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ABSTRACT 

The era of VLSI design necessates the development of 

advanced Computer Aided Design tools. 

this research was to introduce an 

Sequential Circuit Test System, 

Hardware Programming Language, AHPL. 

The main objective 'of 

intelligent automatic 

SCIRTSS, driven by A 

SCIRTSS can handle the 

test vector generation process for VLSI circuits in an early 

state of the design loop, even before the generation of the 

final technology dependent network logic list. 

The driving force of the test generation process is 

the intelligent search program. The search program, 

supported by a set of heuristics and an accurate function 

level simulator, gen~rates the test sequence to propagate 

the single fault effect to a primary output of the circuit. 

The test sequence generated is a concatenation of the 

sequences generated by the repeated searches on the 

state-space of the design. These sequences are verified by 

a parallel fault simulator. 

Design for testability techniques could be used to 

improve the test sequence generated. This system is user 

friendly and protable. Several circuits were tested under 

SCIRTSS, the results of'some of them were introduced in this 

paper. 

x 



CHAPTER 1 

INTRODUCTION 

The goal of this research has been to develop an 

automated test generation system for custom VLSI digital 

integrated circuits. Indeed, the test generation process is 

addressed early in the design process, namely in the 

functional description. The design for testability 

structures are introduced as feasab1e alternative to 

facilitate testing. 

1.1 Objectives 

The recent development and progress in the field of 

digital integrated circuit computer aided design lead to the 

idea of full automation of the integrated circuit design; 

i.e the Silicon Compilers. Basically, Silicon Compilers are 

driven by a functional or behavioural description of the 

design. Aided by minimum guidance from the designer, the 

Silicon Compiler automate the logical and physical design 

phases. The pattern generator tape is the common output of 

the Silicon Compiler. 

An important and vital component of the Silicon 

Compiler is the Automatic Test Generation System (ATGS). 

1 
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The Automatic Test Generation problem has been seriously 

addressed, specially during this decade which is 

characterized by the complex VLSI design. To integrate the 

ATG software into the overall CAD system, this software 

should be driven by a common functional or behavioural 

description that describes the design. 

The main objective of this research is to introduc:e 

an intelligent automatic Sequential Circuit Test System 

(SCIRTSS), driven by A Hardware Programming' Language, AHPL. 

This ATGS is based on an intelligent heuristic d~iven search 

system which generates the test sequence to propagate the 

fault effect to a primary output of the circuit. The test 

sequence generated is a concatenation of the sequences 

generated by the repeated searches on the state-space of the 

design. These sequences are verified by a parallel fault 

simulator. SCIRTSS can handle the test vector generation 

process for VLSI circuits in an early stage of the design 

loop, even before the generation of the final technology 

dependent network logic list (see Figure 1.1). 

Our approach in automating the test generation 

process is based on an Artificial Intelligence (AI) concept 

of Heuristic Search technique to determine the test 

sequences which are subsequently verified by a parallel 

fault logic simulator. The Search is implemented using a 

Functional level 3-valued simulator of the AHPL description. 
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4 

1.2 AHPL, a Proper Design Language 

In CAD for digital systems the user needs to 

describe his design in a proper level of abstraction that 

could be used as a unique source for the different levels of 

the logic design and to support an ATGS. In this paper we 

are developing the SCIRTSS package. This system requires a 

function level description of the design, supported by the 

corresponding gate level description. 

Indeed we need a Register Transfer Language (RTL) 

which would generate a netlist that is technology 

independent. This language should be flexible enough to 

describe the digital design and satisfy some of the design 

for testability rules. 

AHPL is one of the widely circulated and completely 

documented modular hardware description languages [1]. It 

has a rich software support. The Universal AHPL (UAHPL), a 

superset of the initial AHPL. is supported by a hardware 

compiler [2] and a functional simulator [3]. The UAHPL 

compiler is used as a tool to support the ATGS functional 

simula.tor and the two other gate level simulators, namely 

the Parallel Fault Simulator and the D-algorithm routine. 

AHPL is a medium of clocked mode system description 

with the assumption that most digital systems could be 

partitioned into data and control sections. In the 

declaration section of the design written in AHPL various 



buses, registers, inputs, outputs and combinational logic 

circuit units (CLU) are declared. The control section is a 

list of numbered statements, each consisting of an action 

statements followed by a branch function. 

The action statement consists of the bus connections 

and register transfers. The branch function specifies which 

set of actions are to be performed next. The branch may be 

conditional on the value of any line or register. 

1.3 Review of Previous Work 

Originally a semi automatic 

worked well on moderately 

SCIRTSS was developed 

and complex 

However, the SCIRTSS suffered from many 

disabled it from becoming an active 

automation process. Among the draw backs 

digital systems. 

draw backs that 

tool in the design 

one can mention 

the lack of interface with the UAHPL's compiler generated 

netlist. The second drawback was in the limit on the number 

of flip-flops that a circuit could have, maximum of 60. The 

other drawback was the embedded inaccuracy of the good and 

faulty network search simulation process. This research 

beside solving the above mentioned problems and many others 

introduces new methods of simulating the good and faulty 

networks and in the design for testability enhancements in 

SCIRTSS. 

The initial assumptions of treating only stuck-at 

zero and one fault ~odels , treating a single fault at a 

5 



time and the clock mode design are continued in this stage 

of the development process. Actually in the real world of 

test technology these assumptions are commonly accepted. 

The primary contribution of this research could be 

briefly listed as follows: 

1. Exact functional .. simulation of the intelligence driven 

search routine accomplished by separating the good and 

faulty network simulation and flip-flop fault effect 

restoration. 

2. The capability of handling VLSI type circuits with a 

maximum of 999 flip-flops, 10,000 gates, 200 external 

input lines and 200 external output lines. 

3. Introducing a consistent package of clock mode design by 

using the modified 3-valued HPSIM4 as functional 

simulator in SEARCH routine and using the corresponding 

COMmunications SECtion routine (COMSEC) to interface the 

Parallel Fault Simulator program. 

4. Introducing a fully Automatic SCIRTSS which runs under 

the new UAHPL compiler. 

5. Portable software written in RATFOR (a preprocessor of 

FORTRAN) [4J and FORTRAN. Only few small utility 

routines are written in VAX-II assembly language to 

speed up the time consuming Parallel Fault Simulation 

6 



process. 

6. The search simulator accepts almost the full range of 

AHPL including multiple modules and combinational logic 

unit descriptions. 

7. The new version of SCIRTSS permits the use of more 

complicated boolean expressions in the branch functions. 

1.4 Existing Trends in ATG 

ATG is usually based on a knowledge of the overall 

functional behaviour and hardware organization of the 

circuit. It is clear that lack of well structured 

behavioural and hardware description are two factors that 

make test generation difficult. A widely used solution to 

this problem is to design testability into the circuit. 

Usually design for testability techniques employ added 

hardware. Typically the goal for adding hardware to the 

circuit are either to control or observe the circuit 

constituents or to decompose the circuit into functionally 

independent subunits for testing. 

To this end we envision two main trends in ATGS. 

The first is based on structured functional description 

language and an intelligent test generation algorithms that 

would depend on the functional behaviour as well as the gate 

level description of the design. A good candidate, other 

than SCIRTSS, is the HITEST system [5,6,7J. The other trend 

7 



is based on design for testability, specially the scan 

design which include the famous Level Sensitive Scan Design 

(LSSD). 

HlTEST is based on a knowledged-based interactive 

test generation and simulation systems. 

features of HlTEST one can mention: 

Among the main 

1. Acquisition of knowledge about the circuit behaviour to 

guide its planning system. This knowledge source act as 

powerful heuristics to constrain the search for a 

plausible sequence. 

2. The use of well-known test methods for the control and 

observation of registers without imposing particular 

design styles such as in LSSD. 

3. User interaction with the traditionally difficult test 

generation problems. 

