
 
 

 

  

Abstract— Computational prediction of protein function is 
an important field in functional genomics. Gene function 
prediction is a Hierarchical Multi Label Classification (HMC) 
problem where each gene can belong to more than one 
functional class simultaneously, while classes are structured in 
the form of hierarchy. HMC is becoming a necessity in many 
domains of applications as well. Crowding niching-Adaptive 
mutation (CAM) is a new proposed method for solving 
Hierarchical multi-label gene function prediction problem.  
The classification in CAM-HMC is structured in three different 
phases. In the first two phases, a sequential procedure is 
performed. In the first phase, a full cyclic evolutionary 
crowding algorithm based on new definition of distance 
between two individuals, and adaptive mutation is applied in 
order to find classification rules. In the second phase, all the 
examples that are covered by these rules are removed from the 
training data. This sequential procedure is repeated until most 
of the training examples are covered by CAM-HMC rules. In 
the third phase, consequent generation is determined to show 
the probability of coverage of each rule for each hierarchical 
class. Finally, this ratio is applied to classify testing data. 
Efficiency of this algorithm is displayed by comparing this 
algorithm with HMC-GA using Precision-Recall curves for 
three numerical datasets related to protein functions of the 
Saccharomyces Cerevisiae organism. 

I. INTRODUCTION 
rediction of protein function is an important task in post-
genomics era. Especially, assigning biological function 

to the genes has become a key challenge in this arena. On 
one hand, various methods [1-4] have been developed to 
predict functional sites in proteins and on the other hand 
there are methods to predict overall function [5-6] of the 
protein.  

Databases like GO [7] or FunCat [8] have been developed 
in order to assist in the gene function prediction. Generally, 
some machine learning techniques are used to predict 
function of a gene from a set of possible functions as defined 
in GO (or FunCat). More precisely, the data in GO have two 
characteristics that may be different from general machine 
learning task [9]: i) the functions have hierarchical structure; 

 
Manuscript received July 30, 2013. This work was supported in part by 

the National Science Foundation (NSF) under Cooperative Agreement No. 
DBI-0939454. Any opinions, findings and conclusions are those of the 
author(s) and do not necessarily reflect the views of the National Science 
Foundation. DBKC is partly supported by a startup fund from North 
Carolina A&T State University 

M.M.K is with Electrical and Computer Engineering Department, North 
Carolina A&T State University, NC, 27411 (e-mail: 
mmoradik@aggies.ncat.edu).  

A.H is with Electrical and Computer Engineering Department, North 
Carolina A&T State University, NC, 27411 (phone: 336-334-3151, e-mail:  
homaifar@ncat.edu). 

D.B.KC is with Computational Science & Engineering Department, 
North Carolina A&T State University  (phone: 336-285-3210, e-mail: 
dbkc@ncat.edu). 

and ii) each gene can have multiple functions (labels). In this 
regard, gene function prediction is a hierarchical multi-label 
classification (HMC) problem. 

Various approaches have been developed for solving 
HMC gene function prediction problem. Obozinski et al. 
[10] presented a reconciliation approach in which in the first 
step, SMVs are learned independently for each gene function 
separately and hierarchy constraints are enforced in the 
second step. Furthermore, HMC method based on SVM with 
composite kernel [11] has also been proposed to solve gene 
function prediction in which HMC problem is resolved into 
a set of binary classification task, and a composite kernel 
based classification task is introduced to deal with the binary 
classification task. Moreover, decision tree based models [9] 
has also been applied for predicting the multiple functions of 
the genes. 

Furthermore, a system for exploiting the hierarchical 
structure of functional classification [12] has been developed 
to improve the accuracy of predictions of individual 
classifiers. Specifically, circumstances may arise when 
independent classifiers predict a class positive while its 
parent predict negative. To avoid such a problem, it is 
essential to consider all classes in the hierarchy. 

