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Abstract—The aim of the work is to analyze hardware costs of 

ensuring the testability of finite state machines with various 

options for organizing an additional transition between FSM’s 

states depending on the presence of an unconditional transition, a 

conditional transition, and the absence of transitions between 

states of analyzed FSM. The conclusion on additional hardware 

costs is made on the basis of a comparison of synthesis results of 

testable HDL-models by means of CAD FPGA. The paper solved 

the problem of computer-aided design of testable control FSM 

based on the application of methods for setting FSM in a given 

state. The best way to organize additional transitions during 

setting of control FSM in an arbitrary state is the transition for 

which the total hardware cost estimate for the excitation 

functions is minimal, taking into account the coding of FSM’s 

states. 

Keywords—hardware costs, design for testability, control 

FSM, transition-output table, hardware description language, 

automated synthesis.  

I.  INTRODUCTION  

In the modern cycle of computer-aided design of digital 
devices (DD), the specification for the designed device is 
usually set in the form of a functioning algorithm, presented in 
one of the hardware description languages (HDL). For such 
way of DD’s representing, the application of structural 
diagnostic methods oriented to the identification of constant 
faults becomes less effective. On the other hand, it is rather 
difficult to apply functional methods due to the dimension of 
modern digital devices. 

One of the common ways for the initial description of 
specialized digital devices for data processing and control is a 
finite state machine (FSM), and the form of its presentation is 
the state table (ST) and the state diagram constructed on its 
basis. Due to the complexity of diagnostic experiments (DE) 

with FSM, different methods have been proposed to ensure 
testability, namely, modifications of automata-based models of 
digital devices, which introduce hardware redundancy both at 
the structural level by introducing additional inputs and outputs 
to ensure the simplicity of conducting DE and at the functional 
level by making additions and changes in the functional 
description of the FSM, specifically, in its ST. This approach 
allows us to make a testable FSM more easy-tested, that is, one 
for which the task of providing test diagnostics is solved as 
simply as possible within the established design costs. You can 
make an object easy-tested by reducing the cost of one or more 
of the main factors that determine the complexity of diagnosis 
or the cost of additional hardware costs. 

Methods to increase the testability of the DD by 
introducing hardware redundancy into the circuit 
implementation are quite developed and are widely used in 
design. In the classic work on the development and 
classification of structural methods of testable design [1], the 
concepts of “controllability” and “observability” are 
introduced, which are the basis for assessing structural 
testability. The principles of the organization of shift registers 
in the storage part of the DD and the construction of a scanned 
path on their basis are described. In addition, modifications of 
well-known structural methods for constructing tests using 
scanning methods are proposed. Practical recommendations on 
the use of structural methods to increase the testability of the 
DD and construct diagnostic algorithms based on them are 
described in detail in [2]. 

In the fundamental work [3], methods of built-in self-
testing are considered as the basis for ensuring the testability of 
the designed devices. The application of BIST (built-in self-
test) technology in the design of digital systems on FPGA is 
shown. In [4], the ideas of test-private design based on 
Boundary Scan technology using the JTAG port were further 
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developed. IEEE 1149.x, IEEE 1500, and IEEE boundary 
scanning standards are reviewed, as well as the IEEE 1687 test 
design standard. 

The functional methods of the design for testability are 
discussed in details in [5]. For digital FSM presented in the 
form of ST, the concepts of diagnosed and definitely-diagnosed 
classes of machines are introduced and methods for ST 
construction for these classes are proposed. The procedures for 
conducting DE with FSMs using installation, synchronizing, 
diagnostic and characteristic sequences are considered. In 
addition, the idea of increasing the testability of the FSM due 
to the introduction of hardware redundancy by expanding the 
input alphabet, the output alphabet and the alphabet of states is 
substantiated. 

In [6], structural models of finite state machines are 
considered that allow to use values of output variables as codes 
of internal states. This approach was used in the synthesis of 
Mealy finite state machines on FPGA, which allows to reduce 
the cost of implementation by 1.5-2 times. Also, the proposed 
method of encoding states can reduce the power consumption 
of circuit implementations of finite state machines [7]. 