4. A fault and fault-free simulator which includes 

modelling of logic strength for MOS circuitry. 

5. Three different languages describe the design and the 

user interface. Each of these languages has a separate 

compilation and load system. They are named as the: 

Functional Circuit Description Language, Waveform 

Language and the Graphics Language. 

The fault and fault free simulators of the HlTEST 

operate on both gate and fucntional primitives. The fault 

8 



simulator uses l5-value logic set which consists of strong 

1, weak 1, high-impedence, weak 0, strong 0 and a complete 

set of ambiguous values. This feature provides for accurate 

MOS circuit simulation. The method used for fault 

simualtion combines features of the parallel,deductive and 

concurrent approaches. 

The most interesting subsystem in HITEST is the test 

generator problem solver. The main algorithm of this 

subsytem is the PODEM (Path Oriented Decision Making) 

algorithm [8]. PODEM is an implicit enumeration algorithm 

in which all possible primary input patterns are implicitly, 

but exhaustively examined as test for a given fault. 

9 

The test generator problem solver reduces the 

sequential circuit to a combinational subcircuit. The 

output of all memory elements are considered to be 

preudo-primary inputs, their· inputs to be pseudo-primary 

output. Thus, the problem is reduced to relatively simple 

combinational one. If it is necessary to change the stored 

state of the circuit in order to solve the problem, 

user-supplied control-waveforms are used. These are simply 

the user's instruction to set the circuit into a desired 

state expressed in the wave form language. Some interesting 

results have been reported [7J, and were used to serve as a 

comparison with SCIRTSS results in chapter 8 of this paper. 

A major reason for the use of test generation system 



based on scan 

single, simple 

observation of 

design 

method 

all the 

10 

is that the scan path provides a 

for obtaining both control and 

stored state of the circuit. The 

philosophy is one of divide and conquer. The LSSD circuit 

operates in two modes: the normal and the test mode. A 

multiplexer would select between the two modes. The normal 

mode would restore the normal behaviour of the sequential 

circuit, that is, the next state of the memory elements 

would depend on the present state (see Figure 1.2). The 

main problem in this mode is the lack of control and 

observation of the stored state. In the test mode, the 

memory elements are reconfigured into an isolated serial-in 

(scan-in) serial-out (scan-out) shift registers (see 

Figure 1.3). The memory elements could ~e preset to any 

particular set of values by placing the values in sequence 

on the serial-in input and clocking the shift register with 

the system clock. Therefore, the memory is controllable and 

observable. and the problem reduces to that of testing the 

combinational section which could be handled easily by test 

generation algorithms like the D-algorithm and PODEM [9]. 

As an example of the ATGS available for structured 

design for testability we mention the PODEM-X [10,11]. 

Actually, PODEM-X is an integration of multiple test 

generation algorithms and techniques which has successfully 

produced test for LSSD based designs. PODEM-X is a 
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collection of three distinct test generation algorithms: A 

Shift Register Test, Random Path sensitization (RAPS) test 

and the PODEM test generator. The test sequences generated 

are verified by a fast fault simulator (FFSIM). The 

description of each algorithm is beyond the scope of this 

paper. The strategy of PODEM-X is to invoke each of the 

three algorithm as long as it is potentially effective in 

solving a stage of the test generation problem. Algorithms 

are used alternatively to fined a good solution to the test 

generation problem. The selection between different 

algorithms is done automatically by the PODEM-X. VLSI 

circuits with up to 50,000 logic gates have been tested 

using this system. 



CHAPTER 2 

THREE STAGE COMPILER 

The hardware lanquaqe compilation is an involved 

process. The compiler has to be partitioned into staqes to 

permit for the separation of the common aspects of the 

compilation process from those which are application 

dependent. The AHPL compiler is partitioned into three 

staqes. Two staqes will be the same for all applications 

while the third staqe will qenerate the appropriate output 

for the particular application (see Fiqure 2.1). 

2.1 Stage I Overview 

The AHPL compiler is based on a bottom up table 

directed parser desiqn. The staqe I software consists of 

the well known three sections: the Scanner (Lexical 

Analyser), the parser and the semantic act:1.on routines. The 

BNF description of the AHPL is written in an SLR(I) qrammar. 

The scanner implements a finite state automata [12] 

with 19 states and 36 input symbols. The scanner routines 

starts in state 1, it reads the AHPL text character by 

character. It then assembles names and character symbols, 

builds token and subtoken which would be passed to the 

14 
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parser. 

The parsin,g technique is bottom-up and is a table 

driven program. The SLR(l) BNF grammer of the language is 

supplied to an automatic parser generator program, this 

program generates the parse tables. The parser asks the 

scanner for tokens and it tries to build one of the 

productions of the grammer. when it succeeds to reduce the 

left hand side of an AHPL statement to a production it calls 

the semantics routine and provides it with the production 

information. 

The semantics program is called by the parser upon 

successful reduction to a production. On its right this 

program will place the information into the appropriate 

stage 1 tables and returns to the scanner program. details 

of the scanner, parser and semantics program are available 

in [3,13J. 

Stage 1 of the compiler decomposes the AHPL source 

text into quadruple table and other reference tables to keep 

track of variables and to help in determining referencing 

environment. These quadruples are exact tabular 

representation of the AHPL source text. Thus, all the 

exiting AHPL software depends on the information available 

in these tables. The stage 1 output (tables) are used to 

drive the stage 2 and the fUnction level simulator [2J. 
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2.2 Staqe 2 Overveiw 

Stage 1 translates the source file into a set of 

quadruples. The stage 2 would read these quadruples and 

generate the abstract network and finally, the optimized 

network. 

The individual modules of the 

separately, one module at a time. 

network are built 

Submodules such as 

combinational logic units are built if they are invoked in a 

module. The stage 2 program builds the logic of the 

declared elements. Then the control sequence D-type 

flip-flops are built sequentially as they appc~~ in the 

module. Next, the program sequentially builds the logic of 

the quadruples that represent the AHPL statements of each 

control sequence. Processing of a module is complete when 

all the steps belonging to it have been processed. After 

hardware generation the hardware optimization phase starts. 

The optimization process consists of removing unnecessary 

gates and connections. For instance a gate with no output 

is eliminated, any Vcc input to a multiple inputs AND gate 

is removed. Single input AND/OR gates are replaced by their 

inputs, redundant gates are removed. 

most time consuming program in stage 2. 

The data structure of stage 

linked-list structure, which features 

insertion of nodes. This proves to 

Optimization is the 

2 is based on a 

easy deletion and 

be useful for the 

optimization routine. The stage 2 program is equipped with 
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a sufficient collection of utility routines that provides an 

excellent access to the information available in the stage 2 

data structure. These utility routines proved helpful in 

building the stage 3 and the interface to SCIRTSS. 

2.3 Stage 3/SCIRTSS Interface 

In this section we will describe an integrated I.C. 

design process which consists of the AHPL multistage 

compiler and the SCIRTSS system. This system is 

characterized by the block diagram of Figure 2.2. All 

information which must be supplied by the user are listed at 

the left. This includes only the UAHPL circuit description, 

an optional initial input sequence, and guidance information 

for the heuristic guided search. The Figure clearly 

illustrate the relation of the SCIRTSS routines to the three 

stage hardware compiler. Notice that stage 1 supplies the 

executable tables required by the function level simulator 

in the search, while the stage 2 and stage 3 continue the 

compilation process to generate the netlist required by the 

gate level simulators. 

SCIRTSS requires a peculiar ci~cuit description 

format as an input. The circuit description driver builds a 

netlist whose format is acceptable by SCIRTSS. The stage 

3/SCIRTSS interface routine , SSTAG3, is a 3-pass algorithm 

over the linked-lists produced by the stage 2 compiler. The 

first pass counts and sorts all of the elements according to 
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their type. The 2nd pass builds the node map, NODE. 