A global method called HMC-GA [13] was introduced in 
which genetic algorithm (GA) is employed for solving the 
gene-function prediction HMC problem. In this approach, 
the GA is used to optimize the level of coverage for each 
antecedent of classification rules in order to build the 
corresponding consequent of the rules. Additionally, a local 
classification method based on neural network [14] was 
proposed to incrementally train a multi-layer perceptron for 
each level of classification hierarchy where predictions of 
each level of hierarchy are used as inputs to neural network 
for prediction of the next level. 

In this paper, we propose a new method called CAM-
HMC (Crowding niching-Adaptive Mutation in Hierarchical 
Multi-label Classification) to resolve HMC problem in gene 
function prediction. In this method, by considering a new 
definition of distance, crowding is applied in GA in order to 
find rules with more coverage of the dataset while an 
adaptive mutation is employed as part of GA operation. 
Subsequently, the proposed crowding method is applied to 
the rest of the uncovered data to find the CAM-HMC rules. 
For the classification, the consequent of the given rules is 
determined. The consequent is the ratio of number of 
training example covered by a rule belonging to a class to 
the number of examples covered by that rule. 

This paper is organized as follows. In section II, proposed 
CAM-HMC method is described. Section III discusses 
metrics for evaluation of the results and Section IV presents 
simulation and results followed by Conclusion.  
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II. PROPOSED CAM-HMC METHOD  
There are many niching method in evolutionary and 

genetic algorithms. Niching is a way to maintain diversity of 
individuals in GA [15]. Niching was introduced to detect 
multiple picks in a multi-modal optimization problem, and to 
prevent genetic drift [16]. Effective niching techniques are 
critical to the success of GA in classification and machine 
learning [17]. The focus of this paper is on the application of 
Crowding niching-Adaptive Mutation to the classification of 
HMC problem. In the method, in evolutionary cycle, 
deterministic crowding is used to select new offspring based 
on adaptive mutation and a proposed procedure to gain 
distance between two individuals. Individuals with shorter 
distance are chosen as the winner of the competition. To the 
best of our knowledge, the introduced procedure for the 
computation of distance between two individuals, when 
different types of numbers (binary, integer, and real) in each 
individual exist, is a new one. 

Before describing the proposed implementation, it is 
important to discuss the representation of individual rules 
(strings, candidate solutions) as used in the proposed CAM-
HMC method. One example of a multi-label classification 
rule is shown in (1), 

 
If (ܣଵOP ∆) AND … AND (ܣ௠OP ∆) Then {ܥଵ, ܥଵ,ଷ, ܥଵ,ସ, ܥଵ,ସ,ଶ} 

 
 (1)

Each individual is a concatenation of AND clauses where 
each clause represent an attribute ܣ௜ along with {Flag, 
OP, ∆ଵ, ∆ଶ}. An example is provided to illustrate the 
individual rule format for two sequential attributes, as in (2)  

 
…/Flag, OP, ∆ଵ, ∆ଶ/Flag, OP, ∆ଵ, ∆ଶ/…  (2)
 
where for each real valued attribute; Flag is a binary number 
which shows the activation/deactivation of the clause; 
operation OP is related to the type of attribute; in this paper 
we consider numerical dataset so related operations consist 
of ൐, ൒, ൏, ൑;  ∆ଵ, ∆ଶ are two essential real numbers to limit 
the bound on each attribute; and ሼܥ௜, ,௜,௝ܥ …} is the set of 
hierarchical classes related to examples covered by each 
rules. 
 For evolution of the CAM-HMC method, we create 
initial population via random generation of Flag (0 and 1), 
operations which are indexed by integers 1, 2, 3, and 4 
assigned to ൐, ൒, ൏, ൑, and real value thresholds ∆ଵ and ∆ଶ.  
When operations are ൐, ൒, then ∆ଶ is considered as null, and 
also, when the operations are ൏, ൑, then ∆ଵ is considered as 
null. In general, the length of each individual is equal to 
number of attributes multiplied by four. 

