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Abstract. A new modification of the deep forest (DF), called the attention-based deep forest 
(ABDF), for solving classification problems is proposed in the paper. The main idea behind the 
modification is to use the attention mechanism to aggregate predictions of the random forests 
at each level of the DF to enhance the classification performance of the DF. The attention 
mechanism is implemented by assigning the attention weights with trainable parameters to 
class probability vectors. The trainable parameters are determined by solving an optimization 
problem minimizing the loss function of predictions at each level of the DF. In order to reduce 
the number of random forests, the multi-head attention is incorporated into the DF. Numerical 
experiments with real data illustrate the ABDF and compare it with the original DF.
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Аннотация. В статье предлагается новая модификация глубокого леса, называемая 
глубоким лесом на основе механизма внимания, для решения задач классификации при 
ограниченной выборке. Основная идея модификации заключается в использовании ме-
ханизма внимания для агрегирования предсказаний случайных лесов в виде векторов ве-
роятностей классов на каждом уровне или слое глубокого леса для повышения эффек-
тивности классификации все модели. Механизм внимания реализуется путем присвоения 
веса внимания конкатенированным векторам примеров и векторов вероятностей классов 
так, что модель внимания имеет обучаемые параметры. Обучаемые параметры определя-
ются путем решения задачи оптимизации, минимизирующей функцию потерь ошибки 
предсказаний на каждом уровне глубокого леса в процессе обучения глубокого леса на 
каждом уровне. Чтобы уменьшить количество случайных лесов, в глубокий лес включено 
так называемое многомерное внимание. Численные эксперименты на реальных данных 
иллюстрируют предлагаемую модификацию с точки зрения точности классификации и 
сравнивают ее с оригинальным глубоким лесом.

Ключевые слова: машинное обучение, классификация, случайный лес, дерево решений, 
глубокое обучение, механизм внимания
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Introduction

A lot of ensemble-based machine learning methods have been proposed [1, 2] due to their efficiency. 
These methods use a combination of the so-called base models to obtain more accurate predictions. Three 
types of the ensemble-based methods can be pointed out: bagging [3], stacking [4], and boosting [5]. Each 
type of methods has cons and pros. One of the important bagging methods is the random forest (RF) [6], 
which combines predictions of many randomly built decision trees. RFs are popular because they are sim-
ply trained and provide outstanding results for many datasets.

RFs can be regarded as powerful machine learning models. However, they cannot compete with deep 
neural networks. In order to partially overcome this disadvantage Zhou and Feng [7] proposed the so-
called Deep Forest (DF) or gcForest, which copies the structure of multi-layer neural networks and con-
sists of several layers or forest cascades. Each layer of the DF consists of several RFs, which produced 
predictions combined to use them at the next layer. The DF does not require gradient-based algorithms for 
training. This peculiarity makes the DF simple. Moreover, they have less hyperparameters in comparison 
with neural networks. Due to efficiency of the DF, many modifications have been proposed [8–16]. The 
DFs were used in various applications [17–21].
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In order to improve RFs, the attention-based RFs were proposed in [22], where the trainable attention 
weights are assigned to each tree and each example. The weights depend on how far an instance, which 
falls into a leaf of a decision tree, is from the instances, which fall into the same leaf. The attention weights 
in the RF are used to compute the weighted average of the decision tree predictions.

It is important to note that the attention mechanism is successfully applied to neural networks to en-
hance their prediction abilities. It is based on the human perception property to concentrate on an impor-
tant part of information and to ignore other information [23]. Therefore, the attention mechanism opened 
a door for implementing many neural network architectures, including transformers, the natural language 
processing models, etc., which are considered in detail in [23–26].

The attention-based RFs (ABRF) opened another door to the attention models different from the neu-
ral networks or their components. Therefore, we proposed a new attention-based model incorporated into 
the DF to enhance the DF prediction accuracy. The main idea behind the attention in the DF is to assign 
the attention weights to every RF at each layer to optimally combine the RF predictions and to produce 
new attended training feature vectors at each layer of the DF for training trees and RFs at the next layer. 
The attention-based DF is abbreviated as the ABDF.

The paper is organized as follows. A short description of the DF proposed by Zhou and Feng [7] and 
the attention mechanism are given in Section 2 and 3, respectively. Section 4 shows a general architecture 
of the attention-based DF. Numerical experiments with real data illustrate the attention-based DF and 
compare it with the original DF in Section 4. Concluding remarks are provided in Section 5.

