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(ABSTRACT) 

In this thesis, several techniques for the test generation of VHDL behavioral models are 

proposed. An algorithm called HBTG, Hierarchical Behavioral Test Generator, is de- 

veloped and implemented to systematically generate tests for VHDL behavioral models. 

HBTG accepts the Process Model Graph and the precomputed tests for the individual 

processes of the model from which it constructs a test sequence that exercises the model 

hierarchically. The construction of the test sequence is automatic if the tests for the in- 

dividual processes of the model are provided. The test sequence derived can be used for 

the simulation of the model. By comparing the simulation outputs with the data sheet 

or the design specifications of the corresponding circuit, a user can tell if the 

functionality of the model is as expected or any functional faults exist. Simulation re- 

sults and conclusions are given. Some suggestions for further improvements of the pro- 

gram are discussed.
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Chapter 1. Introduction 

Design of VLSI circuit chips without computer aid is almost impossible nowadays. This 

is due to the increasing scale and complexity of the chips. According to [1], chips with 

more than one million transistors like Intel’s 1860 are already in production. In addition, 

people are expecting chips consisting of up to one hundred million transistors in ten 

years. 

A typical design process for VLSI chips includes: 

[1] Logic design; 

[2] Design verification and test generation; 

[3] Layout of the chip; 

[4] Fabrication of the chip. 

The layout of a VLSI circuit chip is very time-consuming and the fabrication of the chip 

is very expensive. The layout and fabrication of a logically wrong chip are waste of time 

and money. This is why the design verification and test generation are becoming more 

and more important during the design process. 
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Computer simulation is a powerful tool for design verification and test generation. In 

order to do computer simulation, the software model for the hardware circuit is devel- 

oped first. After that, input patterns are generated to apply to the software model for 

simulation. By observing the simulation output, the functionality of the circuit can be 

checked. If the circuit functions properly, we can say that the design of the circuit is 

correct. 

In order for the computer simulation process to be effective, the software model of the 

Circuit must accurately describe the behavior of the actual hardware. Computer lan- 

guages like C or Pascal are not appropriate for this purpose because they can not rep- 

resent the concurrent execution of all the logic blocks of the hardware, neither can they 

represent the exact timing relations between the signals in the hardware. This has led to 

the inception of a special type of language called HDL (Hardware Description Lan- 

guage). The AHPL is one of those HDLs. The AHPL describes a circuit at the register 

transfer level. It can not only be used in logic simulation but also in the direct translation 

of the software model into an actual hardware circuit. There are some drawbacks about 

the AHPL. One of them is that the level of abstraction of an AHPL model is very limited 

(only at register level). The other drawback is that it can not model the exact timing 

relations of data transfer. Another HDL called VHDL (VHSIC Hardware Description 

Language) has the best set of constructs for hardware behavioral modeling. It was 

standardized by IEEE in 1987. The modeling using VHDL will be further discussed in 

the following chapters. 

Since the software model of a circuit developed in VHDL accurately describes the 

hardware behavior, the correct functioning of the VHDL model is a direct reflection of 

the correctness of the hardware design. So, the problem of verifying the correct design 
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of a hardware circuit has changed to the problem of verifying the correct functioning of 

its VHDL model. In other words: How can we develop a test sequence for VHDL 

models? A good test sequence should not only be able to verify the correctness of the 

design, but be efficient. 

The research presented in this thesis is intended to solve the problem mentioned above. 

A new approach that can systematically generate tests for VHDL behavioral models is 

proposed. An algorithm called HBTG is developed and implemented to automate the 

test generation process. 

1.1 Contents 

Chapter 2, “Background and Literature Review,” discusses some basic concepts and re- 

cent developments in the test generation of digital systems. The behavioral modeling 

using VHDL is also discussed there. 

Chapter 3, “Previous development,” describes the work that has been done on VHDL 

behavioral model and model test development. There, two tools, the Modeler’s Assistant 

and the Behavioral Test Generator (BTG), will be discussed. 

Chapter 4, “Hierarchical test generation for VHDL behavioral models,” discusses the 

new approach for behavioral test generation. The techniques employed will be discussed 

first, then an algorithm called HBTG (Hierarchical Behavioral Test Generator) and its 

implementation are presented. 
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Chapter 5, “Results,” presents the test sequences developed for several VHDL behavioral 

models and the corresponding simulation results. 

Chapter 6, “Future development,” gives some suggestions for future development of the 

program. 

Chapter 7, “Conclusion,” gives the conclusion of the thesis. 
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Chapter 2. Background and Literature Review 

Backgrounds in both test generation and VHDL behavioral modeling are needed for the 

“Test generation of VHDL behavioral models.” In section 2.1, some basic concepts for 

digital system test generation and the latest developments in this field are discussed. In 

section 2.2, behavioral modeling of hardware circuits using VHDL is introduced. 

2.1 Digital system test generation 

Test generation(TG) is the process of determining the stimuli necessary to test a digital 

system [11]. TG can be fault-oriente or function-oriented. In fault-oriented TG, one tries 

to generate tests that will detect (and possibly locate) specific faults. In function-oriented 

TG, one tries to generate a test that, if it passes, shows that the system performs its 

specified function. 
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2.1.1 Gate-level test generation 

Traditional test generation treats a circuit as an interconnection of primitive gates like 

AND gate, NOR gate, XOR gate etc. Also, all the signals in the circuit are single-bit 

buses. This enables the creation and the usage of the single stuck line fault model, ie., 

the s-a-v ( v € {0, 1} ) logical fault model. All the faults in a circuit can be described 

as a s-a-v fault on a signal of the circuit and stored in the fault list of the circuit. Test 

generation based on the circuit model and the fault model described above involves three 

basic operations. 

[1] Fault injection; 

[2] test generation; 

[3] Fault simulation. 

In the first two operations, a fault in the fault list of the circuit is injected into the circuit 

and a test is developed to detect the fault in the test generation process. The third op- 

eration is executed to check if any other faults in the fault list are detected by the test. 

The faults that are detected by the test are eliminated from the fault list. After this, an- 

other fault in the fault list is injected and the process described above is repeated until 

all the faults are detected. The test_vector(t) generated for a specific fault must have the 

following two basic characteristics: 

[1] to sensitize the fault, i.e. t should give different values at the fault site of the cir- 

cuit when the circuit is fault free (v) and faulty (v). 
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[2] to propagate the fault symptom, Le. t should be able to propagate the fault to a 

primary output(w). In other words, t should make all the lines along at least one 

path between the fault site and w have different v and y. 

Several algorithms were developed to accelerate the gate level test generation process. 

Among those, D algorithm, PODEM and FAN are the most popular ones. In the D- 

algorithm, primitive d-cubes of faults are used to sensitize the fault which will give a fault 

free value v = 1(0) and faulty value vy = O(1) at the fault site. The symbol used to 

represent such a fault free/faulty value pair is D (D). The set of all the gates whose in- 

puts have D’s, but outputs are not specified yet are called D-frontiers. The propagation 

of the fault symptom starts from a D-frontier and the propagation d-cubes(pdc) are used 

in this process. After the propagation to primary outputs has finished, the justification 

process begins. This process is used to derive the input values for the gates whose output 

values are specified during the propagation process. Some backtrack operations will be 

needed if there are conflicts in some signal value assignments. For example, if the justi- 

fications starting from signal sl and s2 assign different values to signal s3, then back- 

tracking is needed in order to resolve this conflict. After the justifications of all the 

pre-assigned signal values reach primary inputs(PI), test generation for the fault is fin- 

ished. 

These test generation algorithms provide a systematic way to develop tests for the cir- 

cuits and can give exact fault coverage for the test generated. They are widely used in 

the electronic industry. But test generation at the gate level is NP-complete and it be- 

comes extremely time consuming and expensive when the circuit becomes more and 

more complicated. Another reason to avoid test generation at gate level is that the 

modern VLSI circuit designs are usually top-down or bottom-up designs. The designer 
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would prefer to use some of-the-shelf functional blocks or modules in their design in- 

stead of starting from the primitive gates. In this case, the gate level circuitry of the cir- 

cuit is not available or they have to remove any hierarchy used when designing the 

circuit (the circuit is “flattened”) in order to get it [5]. 

2.1.2 High-level test generation 

Recently, much of the effort in test generation focuses on high-leve | approaches. The 

circuit models for high-level approaches are less structural than gate level model. The 

logic components in a circuit are high-level modules like Adders, Registers, Decoders, 

and devices other than primitive gates like AND, NAND, OR and NOR gates. The 

interconnections of the components can be buses of size more than | bit. So, the number 

of signals in a circuit is fairly small compared to the number of signals in a gate-level 

model where all the signals in the circuit are single-bit buses. A circuit consisting of more 

than two hundred primitive gates can be represented as a circuit of only six components 

and small number of buses by using a high-level representation of the circuit [3]. With 

the fewer number of components in the circuit, the number of components to be evalu- 

ated during the test generation decreases. With the multi-bit representation of the signals 

in a circuit, the number of data elements to be accessed dramatically decreases and cal- 

culations of signal values can be done in a single step, while it might take quite a few 

steps to finish at the bit-level representation. Also, the input/output values for high-level 

primitive are easy to calculate. For example, in the high-level representation of an 8-bit 

register, the input and the output of the register are represented as 8-bit bit_vectors (DI 

and DO). Assume that the 8-bit register is negative edge triggered. When the clock input 

changes from ‘I’ to ‘0’, the values in the input of the register are transferred to the out- 
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puts of the register. The values of all the eight-bit outputs of the register can be calcu- 

lated in one step, which is: DO = DI. If gates like flip-flops and single-bit signals are 

used, the calculations of the outputs will take quite a few steps. The potential perform- 

ance advantage of the reduced complexity makes this approach attractive. 

In the high-level test generation, many techniques are borrowed from the gate-level test 

generation. Modified algorithms of the classical D-algorithm, PODEM and FAN are 

frequently used. 

Kunda, Narain, Abraham and Rathi proposed an approach to use the high-level primi- 

tives for test generation [12]. In their approach, high-level primitives like Add, Subtract, 

Multiply, Split as well as AND, NAND, OR, NOR gates are used. The s-a-v fault model 

for the gate level test generation ts still used to represent the fault in the model. But the 

test generation proceeds at a high level (i.e. propagation and justification through high 

level primitives). They also used the dependency-directed backtracking mechanism to 

reduce the number of backtrackings needed. According to their experimental results for 

five circuits, this approach can speed up the test generation process for circuits com- 

posed of high-level primitives other than AND, NAND, OR and NOR gates. 

Murray and Hayes proposed a hierarchical approach for high-level test generation [3]. 