After initial population is created, evolutionary algorithm 
follows by assigning fitness to each individual. Fitness of 
each individual is related to the number of active clauses 

within individual and the corresponding number of satisfied 
attributes in the training dataset as in (3), 

ݏݏ݁݊ݐ݂݅  ൌ ܭ ሺܯ ൈ ܰሻ⁄  (3)

where K is the total number of attributes on the training 
dataset assigned by active clauses and satisfied by the 
corresponding operations. M is the total number of active 
clauses in the individual, and N is the number of current 
training examples in each evolutionary cycle. Fitness 
assignment in this form has the tendency toward the 
individuals that covers majority of the data in training set. 

There are many ways of selecting individuals to create 
offspring such as roulette wheel, tournament selection, 
elitism and others. Here, elitism is applied to select a 
fraction of individual with the highest fitness for the next 
generation. The remainders of individuals are selected by 
employing deterministic crowding. This ensures diversity in 
rules that covers the data in the training set. In deterministic 
crowding, two individual are picked randomly as parents, 
and then offspring are created through one point crossover, 
and adaptive mutation. Competition between parents and 
offspring is done through the following steps (1-5) [18]. 

 
1. Randomly select two parents ݌ଵ and ݌ଶwith 

replacement from the current population. 
2. Generate two offspring ܿଵ and ܿଶ using crossover 

and adaptive mutation. 
3. Perform fitness value evaluation of offspring, ݂ሺܿଵሻ and ݂ሺܿଶሻ, and calculate their distance to 

parents, ݀ሺ݌ଵ, ܿଵሻ, ݀ሺ݌ଵ, ܿଶሻ, ݀ሺ݌ଶ, ܿଵሻ, and ݀ሺ݌ଶ, ܿଶሻ. 
4. If |݀ሺ݌ଵ, ܿଵሻ ൅ ݀ሺ݌ଶ, ܿଶሻ| ൑ |݀ሺ݌ଵ, ܿଶሻ ൅ ݀ሺ݌ଶ, ܿଵሻ|, the 

competition is between ሺ݌ଵ, ܿଵሻ and ሺ݌ଶ, ܿଶሻ.  
Otherwise, the competition is between ሺ݌ଵ, ܿଶሻ 
and ሺ݌ଶ, ܿଵሻ. 

5. Choose individuals with the higher fitness values 
as winner in the competition and keep them in the 
population. Discard the losers. 

 
 In order to calculate distance between two individuals, 
we have introduced a new procedure, since each attribute of 
individual consists of quadruple value; Flag is a binary 
number, OP is an integer that indexes four algebraic 
operations, and ∆ଵ, ∆ଶ are real values. In the following, we 
have outlined the steps to calculate the distance. 
 

1. For two individuals ݌ଵ and ݌ଶ, assume the three 
counters ݏଵ,  .ଶ ܽ݊݀ S to be equal to zeroݏ

2.  Repeat steps (3-6) for each set of {Flag, OP, ∆ଵ, ∆ଶ} 
corresponding to each attribute in ݌ଵ and ݌ଶ. 

3. If ݈݃ܽܨሺ݌ଵሻ ് ଵݏ ଶሻ, then݌ሺ݈݃ܽܨ ൌ ଵݏ ൅ 1 4⁄ , 
4. If ܱܲሺ݌ଵሻ ് ܱܲሺ݌ଶሻ, then ݏଵ ൌ ଵݏ ൅ 1 16⁄ , 
5. If ݈݃ܽܨሺ݌ଵሻ ൌ ଶሻ݌ሺ݈݃ܽܨ ൌ 1, and 

 
• If ܱܲሺ݌ଵሻ ൌ ܱܲሺ݌ଶሻ ൌ ሾ1 or 2ሿ, then ݏଶ ൌ ଶݏ ൅ |∆ଵ௣భ െ  ∆ଵ௣మሻ| ܾݑ| െ ݈ܾ|⁄  



 
 

