the different segmentations. A leading example of
advanced label fusion is STAPLE (Simultaneous Truth and Performance Level Estimation) and
its variants [1, 2, 8, 12, 18, 19].

Label fusion is extensively used in medical imaging for the segmentation of organs, tu-
mors, and other anatomical structures in modalities such as MRI, CT, and PET. In addition, in
neuroimaging, label fusion helps create accurate brain atlases and in the segmentation of brain
regions, which is critical for both research and clinical applications. In a more general context,
label fusion techniques are also applied in machine learning to generate ground truth labels
from multiple annotators [14].

The STAPLE algorithm is a widely-used method for label fusion. It works by iteratively
estimating the true segmentation and the performance of each individual segmentation source.
Estimation is performed by computing the probabilistic label for each voxel by considering the
agreement among the segmentations and the estimated reliability of each rater. One limitation
of the original method lies in the estimation of the ground truth, which depends on a precise es-
timation of the performance of the raters. Although this assumption enables a fast estimation of
the ground truth, it does not take into account the uncertainty on the performance of the raters.
However, a quantification of performance uncertainty is important to understand whether more
data (e.g., more raters) are needed for a more certain estimation of the ground truth.

In a previous work, we proposed a fully Bayesian approach to extend STAPLE in order
to provide an estimation of uncertainty on the ground truth and the performance of raters [5].
The main goal of the proposed method is to enrich the information provided as a result of the
fusion process with uncertainty quantification, which could help decision makers in accepting
estimates or requiring additional data. In the same work, we furthermore showed that the
results of Bayesian STAPLE are preferable because it does not lose information when compared
with a non-Bayesian approach. Another Bayesian extension of STAPLE has been proposed by
Audelan et al. [2]. In this case, the authors formulate the problem on a different basis, where the
performance of raters is quantified by bias and variance. Our method is closer to the original
version of STAPLE, which we believe more interpretable because it is immediate to assess
raters in terms of sensitivity and specificity.

A key feature of our method is its wider applicability in many contexts where ground truth
is not available, but can be estimated by reaching a consensus among different raters. This
enables to cast the proposed method in the realm of ensemble learning, where it could be pos-
sible to estimate the performance of each predictive model and assess the reliability of the
aggregated decision. For this reason, we developed software that implements our Bayesian
extension of STAPLE and made it freely available to the community, so as to promote its ap-
plication in different areas of Machine Learning and Data Science. The software is available at
https://github.com/davideC00/Bayesian-STAPLE with MIT license. Installation requirements
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are available on the website.
The paper is organized as follows. In Sect. 2, the problem statement and the Bayesian

extension of STAPLE are briefly reported, while Sect. 3 describes the available software, in-
cluding the code structure. Sect. 4 describes an experimental use case of the software and Sect.
5 draws some final remarks.

2 Method

2.1 Problem statement
A collection of N items, each of unknown class Ti ∈ {0,1}, i = 1,2, . . . ,N, are classified by R
raters that assign a binary label Di j ∈ {0,1} for i = 1,2, . . . ,N and j = 1,2, . . . ,R. (As a guiding
example, the items correspond to the voxels of an image that is segmented by raters to detect
some anatomical regions of interest; each voxel is labeled as "1" if it belongs to a region, and
"0" if it belongs to the background.) Let D be the matrix N×R arranging the classifications of
all the raters and T the unknown vector N×1 representing the ground truth.

It is assumed that each rater has some aleatoric uncertainty in classifying items. This is
modeled by introducing raters’ sensitivity p j and specificity q j, defined as:

p j = Pr(Di j = 1|Ti = 1) (1)

and
q j = Pr(Di j = 0|Ti = 0) (2)

Let p =(p1, p2, ...pR) and q =(q1,q2, ...qR) be the unknown vectors with shape R×1 repre-
senting the sensitivity and specificity of all raters, respectively.

The uncertainty in (p,q) and the ground truth T is modeled by considering them as random
variables. The raters are assumed to be independent. For the sake of simplicity, we will also
assume that the ground truth of each item is independent w.r.t. all other items.

The proposed goal is to estimate the ground truth T as well as the performance of the raters
p and q, given the observations D.