Their view of the circuit is the same as Kunda’s [12]. One difference between them is 

that no specific fault models are used in Murray and Hayes’ test generation. In their 

approach, test information for the modules in the circuit are stored in the design library 

as well as the design information of the modules. These tests are actually 

stimulus/response pairs precomputed for the modules. And, they can have arbitrary fault 

coverage. There are actually two types of tests stored. One is the FTPs which are used 

to sensitize the faults in the module. The other is the PTPs which are used to do signal 
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propagation and justification. The test for the whole model is constructed hierarchically 

by using the precomputed tests for the modules. The algorithm used for the construction 

of the test is a modified version of the classical D-algorithm. According to their exper- 

imental results measuring in the number of module evaluations, the approach provides 

great improvements over the traditional test generation. 

Both of the test generations discussed above used their own created representations for 

the circuit models. Many of the high level test generation techniques describe a circuit 

model in C and some other high level programming languages. It will save the time of 

a design engineer to create the circuit model for the test generation if a standardized 

hardware description language is used. In addition, The same circuit modeling technique 

makes the exchange of information for different approaches convenient. 

The VHDL and its graphical representation provide a convenient tool for the behavioral 

modeling of digital circuits. In the last few years, approaches to generate tests from be- 

havioral circuit descriptions written in VHDL have been proposed. 

A Behavioral Test Generator (BTG) [14] was developed in Virginia Tech in the past few 

years. It can generate test sequences to detect high-level faults in a VHDL behavioral 

model. The approach for test generation used by the BTG and some drawbacks of the 

approach will be discussed in detail in the next chapter. 

After the development of the BTG was finished, Cho and Armstrong further investigated 

the relationship between the VHDL semantics of event driven simulation and the test 

generation of actual hardware circuits [2]. They found that the test sequence generated 

by the BTG is unnecessarily long for an asynchronous circuit. A new approach for test 
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generation is proposed and the scheme for the verification of the test generated using the 

new approach is provided. 

2.2 Behavioral modeling with VHDL 

2.2.1 VHDL model development for hardware circuits 

There are two types of VHDL models for a hardware circut. One is the structural model 

and the other is the behavioral model [8]. A VHDL structural model represents a circuit 

hierarchically. The top level circuit model is decomposed into lower level components 

and the components at this level are further decomposed into lower level components. 

This process continues until the most primitive components of the circuit (leaves) are 

reached. Then the VHDL behavioral models for the components at the lowest level have 

to be developed in order to provide the Input/Output relations of the circuit. 

The ones counter in [8] is used to demonstrate the VHDL model development of logic 

circuits. The ones counter counts the number of ’1’s in a 3-bit vector A(2 to 0). The re- 

sult is stored in a 2-bit vector C(1 to 0). The truth table of the circuit is in Table 1 on 

page 12. 
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Table {. The truth table for the ones counter 
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The boolean equations for C(1) and C(0) can be derived as below: 

C1) = AleAO + A2A0 + A2Al; 

C(O) = A2A1eAO + A2*ALeAO + A2AlCAO + A2eA1¢A0, 

As can be seen, C(1) is a majority function (MAJ3) and C(O) 1s an odd parity function 

(OPAR3) of the three bits of A. The design hierarchy of the circuit is as in Figure | on 

page 13. The leaves of the circuit are AND gates and OR gates. The highest level entity 

of the circuit is defined in Figure 2 on page 14. It is a structural model composed of two 

components MAJ3 and OPAR3. 
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Figure 1. Design hierarchy of the ones counter 
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entity ONES_CNT is 

port(A: in BIT_VECTOR(0 to 2); 
C: out BIT_VECTOR(0 to 1)); 

end ONES_CNT; 

architecture STRUCTURAL of ONES_CNT is 

component MAJ3 
port(X: in BIT_VECTOR(O to 2); Z: out BIT); 

end component; 
component OPAR3 

port(X: in BIT_VECTOR(O to 2); Z: out BIT); 

end component; 

begin 

COMPONENT_1: MAJ3 

portmap (A, C(1)); 
COMPONENT_2: OPAR3 

portmap (A, C(0)); 

end STRUCTURAL; 

Figure 2. Top-level structural model of the ones counter 
  

The structural model for MAJ3 is defined in Figure 3 on page 15. It is composed of 

components AND2 and OR3 gates. The behavioral models of the AND2 and OR3 gates 

are developed in Figure 4 on page 16. The same process has to apply to component 

OPAR3 in order to finish the structural modeling of the whole circuit. 
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entity MAJ3 is 
port(X: in BIT_VECTOR(O to 2); Z: out BIT); 

end MAJ3; 

architecture AND_OR of MAJ3 is 

component AND2 
port(I1,I2: in BIT; O: out BIT); 

end component; 
component OR3 

port(I1,12,13: in BIT; 0: out BIT); 

end component; 
signal Al, A2, A3: BIT; 

begin 

Gl: AND2 

portmap(X(0), X(1), Al); 

G2: AND2 

portmap(X(0), X(2), A2); 

G3: AND2 

portmap(X(1), X(2), A3); 
G4: OR3 

portmap(Al, A2, A3, 2); 

end AND_OR; 

Figure 3. The structural model of MAJ3 
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entity AND2 is 

port(I1,12: in BIT; 0: out BIT); 
end AND2; 

architecture BEHAVIOR of AND2 is 

begin 
O <= [1 and 12; 

end BEHAVIOR; 

entity OR3 is 

port(I1,12,13: in BIT; 0: out BIT); 
end OR3; 

architecture BEHAVIOR of OR3 is 

begin 
QO <= [1 or [2 or I3; 

end BEHAVIOR; 

Figure 4. Behavioral models of AND2 and OR3 
  

  

architecture PURE_BEHAVIOR of ONES_CNT is 

begin 

process(A) 

variable NUM: INTEGER range 0 to 3; 

begin 

NUM: = 0; 

for I in 0 to 2 loop 

if A(I) = '1' then 
NUM := NUM + 1; 

end if; 

end loop; 

case NUM is 

when 0 => C <= "00"; 
when 1 => C <= "01"; 
when 2 => C <= "10"; 
when 3 => C <= "11"; 

end case; 

end process; 

end PURE_BEHAVIOR; 

Figure 5. PURE_BEHAVIOR model of the ones counter 
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Another type of model for a circuit is the VHDL behavioral model. The constructs in 

the architectural body of a VHDL behavioral model are processes. A VHDL behavioral 

model defines the input/output relation of a circuit without resorting to lower-level de- 

scriptions. So, the entity declaration of a VHDL behavioral model is identical to the one 

in the top level structural model. But the architectural body is different. The architectural 

body of the behavioral model of the ones counter circuit can be developed as in 

Figure 5. One thing worth noting is that the VHDL behavioral model for a circuit can 

be developed at different levels of abstraction. For example, the model in Figure 5 on 

page 16 is an algorithmic model and there is a single process in the architectural body 

of the model. A model of the circuit at a different level of abstraction can be developed 

by partitioning the functions of the circuit into subfunctions. The partitioning of the 

circuit function can be done structually and functionally. Figure 6 on page 18 is the 

architecture body of the ones counter model by partitioning the function of the circuit 

into two subfunctions MAJ3 and OPAR3. As can be seen, each of the subfunctions is 

implemented by a process. So, there are two processes inside the architectural body of 

the model. Normally, the VHDL behavioral model with lower level of abstraction has 

more processes inside the architectural body and provides more informations about the 

implementation of the circuit. As discussed previously, the models to be tested using our 

approach are VHDL behavioral models. Ideally, they are at the levels of abstraction 

where all the processes in the model are primitive processes described in the Modeler’s 

Assistant in Chapter 3. 
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architecture BEHAVIOR of ONES_CNT is 

begin 

Pl: process(A) 

begin 

C(1) <= (AC1) and A(0)) or 
(A(2) and A(0)) or 

(A(2) and A(1)); 
end process Pl; 

P2: process(A) 
begin 

C(O) <= (AC2) and not A(1) and not A(0)) or 

(not A(2) and not A(1) and A(0)) or 

(A(2) and A(C1) and A(0)) or 

(not A(2)} and A(1) and not A(0)); 

end process P2; 

end BEHAVIOR; 

Figure 6. Behavioral model of the ones counter 
  

2.2.2. Graphical representation of the VHDL behavioral model 

A graphical representation for a complicated system is frequently used to provide an 

overview of the system. This is because, in the graphical representation of a system, the 

elements of the system and the relations among them can be represented in a very 

compact manner. A textual documentation with up to ten pages can be described in a 

one-page graph clearly. The graphical representation of a VHDL behavioral model, the 

Process Model Graph (PMG), has been developed and is widely used in the model de- 

velopment process. Also, it is frequently used in the documentation of a VHDL model. 

The PMG is actually a directed graph. The nodes in the PMG are the processes in the 

model and the edges between the nodes are the signals flow between the process. The 

process that connects to the tail of a directed edge is the source of the signal. The process 
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that connects to the head of the edge is the destination of the signal. Figure 7 is a 

sample PMG of a VHDL behavioral model that consists of four processes in the model. 
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Cc 03 

    Figure 7. Process Model Graph 
  

As can be seen from the PMG, a VHDL model is just a set of communicating processes. 

The PMG generated by the Modeler’s Assistant discussed in Chapter 3 provides extra 

information of the model. For example, a port is filled when the user specifies that it is 

a sensitive port and left blank otherwise. By looking at the PMG of a model, you can 

get all the information about the model except the functionalities of the processes in the 

model. It is the reason why the PMG is used in the test generation process discussed 

later. 

Chapter 2. Background and Literature Review 19



Chapter 3. Previous development 

Considerable research has been conducted for the VHDL behavioral mode and model 

test development in Virginia Tech over the years. Two major products of the research 

are the Modeler’s Assistant and the Behavioral Test Generator (BTG). The Modeler’s 

Assistant is a graphical CAD tool for VHDL behavioral modeling. The BTG is a pro- 

gram used to generate test sequences to detect the behavioral faults in a VHDL behav- 

ioral model. 

3.1 The Modeler’s Assistant 

Coding of VHDL behavioral models is a time consuming and error prone process. A 

structural approach to VHDL behavioral modeling was proposed by Armstrong, 

Burnette, Kosaraju and Singh [10]. In their approach, the pictorial representation for 

behavioral models, the Process Model Graph (PMG), and an interactive system, the 

Modeler’s Assistant are used to develop VHDL behavioral models. There are actually 
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two versions of the Modeler’s Assistant. The first version of the Modeler’s Assistant was 

developed on a PC by David Burnette and the second version was developed in the X 

window environment by Balraj Singh [13]. The research presented in this thesis is based 

on the second version of the Modeler’s Assistant. By using their approach, the user can 

enter the PMG interactively and the VHDL model can be generated automatically if the 

functionalities of the processes in the PMG are known. The processes can be defined and 

saved before the PMG is constructed. The more frequently used processes can be edited 

and stored in a design library as primitive processes. This approach significantly reduces 

the effort required to develop behavioral models. Moreover, the VHDL model developed 

by the Modeler’s Assistant can be sent to any VHDL analyzer installed in the system to 

be analyzed and guaranteed to be syntactically correct. 