 

 
• If ܱܲሺ݌ଵሻ ൌ ܱܲሺ݌ଶሻ ൌ ሾ3 or 4ሿ, then ݏଶ ൌ ଶݏ ൅ |∆ଶ௣భ െ  ∆ଶ௣మሻ| ܾݑ| െ ݈ܾ|⁄  
 

6. ܵ ൌ ܵ ൅ ଵݏ ൅  ଶݏ
7. Stop the procedure until the last set of {Flag, 

OP, ∆ଵ, ∆ଶ} assigned to the last attribute of the 
individual is compared. 

,݁ܿ݊ܽݐݏ݅ܦ .8 ݀ሺ݌ଵ, ଶሻ݌ ൌ ܵ. 
 

where ܾݑ and ݈ܾ are the maximum and minimum value in 
the training dataset. 

Investigating many different mutation schemes such as 
uniform and non-uniform mutations, we conclude that non-
uniform mutation introduced in Janikow et al. [19] is a 
remarkable scheme for the type of problem studied here 
since likelihood of large mutation decreases as the search 
proceeds. 

Hence in this paper, mutation is applied only to the Flag 
and threshold ∆ of each attribute with probability of 
mutation ݉݌ for each attribute. If flag is 1 then it changed to 
0 and vice versa. For mutation of the real value ∆, adaptive 
range mutation introduced in Austin et al. [20] is employed 
and defined in (4-8). This is done to ensure uniform 
exploration of the search space. 

In illustration of adaptive mutation, Pሺݐ,  ሻ is theݕ
perturbation function returns a value in the range ሾ0,  ሿ suchݕ
that as ݐ increases it approaches 0, see (4-6), where ݕ is a 
fixed preset value and is the difference between upper bound 
 is generation ݐ ,and lower bound (݈ܾ) of training dataset (ܾݑ)
number, and T is the maximum number of generation. In 
these equations, ߙ is a uniform random number in ሾ0,1ሿ, ߚ is 
a system parameter that determines the degree of 
dependency on generation number, and ߛሺݐሻ provides the 
fine-tuning capability in the generation ݐ. 
 Pሺݐ, ሻݕ ൌ ሾ1ݕ െ ሻݐሺߛఊሺ௧ሻሿ (4)ߙ ൌ ሺ1 െ ݐ ܶ⁄ ሻఉ (5)ݕ ൌ ܾݑ െ ݈ܾ (6)
 To ensure that mutation remains bounded by the search 
range, the mutation range is redefined as in (7). 

 ൜ ௅ߜ ൌ maxሺ݈ܾ, ∆௧ െ Pሺݐ, ௎ߜሻሻݕ ൌ minሺܾݑ, ∆௧ ൅ Pሺݐ, ሻሻ (7)ݕ

 Where ∆௧ is the threshold value at generation ݐ. By 
defining ߜ௅,  ௎ boundary, the adaptive range mutationߜ
returns ∆௧ାଵ as the new random threshold that has symmetry 
about ∆௧ as shown in (8). 
 ∆௧ାଵൌ ൜∆௧ െ ሺ1 െ ሻሺ∆௧݌2 െ ,௅ሻߜ ݌ ݂݅     ൑ 0.5∆௧ ൅ ሺ2݌ െ 1ሻሺߜ௎ െ ∆௧ሻ, (8) ݁ݏ݅ݓݎ݄݁ݐ݋   

At the end of the full evolutionary CAM cycle, because 
of huge number of examples and too many attributes in 

HMC problem, it is still possible to have uncovered data by 
the generated rules. For solving this problem, CAM is 
applied again to the remaining examples of the training data 
that were not covered by the previous rules. In the end, 
sequential covering will produce enough rules to cover most 
of the examples in different steps. 