A short introduction to the DF

Before considering the weighted DF, we briefly introduce gcForest proposed by Zhou and Feng [7]. 
The DF can be divided into two parts. The main part of gcForest is a cascade forest structure where each 
level of a cascade receives feature information processed by its preceding level, and outputs its processing 
result to the next level [7].

The main part of the DF proposed in [7] is a cascade forest structure shown in Fig. 1. One can see from 
Fig. 1 that each layer (level) of the cascade consists of several RFs whose number is a tuning parameter. 
Every RF produces a class probability distribution vector. The probability distributions of classes are de-
termined in the standard way by counting the percentage of different classes of instances at the leaf node 
where the considered instance falls into. The RF class probability vectors are computed by averaging the 
class distribution vectors across all trees in the RF. The vectors produced by all RFs at each level are con-
catenated to each other. Moreover, the obtained concatenated class probability distribution vectors are 
concatenated with the input feature vector producing the training or testing vector for the next level. The 
feature vectors of the last level are combined into a single class probability vector by means of averaging. 
The final prediction corresponds to the largest probability from the class probability vector. The greedy 
algorithm is used to train the DF so that the next level of the forest cascade is trained on the feature vectors 
obtained from the previous level.

We suppose that there are Q levels (layers) of the DF, every level contains F forests, every RF consists 
of T decision trees. It is assumed for simplicity that F and T are identical at all levels.

Suppose that there are n training instances S = {(x1, y1), (x2, y2), …, (xn, yn)}, xi = (xi1, …, xim) ∊ 
∊ ℝm, is a feature vector from m features, yi ∊ {1, …, C} is the target output. The class probability vector  
pl = (pi,1, …, pl,C) as the prediction of the lth tree is defined as follows. Let the vector x fall into a leaf of  
the lth tree. Then there holds

where c is the class index c ∊ {1, …, C}, nl,c is the number of instances from the class c which fall into the 
same leaf as the vector x in the lth tree.
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In other words, pl,c is the percentage of instances from class c, which fall into the leaf where the instance 
x falls into. The following condition is fulfilled for all trees:

The class probability vector vj(i) = (vj,1(i), …, vj,C(i)) as the prediction produced by the ith RF for xj is 
defined as

According to [7], the concatenated vector xj
(q) after the qth level of the DF cascade is

It consists of the original vector xj and F class probability vectors obtained from F RFs.

The attention mechanism and the attention-based RF

According to [24], the attention mechanism can be considered in terms of the Nadaraya–Watson ker-
nel regression model [27, 28]. Given the training set S, the machine learning task is to find a function f:  
ℝm → ℝ predicting the target value    of a new instance x based on the dataset S. Then the Nadaraya–Wat-
son regression model can be written as follows:

where α(x, xi) are the attention weights depending on how the vector xi from the training set is close to  
the input vector x, i.e. the closer xi to x, the greater α(x, xi).

The weights are expressed through the kernel K as:

Vector x, vectors xi and outputs yi are called query, keys and values, respectively, [29]. Generally, weight 
α(x, xi) depends on the trainable parameters w. If the Gaussian kernel is used to represent the attention 
weight, then we can write the following:
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Here w is the vector of trainable attention parameters, a(x, xi, w) is an attention scoring function 
that maps two vectors to a scalar. It should be noted that there are various forms of incorporating train-
able parameters. As a result, different expressions for the attention weights or for the scoring function 
have been studied and proposed. One of the popular scoring functions is defined as

where wv or Wv, Wq, and Wk are the vector and matrices of trainable parameters.
The corresponding attention is the well-known additive attention [29]. Another popular attention is 

the dot-product attention [30, 31]. The attention-based RF proposed in [22] is based on the Huber’s 
ϵ-contamination model [32] with a specific trainable parameter, which is the contamination probability 
distribution.

Generally, the attention function (pooling) can be represented as an attention function f:

where e is the output of the attention module (embedding).
Another approach for improving and extending the attention mechanism is to use the multi-head at-

tention which is based on joint use of the different representation of queries, keys, and values in order to 
take into account multiple different aspects of data. The multi-head attention is implemented by means 
of different trainable parameters (heads) wv

(h), Wv
(h), and Wk

(h). In this case, each attention head e(h) is 
written as

When the attention is implemented by neural networks, the heads are determined by different initiali-
zation of the neural network parameters. After computing vectors e(h), h = 1, …, H, the heads are concat-
enated.