Figure 8 is the system block diagram of the Modeler’s Assistant [13]. The central ele- 

ments of the system are two databases containing the information required to generate 

all the graphics as well as the information required to produce the corresponding VHDL 

code. The PMG database contains all the details of the geometry of the process model 

graph in terms of the coordinates of the various graphical constructs like the processes, 

process ports, signals, variables, and constants. It also contains details like the modes 

of a port (in, out, or inout) and the sensitivity of a port. The process functionality da- 

tabase contains the text of the functionalities of all the processes currently in the PMG. 
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Figure 8. System block diagram of the Modeler’s Assistant 
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The information about different constructs of the PMG including unit, modules, ports, 

signals, constants, variables and generics are stored in structures of a_nodes defined as 

below: 

typedef struct 

{ 

char name{ 32]; 

int type; 

int ptr[6]; 

rect R; 

} a_node, 

The maximum number of nodes is currently defined to be eight hundred. Each of the 

nodes in a unit is associated with an integer range from one to eight hundred. The field 

name is used to store the name of a_node. For example, a module can have a name like 

“DECODER ’ and a port can have a name like “DI”. The field type specifies the type of 

the a_node, For example, the types for signal can be a Bit, Bit_Vector and so on. The 

field ptr{6] stores the addresses that are used to point to different related things of the 

a_node. For example, if the a_node is a port, they can point to the port signal of the port, 

the mode of the port, and the next port in the linklist of ports of the same module. The 

field rect is itself a structure that contains the coordinates of the display screen. It is not 

used in the test generation process and hence will not be further discussed. 

The data structure of the PMG database is actually linklists of a_nodes which include a 

linklist of the modules of a unit, linklists of the ports of the modules, a linklist of the 

Chapter 3. Previous development 23



signals of a unit and so on. Figure 9 shows a sample PMG edited in the Modeler’s As- 

sistant and Figure 10 is the structure of linklists to store the PMG. 

The storage of the information of the PMG into the data structure described above is 

done by a program called his.c. The steps from editing the processes of a model being 

developed to the storage of the databases of the model are as below: 

[1] Create the processes of the model if they are not available in the library of 

primitive processes. Save the graphical information of the processes into *.mod files. 

Save the functionality information of the processes into *.vhd files. 

[2] Create the complete PMG of the model. Save the graphical information of the 

model into *.unt file. Save the VHDL model developed into *.vhd file. 

[3] Use program his.c to store all the information in the *.unt and *.mod files into 

the database of PMG. 

After the steps outlined above, the macros defined in the file macros.h can be used to 

retrieve all the information of the model for test generation. It will be discussed in detail 

in section 3.2. 

3.2 The Behavioral Test Generator (BTG) 

A Behavioral Test Generator (BTG) [14] was developed in Virginia Tech by O'Neill, 

Jani, Cho, Lam and Armstrong. The program was written in Prolog. The procedure for 
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    Figure 9. A sample PMG edited in the Modeler’s Assistant   
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Figure 10. Structure of linklist to store the PMG 
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test generation in BTG is quite similar to the ones in gate level test generation. However 

in this case, high level fault models are first developed to represent the faults in a VHDL 

behavioral model. They include the following eight classes of faults: 

1. Stuck-Then 

Stuck-Else 

Assignment Control 

Dead Process 

Dead Clause 

Micro-operation 

Local Stuck-data 

Global Stuck-data o
r
 

D
H
 

F
Y
 

N 

An algorithm which is a modified version of the D-algorithm is used to generate test 

sequence to detect each of the faults. The BTG also utilizes the artificial intelligence 

techniques of goal trees and rule databases. The program actually contains a pre- 

processor and a test generator. The preprocessor can extract a list of faults from a 

VHDL behavioral model, and the test generator generates a test sequence for each of 

these faults. The test sequences generated are applied to the fault free and faulty models 

developed by the Behavioral Fault Mapper (BFM) [6] for test validation. According to 

their experimental result, the BTG is proved to be effective for detecting the behavioral 

faults. But there are some drawbacks about the BTG. First of all, the test sequence 

developed for a VHDL model is very long even though the model is very small. So, the 

test application is very expensive and time consuming. Secondly, how well the test se- 

quence detects the actual circuit faults depends on how well the eight-class fault models 

cover the actual circuit faults. Even though experimental results show that the gate-level 

fault coverage obtained by applying the set of test sequences that are used to detect all 

the faults in the fault list is fairly high (92% and higher) [14], further investigation in 
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research concerning mapping of hardware defects to behavioral description language 

constructs is needed in order to assure the effectiveness of the test vectors developed by 

BTG. 
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Chapter 4. Hierarchical test generation for VHDL 

behavioral models 

4.1 Assumptions 

Some assumptions are made for the models to be tested and the tests for individual 

processes in those models. 

e The model to be tested is developed using the Modeler’s Assistant. So, it isa VHDL 

behavioral model with single entity, single architecture and all the constructs inside 

the architectural body are processes. 

e The model has delta delays for all the signal assignment statements. 

e The model has no reconvergent fanout and feedback signals. 

e Tests for the processes of the model are assumed to be available. 
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4.2 Extraction of information from the Modeler’s Assistant 

Information on the PMG of a VHDL behavioral model can be extracted from the da- 

tabase of the PMG by using macros defined in macros.h. As discussed in section 3.1, 

struct a_node is used to store information of different types of nodes including a unit, a 

module, a port, a signal and a variable, etc. So the macros just need to access the fields 

of the a_nodes to derive the information for the node. The macros defined for a node 

of unit include UnitName(unit), TopModRef(unit) and TopSignal(unit). The first macro 

is used to access the name of the unit. The second macro is used to access the reference 

to the first module in the linklist of modules of the unit. The third macro is used to refer 

to the first signal in the linklist of signals of the unit. Similar macros are defined for 

modules, ports and signals. The following example shows how to develop a VHDL be- 

havioral model and how to retrieve information from the database of the PMG. 

Figure 11 is the PMG of an 8-bit register. It is entered into the Modeler’s Assistant with 

the three processes in the PMG defined in Figure 12, Figure 13 and Figure 14 respec- 

tively. The complete VHDL model of the 8-bit register is developed as in Figure 15. 

map.c in Figure 16 on page 36 is a sample program that extracts information from the 

database of a PMG. Figure 17 is a printout of the information extracted by map.c. The 

portadd and portsigadd are the node numbers of the ports and the node numbers of the 

signals that are connected to the ports. On the lines with port information in 

Figure 17, there are two parentheses with integers inside them. The integer in the first 

parenthesis indicates the mode of a port. Ports with mode of 4” are output ports. Ports 

with mode of “2” are input ports. The integer inside the second parenthesis indicates the 

sense of the port. A “1” indicates that the port is sensitive. A “0” indicates that the port 

is not sensitive. For example, port ENBLD of module OUTPUT is a sensitive input port 
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STRB 

DI 

DS1 

NDS2       Figure 11. PMG of the 8-bit register 
  

according to Figure 17 on page 36. To execute the program, the user only needs to 

enter the name of the unit which is bold in Figure 17. All the information of the unit 

can be printed out as in Figure 17 automatically. The execution of the other programs 

discussed later in this thesis is similar. The test generation algorithm uses the informa- 

tion like the interconnection of the processes and the sensitivity of the ports. It will be 

further discussed later. 
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~- Process Name: PREG 

-- Process I/O - REG(alias UnDefNode): 

out BIT_VECTOR(0 to 7) 

-- Process I/O - DI: in BIT_VECTOR(0 to 7) 

-~- Process I/O - STRB: in BIT 

-- Generics: 

PREG_1: process (STRB) 

begin 
if (STRB = '1i') then 

UnDefNode <= DI; 

end if; 

end process PREG_1; 

Figure 12. Function of module PREG 
  

  

-- Process Name: ENABLE 

-- Process I/0 - ENBLD(alias NDS2): out BIT 

-~- Process I/O - NDS2: in BIT 

-- Process I/O - DS1: in BIT 

-- Generics: 

ENABLE_1: process (NDS2,DS1) 

begin 

NDS2 <= DS1 and not NDS2; 

end process ENABLE_1; 

Figure 13. Function of module ENABLE 
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-- Process Name: OUTPUT 

-- Process I/O - DO: out MVL_VECTOR(O to 7) 

-- Process I/O - ENBLD(alias ENBLD): in BIT 

-- Process I/O = REG(alias UnDefNode): 

in BIT_VECTOR(O to 7) 

-- Generics: 

OUTPUT_1: process (ENBLD, UnDefNode) 

begin 

if (ENBLD = '1') then 
DO <= BV_TO_MVL(UnDefNode); 

else 

DO <= "22222222"; 
end if; 

end process OUTPUT_1; 

Figure 14. Function of module OUTPUT 
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use WORK. VHDLCAD. all; 

entity reg8& is 

port (DO: out MVL_VECTOR(0 to 7); 

NDS2: in BIT; DSi: in BIT; 

DI: in BIT_VECTOR(0O to 7); 

STRB: in BIT 

)3 
end reg8; 

architecture BEHAVIOR of reg8 is 

signal ENBLD: BIT; 
signal REG: BIT_VECTOR(0 to 7); 

begin 

OUTPUT_4: process (ENBLD, REG) 

begin 
if (ENBLD = '1') then 

DO <= BV_TO_MVLC(REG); 

else 

DO <= "22222222"; 
end if; 

end process OUTPUT_4; 

ENABLE_93: process (NDS2,DS1) 

begin 
ENBLD <= DS1 and not NDS2; 

end process ENABLE_9; 

PREG_14: process (STRB) 

begin 
if (STRB = '1') then 
REG <= DI; 

end if; 

end process PREG _14; 

end BEHAVIOR;   Figure 15. The VHDL behavioral model of the 8-bit register     
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##include <stdio.h> 

include "vhdlm.h" 
#tinclude "externs.h" 
include "macrosm.h" 
a_node Node[MAX_NODES]; 
int FreeNodeCount; 

int FreeList; 

int top_node; 

main() 

{ 
int top_node, next_mod, next_port, sigptr; 

int num_port = 0, num_mod = 0; 

char unit_name[ 20]; 

init_nodes(); 

printf("Enter unit name:\n"); 
scanf("%s", unit_name); 
top_node = load_unit(unit_name); 
printf("Unit name = %s\n", UnitName(top_node)); 
next_mod = TopOfModule(top_node) ; 

while (next_mod != _ UnDefNode) { 

num_mod++; 

printf("module = %s, modadd= %i;\n", 
ModuleName(next_mod), next_mod); 

next_port = NextPort(TopPort(next_mod)); 

while (next_port !=__UnDefNode) { 

num_port++; 

printf ("port= %s, portadd=%i,(%x), (%x);\n", 
PortName(next_port),next_port, 
PortMode(next_port), PortSense(next_port)); 

sigptr = TopSignal(top_node); 
while (sigptr != __UnDefNode) { 

if (AbsPortLoc(SignalSrc(sigptr)) == next_port) { 
printf("portsigadd =%i ", sigptr); 