2.2 Bayesian extension of STAPLE
The method is outlined here, while all technical details can be found in our previous work [5].

2.2.1 Prior distributions

Priors on sensitivities and specificities can be conveniently modeled as Beta functions as they
are probabilities:

p j ∼ Beta(αp j ,βp j), q j ∼ Beta(αq j ,βq j) (3)

while the ground truth Ti is binary, therefore, it can be modeled as a Bernoulli variable with
unknown probability w which, in turn, can be modelled with a Beta distribution:

w ∼ Beta(αw,βw) (4)
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2.2.2 Bayesian model

We make use of Bayesian analysis, through which we define a probabilistic hierarchical model:1

f (p,q,T,w|D) =
f (D|T,p,q,w) f (T,p,q|w) f (w)

f (D)
(5)

with:
f (T,p,q|w) = f (T|w) · f (p) · f (q)

because we assume pairwise independence between ground truth, sensitivity and specificity of
raters. We also assume the independence of the raters and the independence among the items.

The posterior distribution (5) can be estimated numerically via Markov Chain Monte Carlo
(MCMC). The structure of the model suggests the adoption of Gibbs sampling for estimating
the posterior, which enables the estimation of a joint distribution through its conditionals.

2.2.3 Initialization of hyper-parameters

The Bayesian model requires the specification of the hyperparameters in (3) and (4). Here
is the point where the available knowledge can be injected into the model, as in the case of
Augmented Data-Dependent Priors (AUDP) or Power Priors [9, 11].

If there is no prior knowledge, it is possible to consider the least informative priors, which
require αp j = βp j = αq j = βq j = αw = βw = 1, ensuring that all parameters are uniformly
distributed between 0 and 1. In practice, we sampled the initial values of p j and q j between 0.5
and 1 to avoid the inversion of the rater (for example, a rater with 0 sensitivity and specificity
would perfectly label each background voxel as a region of interest, and vice versa). However,
this is just a technical trick to start the Gibbs sampler: the subsequent values of p j and q j are
sampled according to a Beta distribution. Another possible approach to avoid rater inversion is
to have αp j and αq j greater than 1, but this prior may bias the estimation of the posterior.

3 Software details

3.1 Use case
The main use case of the developed software is the estimation of the ground truth and raters’
performance parameters. This use case unfolds in two steps, as described in the following.

3.1.1 Dataset loading

This step is actually external to the software, and the user is responsible for producing a mul-
tidimensional array of binary values. Its dimension depends on the data that the raters are
labeling. Here are some examples:

• 7 raters labeling an audio divided into 100 intervals → input shape = (100, 7)

• 10 raters labeling a geo-spatial image with 1280 x 1000 → input shape = (1280, 1000,
10)

• 10 raters labeling a video 120x120 of 4300 frames → input shape = (120, 120, 4300, 10)

1By f we denote a generic probability measure or probability density function.
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In general, the shape is (dim1,dim2, ...,dimN , raters) where the first N dimensions are the di-
mensions of the data that is labeled and the last dimension refers to the raters. If the raters have
labeled the data multiple times (see 3.1.3), the input shape must be

(dim1,dim2, ...,dimN , iterations, raters)

3.1.2 Ground truth and performance estimation

Given a dataset D, a model can be instantiated as follows.

1 model = BayesianSTAPLE(D)

This operation generates a model object that will contain all the estimation results, which
can be obtained by the sample method to generate the posterior distribution (5):

1 sample=model.sample(draws , burn_in , chains)

The interface of the method is inspired by the sample function of a pymc2 model. It requires
the number of draws to generate, the number of burn-in draws to reach a stable state, and the
number of chains for multiple sampling.3 The output is an array object that can be used in
exploratory tools such as ArviZ4.

After the sampling, the ground truth can be estimated as the expectation of the ground
truth’s posterior. This can be quickly achieved with the get_ground_truth method.

3.1.3 Variants

Prior knowledge on raters (as formalized by the prior distributions described in Sect. 2.2.1)
can be specified in the object constructor:

1 model = BayesianSTAPLE(D, alpha_p , beta_p , alpha_q , beta_q)

The additional parameters are array-like one-dimensional objects with length equal to the num-
ber of raters. When not specified, they are set by default as constant arrays of ones so that the
prior distribution coincides with the uniform distribution over [0,1].

