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Abstract. Typical testors are a useful tool to do feature selection in supervised 
classification problems with mixed incomplete data. However, the complexity 
of computing all typical testors of a training matrix has an exponential growth 
with respect to the number of columns in the matrix. For this reason different 
approaches like heuristic algorithms, parallel and distributed processing, have 
been developed. In this paper, we present a configurable custom architecture for 
the efficient identification of testors from a given input matrix. The 
architectural design is based on a brute force approach that is suitable for high 
populated input matrixes. The architecture has been designed to deal with 
parallel processing and can be configured for any size of matrix. The 
architecture is able to evaluate if a vector is a testor of the matrix in a single 
clock cycle. The architecture has been implemented on a Field Programmable 
Gate Array (FPGA) device. Results show that it provides runtime 
improvements over software implementations running on state-of-the-art 
processors. FPGA implementation results are presented and implications to the 
field of pattern recognition discussed. 

1   Introduction 

Feature selection is an important task in supervised classification. It consists in 
identifying those features that provide relevant information for the classification 
process. Into the framework of the Logical Combinatorial Pattern Recognition [1], 
feature selection is solved using Testors Theory [2]. 

Yu. I. Zhuravlev introduced the testor concept to Pattern Recognition problems [3]. 
Zhuravlev defined a testor as a subset of features that allows differentiating objects 
from different classes. 

This concept has a special application in the problem of feature selection for 
supervised classification; working in situations where there are qualitative and 
quantitative features and may be incomplete object descriptions, this is, mixed 
incomplete data. Since, computing all typical testors is very expensive, all the 
algorithms developed until now have exponential complexity, different approaches 
have been developed like heuristic algorithms, parallel and distributed computing, etc. 
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Although the theoretical aspect of testor identification algorithms is advanced, 
there is not practical hardware implementations reported previously. The intensive 
computational requirements due to the exponential complexity of the algorithms can 
only be met by a combination of technology improvements and efficient hardware 
architectures based on parallel computational models. Specific parallel architectures 
can be designed to exploit the parallelism found in the algorithms to speed up the 
processing. Further optimizations such as incremental processing and the use of 
multiple processing elements are also possible. 

The rest of the paper is organized as follows. Section 2 provides the theoretical 
foundation of testor identification. Section 3 presents a data parallelism analysis of the 
algorithms and details of the proposed hardware architecture. In section 4 the FPGA 
implementation and experimental result are presented. In section 5, a brief discussion 
on the performance improvements is presented and the obtained results are compared 
against software implementation. Finally, section 6 presents the concluding remarks 
and directions for further research. 

2   Algorithms for Testor Identification 

Let TM be a training matrix with K objects described through N features of any type 
(x1,…,xN) and grouped in r classes. Let DM be a dissimilarity Boolean matrix 
(0=similar,1=dissimilar), obtained from feature by feature comparisons of every pair 
of objects from T belonging to different classes. DM has N columns and M rows, 
where M>>K. 

Testors and Typical Testors are defined as follows: 
 

Definition 1. A subset of features T is a testor if and only if when all features are 
eliminated, except those from T, there is not any row of DM with only 0´s. 
 
Definition 2. A subset of features T is a typical testor if and only if T is a testor and 
there is not any other testor T ' such that T '⊂T.  

 
We can find two main strategies to compute all typical testors. One of them is to 
analyze the matrix and find conditions, which guarantee that a feature subset is a 
typical testor. The algorithms that use this strategy are called internal scale 
algorithms. The other one is to look over the whole power set of features. The 
algorithms that use this strategy are called external scale algorithms. In this paper we 
are interested in the last strategy. An example of this kind of algorithms is BT. In 
order to review all the search space, BT codifies the feature subsets as binary N-tuples 
where 0 indicates that the associated feature is not included and 1 indicates that the 
associated feature is included. BT supposes the order induced by the increasing order 
of binary natural numbers. The BT algorithm is as follows: 

 
Step 1.- Generate first no null N-tuple α=(0,...,0,1).  
Step 2.- Determinate if the generated N-tuple is a testor of DM.  
Step 3.- If α is a testor of DM, store it and and take α’=α+2n-k-1 where let k be the 

index of the last 1 in α. 
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Step 4.- If α is not a testor of DM, determine a row ν of DM with only 0´s in the 
columns where α has 1´s and generate α’ as: 
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where let k be the index of the last 1 in ν. 
Step 5.- Take α=α’   
Step 6.-  If α  is not after (1,1,...,1,1) then, go to step 3 
Step 7.- Eliminate from the stored testor those, which are not typical testors. 