} 
sigptr = NextSignal(sigptr); 

} 
printf("\n"); 
next_port=NextPort(next_port); 

} 
NumPort(next_mod) = num_port; 

printf("NumPort of module %s = %i\n", 
ModuleName(next_mod), NumPort(next_mod)); 

QO: num_port 3 

NextModRef(next_mod); next_mod 

[ReRKRKK to be continued WHREKKK | 
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} 
NumMod(top_node) = num_mod; 
printf("Num of module in the unit = %i\n", NumMod(top_node)); 

Figure 16. File map.c used to extract information 
  

  

Enter unit name: 

reg8 

module = OUTPUT, modadd= 2; 

port= DO, portadd=5,(4), (0); 

port= ENBLD, portadd=6,(2), (1); 

port= REG, portadd=7,(2), (1); 

NumPort of module OUTPUT = 3 

module = ENABLE, modadd= 8; 

port= ENBLD, portadd=10,(4), (0); 

portsigadd =3 

port= NDS2, portadd=11,(2), (1); 

port= DS1, portadd=12,(2), (1); 

NumPort of module ENABLE = 3 

module = PREG, modadd= 13; 

port= REG, portadd=15,(4), (0); 

portsigadd =18 

port= DI, portadd=16,(2), (0); 

port= STRB, portadd=17,(2), (1); 

NumPort of module PREG = 3 

Num of modules in the unit = 3 

Figure 17. Information extracted from the PMG database. 
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4.3 Techniques 

In our approach of test generation, some techniques used in the latest development of 

digital system test generation are adopted. Some special techniques due to the semantics 

of a VHDL behavioral model are proposed. 

As discussed in the previous chapters, a VHDL behavioral model of a VLSI circuit is 

developed by partitioning the function of the circuit into subfunctions. Each of the 

subfunctions can be described using a process. The graphical representation of a VHDL 

behavioral model (PMG) is actually a directed graph with each of the nodes in the graph 

a process and an edge in the graph a signal between the processes. So, the PMG can 

provide a very good overview of the circuit. As a matter of fact, it can include all the 

information of the model like the sensitivity of the ports, the mode of the ports and the 

interconnection among the processes. The only information of the model that the PMG 

can not provide is the functionalities of the processes in the model. Our test generation 

approach utilizes the information in the PMG to generate test for the whole entity. 

Unlike in many of the test generations where fault models are developed to represent 

the faults in a circuit. For example, the s-a-v (v € {0, 1}) fault model is usually used to 

represent logical faults in a gate level test generation [15]. For higher level test generation 

like BTG [14], fault models like Stuck-Then, Stuck-Else, Assignment Control, Dead 

Process, Dead Clause and Micro_operation are used. Then a list of the possible faults 

in a circuit can be derived. After that, a test sequence is developed to detect each of the 

faults. 

Chapter 4. Hierarchical test generation for VHDL behavioral models 37



In our approach, no specific fault models are used. Instead of generating a test sequence 

to detect a fault, we try to generate a test sequence to exercise the model thoroughly. 

For all the inputs in the test sequence, outputs can be checked to see if they are as ex- 

pected. If the input sequence can exercise different operations ofa circuit and the output 

of the circuit is correct, then we can say that the circuit is functioning properly. The 

important issue here is: How can we generate an efficient and complete test sequence to 

exercise the model thoroughly? In order for the test to be efficient, the test sequence 

should be as short as possible and can check as many operations of the model as possi- 

ble. According to the semantics of a VHDL behavioral model, a process inside the ar- 

chitectural body of a VHDL behavioral model will not be executed unless there is an 

event (a signal value change) on at least one of its sensitive input ports. In other words, 

an event on a sensitive input port of a process will cause the execution of the process. 

So, a test sequence that can generate events on the sensitive ports of the model is usually 

better than the one that can not for the purpose of exercising the model. One criterion 

used in our test generation of VHDL behavioral models is to have the test sequence 

activate aS many sensitive input ports of the model as possible. By saying ‘activate a 

port’, we mean to create an event on the port which generates a rising or falling in a 

single-bit bus or assigns different bit_vectors to a multi-bit bus. 

The next problem to be solved is to observe the results of the activation of the sensitive 

ports and the execution of the processes. Similar to any other test generation, the result 

of the test should be propagated to a primary output to be observed and the necessary 

primary inputs should be provided as well. This has led to the selection of characteristic 

paths for signal propagation and justification. 
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According to Cho and Armstrong [2], two processes in a VHDL behavioral model can 

be connected or not connected. Two connected processes can be further clarified as 

strongly connected and weakly connected. The definitions of them are given below. The 

meanings of some symbols used in the definitions are given first. 

(Js)p,; the set of signals which are inputs to process P; and included in its sensitivity list. 

(Ivs)p;: the set of signals which are the inputs of process P; but not included in its sensi- 

tivity list. 

(O)>p,; the set of signals which are outputs from P,. 

Definition: Two process statements P, and P, are connected if (O)p, and the union of 

(Is)p, and (Iys)p, have a common element. 

Definition: Two process statements P, and P; are strongly connected if (O)», and (Js)p, have 

a common element. 

Definition: Two process statements P, and P, are weakly connected if (O)p, and (Iys)p, have 

a common element, but (O)», and (/s)p, have no common element. 

For process ENABLE and process OUTPUT in Figure 11 on page 31, signal NDS2 is 

a sensitive input of process ENABLE and signal ENBLD is a sensitive input of process 

OUTPUT. According to the definition, process ENABLE and process OUTPUT are 

strongly connected. If signal NDS2 is a ‘0’ and DS1 is a ‘1’ at the beginning, a rising on 

signal NDS2 will cause the execution of process ENABLE and generate a falling on 

signal ENBLD. The event on ENBLD will in turn cause the execution of process OUT- 

PUT and generate high impedence output on signal DO. In this case, an event on the 
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primary input (NDS2) causes the execution of two processes and the result can be ob- 

served at the primary output (DO) in a single time frame. Such a test is an efficient test. 

In order to generate efficient tests for the whole model, sensitive paths defined as below 

are constructed for signal propagation and justification. 

Definition: A sensitive path is a directed path that starts with a sensitive primary input 

port (PI) and ends with a primary output port (PO) with all the ports along the path as 

many sensitive input ports as possible. A non-sensitive input port is chosen only when 

no sensitive input is connected to the output of the previous process on the path. 

From the definition, we can see that a sensitive path goes through a series of connected 

processes, And ideally, any two consecutive processes are strongly connected. The acti- 

vation of the sensitive ports can be done along the sensitive paths. When the activation 

of a sensitive path is finished, the PO is reached. The justification process can begin to 

justify the pre_assigned signal values stacked during the activation of the path. When the 

activation of all the sensitive paths is finished, the activation of the sensitive ports is 

finished. In the ideal situation when any two consecutive processes in the sensitive paths 

are strongly connected, the test sequence to activate all the sensitive ports of a model 

should be fairly short. 

Also in our approach, hierarchical test generation technique is used. We know that the 

storage of primitive processes in the design library can accelerate the model development 

process. Similar technique can be applied to the test generation process. As in the ap- 

proach of Murray and Hayes [3], test information for individual modules of the circuit 

are assumed to be indivisibly attached to the design information of the modules and are 

used to generate tests for the whole circuit. 
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In our case, tests for individual processes are precomputed and stored in the design li- 

brary. The test sequence for the whole entity is constructed from them hierarchically. It 

should be noted that the precomputed tests are the only information about the 

functionalities of the processes in the model. They should provide enough information 

for different operations during the test generation process. Better tests are those that can 

cause more statements inside the process to be executed. 
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4.4 Algorithm HBTG 

According to the discussion in 4.3, an algorithm called HBTG is developed to system- 

atically generate tests for VHDL behavioral models. It is listed below: 

program HBTG 

begin 
Do initialization; 

While there is a sensitive path in PMG not activated, do 
Select the path; 
Decide mut (module under test); 

Activate the first port on the path; 
Increase the portact of the port; 
While PO of the path is not reached, do 

Decide mut; 

If the front signal on the path is an event, then 
If the signal is a sensitive signal, then 

Do propagation of the event; 
Increase the portact of the port; 

Else 
Do propagation of the non-sensitive signal; 

Increase the portact of the port; 
End if; 

Do implication; 
Else 

Do propagation of a constant signal value; 
Do implication; 

End if; 
end while; 

While a process with known output(Os) and an unknown input exists, do 
Select a sensitive path that traverses Os if possible; 
While the PI on the path not reached, do 

Decide mut; 

Do signal justification towards PI; 
Do implications; 
Increase the portact of the port; 

end while; 
end while; 

end while; 

end HBTG; 
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As can be seen, HBTG is also a modified version of the famous D-algorithm [15]. The 

general idea is to develop a test sequence to traverse all the sensitive paths in the PMG. 

If the test sequence can activate all the sensitive ports in the PMG, the test is called a 

complete test sequence for the model. 

In order to generate a complete test for a VHDL behavioral model, tests for individual 

processes are instantiated to propagate signal values from primary inputs to primary 

outputs. Tests are also selected to justify the pre_assigned signal values to corresponding 

primary inputs when necessary. Some terms used in the algorithm HBTG are defined as 

below: 

Definition: A front signal is the signal on the path selected that has been assigned a value 

most recently (it’s similar to the D-frontier in the D-algorithm). 

Definition: The mut is the module under test. During the propagation, the mut is the 

module on the path that has the front signal as one of its input ports. During the justi- 

fication process, the mut is the process on the path selected that has the signal to be 

justified as its output port. 

Definition: the portact of a port is the number of times the test sequence has generated 

an event on the port. It is meaningful for the sensitive input ports only. 

Definition: the Activation of a port means to generate an event on the port. 

Definition: the Activation of a process means to execute the process. The activation of 

a sensitive input port of a process causes the activation of the process. 
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Definition: the propagation of a signal value means to propagate the signal value further 

to a PO. The propagation of an event assigns constant values to the other input ports 

of the process. The propagation of a non-sensitive signal or a constant signal value as- 

signs an event to a sensitive input port of the process and constant values to all other 

input ports. 

Definition: the justification determines the set of input values of a process with the out- 

put of the process specified during the propagation process. 

Definition: the implication calculates the output values of a process when its inputs are 

specified. No new values will be assigned to the inputs of the process. 

4.5 Implementation 

The algorithm discussed in section 4.4 is implemented in ANSI C. It can be run on any 

system where the Modeler’s Assistant is installed. The implementation of the algorithm 

includes initialization and test generation. During the initialization of the program, some 

more macros are defined, sensitive paths of the model are constructed and the precom- 

puted tests for the individual processes are stored into the linklists of tests. After that, 

the test generation process begins. 
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4.5.1 Macros used for test generation 

During the initialization of the program, some more macros are defined and their values 

are calculated in order to facilitate the test generation process. The macros defined here 

include NumMod(unit), NumPort(module), PortAct(port), OrInMod(port), 

ModuleOrder(module) and PortOrder(port). NumMod(unit) represents the number of 

modules in a unit. NumPort(module) represents the number of ports in a module. 