Prior Knowledge on ground truth can be set by specifying the parameter w in (5):

1 model = BayesianSTAPLE(D, w)

This can be either a scalar value (indicating a fixed probability for all the items of the ground
truth), or an array-like structure (of the same shape of the ground truth) indicating a probability
value for any single item.

Since the Bayesian model (5) enables the specification of a probability distribution over w
as a Beta distribution, its hyper-parameters can be specified as follows:

1 model = BayesianSTAPLE(D, alpha_w , beta_w)

If not specified, their default value is 1 so that the probability distribution is uniform over [0,1].

2https://www.pymc.io
3Multiple chains also enable parallel processing, which could be implemented in future versions of the soft-

ware.
4https://python.arviz.org
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 w : [0,1]

RV_T

 alpha_p : array of [1,+�]

 beta_p : array of [1,+�]

RV_p

 alpha_w :  [1,+�]

 beta_w : [1,+�]

RV_w

 alpha_q : array of [1,+�]

 beta_q :  array of [1,+�]

RV_q

 name : string

 coords : dict

 shape : tuple of int

prior() : sample

 full_conditional_posterior() : sample

RandomVariable

sample(draws, burn-in, chains)

 get_ground_truth(sample)

BayesianSTAPLE data : dict

 seed : int

initialize_sampling()

 sample(draws, burn-in, chains)

GibbsSampler

0..1

1

1

1

1..*

11
1

Figure 1: UML diagram of the classes in the module.

Uncertainty reduction by repeated labeling. In this case, the dataset should contain repeated
labeling of the same raters (see Sec. 3.1.1) and the class constructor must be informed accord-
ingly:

1 model = BayesianSTAPLE(D, repeated_labeling=True)

3.2 Code Structure
The module comprises three main classes, which are described in the following sections. A
UML class diagram is depicted in Fig. 1.

3.2.1 Class BayesianSTAPLE

This is the class used by the end-user to instantiate a probabilistic model described in Sect.
2.2.2 along with a Gibbs sampler. All the arguments accepted by the constructor can be found
in README.md.

Methods in this class are:

• sample(draws, burn_in, chains): Samples from the posterior using the Gibbs sam-
pler.

• get_ground_truth(sample): Receives the generated sample and uses it to estimate
the expectation of the ground truth posterior.

3.2.2 class GibbsSampler

This class implements Gibbs Sampling as described in [10]. Given the random variables
(θ1,θ2, ...,θH) of the probabilistic model, the Gibbs sampler starts with an initial value for
the variables (θ (0)

1 ,θ
(0)
2 , ...,θ

(0)
H ) and samples the next values as follows:
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1.θ (k+1)
1 ∼ f1(θ1|θ

(k)
2 , . . . ,θ

(k)
H )

2.θ (k+1)
2 ∼ f2(θ2|θ

(k+1)
1 ,θ

(k)
3 . . . ,θ

(k)
H )

...

H.θ
(k+1)
H ∼ fH(θH |θ (k+1)

1 , . . . ,θ
(k+1)
H−1 )

where fi(θi|θ1, ...,θi−1,θi+1...,θn) are the full conditional posteriors.
Methods in this class are:

• initialize_sampling(): Initialize the value of the random variables.

• sample(draws, burn-in, chains): Sample from the posterior distribution.

3.2.3 Class RandomVariable

This abstract class represents a generic random variable. The random variables described in
Sect. 2.2.2, are implemented as specialized subclasses: RV_w, RV_T, RV_q and RV_p. Methods
in this class are:

• prior(): Sample of the prior distribution.

• sample(draws, burn-in, chains): Sample of the full conditional distribution.

In order to be used by the Gibbs sampler, the subclasses must override the methods prior and
full_conditional_posterior.

3.3 Implementation details
The module is implemented in Python 3.10 using the JAX library [3]. The use of JAX enables
its execution on GPUs and TPUs, resulting in a considerable increase in speed for large inputs.
If a GPU or TPU is available, JAX will automatically use it to run the code.