 
For the proposed architecture, we used the next modified algorithm, which follows 

the reverse order: 
 

Step 1.- Generate first N-tuple α=(1,...,1,1).  
Step 2.- If α is a testor of DM, store it and take α’=α−1  
Step 3.- If α is not a testor of DM, take α’=α−2k-1, where k is the index of the first 0 

in α, (index starts from the right or least significant bit LSB). 
Step 4.- Take α=α’   
Step 5.- If α  is not (0,0,...,0) then, go to step 2 
Step 6.- Eliminate from the stored testor those, which are not typical testors. 

3   Parallel Hardware Implementation 

3.1   Analysis of Algorithms 

In most of the algorithms for computing typical testors, deciding if a candidate is a 
testor is a task that must be done many times. This decision involves comparing the 
candidate against each one of the DM’s rows, but for matrices with many rows, these 
decisions could take a lot of time. For this reason, we addressed the problem of 
deciding if a candidate is a testor as fast as possible, taking advantage of the 
concurrency that can be implemented through a specific hardware architecture based 
on a parallel computational model.  

3.2   Configurable Architecture 

The main hardware components of the architecture are a register file, a counter and a 
control unit. (See Fig. 1). The counter produces an N-tuple that is evaluated by the 
register file to find out if it is a testor of DM. If the N-tuple is a testor, the output port 
Is_testor will be TRUE and the value present at the output port Testor is stored. If the 
N-tuple is not a testor, the counter will decrease its value as indicated by the Step 3 of 
the modified algorithm shown in Section 2.  
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Fig. 1. Top-level architecture 

The core of the architecture consists of the register file module shown in Fig 2. The 
module takes data from the input port during the initialization process. The data are 
read in a linear-stream based scheme and sent to the register file where propagates 
through the registers until the full DM has been loaded. Once the register file has been 
completely filled, the control unit starts the testor identification process. It is 
important to mention that only one clock cycle is needed to test if an N-tuple is a 
testor of DM.  This is possible because the input data are fed simultaneously to the M 
Store-and-Compare (SC) modules to be processed in parallel. 

 

Fig. 2. Register file 

The basic element of the architecture is shown in figure 3. The SC module is 
composed of an N-bit wide register plus a number of gates. The register in each SC 
module stores a row of the DM. A bitwise AND operation is performed between the 
value stored in the register and the input port Count. If at least one bit of the result is 
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TRUE, then the output port Is_testor will be TRUE. Finally, if the output port 
Is_testor of all SC modules is TRUE, then the N-tuple Count is a testor of DM. 

 
 

Fig. 3. Store-and-Compare (SC) Module 

The register file is the configurable element in the architecture as it can be adapted 
for any size of the DM. In the following section, the hardware implementation of the 
proposed architecture, targeted to an FPGA device, is presented. 

4   FPGA Implementation and Results 

The proposed architecture was modeled using the VHDL Hardware Description 
Language under a structural approach. The VHDL model of the proposed architecture 
for the register file and counter unit is fully parameterizable in terms of the matrix 
dimensions (N,M). The VHDL model was simulated and validated both functional 
and post-synthesis with ModelSim v6.0. The VHDL model was synthesized with 
Xilinx ISE Software targeted for a XC3S200 Spartan-III device from Xilinx [4]. The 
use of the FPGA technology was chosen because it provides a rapid prototyping 
platform and is specially suited for implementing algorithms based on bit level 
operations. Some important advantages of FPGAs over general-purpose processors 
are: 
 

i) FPGAs provide massive parallel structures and high density logic arithmetic 
with short design cycles compared to ASICs. 

ii) In FPGA devices, tasks are implemented by spatially composing primitive 
operators rather than temporally. 

iii) In FPGAs, it is possible to control operations at bit level to build specialized 
data-paths. 

iv) FPGA technology can offer potentially several orders of magnitude more raw 
computational power per unit of area than conventional processors. 

v) FPGA technology is well suited for implementing parallel architectures such 
as pipelined and systolic processors. 
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Table 1 summarizes the FPGA hardware resource utilization and timing 
performance for a case study with N=38 and M=45. According to the FPGA synthesis 
results, the proposed architecture provides good trade-off between performance and 
hardware resource utilization and it is suitable to be used as a high performance 
processing module in a hardware-in-the-loop approach [5]. Most FPGA resources are 
employed as storage elements to implement a SC module within the register file.  