PortAct(port) stores the activation information of a sensitive input port. 

OrInMod(port) gives the order of ports in a module. As discussed earlier, the maximum 

number of a_nodes is defined to be eight hundred. Even though the number can be 

changed, but it is always the sum of different types of a_nodes which includes the nodes 

to represent the unit, the nodes to represent the modules and the nodes to represent the 

ports and so on. In other words, a port can be any one of the eight-hundred nodes but 

the number of ports of a unit is usually a lot smaller than eight hundred. The macro 

OrInMod(port) is defined so that the reference to the ports is easier. For example, if a 

module(P) has five ports altogether, the values of the ports in a precomputed test can 

be stored in an array of five elements (e.g. test[5]). The reference to the value of one of 

the five ports PPI is test{OrInMod(PP1)]. If the node number of the port is used instead, 

the size of the array has to be a lot bigger than it is needed. ModuleOrder( module) is 

used to assign orders to the modules in a PMG. The ModuleOrders for modules in a 

PMG are from 0 to (NumMod(unit) - 1). The purpose of defining this macro is similar 

to the previous one. PortOrder(port) is used to order the ports in the whole PMG. 

Each primary input port and primary output port has a unique PortOrder and all the 

ports that connect to the same signal have the same PortOrder. This macro plays an 

important role in the data structure to store the test sequence developed during the test 

Chapter 4. Hierarchical test generation for VHDL behavioral models 45



generation process. This is because the assignment and record of the values of the ports 

that have the same value are unique by utilizing this macro. For example, ports sl, s11, 

s12, s13 in figure 10 are assigned the same PortOrder. So, only one slot is needed to store 

the values of the three ports. Further more, if the values of the ports are changed during 

the test generation, only one assignment operation is needed. The representation of the 

signal values will be discussed later. The file macrosm.h contains all the macros defined 

in the Modeler’s Assistant and the ones defined for test generation. 

4.5.2 Construction of sensitive paths 

Program sp.c extracts information from the database of PMG in the Modeler’s Assistant 

and constructs sensitive paths according to the definition of a sensitive path. The con- 

struction of sensitive paths begins whenever a sensitive primary input is found. And it 

stops when the path reaches a primary output of the PMG. The program tries to make 

different sensitive paths go through as many different sensitive ports as possible. For 

example, in Figure 18 on page 47, the output port sl of module MI has three fanouts 

S11, s12 and s13 which are sensitive input ports of module M2, M3 and M4 respectively. 

If there are three sensitive paths that have to go through port sl, then the program will 

make the paths go through sl1, s12 and s13 accordingly. 
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OUT3   Figure 18. PMG with fanout signals   
  

Figure 19 on page 48 shows the sensitive paths constructed for the 8-bit register. 

The paths are represented in a 2-dimensional form. The first dimension is the sensitive 

path number and the second dimension is the order of the elements on the path. For 

example, sp[2][3] is the fouth element on the third path of a unit. The elements on a path 

are ports. So a sensitive path is a series of ports. 
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path 0: 
sp[0][0]J=11(NDS2) 
sp[0][1]=10CENBLD) 
sp[0][2]=6(ENBLD) 

sp[0]{3]=5(DO) 

path 1: 
sp[{1]{0]=12(DS1) 
sp[1][1]=10(ENBLD) 
sp[{1][2]=6CENBLD) 

sp[1]{3]=5(DO) 

path 2: 
sp[2][0}=17(STRB) 
sp[2][1]=15(REG) 

sp[2][2]=7(REG) 
sp[2][3]=5(D0) 

Figure 19. The sensitive paths of the 8-bit register. 
  

4.5.3 Storage of the precomputed tests 

After the construction of sensitive paths, a program called input.c reads the test data file 

(*.tst) for each of the modules and stores them into linklists of structure called struct 

test. Some tests for module ENABLE of the 8-bit register are listed in the test data file 

ENABLE.tst in Figure 20 on page 49. 
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Figure 20. The test data file for module ENABLE. 
  

In the first line of the test data file, the order of the ports in which the values are pro- 

vided is given. The order of the ports in the test data file is assumed to be the same as 

the order in which the ports are stored in the linklist of ports of a module. The orders 

of the ports in the linklist of a module are known because they are defined when the 

primitive processes are developed in the Modeler’s Assistant. Starting from the second 

line in the test data file, test sequences are given, preceded by the the number of time 

frames needed for each of the test sequences. So the final values of the signals in the test 

are stored in the last frame of the test. As can be seen, symbolic values are used in the 

test data file. The meanings of the symbols are as below: 

‘0’: A constant ’0’ in a single-bit bus. 

‘1’: A constant ‘I’ in a single-bit bus. 

‘R’: A transition from ‘0’ to ‘I’. 

‘F’: A transition from ‘I’ to ‘0’. 

‘X’: Unknown value or don’t care. 

‘Z’: High impedence. 
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‘Di’: Any chosen value in either a single-bit bus or a multi-bit bus. 

They can be D1, D2, D3... 

In the test data file ENABLE.tst, tests with events in port NDS2, DSI that generate 

events in port ENBLD are included. These tests are used to activate sensitive ports 

NDS2, DSI and ENBLD. The test data file also includes tests that assigns a constant 

0 and | to port ENBLD. These tests are used to propagate events in other sensitive input 

ports to module OUTPUT so that the sensitivity of those ports, in this case port REG, 

can be checked. Actually, the test data file for a module should at least satisfy the fol- 

lowing requirements: 

[1] For each of the sensitive primary input signals of a process, a test with an event 

on the port should be included. A better test should generate an event on the output 

port of the module as well. 

[2] For an internal signal which is a sensitive input signal to any one of the proc- 

esses, tests that can generate an event and a constant signal value on the signal 

should be included. 

[3] For an internal signal which is not a sensitive input signal to any one of the 

processes in the model, only the test that can generate a constant value on the signal 

is needed. 

[4] For the signal values of a test in the same time frame, there should be at most 

one of the sensitive input signals that has an event. 
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The requirements to include tests that have events on the sensitive signals are to guar- 

antee that there is at least one test to activate each of the sensitive input ports. The 

fourth requirement is necessary because the sensitivity of each of the sensitive input 

ports of a model can be checked only when there is no events on any other sensitive in- 

put ports of the process. For example, there are two sensitive input ports in module 

OUTPUT of the 8-bit register (port REG and port ENBLD). In order to check the 

sensitivity of port REG, a test with an event on REG is needed. But that is not enough. 

The test should have a constant signal value on port ENBLD. Otherwise, even though 

the module OUTPUT is executed we can not tell if it is due to the event on port REG 

or ENBLD. Hence the following test is selected to propagate the event on signal REG 

assuming the value of REG is different from D2 in the previous frame. 

Table 2. Test to propagate an event on port REG 

  

DO ENB REG 

D2 l D2 
  

          

The requirements to include tests with constant values on sensitive and non-sensitive 

internal signals are necessary for the same reason as the fourth requirement. 

The struct test used to store a test sequence is defined as below: 

Struct test 

int tstorder; 

int nu_frame; 

char tst_buffer[f MAX_NU_FRAME][MAX_LINE_CHAR]; 

Struct test * ptr_to_next; 
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} canned test; 

tstorder is used to number the tests for a module. The first test in a test data file will be 

of tstorder of “0”. nu_frame represents the number of time frames in a test. For example, 

test to generate an event on signal REG in the 8-bit register can be as in Table 3. 

Table 3. Test sequence to generate an event on REG 

  

  

STRB DI REG 

R D1 D1 
R D2 D2           

then the nu_frame for the test is 2.  tst_buffer[MAX_NU_FRAME] 

[MAX_LINE_CHAR] 1s used to store test sequence in a test. For the test in Figure 13, 

tst_buffer[O] = {R, D1, D1} and tst_bufferjl]] = {R, D2, D2}. struct test * ptr_to_next 

iS a pointer that points to the next test of the module. 

Also in the program, an array of pointers to struct test is defined. It is struct test 

*tst_ptr[ MAX_MOD]. Each of these pointers points to the first test in the linklist of 

struct test of each of the modules. 

4.5.4 Test generation 

After the construction of sensitive paths and the storage of the precomputed tests of 

individual processes, the test generation process can begin. The program that is respon- 
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sible for test generations is tg.c. According to algorithm HBTG, in the test generation, 

sensitive paths in the PMG of the model are selected and activated one by one until the 

activation of all the sensitive paths are finished. The activation of a sensitive path in- 

cludes four basic operations: 

[1] Activate sensitive ports along the sensitive path. 

]2] Propagate signal values forwards until the PO is reached. 

[3] Justify signal values backwards until the PIs are reached. 

[4] Perform implication for modules with known inputs and unknown outputs. 

[5] Repeat [1] to [4] until all the sensitive paths are traversed. 

steps [1] to [4], function Select_tst() is called to select appropriate precomputed test for 

different operations during the test generation. Since the PMG of the model does not 

contain any information about the functionalities of the modules, they have to be de- 

rived from the precomputed tests in all the steps. When the function is called, a param- 

eter choice is passed to indicate the type of operations being executed. The requirements 

for different types of tests used in different operations are listed below and illustrated in 

Figure 21 on page 55. 

e For the activation of a sensitive port on the path selected, a test with an event on 

that port has to be selected. A better test should have an event on the next port on 

the path (the output port of the mut) as well. 

® For the propagation of an event on the path, a test with the same event on the port 

is needed. Again, a test with an event on the next port of the path is preferred. 

e For the propagation of a constant signal value of a sensitive input port or a value 

on a non-sensitive input port, test with an event on another port of the mut is 

needed. 
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e For the justification of a signal value, test that can generate a same value for the 

signal is needed. 

e In order for the implication process to proceed, test with values in all the input ports 

of the module equal to the current values of the ports is needed. 