Finally , the circuit description arrays are filled in the 

third pass. The common block ICDDI in SSTAG3 is designed to 

pass parameters to SCIRTSS. Arrays FCD, GCD, OCD refer to 

the flip-flop, gate and output circuit description. The 

first column of each of the above arrays is the element 

type. It must be one of the following: AND, OR, NAND, NOR, 

XOR, NOT, OFF, SCFF and JKFF. The remaining columns of the 

circuit description arrays are input connections. Array 

NODE maps the node number assigned during compilation to the 

new node number accepted by SCIRTSS. 

SCIRTSS needs an ordered net1ist that could speed up 

the native Parallel Fault and D-a1gorithm simulators. 

Therefore, the elements of the generated net1ist should be 

processed and renumbered. The criteria of numbering 

elements is to have the control state flip-flops numbered 

first, then the data flip-flops, gates, buses, the auxiliary 

gates and finally the output lines which are actually 

represented by single input OR gates. External inputs are 
I 

numbered separately; they will be numbered with a starting 

base of 11001. The numbering is done bitwise and according 

to the UAHPL declaration sequence for each element type. 

In SCIRTSS only the bus local to module type is 

allowed. The UAHPL external bus type is not supported by 

the parallel fault simulator. Both the OUTPUTS AND 
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EXOUTPUTS types are supported in SCIRTSS, this feature is 

necessary for the mu1timodule designs. 

One of the advantages of design with AHPL over some 

other RTL languages is that there is a one to one 

correspondance between the AHPL design language 

and the hardware that would be generated 

hardware compiler. Some AND(OR) type gates 

generated that have a large fanin (up to 36). 

statements 

by the AHPL 

might be 

Indeed this 

is expected, since the stage 2 output is supposed to be 

technology independent. It is the chosen stage 3 that would 

have to tailor the netlist to fit the technology at hand. 

The stage 3 that was written for SCIRTSS breaks these high 

fanin gates into an equivalent set of gates that have a 

maximum fanin of 6 each. These generated gates are called 

the auxilliary gates. One might wonder if the test pattern 

generated for the SCIRTSS netlist is sufficient to detect 

the faults of the equivalent netlist that was originally 

generated by the compiler, or even if it would cover all 

those equivalent faults of the final technology dependent 

netlist which might have a different gate breaking procedure 

of the SCIRTSS stage 3. To prove the equivalence of fault 

coverage for one of the above two models, is sufficient to 

prove the equivalence of fault coverage between the compiler 

stage 2 output and any gate breaking method that the reader 

might desire. We will proceed with a general purpose proof 
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which is partially based on the boolean difference calculus. 

Let us assume that the original gate is represented in 

Figure 2.3 (a) and the broken model is represented in Figure 

2.3 (b). The execlusive or operator is represented here as 

'@' • 

Based on the chain rule we can have: 

dF' 
dX~ 

= ( 1 ) 

Assuming that the function of the gate is an OR 

(same applies to the AND) 

dF' 
dX~ 

J. 

= 

= 

= 

Therefore: 

F'(Xl'X2····'Xi_l'O'Xi+l'···'Xn) @ 

@ 



But for Fig.2.3 Cb) 

Therefore 

Similarly we have 

G 

dG 
dX. 

l. 

Hence 

dF dG 

= 

= 

dG dX
i 

Q. E.D. 

-- -- ---- ----
Xl·X2····Xi-l·Xi+l····Xm 

= 
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( 2) 

dF' = dX~ 
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I 

l--- I="" (Xl' ... ) ')(.r\) 

(b) 

(a) 

Figure 2.3 

Fault Equivalence in Auxiliary Gates. (a) The original gate. 
(b) The equivalent auxiliary gates 

From the above result we deduce that all the input 

stuck faults of the model represented by Figure 2.3 (a) are 

detectable by the same test pattern that detects those input 

stuck faults of Figure 2.3 (b). For the proof that the two 

models are completely equivalent we need to proof that the 

stuck faults on line G are covered by the same pattern used 

for Figure 2.3 (a). This is true, based on the following 

theorem [14]: " In a fanout free combinational circuit C 

any set of test which detects all stuck faults on primary 
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inputs will detect all stuck faults." Therefore the two 

models are completely equivalent. 

Based on the above arguments we can conclude that in 

our design methodology we can generate the final test 

vectors of the design even before the final net1ist of the 

technology dependent stage 3 is generated (see Figure 1.1>. 

Similarly the SCIRTSS generated test patterns are 

theoretically expected to detect the technology dependent 

gate level model. 



CHAPTER 3 

SCIRTSS OVERALL DESCRIPTION 

SCIRTSS is an Automatic Test Generation System which 

incorporates the single permanent fault assumption and 

assumes that both the good and faulty networks operate in 

the clock mode. A simplified flow diagram of SCIRTSS is 

given in Figure 3.1. Central to the system are the two 

intelligence guided sensitization and propagation search 

routines. The sensitization search finds an input sequence 

which will cause a particular network fault to be driven 

(stored) into a flip-flop or some network output. The 

propagation search finds an input sequence which will 

propagate a stored fault from its original position to a 

network output. It is therefore possible that no untested 

fault will be stored at the end of the parallel fault 

simulation which follows the sensitization search. 

Similarly, the effect of another fault may be stored in a 

flip-flop following a propagation search. 

Also incorporated into SCIRTSS are 

D-algorithm and a parallel fault simulator. 

D-algorithm treats the sequential circuit as 

a modified 

The modified 

if it were 

combinational by considering its behaviour for only one 

26 
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clock period. 

If a fault exists in a circuit, then there must be 

some state of the machine for which the outputs are in error 

or the next state of the good and faulty network differ, i.e 

the fault is stored in a flip-flop. The D-algorithm can 

find a state for which the fault will cause erroneous next 

state or output. The test vectors returned by the 

D-algorithm are converted into primary inputs and present 

states. The next step is to find the input sequence which 

would sensitize the machine to one of these present states. 

The primary input data returned by the D-algorithm are 

appended to the found input sequence. 

Following the determination of an input sequence by 

either the sensitization or the propagation search, this 

sequence is immediately applied to a parallel fault 

simulation of all the remaining undetected faulty networks. 

This simulation is carried efficiently on a netlist 

description, the individual bits of each computer word 

represents the various faulty networks. If the simulation 

verifies that the effect of a fault has been driven to a 

network output then this faulty network is considered tested 

and is deleted from the set of undetected faulty networks. 

Many of the easy to test faults are tested by chance early 

in the test generation process. A test found by search for 

one fault, is very often a test for a number of related 



29 

faults. This is particularly true in circuits with 

considerable parallelism. 

The overall activity in SCIRTSS is monitored by the 

executive routine BRIDGE. This routine selects the next 

fault to be tested based upon the priority and the 

difficulty of the fault. When a fault is to be sensitized, 

BRIDGE invokes the D-a1gorithm. It also translates the 

parallel fault simulators output into the format of the 

search functional simulator. BRIDGE routine manage the list 

of detected faults. The faults that have been tried once 

and for some reason failed to be detected, would be tried 

once more at the end of the SCIRTSS run. 

3.1 Intelligence Guided Search 

In Artifitial Intelligence, the problem-solving 

process is always viewed as a search in the state-space. 

Each state represents either partial or complete solution. 

The problem solver's task is to find a path from some 

initial state to a state that qualifies as a solution. 

Therefore, the search of the state-space is carried out by 

utilizing a set of problem-solving operators which would 

transform the current state into a new state. The objective 

of the problem solving is to find and apply an operator that 

always results in a state that is on the solution path. In 

certain tasks it is possible to significantly reduce the 
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search by relying on a collection of domain knowledge, 

heuristics, to select the best problem-solving operator. 

The problem at hand is concerned with generating 

fault-detection tests for sequential circuits. Test 

generation for a single fault is theoretically NP complete 

[15,16]. That is the solution time is potentially an 

exponential function of the size of the circuit model. 