The attention-based DF

Let us return to the DF. Suppose that we have the trained RFs consisting of T decision trees at the  
first level of the forest cascade and the instance x is fed to the ith RF. Let us compute the reconstruction  
of input feature vector       produced by the ith RF as follows:

where the reconstruction produced by kth tree is:

Here ℑi
(k)(x) is the set of instances from the training set S which fall into the same leaf from the kth trees 

in the ith RF as the vector x falls; #ℑi
(k)(x) is the number of elements in the set ℑi

(k)(x). It can be seen from  
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Fig. 2. The modified architecture of a level incorporating the multi-head attention

the above expression that      can be viewed as the weighted average over the vectors from S which are  
close to x. It is important to point out that attention mechanism parameters for obtaining      can be  
optimized. However, these approaches complicate the training procedure, and we use the simplest averag-
ing based on Gaussian kernel.

In order to indicate that the multi-head attention with H heads is used, we will denote the mean vectors 
      and the vector v(i) of the class probabilities as         and v(i, h), where i is the number of the RF,  
i = 1, …, F, h is the number of the head in the multi-head attention, h = 1, …, H. So, the prediction of  
the ith RF at the first cascade, which is used in the hth head of the attention, is the vector of probabilities  
v(i, h). We propose to concatenate the vectors         and v(i, h) in order to use the extended RF output  
(      ||v(i, h)). If there are F RFs at the level, then their outputs (      ||v(i, h)), i = 1, …, F, can be  
combined by applying the multi-head attention with H heads. In this case, we obtain H embedding vec- 
tors e(h)(i), which can be concatenated for training the next level of the DF. The concatenated vector de-
noted as E is transformed to a vector xnew of the smaller size to use it at the next level of the DF cascade. 
This scheme is repeated for each level.

The proposed attention-based architecture of the DF level is shown in Fig. 2. One can see from Fig. 2 
that the input vector x is fed F to RFs (RF-i), which provide mean vectors         and the probabilities  
of classes v(i, h). Then concatenated vectors       ||v(i, h) are attended with the vector x (Attent h),  
and we obtain H vectors e(h)(i), which are concatenated to each other into the vector E. After that, the  
vector xnew is calculated as xnew = WcE, where the matrix Wc is trained jointly with the attention mod- 
ules. Predictions of each head in the multi-head attention depend on subset of samples that correspond to 
the head: only samples from the subset are used to reconstruct the input vector and to estimate the class 
probabilities. The subsets for heads are generated using H-fold division of the training set S. The attention 
parameters are trained by using the same folds.

The proposed architecture has several advantages. First of all, it is flexible. We can change the number 
of RFs, the number of heads in the multi-head attention. We can change sizes of embeddings e(h)(i), the  
size of the vector xnew. All attention modules as well as the procedure of reducing the concatenated vector  
(e(h)(1)||…|| e(h)(H)) to the vector xnew have trainable parameters which allow us to obtain the best results. 
Secondly, we can reduce the number of RFs, which are hardly trained, by increasing the number of heads 
in the multi-head attention. This is a very important feature of the attention-based architecture. Thirdly, 
changing parameters of each level, we can obtain the heterogeneous structure of the DF, which leads to 
improved predictions of the whole model.

The simplest implementation of the attention-based DF is when the non-parametric attention mech-
anisms are used and the output feature vector xnew is obtained by averaging the vectors e(h)(1), …, e(h)(H). 
In this case, we train only the RFs. Other components are performed by computing their outputs under 
condition of certain inputs.
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Numerical Experiments

In order to illustrate the attention-based DF, we investigate the model for datasets from UCI Machine 
Learning Repository [33]. Table 1 is a brief introduction about these datasets, while more detailed infor-
mation can be found from the data resources. Table 1 contains the number of features m for the corre-
sponding data set, the number of instances n and the number of classes C.

The ABDF implementation is based on the Bosk framework which is available at https://github.com/
NTAILab/bosk.