In [8], with the aim of increasing the testability of control 
finite state machine, authors described the concept of 
introducing hardware redundancy into the abstract state 
machine model, which consists of adding the column Sh to the 
state table (additional arc Sh in the state diagram of the FSM), 
which makes it possible to set the machine to any state in no 
more than n-1 cycles. At Sh = 1, the machine operates in the 
installation mode to any given state, and at Sh = 0, the machine 
implements the specified algorithm. During the automated 
synthesis of these FSM using models in the hardware 
description languages (HDL models), the introduction of an 
additional column is realized by adding the signal Sh to the 
description of the transition function in a two-process 
automata-based template of the HDL model. In the synthesis, it 
was implemented by additional multiplexers, which allowed us 
to organize a scan of FSM states during the diagnostic 
experiment. It was noted that the additional hardware costs in 
this case do not exceed 25-30%, depending on the type of FSM 
and the method of states’ coding, but the natural order of states 
bypassing of the FSM was used, which, of course, affected the 
additional hardware costs. 

In the paper [9], a practical method for constructing de 
Bruijn sequence generators based on shift registers with 
nonlinear feedback function is proposed. That algorithm allows 
to implement the recursive procedure for the formation of 
Hamiltonian cycles in the graph of the n-bit shift register based 
on the homomorphic mapping of its states with the (n-1)-bit 
shift register state graph and the use of finite state machine 
models of spanning tree graphs of shift register states. The 
effectiveness of the proposed method is proved by practical 
implementation of universal generator with an option to choose 
nonlinear feedback function arbitrary for built-in NLFSR. 

The article [10] is devoted to the development and 
improvement of methods of quality control of the 
communication channel based on an assessment of the 
statistical characteristics of error stream at the output of 
discrete communication channel. The proposed methods are 

based on the topological representation of error formation on 
the length of the code blocks. This method allows to optimize 
the error weighting function of n-sequences in the set (n, m) 
partitions at the output of real communication channel. A 
method for determining parameters of error-correcting codes, 
which numerical values are determined on the base of values’ 
minimization of potential probability of decoding errors, was 
proposed.  

Thus, the urgent task is to minimize additional hardware 
costs by organizing the optimal bypass of FSM states. 

The purpose of the article is the analysis of hardware costs 
for ensuring testability of finite state machines with different 
options for organizing an additional transition between FSM 
states, depending on the presence of an unconditional 
transition, a conditional transition and the absence of 
transitions between FSM states that are analyzed. Hardware 
costs are analyzed by comparing the synthesis results of HDL-
models testability using CAD FPGA. 

II. ANALYSIS OF HARDWARE COSTS IN THE AUTOMATED DESIGN 

OF DIGITAL STATE MACHINES 

As an abstract model DD with memory we will use a finite 
state machine, which is determined by the five 

=  ,,,, YAXW , where },...,,{ 21 mxxxX = – is the set 

of letters of the input alphabet; },...,,{ 21 naaaA =  – set of 

FSM states; },...,,{ 21 ryyyY =  – set of the output alphabet; 

jki axa =),(  – transitions function of the FSM; 

 yxa ki =),(  – output function of the FSM. 

In the high-level design of digital control devices based on 
finite state machines, the form for presenting the specifications 
of the designed device is a state-table or a state diagram. One 
of the ways to describe models of control systems in the form 
of finite state machines using VHDL language is an automata-
based template, that is, such a way to describe models of 
control finite state machines, the specification for which is 
specified in the form of ST or SD. This is a special structure of 
the VHDL model in which the transition and output functions 
are allocated to separate processes (process), and the new state 
is assigned in a special process that is associated with 
synchronization. When designing testable control FSM, 
hardware redundancy, which provides easy testability, is 
advisable to introduce at the initial design stage, i.e., during 
construction of HDL models of devices. A finite state machine, 
for which a diagnostic experiment of minimal length can be 
constructed by ensuring that the machine is set to any state in 
minimum number of clock cycles, is called easy-tested. 