In Figure 21 on page 55, A and C are assumed to be two consecutive ports in a path 

selected. Process M is the mut. The values in the signals can be interpreted as: 

‘e’: an event that is assigned to the signal in a previous step; 

‘c’; a constant that is assigned to the signal in a previous step; 

‘ne’: a new event that is assigned to the signal in the current step; 

‘nce’; a new constant that is assigned to the signal in the current step; 

After the selection of an appropriate test, function Assign_value() is called and assigns 

values to the signals of the unit. Since the signal values should be associated with time 

sequence, the structure used to store the signal values is a double linklist. Then the signal 

values in the earlier positions of the linklist should apply to the model earlier in simu- 

lation. The element in the linklist is struct time_frame and it is defined as below: 

struct time_frame 

int frameorder, 

struct time_frame * ptr_to_next; 

Struct time_frame * ptr_to_last; 

int signal_value{ 100]; 

} frame, 
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a. Test to activate port A 

c. Test to propagate an event on port A 

B-7 ne 

A~core 

B-core 

b. Test to imply in process M 

core 

d. Test to justify the value on port C 

e. Test to propagate the value on a non-sensitive port 

Figure 21. Types of tests needed for different operations 
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frameorder is assigned to the frame like the frame name. So we can find a time_frame 

with this “name” easily. Two pointers to struct time_frame are defined. One points to the 

previous frame in the linklist, one points to the following one. So, the ptr_to_last of the 

first frame is NULL. And the ptr_to_next of the last frame is also NULL according to 

the definition. The other field in frame is the array signal_value[]. The index of the 

signal_values[] is the PortOrder discussed earlier. So, only one element is used to store 

the values of ports sl, s11, s12 and s13 in Figure 18 on page 47. If the node number 

of port sl2 is 32, then the reference to the value of port sl2 will be 

signal value[PortOrder(32)]. Since type int is a lot easier to manipulate than type string 

in comparison and some other operations needed during the test generation process, 

type int is used to store the values of the signals internally. But the symbolic represen- 

tation of the signal values are easier for users to understand, so symbolic values are used 

in the test data file and the final output of the program. 

A time frame is the time period needed to finish the execution of all the processes caused 

by an event in a test instantiated. Each time the program tries to activate a signal on 

the path selected, a new time frame is created and the signal_values in the precomputed 

test are assigned to the corresponding signals. While propagating an event towards PO, 

no new frames are created because all the operations are assumed to have finished in a 

single time frame before proceeding to the next one. On the contrary, propagation of a 

constant signal value or a non-sensitive signal will cause the creation of new time frames. 

In the justification process, if more than one time frames are needed, new frames have 

to be created and inserted before the frame where the justification begins. The following 

example shows the time frame manipulations in a justification process, Table 4 on page 

57 is a printout of the signal values at different time frames after the activation of “path 

0” of the 8-bit register has reached the PO “DO”. 
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Table 4. Test sequence for path 0 before justification 

  

  

  

  

frame | STRB| DI DS! | NDS2{} REG | ENB DO 

0 xX Xx x x x x xX 

1 Xx xX l F D1 R D1                   

Since a value “D1” has assigned to an internal signal REG at time frame 1, justification 

for this signal value is needed. According to the requirement of test for justification, a 

two time-frame precomputed test sequence in Table 5 is selected. The first step in jus- 

tification assigns the values in the last frame of the precomputed test to signals STRB, 

DI and REG in time frame 1. In the second step of the justification, a new time frame 

2 is created, and the values in the first frame of the precomputed test are assigned to 

signals STRB, DI and REG. The values of other signals at frame 2 copy the values of 

the same signals in frame 0 if no implications assign new values to them. The final result 

is shown in Table 6. The numbers in column “frame” are the frameorders of each of the 

frames. Their values do not correspond to the order in which the test should be applied. 

Actually, they are just names used to refer the frames. 

Table 5. Test sequence to assign a stable data in REG 

  

  

  

  

STRB DI REG 

R D1 D1 

l D1 D1       
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Table 6. Complete test sequence for path 0 

  

  

  

  

frame | STRB| DI DS1 | NDS2| REG | ENB DO 

0 xX x X x X xX Xx 

2 R D1 x x Di x X 

| | D1 | F D1 R D1                     

As described in the algorithm HBTG, the justification process begins when the acti- 

vation of the path reaches the PO and it is used to determine the set of input values of 

a process with the output of the process specified during the propagation process. In 

the actual implementation of the program, a two dimensional array stack[][] is defined 

to record the signal values that need justifications. The first index of the stack is the 

JSrameorder The second index is the signal order. Each time a value in a precomputed test 

is assigned to an internal signal, the stack stamped with the frameorder and the signal 

order is set. So, when the justification process begins, we know which signal at which 

time frame needs to be justified. 

Another operation for test generation is implication. This operation is needed in different 

steps of the test generation process. Theoretically, after each signal assignment, impli- 

cation should be performed. It should be noted that the implication process is partic- 

ularly needed after each signal assignment in the justification process because many of 

the signal values are known at that stage of the test generation. 

With the structure of the program described above, it can easily be extended or modified 

to meet some more requirements for test generation. It can even be used for different 

definitions. 
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4.6 A sample run of HBTG 

This section shows the signal values of the 8-bit register model at different stages of the 

test generation process. 

[1] Initial signal values: 

  

frame DO ENB NDS2 DS1 REG DI STRB 
  

                    

[2] Activate path 0: 

[2.1] Activate port NDS2: 

Test selected: 

  

ENB NDS2 DS1 
  

          

Signal Values after activation of port NDS2: 

  

  

  

    

frame DO ENB NDS2 DS1 REG DI STRB 

0 X xX Xx X Xx Xx x 

1 Xx R F l x x x                 
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Test selected: 

[2.2] Propagate the event on ENBLD: 

  

DO ENB REG 
  

  Di     D1 
  

Signal Values after propagation of the event on ENBLD: 

  

  

  

  

                    

Test selected: 
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frame DO ENB NDS2 DS1 REG DI STRB 

0 x xX x Xx xX xX 4 

l D1 R F 1 Dl x 4 

[2.3] Justification of the signal value in port REG: 

REG DI STRB 

Di D1 R 

DI D1 1 
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Signal values after the first step in justification: 

  

  

  

                  
  

  

  

  

                    
  

  

  

frame DO ENB NDS2 DSI REG DI STRB 

0 x xX xX x xX xX xX 

l D1 R F 1 Di DI 1 

Signal values after the second step in justification: 

frame DO ENB NDS2 DS! REG DI STRB 

0 X X xX xX xX xX xX 

2 x xX Xx Xx D1 D1 R 

1 D} R F 1 D1 D1 1 

[3] Activate path I: 

[3.1] Activate port DSI: 

Test selected: 

ENB NDS2 DS! 

F 0 F         
  

Signal values after the activation of port DSI: 
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[3.2] Propagation of event on port ENBLD: 

Test selected: 

  

DO ENB REG 
  

          

Signal values after propagation of the event on ENBLD: 

  
[4] Activation of path 2: 
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[4.1] Activation of port STRB: 

Test selected: 

  

REG DI STRB 

D2 D2 R 
  

          

Signal values after the activation of port STRB: 

  

[4.2] Propagation of the event on REG: 

Test selected: 

  

DO ENB REG 

D2 I D2 
  

          

Signal values after the propagation of the event on REG: 
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[4.3] Justification of the signal value in ENBLD: 

Test Selected: 

  

  

  

ENB NDS2 DS1 

R 0 R 

1 0 1           

Signal values after the first step in justification: 

  

Signal values after the second step in justification: 
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ENB 

  

[4.4] Implication in frame 5: 

Test selected: 

  

DO ENB REG 

D1 R D1 
  

          

Signal values after the implication in module OUTPUT: 

Table 7. A complete test sequence for the 8-bit register 
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The complete test sequence has six time frames. The first frame (frame 0) shows that the 

initial values of all the signals are unknown X. Test vectors at time frames !| and 2 are 

responsible for the activation of path 0 of the model. Test vector at time frame 3 is re- 

sponsible for the activation of path 1. Test vectors at time frames 4 and 5 are used to 

activate path 2. When the activation of all the sensitive paths are finished, all the sensi- 

tive ports in the PMG are activated at least once. 
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Chapter 5. Results 

In this chapter, test sequences for a few VHDL behavioral models are developed. They 

are translated into test bench files for the simulation of the models. The simulations are 

done using SYNOPSYS VHDL simulator. Some rules used to translate a test sequence 

into a test bench file is listed in section 4.1. The simulation outputs of the models are 

given in section 4.2. 

5.1 Rules to translate a test sequence into a test bench file 

After the test sequence fora VHDL behavioral model is developed by HBTG, some rules 

to translate the test sequence into a test bench file are developed in order to proceed with 

the simulation process. These rules provide the consistency needed in the explanation 

of the test sequence. They also provide the basis for the analysis of the stmulation out- 

put. It should be noted that these rules just provide one of the possible ways to apply 

the test sequence. They are not the only way that will provide correct results. 
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e The time period for the initial frame is 0 ns. 

e The time period for each of the other frames is 5 ns. The value is selected arbitrarily. 

But it is guaranteed to be long enough because all the assignment statements in the 

model have delta-delays. So, (1 ns to 5 ns) is the time period for the first fame and 

(6 ns to 10 ns) is the period for the second frame and so on. According to this, all 

the input values in a time frame are applied to the model within a time period of 5 

ns. 

e ©All the assignments to PIs are made at time 1 ns, 4 ns, 6 ns, 9 ns, 11 ns, 14 ns, 16 

ns, 19 ns, i.e. (S*MI + 1) ns and (5*M2 -1) ns where M1 and M2 are both integers 

with M1 > 0, M2 => 1. Hence, M1= 0, 1, 2... and M2=1, 2, 3... 

e Fora rising “R”, if the value of the signal is not a ‘0’ in the previous time frame, a 

‘0’ is assigned to the signal at time (5*M1 + 1) ns (11 ns in the 11 to 15 ns frame ) 

and a ‘I’ is assigned to the signal a time (5*M2 - 1) ns (14 ns in the 11 to 15 ns 

frame) to make a “R” at time (5*M2 - 1) ns (14 ns in the 11 to 15 ns frame). The 

same for a "F”. 

e For a rising “R”, if the value of the signal is a ‘0’ in the previous time frame, a ‘1’ is 

assigned to the signal at time (5*M2 - 1) ns (14 ns in the 11 to 15 ns frame). 

e Aconstant bit_vector is assigned to the signal at time frame (5*M1 - 1) ns (11 ns in 

the 11 to 15 ns frame). The value of it can be any one of the possible values of the 

bit_vector or some specific values defined when the precomputed tests are devel- 

oped. 
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According to the rules outlined above, simulation outputs should be observed at time 

(S*M2 - 1) ns (14 ns in the 11 to 15 ns frame) because it is the time when an event oc- 

curs. 