However, for combinational circuitry, test generation is, in 

practice, much faster than theory would suggest. Reference 

[15] have shown that test generation time for combinational 

circuits increases at least as the square of the circuit 

size. 

The situation for sequential circuits is rather 

different. The state-space of a reasonably large circuit 

should not be exhaustively searched for a goal. Simply 

because the number of nodes the search must examine grows 

exponentially with the number of memory elements n. In AI 

such phenomenon is called a combinatorial explosion. 

Exhaustive se~.rch would also require the application of 2A m 

input vectors m is number of inputs) for each one of the 

possible 2A n states (nodes). 

computing facilities could 

employing a knowledge-based 

generates only a selected 

The times and resources of the 

be used more efficiently by 

non-algorithmic approach that 

part of the sequential circuit 

state-space. Effective heuristic functions could direct the 
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test pattern generation system by searching the partial 

state-space only [17]. 

3.1.1 Blind Search 

Many well known techniques for graph search are 

available in the literature [18,19]. In this discussion we 

introduce two data structures, the SETA and SETB lists. 

SETB will contains nodes of the network which have not been 

expanded yet and are unique. SETA contain all the nodes 

which have been expanded and are on the path towards the 

goal node. Initially only the start node S (root node) is 

on SETB. 

Search proceeds by taking a node n off the SETB 

list, generating its successors, adding the successors to 

the SETB list and then placing n on the SETA list. 

Search algorithms are usually classified based on 

the order in which nodes are placed on, and removed from 

SETB list,. If the order is 1ast-in-first-out then the 

search is called depth-first. The depth first search method 

might be controlled by a maximum depth that the graph can 

reach before it reach the goal node. If the order of search 

was such that nodes are placed on SETB list 

first-in-first-out then the search is called a breadth first 

search. In this search method the search graph tends to 

expand horizontally. In either type the search is not 
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directed by domain-specific 'information to judge where the 

solution is likely to lie. The depth first and breadth 

first search methods are examples of blind search. Although 

blind search is not practical for nontrivial problem, it 

provides a useful foundation for the understanding of the 

heuristic search technique. 

3.1.2 Heuristic Guided Search 

The blind search is exhaustive in finding the path 

to the goal node. This means that in some difficult 

problems overwhelming amount of computer resources should be 

used up that might exceed the practical limits of the test 

pattern generation process. 

To reduce the search, it is possible to provide 

additional information about the problem that can increase 

the search intelligence and find the shortest path between 

the start and the goal nodes. This is usually called the 

heuristic information. The search method is often called 

the heuristic guided search. Heuristic information are 

generated for each successor node that is placed on SETB. 

When one of these nodes is to be removed and expanded, the 

node with the best heuristic value would be selected. The 

basic representation of the heuristic evaluation function is 

as follows: 

= G + w.F 
n n 
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Where the H is the heuristic value of node n. The 
n 

function Fn may be a function of any information available 

about node n. Gn is an integer equ~ls the length of the 

sequence from the starting node 5 to node n, while w is a 

constant that determines the extent to which the search is 

to be directed by F. A good heuristic evaluation function n 
has a deterministic effect on directing the search process 

to a solution with least cost. 

The heuristic function that are currently used in 

this version of SCIRTSS are actually an evolution of the 

funtion that were used in the initial version. They have 

been improved and modified to be more accurate in the 

multimodule multiactive state design environment of the 

UAHPL. The User is allowed to introduce his own heuristic 

function and thus directly interfere with the built-in 

heuristic evaluation. The HEUSUB routine is a user 

accessible subroutine that provides the user with enough 

information of the internal data structure of the program 

with which he can guide the search directly. 

3.1.3 Search Illustrative Example 

The basic search strategy could be applied using a 

state table or a design language description. For 

simplicity, the state table would be used to illustrate the 

concept. Let us assume that both the good and faulty 
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networks are represented in Tables 3.1 and 3.2 respectively. 

The initial goal of search is to drive the circuit to a 

state such that the good and faulty networks are different. 

By inspecting Tables 3.1 and 3.2, one can notice that the 

next state of the set (a,b), is (b) for the good network and 

(a) for the faulty one. Suppose that, initially, both 

networks are in the same state in set (a,b,c), then the 

tr.ansfer sequence to drive the networks from initial state 

(a,b,c) to the goal state is X = 111. The deduction of this 

transfer sequence is shown in Figure 3.2 (the faulty states 

are enclosed by square brackets). The fault effect is 

already stored in the circuit. 

Next we need to propagate this effect to the output 

line Z. It seems that state (e) is the only state with an 

output value Z = 1. Therefore it is in the search advantage 

to encourage one of the networks (say the good network) 

count down to state (e). To achieve this goal one needs a 

proper heuristic function which would enable this type of 

search towards state (e). Let us choose w = 1 and F = 5 - h n 

with h being the count (weight) for each state in the 

state table. The final heuristic evaluation function for 

this example would be : 

H = G + (5 - h) n n 

The propagation search tree is shown in Figure 3.3 



35 

Table 3.1 

Good Network State Table 

q(t) X = 0 1 h 
----------------------------------------

a b , 0 b , 0 1 
b c , 0 b , 0 2 
c d , 0 d , 0 3 
d e , 0 a , 0 4 
e b , 1 a , 0 5 

q(t+l) , Z 

Table 3.2 

Faulty Network State Table 

X = 0 1 
----------------------------------------

a b , 0 a , 0 
b c , 0 a , 0 
c d , 0 d , 0 
d e , 0 a , 0 
e b , 1 a , 0 

q(t+l) , Z 
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with the heuristic value for each successor node is 

indicated by an angle bracket. In the second level of the 

tree, both successor nodes have an Hn = 3, the choice 

between the two nodes is arbitrary. In this case the right 

node of the tree was expanded although the left node would 

also give the same sequence. The propagation test sequence 

generated was X = 0100. To drive the fault value, Z = D (Z 

= 1 for good and Z = 0 for f aul ty network), we ne'ed to apply 

the test sequence, X=lllOlOO, which is the concatenation of 

the sensitization and propagation sequences. 

3.2 The Executive Routine. BRIDGE 

BRIDGE, deals with the selection of various faults 

for detection and test vector generation. The main 

mechanism is aided by a primitive learning capability and 

user supplied information. Three categories of faults are 

considered by BRIDGE. The first are the faults which are 

stored in a flip-flop, this means that the fault effect is 

observable on the output of the flip-flop. The second 

category are the filp-flop faults which are not stored in 

any flip-flop. These faults are considered for path 

sensitization search, namely emberyonic sensitization. For 

emberyonic sensitization goal nodes consists of unspecified 

signals on all flip-flops except the one containing the 

fault, this flip-flop is assigned a value opposite to its 
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stuck at signal. The third category are gate faults which 

are not stored in any flip-flop, and so are eligible for 

D-algorithm sensitization. 

User supplied flip-flop fault priority class is used 

to classify and select the circuit faults. This priority is 

indicated by an integer value in the range of 0 to 3. A 

higher value means a more difficult flip-flop fault. 

Unclassified flip-flops are assigned class O. Class 0 

control flip-flops are reclassified to class 1. A recursive 

process is used to classify all the gates. A gate is set to 

the priority class of the element on its fanout which has 

the lowest priority class. External inputs and outputs are 

assigned class o. Each priority class is assigned a set of 

vector, output faults of each element are stored in the 

priority class vector of that element. Input faults of each 

gate are stored in the vector with the maximum of the 

priority class of the gate and all the elements on its 

fanin. 

Fault selection strategy in this version of SCIRTSS 

is user defined, for more detail see Patel [20]. The 

default strategy is an opportunistic one. This means that 

the difficult faults stored in easy location are selected 

for propagation. Otherwise, relatively easy faults are 

selected for sensitization. BRIDGE could select more than 

one fault to detect, and represent these fault in a set of 
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start or goal nodes. These nodes are supplied to the SEARCH 

program to generate the test sequence. It is possible that 

some of these nodes are the same for different faults. In 

this case the new version of BRIDGE detects and deletes the 

duplicate nodes, thus a time saving for SEARCH. 