Table 1. FPGA resource utilization for N=38 and M=45 

Synthesis summary for the architecture targeted for a XC3S200 
Spartan-III device  

Number of slices 1210 (63%) 
Number of 4-input LUTs 1276 (33%) 
Number of flip-flops 1711 (44%) 
Maximum clock frequency 87 MHz 

The hardware resource utilization is directly proportional to the size of the matrix. 
Due to the regular structure of the register file, the size of the matrix does not affect 
the speed at which the architecture can operate. This makes possible to accurately 
estimate the processing time for a specific input matrix, based on the value of N and 
the operating frequency according to the following equation: 

 

f
t

N2=  

where t is the processing time and f is the clock frequency of the architecture. 
 
The design was implemented on a Spartan-III based board. To program the device, 

the System Generator tool from Xilinx that runs in the Matlab/Simulink environment 
was used. This tool allows performing hardware-in-the-loop type of simulation using 
a JTAG interface. The system set-up is illustrated in Fig. 4. 

 

Fig. 4. System set-up 
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Although the synthesis results show that the architecture can operate up to 87MHz, 
the clock oscillator on the board is limited to an operating frequency of 50MHz. Thus 
the reported results were calculated considering the latter frequency. 

4.1   Results 

In order to show the performance of the proposed architecture it was compared 
against software implementations of the original BT algorithm, which is an external 
scale algorithm, and the CT algorithm, an internal scale algorithm that is one of the 
most successful algorithms for calculating all typical testors. For the experiments, 
square matrices from 18 to 30 columns were randomly generated. Figure 5 shows the 
processing time for the proposed architecture and software implementations of BT 
and CT for these matrices. For BT and CT we used optimized programs, which 
implements modifications for performance improvement, such as sorting the matrix 
[8].  These experiments show that the proposed architecture allows computing all 
typical testors about 20 times faster that BT and about 3 times faster than CT.  The 
experiments were done on a PC with an Intel Pentium 4 processor running at 2.8GHz 
with 512MB of RAM memory. In the figure 5, the runtimes of the proposed 
architecture were estimated for the worst case, where the step 3 of the modified 
algorithm never happens. 
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Fig. 5. Processing times in seconds, for several values of N 

5   Discussion 

The proposed architecture provides high performance processing capabilities with low 
hardware resource utilization. The architecture performs the number of operations 
needed to know if a value is a testor of the matrix in a single clock cycle. The 
architecture efficiently stores data in a flexible register like structure. The initial 
latency period is just M clock cycles. The latency arises at the start of processing 
since the register file must be full before processing can begin.  

According to the reported maximum clock frequency from the synthesis process 
for the case of study, the architecture can operate up to 87MHz. The performance 
comparison of the architecture is difficult since there are not similar architectures 
reported in the literature. 
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The experiments show that the proposed architecture allows computing all typical 
testors much faster than BT and slightly faster than CT. However, the proposed 
architecture needs the same time to process any matrix of N columns, independently 
of the number of rows, whereas BT and CT performance will decrease when the 
number of rows grows.  

It is important to highlight that the proposed architecture compute testors and the 
decision about which of them are typical has to be make after each testor is found (as 
in BT).  

Even though the proposed architecture is a first approach to computing testors and 
typical testors in a reconfigurable intensive computing special architecture, it allows 
computing testors and typical testors much faster than following a similar strategy by 
a computer program, and for problems with not too many features, it is faster than the 
most sophisticated algorithms for computing typical testors. 

6   Conclusions 

In this work, an efficient hardware implementation of a testor identification algorithm 
was presented. The high performance of the proposed architecture was feasible due to 
the high level of parallelism implicit in the BT algorithm that can be efficiently 
implemented on the FPGA.  

As future work, a number of optimizations are being considered for to further 
improve the performance. Such optimizations include modifying the control unit for 
implementing steps 2-4 of the BT algorithm in order to reduce the number of 
candidates to be verified, and including a post-processing unit for reducing the 
number of testors, which would speed up the typical testor selection. In addition, 
because the architecture resource requirements are relatively small, a new scheme 
where the processing core can be replicated is also explored; this will effectively 
reduce the processing times proportionally to the number of processing cores that can 
be accommodated on the FPGA device. Early results show that a state-of-the-art 
Virtex-4 XCE4LX200 FPGA [7] could accommodate 100+ processing cores and run 
up to 190MHz, potentially resulting on 380x processing time improvement over CT 
runtimes. Another research direction is exploring the construction of architectures for 
implementing more sophisticated external scale algorithms like LEX [9], which 
follows a different search order. 
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