4 Experimental results
The dataset used for this section is the MSSEG 2016 dataset [6, 7]. This dataset contains
segmentations of seven junior neurologists who were asked to identify multiple sclerosis lesions
on 3D FLAIR images.5 The segmentations are binary and 256x256x256 wide. As the raters’
performance can change for different slices, Bayesian STAPLE was executed separately on
each slice. The experiments show how to execute it on slice number 150 (Fig. 2).

5Fluid-attenuated inversion recovery (FLAIR) is a special inversion recovery sequence with long in-
version time (TI) to remove the effects of fluid on the image. See also https://radiopaedia.org/articles/
fluid-attenuated-inversion-recovery.
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 2: (a) Slice number 150 of the FLAIR image. (b)-(h) Raters’ segmentations. The
presence of multiple sclerosis lesion is denoted in red.

4.1 Dataset Loading
The raters’ segmentations were stored in NIfTI files and loaded into memory using the glob
and the NiBabel libraries [4].

1 import nibabel as nib
2 import glob
3 import numpy as np
4

5 raters_data = []
6 files = sorted(glob.glob(folder_path + ’Rater*’))
7 for file_name_rater in files:
8 rater = nib.load(file_name_rater)
9 raters_data.append(np.expand_dims(rater.get_fdata (), axis=-1))

10 dataset = np.stack( raters_data , axis=-1).astype(bool)
11 dataset = np.squeeze(dataset)
12

13 slice_num =150
14 D = dataset[:,:, slice_num]
15 D.shape # (256, 256, 7)

4.2 Ground truth and performance estimation
The model was instanced by:

1 model = BayesianSTAPLE(D)

The posterior distributions were approximated by:
1 sample = model.sample (1000 , burn_in =100, chains =5)

To check if there were problems in the convergence, the sampling traces were plot with:
1 import arviz as az
2 az.plot_trace(sample , var_names =["p","q"], compact=True)
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Figure 3: Sensitivity posterior for rater number 3 and its sampling trace.

Figure 4: Probability map of the ground truth. The entire slice is shown on the left, whereas
there is a zoomed-in version on the right. Each voxel is colored based on its expected value.
The voxels with E[Ti|D]< 0.05 are not colored.

From one of the traces (Fig. 3), it can be seen that the sampler is rapidly exploring the parameter
space and did not seem to have any convergence problem.

After sampling, a ground truth with soft labels was estimated with get_ground_truth
(Fig. 4.) To obtain a ground truth with hardened labels, it is possible to set a threshold, e.g.:

1 binary_ground_truth = (soft_ground_truth >= 0.5).astype(int)

The uncertainty on the performance parameters was estimated with the 95% Highest Den-
sity Intervals (HDI):

1 ax = az.plot_forest(
2 sample ,
3 var_names =["p", "q"],
4 combined=True , # combine the chains
5 hdi_prob =0.95
6 )

The HDI plot can be seen in Fig. 5. As the intervals are wide, there is high uncertainty on the
parameters and the ground truth could not be precise. For this reason, in section 4.5 more data
was added to reduce the uncertainty.

The statistics of the performance parameters can be calculated by:

1 az.summary(sample , var_names =["p", "q"])

These statistics can be used to estimate the uncertainty and to make a point estimate for the
parameters.
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(a) (b)

Figure 5: 95% HDI for the performance parameters. (a) Sensitivity, (b) specificity. Each row
refers to a rater. The dot in the center of each interval is the median.

(a) (b)

Figure 6: 95% HDI for the sensitivity with (a) and without (b) prior knowledge for raters 6 and
7.

4.3 Prior knowledge injection on raters’ parameters
For this dataset, there was no prior knowledge available on the parameters. However, assuming
that it was known that two raters correctly identified 1000 lesion voxels and misclassified 500
lesion voxels, this knowledge could have been inserted into the model in the following way:

1 model = BayesianSTAPLE(D, alpha_p = [1,1,1,1,1,1000,1000],
2 beta_p =[1,1 ,1 ,1 ,1,500 ,500])

The more the prior is informative (i.e., the higher values for the hyperparameters) the more
biased is the final estimate (Fig. 6).