3.3 Parallel Fault Simulator (FLTSIM) 

SCIRTSS uses the parallel fault simulation technique 

for the test pattern verification. FLTSIM is basically a 

fault injection logic simulator that simulates n copies of 

the network simultanously. One copy is the good network and 

the other n-l copies are the n-1 faulty networks [211. In 

some systems the n-l faulty netwroks are limited by the 

number of bits in the computer word [221. In FLTSIM n-l 

represents all the unsuppressed, undetected faults of the 

network. Therefore, more than one computer word could be 

dynamically allocated at once to represent a logic element. 

For each applied input sequence FLTSIM will determine the 

detectable faults. 

We mentioned the netlist ordering in an early 

section of our discussion. FLTSIM uses this netlist to 

simulate each element. The simulation order insures that 

each gate is simulated before any other gate in its fanout; 

and that each flip-flop is simulated before any other 

flip-flop in its fanin. 
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The netlist is composed of AND, OR, NAND, NOR, XOR 

and NOT gates. However, 0, JK, SC type flip-flops are 

modeled as master-slave flip-flops and a clock gating signal 

may be specified for each [21,23]. After simulating each 

element according to its logic function we obtain the 

generalized output vectors of the element for the stuck at 

one (zero) faults which are not associated with the element. 

Therefore, in order to include the fault· effects that are 

associated with the element we need to inject the input 

faults in the related generalized input vector before 

simulating the element's logic function, then inject the 

output faults in the related output vector after simulating 

the element's logic function. The table assembly routine 

(TASMBLE) prepare and initialize the data structure needed 

in this process. FLTSIM is a 3-valued simulator (0,1 and 

unknown). The overall algorithm of FLTSIM is presented in 

Figure 3.4. The idea behind saving the state of the circuit 

after detecting some faults is due to the fact that some 

input sequences might not generate the desired fault. 

Therefore, the program would restore the most recently saved 

state of the circuit. 

3.4 D-algorithm 

D-algorithrn is a formalization of the concept Qf 

fault-effect propagation along single or multiple sensitive 
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IFCSEARCHMOD is Fault Propagation)save = TRUE 

FOR the number of clocks given 

[Inject faults in the input vectors of the gates 

Simulate all gates 
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paths. Initially the D-algorithm was meant for testing 

purely combinational logic networks. The SCIRTSS 

D-algorithm is an extension of the D-algorithm II [24]. Two 

main features distinguish this version of the D-algorithm. 

First, it is sui ted to handle combinational logic wi.thin the 

sequential circuits. Second, it partitions the circuit and 

simulates only that partition of the circuit that is related 

to the fault at hand (see Figure 3.5). 

The D-algorithm generates for a particular fault the 

set of test vectors which consist of the external input 

values and the flip-flop state. The test vectors could 

become the goal node for the sensitization search. When the 

sensitization search reaches this goal it then applies the 

external input values of the test vector to have the fault 

effect really appearant on the external output line of the 

circuit. 

The D-algorithm operates on two circuits 

simultaneously, namely the fault free (good) and the faulty 

circuits. Hence a line L has two values associated with it 

the, namely LCg), its value in the fault free circuit, and 

L(f), its value in the faulty circuit. The composite value 

of the line is defined by a pair of values, denoted by 

L(f)/LCg). The notation used to represent the composit 

values are 0/0 = 0, 1/1 = 1, U/U = U, 1/0 = D, 0/1 = E. 

The D-algorithm would treat the flip-flops like 
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input or output lines. When a fault effect (D or E) reaches 

a flip-flop input, then the D-algorithm assumes that the 

fault was successfully sensitized. Moreover, if the fault 

was sensitized to an output line then the sensitization 

search alone should be sufficient to detect this fault 

[25,26]. 

3.5 Table Assembly Routine (TASMBLE) 

The Table Assembly Routine, as the name says, is 

data manager routine that sets the initial values of the 

different data structures used by the two ga.te level 

simulators and BRIDGE routine. TASMBLE basically read the 

user parameter file which contains information about the 

flip-flop priority values, initialization of flip-flop input 

vectors and initial input sequence. It also calls the 

ASMBL3 routine which reads in the description of the network 

topology that was generated by the stage 3/SCIRTSS interface 

routine. The ASMBL3 routine establishes the simulation 

sequence ordering relationship. ASMBL5 is another routine 

which is called by TASMBLE, it sets up generalized fault 

vectors and 

generalized 

type faults 

suppresses faults upon user request. The 

fault vectors represent the two output stuck 

of all the flip-flop elements stored 

sequentially, two bits per flip-flop, in the order in which 

they were declared in the UAHPL description. Gate stuck 
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type faults are allocated space in the following words of 

the generalized fault vectors. 

The data structure in which most of these 

information are used is a one dimensional huge array named 

NRY, in his report, Zou provides a detailed map of this 

structure [23]. The NRY is divided into subsections of data 

and pointers to access the data. 



CHAPTER 4 

NEW INTELLIGENCE GUIDED SEARCH ALGORITHM 

SCIRTSS uses heuristic search techniques to 

determine test sequences which are subsequently verified by 

a parallel fault simulation. The searches are implemented 

by function level execution of a register transfer language 

representation of the circuit. The same function level 

simulation which is used to verify the functionality of the 

design, HPSIM4, is also used in the SCIRTSS search process. 

This idea, using HPSIM4, insures consistancy and accuracy. 

4.1 Universal AHPL 3-valued Function Simulator 

The forth generation function simulator for the 

Universal AHPL (HPSIM4) has been developed in the University 

of Arizona [3]. The implementation strategy of HPSIM4 is 

based on a structured programming style. It uses tables for 

storing data and control information and interpretive 

approach for the simulation. This type of structure offers 

an advantage in extending the simulator capabilities and in 

its execution speed. Among the basic features of HPSIM4, 

one might mention the following: 

47 
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1. The capability of performing an efficient detailed 

simulation with a rich control language. 

2. The ease of expanding the storage capacity 

3. The portability of the software. 

In fact the search algorithm of SCIRTSS is built 

around the idea of a fast 3-valued function simulator that 

uses UAHPL for user interface. A modified version of the 

HPSIM4 appeared to be a good choice for the search 

simulation. This approach will enhance the consistancy and 

uniformity of the proposed clock mode VLSI design method 

suggested in chapter one. 

4.1.1 Overview of the Functional Simulation 

The main program in the simulation subsystem 

controller is SIMULT routine. It is called by SEARCH 

routine to simulate the good network for each data/control 

input vector. If search is in fault propagation mode, 

SIMULT is called once more to simulate the faulty network 

with the same data/control vectors which were applied in the 

good network simulation. 

In each call to SIMULT the active steps are already 

stored in the NEST CNext-Executable-Steps Table). For each 

active control state the corresponding quadruples are sent 

to the executer (interpreter) routines. After execution, 
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the result will be in the SVT (Symbol Value Tables) to be 

stored in SETB lis~ after being converted into the successor 

node format. The successor node, under debug mode, would 

also be printed to the output file. The SEARCH routine may 

then select another start node to be simulated, the NEST 

table is then updated with the new active steps, and the 

simulation for the corresponding data/control input vectors 

starts again. 

The basic operation of the simulator could be 

represented by the LOAD function indicated below: 

D,DU <= LOAD(D;DU;COND;CONDU;SRC;SRCU;DM) (4.1> 

In equation (4.1), D is the destination variable, COND is 

the condition function that controls the transfer or 

connection statements, SRC represents the source variable, 

finally DM stands for the target mask which enables the LOAD 

to affect only the bits of interest in the destination. The 

suffix U stands for the unknown bits of the variables. The 

LOAD function could be logically represented using the 

boolean algebra and the karnaugh map. In the following the 

LOAD function is explicitly derived. 