3.2 Examples 

5.2.1 The 8-bit register circuit 

The 8-bit circuit consists of three logic components, an 8-bit Register, an output Buffer 

and a 2-input NAND gate whose output is the enable signal of the output buffer. The 

VHDL behavioral model of the circuit and its PMG are given in Figure 15 on page 34 

and Figure 11 on page 31 respectively. Table 7 on page 66 is a complete test sequence 

for the model. The corresponding test bench file according to the rules in 5.1 and the 

simulation output of the model are listed below. 
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Test bench file for the 8-bit register: 

library SYNOPSYS; 
use work. VHDLCAD.all1; 

use work.all; 

entity TEST_BENCH 

is end; 

architecture REG8_ TEST of TEST_BENCH is 

signal STRB,DS1,NDS2: bit; 

signal DI: BIT_VECTOR(0 to 7); 

signal DO: MVL_VECTOR(0 to 7); 

component reg8 

port (DO: out MVL_VECTOR(0 to 7); 

NDS2: in BIT; 

DS1: in BIT; 

DI: in BIT_VECTOR(0 to 7); 

STRB: in BIT 

)3 
end component; 

begin 

Rl: reg8 

port map(DO, NDS2, DS1, DI, STRB); 

process 
begin 

STRB <= transport '0' after 1 ns; 
STRB <= transport '1' after 4 ns; 
DI<= transport "11110000" after 1 ns; 

DS1<= transport '1' after 6 ns; 
NDS2 <= transport '1' after 6 ns; 
NDS2 <= transport '0' after 9 ns; 

DS1 <= transport '0' after 14 ns; 

NDS2 <= transport '0' after 16 ns; 
DS1 <= transport '1' after 19 ns; 

STRB <= transport '0' after 21 ns; 
STRB <= transport '1' after 24 ns; 
DI <= transport "00001111" after 21 ns; 
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wait; 

end process; 
end; 

configuration CTEST_BENCH of TEST_BENCH is 

for REG8_TEST 

for all: reg8 
use entity work. reg8(BEHAVIOR); 

end for; 

end for; 

end CTEST_BENCH; 

The simulation output of the 8-bit register: 

Initial values are: 

Current working region: / 
Simulation values are: 

0 NS 
SMON4: ACTIVE /TEST_BENCH/DO (value = "Z2222222") 

“1 NS 
SMON3: ACTIVE /TEST_BENCH/DI (value = X"FO") 
SMON: ACTIVE /TEST_BENCH/STRB (value = '0') 

4 NS 
SMON: ACTIVE /TEST_BENCH/STRB (value = '1') 

SMON4: ACTIVE /TEST_BENCH/DO (value = "Z2222Z222") 
6 NS 

SMON2: ACTIVE /TEST_BENCH/NDS2 (value = '1') 
SMON1: ACTIVE /TEST_BENCH/DS1 (value = '1') 

9 NS 
SMON2: ACTIVE /TEST_BENCH/NDS2 (value = '0') 
SMON4: ACTIVE /TEST_BENCH/DO (value = "11110000") 

14 NS 
SMON1: ACTIVE /TEST_BENCH/DS1 (value = '0') 
SMON4: ACTIVE /TEST_BENCH/DO (value = "Z2222222") 

16 NS 
SMON2: ACTIVE /TEST_BENCH/NDS2 (value = '0') 

19 NS 
SMON1: ACTIVE /TEST_BENCH/DS1 (value = '1') 
SMON4: ACTIVE /TEST_BENCH/DO (value = 11110000") 

21 NS 
SMON3: ACTIVE /TEST_BENCH/DI (value = X"0F") 
SMON: ACTIVE /TEST_BENCH/STRB (value = '0') 

24 NS 
SMON: ACTIVE /TEST_BENCH/STRB (value = '1') 

SMON4: ACTIVE /TEST_BENCH/DO (value = "00001111") 
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For the above example, DI and D2 are chosen to be any two of the two hundred fifty 

six possible 8-bit bit_vectors where DI = “11110000” and D2 = “OOOOI111”. According 

to the rules in section 5.1, simulation outputs at time 4ns, 9ns, 14ns, 19ns, and 24ns 

correspond to the output values at time frames 2, 1, 3, 5, 4 of the test sequence. By 

comparing the simulation outputs with the output values in the test sequence, we can 

see that the test sequence provides correct PI/PO pairs for the model. So the test se- 

quence developed by HBTG is proved to be valid. 
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Bee 

5.2.2 The E2 system 

The E2 system is a 2-to-1 MUX with the output of a 2-input AND gate as its control 

signal. The VHDL behavioral model of the system and its PMG are shown in 

Figure 22. 

  

entity E2 is 
port(A,B,C1,C2: in BIT := '0'; 

D: out BIT); 

end E2; 

architecture AND_MUX of E2 is 

signal CON: BIT; 
begin 

P_AND: process(C1,C2) 

begin 
CON <= Cl and C2; A B 

end process P_AND; 

C1 

P_MUX: process(CON, A,B) 4 CON 
begin C2 

if CON = '1' then O 
D <= A; DOUT 

else 

D <= B; 

end if; 

end process P_MUX; 

end AND_MUX; 

Figure 22. The VHDL model of E2 and its PMG 
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A complete test sequence for model E2?: 

Table 8. A complete test sequence for the E2 system 
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The simulation output of the E2 system: 

Initial values are: 
Current working region: / 
Simulation values are: 

0 NS 
SMONS: ACTIVE /TEST_BENCH/R1/DOUT (value = '0') 
SMON4: ACTIVE /TEST_BENCH/DOUT (value = '0') 

SMON1O: ACTIVE /TEST_BENCH/R1/CON (value = '0') 
1 NS 

SMON8: ACTIVE /TEST_BENCH/R1/C2 (value = '1') 
SMON1: ACTIVE /TEST_BENCH/C2 (value = '1') 
SMON9: ACTIVE /TEST_BENCH/R1/C1 (value = '1') 
SMON: ACTIVE /TEST_BENCH/C1 (value = '1') 

SMON10: ACTIVE /TEST_BENCH/R1/CON (value = '1') 
SMONS: ACTIVE /TEST_BENCH/R1/DOUT (value = '0') 
SMON4: ACTIVE /TEST_BENCH/DOUT (value = '0') 

4 NS 
SMON9: ACTIVE /TEST_BENCH/R1/C1 (value = '0') 
SMON: ACTIVE /TEST_BENCH/C1 (value = '0') 

SMON10: ACTIVE /TEST_BENCH/R1/CON (value = '0') 
SMONS: ACTIVE /TEST_BENCH/R1/DOUT (value = '0') 
SMON4: ACTIVE /TEST_BENCH/DOUT (value = '0') 

6 NS 
SMON6: ACTIVE /TEST_BENCH/R1/B (value = '0') 
SMON3: ACTIVE /TEST_BENCH/B (value = '0') 

9 NS 
SMON6: ACTIVE /TEST_BENCH/R1/B (value = '1') 
SMON3: ACTIVE /TEST_BENCH/B (value = '1') 
SMONS: ACTIVE /TEST_BENCH/R1/DOUT (value = '1') 
SMON4: ACTIVE /TEST_BENCH/DOUT (value = '1') 

11 NS 
SMON6: ACTIVE /TEST_BENCH/R1/B (value = '1') 
SMON3: ACTIVE /TEST_BENCH/B (value = '1') 

14 NS - 
SMON9: ACTIVE /TEST_BENCH/R1/C1 (value = '1') 
SMON: ACTIVE /TEST_BENCH/C1 (value = '1') 

SMON10: ACTIVE /TEST_BENCH/R1/CON (value = '1') 
SMONS: ACTIVE /TEST_BENCH/R1/DOUT (value = '0') 
SMON4: ACTIVE /TEST_BENCH/DOUT (value = '0') 

16 NS 
SMON7: ACTIVE /TEST_BENCH/R1/A (value = '0') 
SMON2: ACTIVE /TEST_BENCH/A (value = '0') 
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19 NS 
SMON7 : 
SMON2: 
SMONS: 
SMON4: 

21 NS 

SMON6: 

SMON3: 

SMON7: 

SMON2: 

SMON8: 

SMON1: 

24 NS 
SMON8: 

SMON1: 

SMON10: 

SMONS: 

SMON4: 

26 NS 
SMON7: 

SMON2: 

SMON8: 

SMON1: 

SMON9: 

SMON: 

SMONS: 

SMON4: 

SMON10: 

29 NS 
SMON9: 

SMON: 

SMON10: 

SMONS: 

SMON4: 

ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 

/TEST_BENCH/R1/A (value = '1') 
/TEST_BENCH/A (value = '1') 
/TEST_BENCH/R1/DOUT (value = ‘ay 

/TEST_BENCH/DOUT (value = '1') 

/TEST_BENCH/R1/B (value = '1"') 
/TEST_BENCH/B (value = 'i') 
/TEST_BENCH/R1/A (value = '1') 
/TEST_BENCH/A (value = '1') 
/TEST_BENCH/R1/C2 (value = '1') 

_ value = /TEST_BENCH/C2 (val a") 

/TEST_BENCH/R1/C2 (value = '0') 
/TEST_BENCH/C2 (value = '0') 
/TEST_BENCH/R1/CON (value = '0') 
/TEST_BENCH/R1/DOUT (value = '1') 
/TEST_BENCH/DOUT (value = '1') 

/TEST_BENCH/R1/A (value = '0') 
/TEST_BENCH/A (value = '0') 
/TEST_BENCH/R1/C2 (value = '1') 
/TEST_BENCH/C2 (value = '1') 
/TEST_BENCH/R1/C1 (value = '0') 
/TEST_BENCH/C1 (value = '0') 
/TEST_BENCH/R1/DOUT (value = '1') 
/TEST_BENCH/DOUT (value = '1') 
/TEST_BENCH/R1/CON (value = '0') 

/TEST_BENCH/R1/C1 (value = '1') 
/TEST_BENCH/C1 (value = '1') 
/TEST_BENCH/R1/CON (value = ' 
/TEST_BENCH/R1/DOUT (value 
/TEST_BENCH/DOUT (value = ' ©

 
il 

For the above example, D1 is chosen to be a 0’ and D2 is chosen to be a ‘I’ for simu- 

lation. According to the rules describes in section 5.1, the output values at time 4ns, 9ns, 

14ns, 19ns, 24ns, 29ns correspond to the output values at time frames 2, 1, 4, 3, 5, 6 in 

the test sequence. As can be seen, there are no conflicts between them. 
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§.2.3 The interrupt controller 

The interrupt controller consists of three logic components, a Priority Decoder, a 4-input 

NAND gate and a Buffer. The VHDL behavioral model and its PMG are given in 

Figure 23 on page 78. 
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entity INT_CONT is 

port(NINT1,NINT2,NINT3,NINT4,INTA: in BIT; 
INT: out BIT; VOUT: out MVL_VECTOR(O0 to 7)); 

end INT_CONT; 

architecture BEHAVIOR of INT_CONT is 

signal VECT: BIT_VECTOR(0O to 7); 

begin 
NAND4: process(NINT1,NINT2,NINT3,NINT4) 

begin 
INT <= not(NINT1 and NINT2 and NINT3 and NINT4); 

end process NAND4; 