If a rater had had perfect recall (sensitivity equal to one), the model could have been defined
as:

1 max_v = np.finfo(np.float64).max
2 model = BayesianSTAPLE(D, alpha_p =[1,1,1,1,1,max_v ,1])

In this case, all the lesions in the ground truth would have been also in the segmentation of rater
6.

4.4 Prior knowledge injection on the ground truth
For the voxels i that are known to be background, it is possible to fix the label by passing a
matrix W such that Wi = 0. The same can be done for lesion voxels by setting Wi = 1. However,
for this dataset, this information was not available.

Another way to insert prior knowledge is by specifying the number of background voxels
and structure voxels that are expected to be in the ground truth:
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(a) (b)

(c)

Figure 7: Posterior sensitivity with different number of contiguous slices. (a) 1 slice, (b) 5
slices and (c) 9 slices. The contiguous slices were taken before and after the one that was fixed.

1 num_bg_voxels = 50000 # background
2 num_struct_voxels = 1000 # structure
3 model = BayesianSTAPLE(D, alpha_w = num_struct_voxels ,
4 beta_w= num_bg_voxels)

Also, in this case, this information was not available.

4.5 Uncertainty reduction
To reduce the uncertainty, contiguous slices were added to the one being analyzed. As shown
in Fig. 7, increasing the number of contiguous slices progressively reduces uncertainty, as
expected. However, using very distant slices is not advised as the estimated performance could
be altered and may not reflect the performance of the analyzed slice. In general, to avoid this
problem, it is suggested that the raters segment the analyzed slice multiple times and use those
data instead.

4.6 Performances on CPU and GPU
Bayesian STAPLE was executed both on the CPU and on the GPU, exponentially increasing
the input size. As shown in Fig. 8, GPU execution is significantly faster with large inputs. The
execution time with CPU increases exponentially.

5 Conclusion
In this work, a Python module was presented that implements the Bayesian version of STA-
PLE. This software improves the original version of STAPLE by an explicit representation of
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Figure 8: Execution time for each sampling iteration (in secs.). Original images were sub-
sampled to test the algorithm on different input sizes.

uncertainty on both raters’ performance and ground truth, thus providing richer information to
help decision making. Also, prior knowledge can be introduced in the model, e.g. by using
raters’ performance estimated in previous assessment sessions. Furthermore, the information
on the available data can be used to inject prior knowledge in the ground truth (e.g. voxels
luminosity in medical images).

The experimental results showed how to use the software in the context of medical image
segmentation. The resulting uncertainty can be conveniently represented as density intervals to
allow a visual inspection of the model uncertainty. Moreover, the results demonstrated that the
software performs very efficiently on GPUs, and the procedure scales well with input size.

The current version of our library has some limitations, which could be overcome in future
developments. Specifically, it supports binary labels only, which may limit the application of
the library in multi-class problems. Its extension to more than two labels is possible by replac-
ing the current representation of sensitivity and specificity of each rater with a probabilistic
representation of a confusion matrix, which requires the replacement of Beta distributions with
Dirichlet distributions. Moreover the probabilistic representation of the ground truth would
require a categorical distribution in place of the current representation with a Bernoulli distri-
bution.

The current implementation of Bayesian STAPLE assumes that the data items are indepen-
dent, which can be a strong assumption in some cases. In particular, in medical image segmen-
tation, neighboring voxels are more likely to have the same label. Data dependency could be
conveniently modeled through Markov Random Fields, which can be effectively integrated in
future implementations of the software.

Finally, in the current implementation, the prior distributions are fixed. The software only
allows Beta distributions for representing raters and ground truth; in case of complex multi-
modal prior knowledge, this may be limiting. A possible solution considers more general
probability distributions; however, this could lead to drop the Gibbs sampling strategy, which
requires closed-form conditional posteriors. It would be still possible to use general multi-
modal distributions to be sampled by MCMC-based approaches, but this may introduce some
inefficiency issues. A trade-off between these two extremes could be the use of mixtures of
Beta distributions, which would still preserve the possibility of using Gibbs sampling.
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