D <= D & (ADM + ACOND) + (SRC & DM & COND) (4.2) 

DU <= DU & (ADM + ACOND) + DM & (CONDU & (DU + SRCU + 

(D @ SRC» + (SRCU & COND» ( 4 . 3 ) 
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In the statements above the symbols A , & , + , @ stands 

for boolean NOT, AND, OR, XOR functions respectively. The 

above equations could also be justified by direct argument. 

If the circuit was initialized to a known state then the 

equation (4.3) would not be used. Moreover, if it was 

assumed that the condition function would never be unknwon, 

then equation (4.3) would be greatly simplified. In the 

modified simulator of SEARCH this assumption was made. 

Equations (4.2) and (4.3) are equally applicable to both the 

good and faulty network simulation. 

4.1.2 Modified HPSIM4 

The search functional simulation has its 

peculiarities and requirements which distinguish it from a 

normal RTL function simulator. Therefor, HPSIM4 should be 

modified and extended in order to satisfy the search 

simulation requirements. These requirements could be stated 

as follows: 

1. High speed simula,tion of complex VLSI circuits. 

2. 3-va1ued simulation (O,l,unknown) 

3. Invoking the simulator for each applied input vector for 

one clock only. 
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4. The input/output interface of the simulator should match 

the SEARCH routine data structure. 

Due to the above mentioned and many other less significant 

points the HPSIM4 was rebuilt and modified extensively. 

4.1.3 High Speed Simulation 

The main point in adopting a function simulator in 

search was the fast execution speed of this type of 

simulators as compared to the gate level simulators. The 

search Algorithm may generate hundreds of successor nodes 

before it reaches a solution. This means hundreds of calls 

to the function simulator to generate the input sequence 

from state-space search graph for the particular fault under 

test. A gain in run time speed of the function simulator 

was achieved by converting its dynamic storage allocation 

into a static one. The dynamic allocation requires a 

subroutine invocation for each access to anyone of the many 

data arrays used in the simulator's data structure. 

4.1.4 3-valued Functional Simulation 

The circuit to be tested could be in an unknown 

state (for instance the uninitia1ized memory register or 

matrix). To have an accurate simulation of the circuit one 

would need a 3-va1ued simulator that can simulate 0,1 and 
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unknown memory values. HPSIM4 is a 2-valued simulator. 

The enhancement to the initial st~uctu~e was done in 

such a manner that it would normally function as 2-valued 

simulator. However, if the unknown flag was set, by the 

use~ control, then the 3-valued simulation would be 

executed. This way the system would be more efficient in 

running circuits which do not need the 3-valued simulation. 

The data structure changes and implementation' details will 

be mentioned in the next chapter. 

4.1.5 Search Invocation of the Simulator Subsystem 

In search simulation the controller is the SEARCH 

routine. The simulator would be invoked once for every set 

of user supplied data and automatically generated control 

input vectors, it is a single clock execution process. The 

simulator scheduler determines the state to be simulated 

next. For single active control state execution, the user 

might order the UAHPL statements in such a manner that the 

synchronous transfer statements which have their right hand 

side appearing on the left hand side of a connection 

statements would be placed after those connection 

statements. This is manual ordering, (this ordering process 

is totally different than the previous ordering process used 

by the netlist manager TASMBLE), it would save some run 

time. However, in some cases the manual ordering is 
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impossible and the search routine would have to call the 

ORDER routine automatically, the flag that controls the 

automatic ordering is user controlled (see the SCIRTSS vera 

4 user manual). As an example of the importance of 

automatic ordering of the UAHPL statements one can refer to 

the problem indicated in Figure 4.1. the ADDBUS is loaded 

in control state one by the ADDRESS data input. ADDBUS is 

simultanously used in the decoder statement after the always 

active state CENDSEQUENCE). The simulator usually executes 

the always active state quadruples first then it executes 

the other active control states. If control state one is 

the active control state then circuit would access the 

memory M before loading the ADDBUS with proper value. An 

even worst case might occur if both control states one and 

two were active and ADDBUS is supposed to receive the merged 

(ORed) values of ADDRESS[O:3J and ADDREG[O:3J. What the 

ORDER routine does is to position the decoder quadruples 

after the ADDBUS loading quadruples in the executor input 

tables. This allows that the ADDBUS loading would be done 

first. 

Due to the fact that in testing a circuit we are 

interested in a purely synchronous process we will not allow 

a branch to a NODELAY statement in the UAHPL description of 

the design. This requirement resulted in further changes in 



MODULE:BYTEADDRMEM2. 
EXINPUTS:ADDRESS[5J;READ;WRITE; DATAIN[SJ; CLOCK. 
EXOUTPUTS :DATAOUT[SJ; READY. 
MEMORY:M(16)[SJ; DATAREG[SJ; ADDREG[5J. 
BUSES:ADDBUS[4J; DBUS[SJ; DCDBUS[16J. 
CLUNITS:DCD[16J <: DCDER{4}. 
CLUNITS:INC[4J <: INCER{4}. 

BODY SEQUENCE: CLOCK. 
1 ADDBUS=ADDRESS[O:3J; 

DATAREG[O:3J*(READ+WRITE) <= (DBUS[O:3J!DBUS[4:7J! 
DATAIN[O:3J)*(READ&AADDRESS[4J+WRITE&ADDRESS[4J, 
READ&ADDRESS[4J,WRITE&AADDRESS[4J); 

DATAREG[4:7J*(READ+WRITE) (= (DBUS[4:7J!DATAIN[O:3J! 
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DATAIN[4:7J)*(READ,WRITE&ADDRESS[4J,WRITE&AADDRESS[4J); 
ADDREG[O:3J (= (INC(ADDBUS)!ADDBUS)*(READ,WRITE); 
ADDREG[4J<=ADDRESS[4J; 
=) (AREAD&AWRITE,READ)/(1,2). 

2 DATAOUT=DATAREG; READY=AADDREG[4J; 
ADDBUS=ADDREG[O:3J; 
DATAREG[4:7J*ADDREG[4J <= DBUS[O:3J; 
=) (AADDREG[4J)/(1). 

ENDSEQUENCE 
CONTROLRESET(l); 

DCDBUS=DCD(ADDBUS); DBUS=M*DCDBUS. 
END. 
CLU :INCER(X) fI}. 
INPUTS :X[IJ. 
OUTPUTS :Y[IJ. 
CTERMS :RESULT[IJ;CARRY[I-IJ. 
BODY 

END. 

CARRY[I-2J,RESULT[I-IJ = X[I-IJ,AX[I-IJ; 
FOR J=I-2 TO 0 CONSTRUCT 

RESULT[JJ = CARRY[JJ @ X[JJ; 
IF J<)O THEN CARRY[J-IJ=CARRY[JJ&X[JJ FI 

ROF; Y = RESULT. 

CLU :DCDER(IN) {I}. 
INPUTS :IN[IJ. 
OUTPUTS :OUT[2A IJ. 
CTERMS :RESULT[2 A IJ. 
BODY 

END. 

FOR M=O TO (2 A I)-1 CONSTRUCT 
RESULT[MJ = &/TERM(M;IN) 
ROF; OUT = RESULT. 

Figure 4.1 

UAHPL Design Example 
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the HPSIM4 structure. 

4.1.6 Input/Output Processor 

The 3-valued simulator did not use the familiar 

COMmunication SECtion routine (COMSEC) used in the 2-valued 

HPSIM4. It rather uses its data and control input vector 

routines to feed the simulator with the proper data before 

each invocation of the simulator subsystem for each clock. 

The output of each invocation of the simulator is the 

successor node that contains the state, applied external 

inputs and resultant external output data information. Each 

successor node is stored in SETB list after a check for 

possible duplicate. Under debug mode this information could 

be echoed into the SCIRTSS output file. 