VECTOR: process(NINT1,NINT2,NINT3,NINT4) 
begin 

if (NINT1 = '0') then 

VECT <= "00011100"; 
elsif (NINT2 = '0') then 

VECT <= "00011101"; 

elsif (NINT3 = '0') then 
VECT <= "00011110"; 

elsif (NINT4 = '0') then 
VECT <= "00011111"; NINT1 

else NINT2 
VECT <= "00011100"; CO INT 

end if; NINTS 
end process VECTOR; NINT4 

BUFF: process(INTA) NIN! 
begin NINT2 VECT 

O VOUT 
if (INTA = '1') then NINT3 r x 
wot <= VECT; NINT4 

else 
VOUT <= "22222222"; 

end if; 

end process BUFF; 

end BEHAVIOR; 

Figure 23. The VHDL model of the interrupt controller and its PMG 
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A complete test sequence for model intcont: 

Table 9. A complete test sequence for the interrupt controller 

frame VOUT | INTA VECT | NINT4 | NINT3 [NINT2 | NINTI 

xX Xx 

xX D1 

D1 D1 

D1 D4 

D4 D4 

D4 D3 

D3 D3 

D3 D2 

D2 D2 

D2 D1 

D1 DI 

Di Di 

Di D1 

D1 D1 

Di D1 
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The simulation output of the interrupt controller: 

Initial values are: 

Current working region: / 
Simulation values are: 

0 NS 
SMON6: 

SMONS: 

1 NS 
SMON4: 

SMONS : 

4 NS 
SMON4: 
SMONS: 

6 NS 
SMON: 

9 NS 
SMON: 

SMON6: 
11 NS 

SMON1: 
SMON2: 
SMON3: 
SMON4: 
SMON5: 

14 NS 
SMON1: 

SMONS: 

16 NS 
SMON: 

SMON6: 

19 NS 
SMON: 

SMON6: 
24 NS 

SMON2: 
SMONS5: 

26 NS 
SMON: 

SMON6: 
29 NS 

SMON: 

SMON6: 

34 NS 
SMON3: 
SMON5S: 
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ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

/TEST_BENCH/VOUT (value = "Z2Z22222") 
/TEST_BENCH/INT (value = '1') 

/TEST_BENCH/NINT1 (value = '1') 
/TEST_BENCH/INT (value = ‘1') 

/TEST_BENCH/NINT1 (value = '0') 
/TEST_BENCH/INT (value = '1') 

/TEST_BENCH/INTA (value = '0') 

"4') 

"90011100") 
/TEST_BENCH/INTA (value 
/TEST_BENCH/VOUT (value 

/TEST_BENCH/NINT4 (value 
/TEST_BENCH/NINT3 (value 

/TEST_BENCH/NINT2 (value 

/TEST_BENCH/NINT1 (value 
/TEST_BENCH/INT (value = 0 

-~
f 

Wo
n 

i 

/TEST_BENCH/NINT4 (value = '0') 
/TEST_BENCH/INT (value = '1') 

/TEST_BENCH/INTA (value = '0') 
/TEST_BENCH/VOUT (value = "Z2ZZZ222") 

/TEST_BENCH/INTA (value = '1') 
/TEST_BENCH/VOUT (value = "00011111") 

/TEST_BENCH/NINT3 (value = '0') 
/TEST_BENCH/INT (value = '1') 

/TEST_BENCH/INTA (value = '0') 
/TEST_BENCH/VOUT (value = "Z2Z222222") 

/TEST_BENCH/INTA (value = '1') 
/TEST_BENCH/VOUT (value = "00011110") 

/TEST_BENCH/NINT2 (value = '0') 
/TEST_BENCH/INT (value = '1') 
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36 

39 

44 

46 

49 

51 

54 

56 

59 

61 

64 

66 

69 
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NS 
SMON: 

SMON6: 
NS 
SMON: 

SMON6: 

NS 
SMON4: 

SMONS: 

NS 
SMON: 

SMON6: 
NS 
SMON: 

SMON6: 

NS 
SMON1: 
SMON2: 
SMON3: 
SMON4: 
SMONS: 
NS 
SMON1: 
SMONS: 
NS 
SMON1: 

SMONS: 

NS 
SMON2: 
SMONS: 
NS 
SMON2: 

SMON3: 

SMONS: 

NS 
SMON3: 
SMONS5: 
NS 
SMON4: 

SMONS: 

NS 
SMON4: 

SMONS: 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 

/TEST_BENCH/INTA (value 
/TEST_BENCH/VOUT (value 

/TEST_BENCH/INTA (value 
/TEST_BENCH/VOUT (value 

/TEST_BENCH/NINT1 (value 

‘o') 

"7ZZZ22Z22') 

"t'y 

"90011101") 

‘o') 

/TEST_BENCH/INT (value = '1') 

/TEST_BENCH/INTA (value 

/TEST_BENCH/VOUT (value 

/TEST_BENCH/INTA (value 
/TEST_BENCH/VOUT (value 

/TEST_BENCH/NINT4 (value 
/TEST_BENCH/NINT3 (value 
/TEST_BENCH/NINT2 (value 
/TEST_BENCH/NINT1 (value 
/TEST_BENCH/INT (value = 

/TEST_BENCH/NINT4 (value 
/TEST_BENCH/INT (value = 

/TEST_BENCH/NINT4 (value 

-
t
 

t
o
u
y
 

/TEST_BENCH/INT (value = ' 

/TEST_BENCH/NINT3 (value = 

/TEST_BENCH/INT (value = ' 

/TEST_BENCH/NINT3 (value 
/TEST_BENCH/NINT2 (value 
/TEST_BENCH/INT (value = 

/TEST_BENCH/NINT2 (value 
/TEST_BENCH/INT (value = 

/TEST_BENCH/NINT1 (value 
/TEST_BENCH/INT (value = 

/TEST_BENCH/NINT1 (value 
/TEST_BENCH/INT (value = 

19") 

"ZZZZZZ22" ) 

"ty 

"00011100") 

"4') 

0') 
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In the above example, D1=”00011100’, D2="00011101", D3=”00011110", 

D4="00011111”. The correspondence between the simulation output values and the 

output values in the test sequence is similar to the ones in the previous examples. 

5.3 Conclusion 

According to the test sequence developed and the simulation outputs of the above circuit 

models, we can see that HBTG can systematically generate tests for VHDL behavioral 

models. The test sequences provide correct input/output pairs for the models. In addi- 

tion, if efficient tests for individual processes of the model are provided, the test sequence 

constructed by HBTG can exercise the model thoroughly. The test sequences for the 

three models actually cause the execution of all the statements inside the processes of the 

corresponding models at least once. 

After the simulation of the model developed by the Modeler’s Assistant is finished and 

the functionlity of the model is proved to be correct. The following experiment is con- 

ducted for the 8-bit register: 

[1] The Behavioral Test Generator(BTG)[13] is used to extract a list of faults for the 

model. The number of faults in the fault list is 12. 

[2] The Behavioral Fault Mapper(BFM)[5] is used to developed faulty models cor- 

responding to each of the faults. 
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[3] The test bench file developed from the test sequence is used to simulate each of 

the faulty models. 

[4] The simulation outputs of the faulty models are compared with the simulation 

output of the fault free model (the original model). If the results are different, then 

we say that the fault in the faulty model is detected by the test sequence. Otherwise, 

the fault 1s not detected. 

According to the experimental results, all the faults in the fault list are detected by the 

test sequence generated by HBTG. So, even though the approach presented in this thesis 

is not intended to generate tests to detect certain faults, the test sequence it generates is 

very good at behavioral fault detection for the 8-bit register. More experiments should 

be done in order to draw conclusion for all the other models. But it will not be surprising 

if the conclusion from the 8-bit register is further proved. This is so because if the test 

sequence can exercise the model thoroughly, the simulation results should be able to tell 

the difference if a fault (i.e., a perturbation in one of the statements of the model) exists 

in the model. 
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Chapter 6. Future development 

Test generation for VHDL behavioral models by activating all the sensitive input ports 

of the model is proposed the first time in this thesis. As shown in Chapter 4, the program 

developed to implement the test generation algorithm HBTG can apply to many models 

and give a complete test sequence for the models. But test generation is always a com- 

plicated problem; there are many aspects of the program that need to be further explored 

and modified to make it more practical and more complete. 

6.1 Models with reconvergent fanout and feedback 

If the circuit has reconvergent fanout, the justification process of TG becomes more 

complicated. Backtracks will be needed when conflicts occur. Backtrack is the process 

of selecting another choice when inconsistency occurs on some signal values. This re- 

quires the program to store all the choices available when a decision is made during the 

test generation process. Actually what kind of information should be stored, how to 
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store it, how to retrieve this information and make the right choice as soon as possible 

will be the problems that need to be solved. 

6.2 Criterion for more thorough test generation 

A more thorough test generation criterion should not only guarantee that all the proc- 

esses of the model are activated by the test sequence but also guarantee that all the 

statements inside the processes are executed as well. For example, the following is a 

process in a VHDL behavioral model: 

2_way: process(x) 

begin 

if(x) then 

operationl; 

else 

operation2; 

end if; 

end process; 

Assume that signal x in the sensitivity list of the process is a single-bit signal. In the 

current version of HBTG, a test with an event on x which can be a “R” or “F” will be 

applied to the model to activate 2-way process. A more complete test should guarantee 

that both events occur in the test sequence so that both operation! and operation2 are 
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executed. In that case, the model ts more thoroughly exercised. In the current version 

of HBTG, this can still happen but it is not guaranteed. 

6.3 Automatic derivation of the tests for individual 

processes. 

Currently, tests for individual processes are derived manually. It is a time consuming 

and error prone process. But the precomputed tests are critical for the test generation 

of the whole model. Ifa systematic way is available to compute all the tests needed for 

the test generation of the whole entity, HBTG discussed in this thesis will be more effi- 

cient and free of errors due to the incorrect precomputed tests. One possibility is to use 

BTG discussed earlier to develop tests for the processes. Another way to derive tests is 

simulation. 

6.4 Concurrent activation of sensitive paths 

The HBTG discussed here activates the sensitive ports of the model along the sensitive 

paths. The activation of the sensitive paths are done one by one until the activation of 

all of them are finished. It may be possible for some models to activate some paths si- 

multaneously without interfering with each other. Concurrent activation of the sensitive 

paths should give a shorter test sequence for the model. 
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Chapter 7. Conclusion 

Conclusions for the research presented in this thesis are given below: 

1. The HBTG can systematically generate tests for VHDL behavioral models. 

If efficient tests for individual processes are provided, the test sequence constructed 

by HBTG can exercise the model thoroughly. 

With the further improvement of the program, HBTG together with the Modeler’s 

Assistant can be a complete CAD system for VHDL behavioral model and model 

test development. The system is shown in Figure 24 on page 88. By using this sys- 

tem, a design engineer only needs to enter the PMG of the hardware circuit. The 

VHDL behavioral model for the circuit and a test sequence for the model can be 

generated automatically. The test sequence can then be used for the simulation of 

the model. By comparing the simulation outputs with the design specification or the 

data sheet of the corresponding circuit, one can tell ifthe functionality of the model 

is as expected or any modifications for the design of the circuit are needed. 
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