Each level of the cascade structure consists of two RFs, each RF consists of 100 decision trees for 
almost all datasets except for the datasets WDBC, TTTE and Biodeg where numbers of trees in the cor-
responding RFs are 1000, 500, 500. The number of cascade levels is taken 3. The number of heads in the 
multi-head attention is 4.

Accuracy measure A used in numerical experiments is the proportion of correctly classified cases on a 
sample of data. To evaluate the average accuracy, we perform a cross-validation with 100 repetitions, where 
in each run, we randomly select n

tr
 = 3n/4 training data and n

test
 = n/4 testing data. Different values for the 

hyperparameters were tested, choosing those leading to the best results.
Numerical results of comparison of the original DF and the ABDF are shown in Table 2, where the 

first column contains abbreviations of the tested data sets, the second column contains the accuracy (the 
mean and standard deviation) of the ABDF, the third column contains accuracy values of the original DF. 
It can be seen from Table 2 that the proposed attention-based DF outperforms the original DF for most 
considered datasets.

Another interesting question is how the number of heads in the multi-head attention impacts the 
prediction accuracy. To study this question, datasets WDBC and TTTE are used, and the accuracy 
measures are obtained for numbers of heads 2, 4, and 6. The corresponding values of the accuracy for 
the dataset WDBC are 95.34, 96.64, and 97.20. Values of the accuracy for the dataset TTTE are 96.87, 
97.08, and 97.36. It can be seen from the results that the number of heads increases the classification ac-
curacy. On the other hand, the large number of heads in the multi-head attention significantly increase 
the computation time for training the ABDF. An optimal number of heads can be selected only in the 
testing phase.

Table  1
Brief introduction to datasets

Data set Abbreviation m n C

Haberman’s Breast Cancer Survival Haberman 3 306 2

Ionosphere Ion 34 351 2

Seeds Seeds 7 210 3

Teaching Assistant Evaluation TAE 5 151 3

Tic-Tac-Toe Endgame TTTE 9 958 2

QSAR Biodegradation Biodeg 41 1055 2

Parkinsons Parkinsons 22 195 2

Connectionist Bench Sonar 60 208 2

SPECT Heart SPECT 22 267 2

SPECTF Heart SPECTF 44 267 2

Breast Cancer Wisconsin WDBC 30 569 2
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Table  2
Accuracy values (the mean and standard deviation) for comparison of the ABDF with the original DF

Dataset ABDF DF

Haberman 71.69±3.38 67.4±4.25

Ion 93.98±1.76 91.7±2.74

Parkinsons 92.65±2.08 91.84±3.65

Seed 95.28±3.50 93.21±2.56

SPECTF 80.15±4.63 81.04±4.43

SPECT 82.94±4.33 82.18±6.46

WDBC 96.41±2.14 95.31±1.90

Sonar 85.77±5.52 83.08±4.11

TAE 61.05±8.47 59.74±7.81

TTTE 97.92±1.05 97.63±0.93

Biodeg 86.63±1.38 87.27±1.65

Conclusion

The paper presented a new efficient modification of the DF. The main idea behind the proposed model 
is to incorporate the multi-head attention into each level of the DF. Numerical experiments showed that 
this idea leads to the model that outperforms the original DF.

The proposed model has several advantages. First, it allows us to reduce the number of RFs by increas-
ing the number of heads in the multi-head attention mechanism at each level of the DF cascade. We can 
even use a single RF because the multi-head attention plays role of the base models like RFs. Secondly, it 
provides outperforming results due to usage of the attention-mechanism. Thirdly, it is flexible due to the 
data representation at the levels of the DF. Indeed, the output vector xnew can have a structure different 
from the input vector produced by the previous level. As a results, RFs at the next level do not depend on 
RFs from the previous level, and we can expect better results due to some kind of the diversity of the base 
models. Fourthly, the ABDF opens the door for developing new modifications of the DF based on various 
forms of the attention mechanism. One of the direct modifications is to change the procedure for comput-
ing the average feature vector      producing by the ith RF. We used the simplest procedure of weighted 
averaging of all vectors that fall into leaves jointly with the vector x(i). However, the self-attention can be 
applied to take into account the context of data as it is performed in Transformers. The self-attention can 
be incorporated into the multi-head attention. The above modifications as well as many other ones can be 
regarded as directions for further research.

( )ˆ ix
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