4.1.7 Standard Functions 

The idea of using the same function simulator in 

both the function level design verification and in the 

search for test pattern generation enhanced the integrity of 

the AHPL based Silicon Compile~. 

The 3-valued function simulator provided our ATGS 

with the luxury of using standard functions in the UAHPL 

design that would be fed to SCIRTSS. The user may include a 

CLU description in the input file which is subsequently 

translated by the hardware compiler into its equivalent 
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net1ist. However, to simulate a CLU functionally the CLU 

name must be the same as one of the 3-va1ued simulator '.s 

standard function library. This way the simulator would 

recognize the CLU and simulate its function based on the 

information available in the stage 1 quadruple tables. 

The available standard functions would return an 

output of unknown if one or more bits of its input arguments 

were unknown. This could be explained as follows: 

1. The user is expected to start SCIRTSS run by applying a 

homing experiment (initial input sequence for the 

FLTSIM) to drive the circuit into a known state. 

2. To determine the exact output bit representation of the 

standard function is a costly and time consuming process 

which might not have a very effective results. 

Based on the above argument we took a practical 

route of generating an unknown output if any inputs are 

unknown and if 3-va1ued search simulation was requested by 

the user. 

4.1.8 Mu1timodu1e Mu1tiactive Control state Simulation 

Among the main features that enhanced SCIRTSS 

application for real design, one can mention the ability to 

run UAHPL designs written to include more than one 
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concurrent module. These modules may interact and have more 

than one active control state in any clock period. 

The stage 3 interface to SCIRTSS does support this 

feature and converts the haredware generated by the compiler 

into the proper ordered format. The function simulator 

simulates multimodule designs. 

job is to maintain the NEST (Next 

The simulator's scheduler 

Executable table). The 

always active steps of each module are sequentially stored 

at the top of the NEST table, other steps are stored next. 

The scheduler would also determine the next active 

control state number to be executed and store it in NEST • 

A maximum of 5 next active control states are allowed. If 

this number is exceeded the simulator would ignore the extra 

successor states. The executor portion of the simulation 

subsystem incorporates the appropriate techniques for 

simulation of concurrent quadruples simultaneously so that 

synchronized intermediate results are produced. These 

include segmentation of multi-target flip-flops and 

production ordering. For all the active steps in the NEXT 

table, quadruples that belong to concurrent active steps are 

collected by the QLINER routine in the CEQ (Current 

Executable Quadruple) table. This table will be used by 

FRMSEG subroutine to form segments if possible for 

multiactive target flip-flops. It is also used by the ORDER 

routine to rebuild the CEQ table such that a quadruple which 
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has at least one of its right hand side symbols appears on 

the right hand side of any other concurrent quadruple is 

stored after those quadruples in the CEQ table. This 

ordering ·will insure synchronized execution of the 

quadruples stored in CEQ. The ordering process is done on 

all the contents of the CEQ before submitting it to the 

EXECUT routine for execution. 

4.2 Accurate Search Simulation 

The earlier versions of the SCIRTSS suffered from 

the drawbacks of inaccurate functional search simUlation. 

Two modes of function simulation were available. The first 

mode was based on a simple simulator (NSIM) which would 

manipulate the fault-free and faulty flip-flop signals in 

parallel, but strictly according to the transfer operations 

of the fault-free circuit [21J. This constituted the basic 

limitation of the NSIM simulator, since error could arise 

whenever a fault has a direct effect on the transfer 

operations of the faulty network. Erroneous search results 

are particularly likely when considering control state 

faults. 

The second mode of simulation tried a remedy for 

this problem. In this mode the active control states of the 

faulty machine were individually simulated under NSIM and 

the set of successor nodes thus obtained were merged into a 
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single node representative of the actual state of the faulty 

machine. 

4.2.1 Separate Good and Faulty Network Search Simulation 

The development of the modified functional simulator 

created a great apportunity to create an accurate search 

simulator which would not suffer of the earlier problems. 

This accuracy is time saving and vital in the process of 

ATG. 

The idea was to use the function simulator to 

simulate the good and faulty networks independently, 

assuming a fault propagation search. To store the obtained 

pair of successors as a single node in SETB list. Later if 

this node is picked by the SEARCH routine as a start node 

then it will provide the good and faulty network data for 

the separate calls by SEARCH of the function simulator 

SIMULT routine. 

A comparison between the good and faulty successors 

of the node would inform the search routine if the fault has 

already propagated to an output. The components of the 

heuristic function that are dependent on the number of 

faults stored in the successor node would 

accurately, thus increasing the overall 

SEARCH routine. Indeed for some circuits 

be determined 

accuracy of the 

(the duplicate 

character checker circuit) which were tried under the new 
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version and the old version of the search algorithm got the 

successful result with shorter sequence length (clocks). 

The exitsing SEARCH routine, practically conducts a five 

valued simulation. 0, 1, D and E for fault signal and U for 

the unknown and uninitialized signals: Four other signals 

represent different combinaions of unknown signals in the 

faulty and good network representation. 

Another enhancement was made by improving the 

accuracy of the functional simulator, when compared to the 

gate level parallel fault simulator. That was by restoring 

the stuck fault effect at the flip flop output. To 

illustrate the point one can refer to the UAHPL sequence 

below. Assume that control state 4 is active in both the 

good and faulty networks: 

4 COUNTR[0:7] (= 7$0; ... 

=)( ••• )/(. •• ) 

For COUNTR[6] output stuck at 1 fault the function 

simulator would reset all the 8 bits of the COUNTR to zero, 

in both the good and faulty successors. This means that the 

fault effect has disappeared. However, with the gate level 

fault simulator (FLTSIM) the fault effect is still their. 

This would result in and inconsistancy error between the 

SEARCH and FLTSIM final state. 
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This type of problems have been solved by restoring 

the fault effect of any data flip-flop output stuck faults 

after the call to the faulty network functional simulation 

in search. Clearly there would be no be concern in the case 

of path sensitization search since there is no fault stored 

yet. 

4.3 Heuristic Function Evaluation 

Among the most effective guidance of the state-space 

graph directed search is the heuristic evaluation function. 

The two modes of search, the fault propagation and the path 

sensitization modes, are supported by two types of heuristic 

functions. For the fault propagation search, the standard 

heuristic function is given by equation (4.4): 

(4.4) 

Values may be assigned to the weights (Wi) so that 

components of the heuristic function which are most relevant 

to the circuit under consideration are emphasized while less 

effective functions are prevented from misdirecting the 

search. Each weights must be greater that or equal to 0, 

and less than 1. 

The function Ff is proportional to the number of 
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flip-flops in which the value in the faulty network differs 

from that in the good network. Fcd is large for nodes 

corresponding to rarely reached control states. The 

heuristic function is also reduced if the heuristic value of 

the predecessor node, Hnp' is smaller than the user 

specified default heuristic Hd . Allowing the heuristic 

value of a successor node to be influenced by its 

predecessor tends to minimize jumping around the graph. The 

heuristic function, Hn' is not allowed to be less than the 

graph depth, Gn · The heuristic function for the 

sensitization search is similar except that the 

proliferation function is not applicable and Fb is the 

boolean distance to the goal node. The boolean distance 

heuristic function varies inversely with the boolean 

distance from the goal node. the sensitization search 

heuristic is indicated in equation (4.5): 

(4.5) 

4.3.1 Modified Built-in Heuristics to Qualify for UAHPL 

The built-in heuristic functions are basically a 

modified version of the functions proposed by Carter [21J. 

The UAHPL 3-valued function simulator permits multimodule 



63 

and mu1tiactive control state processing in the new search 

process. Therefore, the heuristic functions should be 

modified to accomodate for the mentioned changes. 