Thus, a functional model of an abstract FSM is given in the 
form of ST or SD, and on its basis a VHDL model is 
constructed in the form of an automata-based template. It is 
necessary to consider various ways of introducing hardware 
redundancy into the VHDL model to ensure testability, and 
choose the optimal method from the point of view of additional 
hardware costs. Hardware redundancy in VHDL-models is 
provided by adding conditional operators to the HDL-code, 
which ensure the construction of the scanned path in the 



storage part of the FSM, which is confirmed by the results of 
automated synthesis. The optimal way from the point of view 
of introducing additional hardware costs, we will consider the 
method that provides the minimum additional hardware costs 
according to assessment of Quine of the gate equivalent of a 
circuit and synthesis in a chip of programmable logic integrated 
circuits (FPGA) in automatic mode by computer-aided design 
tools (CAD). 

Let’s consider the possible options for adding a transition 
with signal Sh  between nodes of the state diagram (FSM 

states) 
ia and 

ja . 

The first option is to add Sh  to the unconditional transition  

)aa( 10 →  in the Moore FSM. Note that to use the above 

fragments of the state diagram in the process of automated 
synthesis, all transition options should be taken into account 
and, also, a back arc (which ensures the absence of nodes that 
“hang”, Fig. 1, a). The ST of FSM fragments for the initial 
diagram and the diagram with Sh  are shown in Fig. 1, b. As a 

result, two arcs turn up with signals Sh  and Sh  (Fig. 1c). 
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Figure 1 - – Adding Sh  to the unconditional transition 

 

In this case, the transition function to state a1 will have the 

form: 0001 aShaShaa == . 

Applying the gluing law, we obtain a0, which means that 
when implementing the minimized expression there are no 
additional hardware costs. To encode two states of the FSM, 
one D-trigger is used, a0 is encoded 0, a1 is encoded 1. Thus, 
the expression a1 = a0 is actually implemented by the inverter. 

Let’s consider the VHDL model of the given fragment of 
the FSM (Fig. 2) and perform its automated synthesis (Fig. 3). 

Synthesis results of this VHDL-model using a CAD 
package: XILINX ISE 10.1, Spartan 3E board, FPGA 
XC3S500E chip, Package FG 320 are shown below (fig. 3).  

The second option is to add Sh to the transitions between ai 
and aj in the absence of transitions to other states other than aj. 
This situation is typical for Mealy FAM, but for the analysis of 
this situation we will use a mixed three-state FSM, for which 
the states a1 and a2 are reflected by the Moore FSM model, 
and the transitions )aa( 10 →  by the Mealy FSM model. The 

state diagram of the proposed FSM is shown on Fig. 4 (a), and 

its ST – on Fig. 4 (b). For simplicity, in the ST the signal Sh  is 

not indicated. The state diagram of the FSM with signals s Sh  

and Sh  is shown on Fig. 4 (c). 
 

library IEEE; 

use IEEE.std_logic_1164.all; 

entity FSM is 

 port ( Sh, Reset,  Clk: in 

STD_LOGIC; 

 y1, y2: out STD_LOGIC); 

end; 

architecture Moore of FSM is 

 type State_type is (a0, a1); 

 signal State, NextState: 

State_type; 

begin 

Sreg0_CurrentState: process (Clk, reset) 

 begin 

   if Reset='1' then State <= a0; 

   elsif Clk'event and Clk = '0 then 

State <= NextState; 

   end if; 

 end process; 

Sreg0_NextState: process (State, Sh) 

 begin  

   case State is   

     when  a0=> if sh='1' then 

NextState <= a1; 

  else NextState <= a1;   

  end if;    

     when  a1=>  NextState <= a0;  

     when others => NextState <= a0;  

   end case;   

 end process;  

 y1 <= '1' when State=a0 else '0';  

 y2 <= '1' when State=a1 else '0';  

end; 

 

Figure 2 - VHDL-model of FSM fragment with an 

unconditional transition 

 
Synthesizing Unit <FSM>. 

Related source file is 

"C:/Temp/shkil2018/shkil_2states_2018/fsm

.vhd". 