After producing enough CAM rules, it is necessary to use 
a metric to classify test data. Since training data consists of a 
set of examples and their corresponding hierarchical classes, 
we used consequent of each rules [13] as a deterministic 
metric for classification. For rule ݎ produced by CAM, 
consequent generation gives the probability of belonging to 
a distinct hierarchical class ݅. This ratio is the number of 
training examples covered by the rule ݎ belonging to class ݅ 
(S௥௜), to the number of training examples covered by stated 
rule (S௥) as in (9) 

௥௜ݐ݊݁ݑݍ݁ݏ݊݋ܿ  = ܵ௥௜ ܵ௥⁄  (9)

 In prediction phase, when an example is covered by a set 
of rules, classification is achieved by choosing a threshold ߜ. 
In cases where an example is covered with more than one 
rule, the rule with highest fitness is chosen as a covered rule, 
and classification is done based on the consequent generated 
by that rule. In fact, for the given threshold, one can decide 
which hierarchical classes are assigned to the new example. 
For the covered rule ݎ and hierarchical class ݅, if ܿݐ݊݁ݑݍ݁ݏ݊݋௥௜  is more than the selected threshold, then this 
example belongs to that class. 
 

III. EVALUATION CRITERIA 
In HMC problems, often classes are skewed meaning that 

there are a large number of hierarchical classes but each 
example is assigned to few classes. In this situation, even a 
relatively low false positive rate can produce a large number 
of false positives and hence low precision [21]. For example, 
in medical diagnosis, (highly skewed cancer detection 
datasets) only a small proportion of the population has a 
specific disease at any given time [22]. For these cases, 
classification error criteria such as Hamming loss cannot 
make a good sense. 

PRC (Precision-Recall curves) and ROC (Receiver 
Operating Characteristic) are widely used to evaluate the 
results of machine learning techniques [23]. In case of 
skewed class distribution, PRC is often preferred to ROC 
curves [24]. In fact, area under the PR curve is guaranteed to 
be obtained in any algorithm. In conclusion, area under the 
precision-recall often serves as an evaluation criterion for 
statistical relational learning  

In the result it is necessary to define Precision-Recall as 
evaluation criteria for HMC. Since in HMC an example that 
belongs to a given class automatically belongs to all of its 
super classes, we use calculation of hierarchical precision 
and recall known as ݄ܲ and ݄ܴ as in [13]. Given an example 
of testing data, ܥ௜ is the set of its predicted classes, and ܥప ሖ is 



 
 

 

the set of its real classes. పሖܥ ௜, andܥ   can be extended to 
contain their corresponding ancestor classes ܥመ௜ and ܥሖመ௜ 

஼೔א௖ೖ׫=መ௜ܥ   Ancestors(ܿ௞) ܥሖመ௜=׫௖೗א஼ሖ೔  Ancestors(ܿ௟) (10)

 ݄ܲ ൌ ෍ ቚܥመ௜ ת ሖመ௜ቚ௜ܥ  ෍ መ௜௜൘ܥ  

݄ܴ ൌ ෍ ת መ௜ܥ| ሖመ௜|௜ܥ  ෍ ሖመ௜௜൘ܥ  

(11)

Applying different threshold ߜ in the prediction phase, 
different values of precision and recall are obtained. Thus, 
by changing the threshold between 0 and 1, a precision and 
recall curve can be plotted. The area under the precision-
recall curve is a metric to evaluate performance of the 
proposed algorithm. 

 

IV. RESULT 
In the simulation part, we considered three numerical data 

sets (Cellcycle, Derisi, Eisen) related to protein function of 
the Saccharomyces cerevisiae organism. These datasets are 
organized according to FunCat scheme and are available at 
http://www.cs.kuleuven.be/~dtai/clus/hmcdatasets.html. In table I 
number of examples, number of attributes, and number of 
hierarchical classes related to both training and testing 
datasets is provided. GA and also proposed CAM method 
are applied on these three datasets to show the effectiveness 
of the aforementioned techniques to the HMC problem. 
Table II shows the essential parameters used in these 
algorithms during the simulations. Where Min-coverage is 
the minimum number of covered example by an accepted 
rule, and Max-uncovered is a stopping criteria which shows 
maximum number of uncovered example ending the 
sequential procedure of producing rules. 