WARNING:Xst:647 - Input <Sh> is never 

used. This port will be preserved and 

left unconnected if it belongs to a top-

level block or it belongs to a sub-block 

and the hierarchy of this sub-block is 

preserved. 

Found 1-bit register for signal 

<State<0>>. 

 

Figure 3 – Synthesis results of the FSM VHD- model with an 

unconditional transition 
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c)   

Figure 4 - Adding Sh  in the presence of transitions only 

between a0 and a1 

 
The transition function to state a1 for two output transitions 

and additional transition Sh  will have the form: 

000101001 aShaShaShxaShxaShaa === . 

Applying the gluing law step by step, we obtain a0, which 
means that there is no additional hardware costs when 
implementing the minimized expression. For any number of 
arcs between ai and aj, the result will be the same. When the 
initial expression is implemented, the additional hardware costs 

are an additional input Sh  to all gates, which implements the 

terms of the initial transition function (Fig. 5, a) and a gate that 
implements the aiSh term (Fig. 5, b). 
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Figure 5 - Additional hardware costs in the presence of 

transitions only between a0 and a1 

 

Let’s consider the fragment of the FSM VHDL-model (Fig. 
6) and perform its automated synthesis (Fig. 7). To reduce the 
volume of VHDL code in the future, it is advisable to list only 
fragments of the architecture of VHDL models, namely, only 
transition functions. 

Sreg0_NextState: process (State, Sh, 

x1, x2) 

begin  

  case State is   

    when  a0=>if sh='1' then NextState 

<= a1;   

  elsif x1 ='1' then NextState 

<= a1; y2 <= '1';  

 else NextState <= a1; y1 <= '1';  

  end if;   

    when  a1=>if x2='1' then NextState 

<= a2;    

  else NextState <= a0;  

  end if;  

    when  a2=> NextState <= a0; 

    when others => NextState <= a0; 

  end case;   

end process;  

y3 <= '1' when State=a0 else '0';  

y4 <= '1' when State=a1 else '0';  

end; 

 

Figure 6 – A fragment of the FSM VHDL model with 

transitions between a0 and a1 
 

Found finite state machine <FSM_0> for 

signal <State>. 

Analyzing FSM <FSM_0> for best encoding. 

Optimizing FSM <State/FSM> on signal 

<State[1:2]> with gray encoding. 

State | Encoding   a0    | 00   a1    | 

01   a2    | 11 

 

Figure 7– Synthesis results of the FSM VHDL model with 

transitions only between a0 and a1 

 
The obtained circuit confirms that the signal Sh (In0) 

through the AND gate is added to the excitation function of 
each of triggers. 

The third option is to add Sh to the transitions between ai 
and aj in the presence of transitions and to other states other 
than aj (Fig. 8a). 

In this case, the transition function to the state ai (a1) for one 
output transition, the added transition Sh and the transition to 
the state (Fig. 8, c) will have the form: 

1ii1i1iij xaSha)ShxSh(aShxaShaa === . 

By applying the Blake-Poretsky law we got the expression 

1xaSha ii  . This means that the additional hardware costs 

when implementing the minimized expression for the transition 
function to the state 

ia  is a gate that implements the term aiSh 

(Fig. 5, b). When implementing the initial expression for the 
function transition 

ja , additional hardware costs are a gate that 

implements the term Shai
 plus an additional input to the gate 

that implements the term of the original transition function 
(Figs. 5, a and 8, c).  
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b)  1· 1x  
1x  Sh 

a0 y1  a1 a2 a1 

a1 y2 a0    

a2  a0    

 
c). 

Figure 8 – Adding Sh in the presence of transitions between a0 

and a1 and other output transitions 

 
If there are more than one transitions ai →aj in the state 

diagram, then an additional input is added to each gate for of 

these transitions. In addition, in this variant  )aa( ki → , 

jk aa   and transitions ai →ak also give additional hardware 

costs in the form of an additional input Sh  to a gate that 

implements the term of the transitions function, for example, 

on Fig. 8, c Shxaa 1ik = . Consider the VHDL-model of the 

reduced fragment of the automaton (Fig. 9) and perform its 
automated synthesis (Fig. 10). 