In classification part, there are cases in which an example 
is covered with more than one rules. In this situation 
covering rule with highest fitness is selected. According to 
section III, because of skewed datasets limitations, where 
only a few classes assigned to an example while there are 
too many hierarchical classes especially at much deeper 
level of hierarchy, in this paper area under PR curve is used 
for evaluation of performance of CAM-HMC. Higher area 
under the curve proves efficiency of the method. By 
considering 100 individual and 500 different thresholds ߜ 
between [0-1], area under the curve is computed by 
summing the trapezoidal areas between each point. 

We apply HMC-GA by considering two different 
evolutionary parameters (tables III-IV). By using parameters 
of table III, we consider range between minimum and 
maximum of each attribute in producing the initial 
population of HMC-GA. In other simulations, we just 
consider the minimum and maximum of all data to make 
initial population. Results consist of mean and standard 

deviation for number of rules for covering, and area under 
the PR curves after 10 repetition. Tables V ,VI show results 
when two different set of parameter are applied. Table (VII-
XI) display results obtained by the proposed CAM-HMC 
method for ߚ ൌ 2, 3, 4, 5, 6 respectively.  The bold numbers 
in the tables represent that the Area Under PR Curve (AUC-
PR) of HMC-CAM of the table is better than AUC-PR of 
HMC-GA.  According to these results, it is obvious that for 
each type of dataset there is an appropriate ߚ for which the 
area under PR curve is higher than HMC-GA. For example, 
area under PR curve for Cellcycle in the case of ߚ ൌ 6 is 
more than result of HMC-GA, also results show when ߚ is 
equal to 2, Eisen dataset has higher area under the PR curve 
in contrast to HMC-GA. 

 
 

TABLE I 
SUMMARY OF DATASETS 

 
 
 

TABLE II 
FIXED PARAMETER  

 
 

TABLE III 
HMC-GA PARAMETERS 

 
 

TABLE IV 
CAM-HMC PARAMETERS 

 



 
 

 

TABLE V 
RESULTS OF HMC-GA, USING PARAMETERS IN TABLE III 

 
 
 

TABLE VI 
RESULTS OF HMC-GA, USING PARAMETERS IN TABLE IV 

 
 

TABLE VII 
RESULTS OF CAM-HMC, 2= ߚ 

 

 
 
 
 
 

TABLE VIII 
RESULTS OF CAM-HMC, 3= ߚ 

 
 
 

TABLE IX 
RESULTS OF CAM-HMC, 4= ߚ 

 

 
TABLE X 

RESULTS OF CAM-HMC, 5= ߚ 

 
 
 

TABLE XI 
RESULTS OF CAM-HMC, 6= ߚ 

 
 
 
 

V. CONCLUSION 
In conclusion, we have proposed CAM-HMC, a novel 

method for HMC gene function prediction problem. This 
method obtains classification rules by applying evolutionary 
Crowding niching (where we define a new distance between 
two individuals) and adaptive mutation. In essence, keeping 
the diversity in search space increases chance to find 
decision rules with more coverage on the data. Classification 
rules contain AND clauses between parts of rule, while each 
part try to cover the assigned attribute by using of operation 
>, ≥, <, ≤ and thresholds ∆ଵ, ∆ଶ operations.  In a sequential 
manner, until the coverage of most of the data, CAM-HMC 
tries to find rules with more coverage on the remained 
examples of the previous evolutionary cycle.  In the end, 
consequent rules that show the probability of belonging to 
each hierarchical class that has coverage by a rule are used 
to classify examples of test dataset.  The results show that 
proposed CAM-HMC is more beneficial than HMC-GA. 
 Application of other niching techniques (e.g. fitness 
sharing) and comparison of these techniques are important 
future works. 
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