 

Sreg0_NextState: process (State, Sh, x) 

begin  

  case State is   

  when  a0=> if sh='1' then NextState 

<= a1; 

 elsif x ='1' then NextState <= a1; 

  else NextState <= a2;  

  end if;    

    when  a1=>  NextState <= a0;  

    when  a2=>  NextState <= a0;  

    when others => NextState <= a0; 

  end case;  end process; 

y1 <= '1' when State=a0 else '0';  

y2 <= '1' when State=a1 else '0';  

end; 

 

Figure 9 – A fragment of the FSM VHDL-model in the 

presence of transitions a0 → a1 and other transitions 

 

Analyzing FSM <FSM_0> for best encoding. 

Optimizing FSM <State/FSM> on signal 

<State[1:2]> with speed1 encoding. 

State | Encoding   a0 | 10    a1 | 01    

a2 | 00 

Figure 10 – Synthesis results of the FSM VHDL-model in the 

presence of transitions between a0 and a1 and other output 

transitions 

 
Based on the foregoing, we can make following 

conclusions. 

1) To select the best option for the function of additional 
transitions with Sh from the point of view of minimizing 
hardware costs, first option has higher priority, after that 
second, then 3 and last is 4. 

2) When choosing the 1st or 2nd options during 
implementing not minimized expression of the transition 
function, it is better to choose the 1st one, since it is smaller in 
the number of output arcs, which means there will be fewer 
additional inputs to the gate. When implementing the 
minimized expression of the transition function, there is no 
difference between 1st and 2nd options, in both cases there are 
no additional hardware costs. 

3) When choosing between 3rd and 4th options, the number 

of output arcs that satisfies the condition: )aa( ki → , 

jk aa 
 will play determining role. In which case it is less, 

choose this one, since an additional gate to the transition ai 

→aj with Sh goes in both cases. This is important when 
choosing a method for implementing a minimized expression 
of the transition function. 

To implement not minimized expression of the transition 
function, it is necessary in option 3 to calculate the number of 
arcs for comparison with option 4 to the condition )aa( ki → , 

jk aa   add )aa( ji →  вesides ai →aj with Sh. 
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The paper presents a method for computer-aided design of 
testable control finite state machines by introducing hardware 
redundancy. The model of the FSM is presented in the VHDL 
language in the form of an automata-based template. A way to 
solve this problem is to introduce additional fragments of the 
VHDL-code, which ensure the automatic installation of the 
state machine into an arbitrary state. A method of state table 
expanding is proposed, which provides a traversal mode for all 
nodes of the FSM state diagram in the diagnostic mode. The 
hardware costs are analyzed for different options for organizing 
an additional transition between FSM states, depending on the 
presence of an unconditional transition, a conditional transition 
and the absence of transitions between FSM states. When 
choosing an additional transition (arc Sh in the FSM state 
diagram), that state-successor is selected for which the total 
estimate of the hardware costs for the excitation functions is 
minimal, taking into account the encoding of FSM states. This 
approach increases the controllability in determining the 
optimal bypass of FSM states, which significantly improves its 



testability. Modeling FSM VHDL-models with Active-HDL 
tools confirmed the efficiency of this approach. The synthesis 
of these models using CAD tools XILINX ISE confirmed the 
testability receipt of the structures and confirmed the receipt of 
minimum hardware costs using the proposed method. 

The scientific novelty of the work lies in the further 
development of the method of optimizing hardware costs while 
increasing the testability of finite state machines by expanding 
the input alphabet in HDL models in the form of an automata-
based template, which made it possible to automate the design 
process of testable FSM with minimal hardware costs. 

The practical value of the results lies in the development of 
procedures for introducing redundancy and expanding the input 
alphabet in HDL-models of finite-state machines in the form of 
an automata-based template by introducing additional 
conditional operators in the HDL-code, ensuring the 
installation of the FSM into an arbitrary state with minimal 
hardware costs. The developed procedures can be applied in 
the development of an additional CAD software module for 
digital devices, which will automatically generate an HDL 
code of a testable finite state machine. 
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