The heuristic function is a collection of four 

components. The predecesor-node, fault proliferation, 

boolean distance and the control state disparity 

adjustments. User-specified weights associated with these 

adjustments are Wp ' Wf , Wb and Wd • A detailed description 

of each component follows: 

1. Predecessor-Node Adjustment: 

This heuristic component depend on the heuristic value 

of the predecessor node and it is used in the two search 

modes. 

(4.6) 

2. Fault Proliferation Adjustment: 

The detection of a fault in the propagation search mode 

would be enhanced if more faults are stored in the 

flip-flops of the circuits. This effective component of 

the heuristic evaluation function is not applied in the 

sensitization search mode since we do not have a stored 

fault in the nodes. 

(4.7) 
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NFAUFF is the number of faults stored in the circuit 

flip-flops. NRFF is the total number of flip-flops in 

the circuit. It is important to mention here that the 

control state flip-flops are given twice the weight of 

the data flip-flops. This is also true in the boolean 

distance adjustment. 

3. Control State Disparity Adjustment: 

This component would encourage the expansion of those 

control states that has been expanded less frequently 

during the search process. 

A = 
d 

= 0 

where DI is the disparity index: 

if DI < 1 

(4.8) 
otherwise 

DI = NRNOD.(AVNVST+MAXTEN)/CTVISIT+MAXTEN*NRNOD) 

NRNOD is the number of control states. MAXTEN is the 

larger of 10 and NRNOD. AVNVST is the average number of 

times the current state has been visited during the 

current search mode. Eventhough, two control states in 

separate modules are numbered the same, they are 

considered distinct by the SCIRTSS system. The average 

was taken here simply because it is possible to have 

more than one active control state in the parent node, 
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specially for the faulty control states with a fault 

that affects the control section of the circuit. TVISIT 

is the total number of node expansions done for all the 

control states. 

4. Boolean Distance Adjustment: 

In the old version of SCIRTSS the user had the option to 

specify a set of heuristic vectors representing the 

intermediate states of the circuit for a specific 

control state. These vectors 

propagation search towards the 

would 

goal 

help guide the 

node. With 

multiactive control states, it was not possible to 

incorporate this feature, so it was not included in 

equation (4.4) for the propagation search in the new 

version. Indeed in the past users rarely used this 

feature. For sensitization search the heuristic vectors 

are the goal nodes supplied by the D-algorithm. Indeed 

the BRIDGE routine has the capability of translating the 

test vector from the D-algorithm format into the SEARCH 

routine's node format. 

The overall boolean distance adjustment is 

calculated in the following set of complex equations, 

bearing in mind that FFBOOL(i) is the number of 

flip-flops in the new node which does not match the 

corresponding ones in the goal node, i.e. it is the 

boolean distance from the successor node to the goal 
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node. 

~ = wHd • Wb • (MAXMRT+ ( l-MAXMRT) *AVEMRT INRGOALS ) ( 4.9 ) 

MAXMRT is the maximum merit calculated for all the 

goal nodes (NRGOAL). The average merit of: 

AVEMRT = 11 ( Z. (l/FOMRIT( i) ) ) 

Such that i = 1, ••. ,NRGOALS 

and the figure of merit array is: 

FOMRIT(i) = (NRFF - FFBOOL(i»/NRFF 

4.3.2 User Supplied Heuristic Function 

It is always possible for the designer to improve 

the search process by introducing. some circuit dependent 

improvement in the heuristic function calculation. The user 

can gain maximum control on the decision making process in 

the heuristic evaluation. This control can be exerted not 

only through the heuristic weights but also through a user 

supplied heuristic FORTRAN (or RATFOR) subroutine HEUSUB. 

The main heuristic evaluation routine, upon setting the 

proper parameter, would call the user supplied HEUSUB 

subroutine. Initially the HEUSUB, in an isolated data 

structure, shares some of the search's internal information 
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such that the user can reevaluate the heuristic function in 

a different way that would produce more fruitfull results. 

Common IHEUCOMI is medium through which the GETHEU routine 

communicates with the user when using the HEUSUB subroutine. 

These information are mainly about the predecessor and 

successor heuristic value and number of active control 

states. Thus the user can easily encourage or discourage 

the expansion of a path in the state-space search. This 

technique have been effective in detecting hard faults [27]. 

The meaning of the variables passed in the HEUCOM are: 

NGPRED: The number of predecessor good control states. 

PRDGSC: The array of predecessor good control states. 

NFPRED: The number of predecessor faulty control states. 

PRDFCS: The array of predecessor faulty control states. 

NGSUCS: The number of successor good control states. 

SUCGCS: The array of successor good control states. 

NFSUCS: The number of successor faulty control states. 

SUCFCS: The array of successor faulty control states. 

UHEURF: The initial successor node heuristic value. 

The new value should also be stored this variable. 

USCHMD: The search mode. 

UNDLVL: The successor node level in the graph. 

SUCXIN: The applied external inputs of the node. Bytes 

allocated as declared. MSB in a byte is the 

MSB of the external input. 



SUCMEM: The successor node data memory byte array. 

Column 1 and 3 are the good and faulty known 

values. Column 2 and 4 are the good and faulty 

unknown values. Bit zero in a byte is the 

least significant memory bit. 
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An illustrative example is shown in Figure 4.2. 

This user supplied heuristic subroutine is written in RATFOR 

to guide the search for the RANPRO circuit shown in Figure 

4.3. Register NUM of this circuit is loaded with all ones 

in the goal node, thus the circuit should stay in control 

state 5 and accumulate ones in the NUM register. Naturally 

shifting ones into the register is better than counting, 

therefore data input TEST should be encouraged to stay at 

logic one. To achieve this goal, we should reduce the 

heuristic value for any node which satisfy these conditions. 

The heuristic subroutine shown in Figure 4.2 would reduce 

the system heuristic value by 10 percent when any of the 

above conditions is satisfied for both the good and faulty 

networks. 

4.4 Input Vector Guidance 

AHPL naturally partitions the digital design into 

data and control sections (see Figure 4.4>. The control 

section provides the data section with control signals and 

receives branch information from the data section. The data 



SUBROUTINE HEUSUB 
INCLUDE HEUCOM.RAT 
# 
#FOR GOOD AND FAULTY NETWORKS ENCOURAGE 
#THE NETWORK TO STAY IN A.C.S 5 TILL 'NUM' 
#IS SET TO ONES. 
#THE EXTERNAL INPUT ' TEST' IS SET TO 1, 
#THIS ENCOURAGES SHIFT INSTEAD OF COUNT, 
#BY REDUCING THE HEURISTIC BY 10 PERCENT EACH TIME. 
4/: 
#GOOD NETWORK CONTRIBUTION 
# 
FOR(I=l; I<=NGSUCS; 1=1+1) 

IF(SUCGCS(I) == 1005) 

# 

[UHEURF = UHEURF - 0.1 * UHEURF 
IF(SUCXIN(3) < 0) 

UHEURF = UHEURF - 0.1 * UHEURF 
J 

4/:FAULTY NETWORK CONTRIBUTION 
4/: 
FOR(I=l; I<=NFSUCS; 1=1+1) 

IF(SUCFCS(Ii == 1005) 
[UHEURF = UHEURF - 0.1 * UHEURF 

IF(SUCXIN(3) < 0) 

J 
RETURN 

END 

UHEURF = UHEURF - 0.1 * UHEURF 

Figure 4.2 

A Heuristic Subroutine 
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MODULE: RANDPROCESS. 
EX1NPUTS: Z;START;TEST;CLOCK. 
EXOUTPUTS: TR1G;AVEOUT[4J ;FRACT[4J ;TOUT. 
MEMORY: TOT[8J;NUM[8J;CNT[4J;LAST. 
CLUN1TS: 1NC1[4J(:1NCTST{4}. 
CLUNITS: 1NC2[8J(:1NCTST{8}. 
PULSES: CLOCK. 

BODY SEQUENCE: CLOCK. 

1 =)C ASTART)/(l). 
2 TOT (= 8$0; NOM (= 8$0. 
3 CNT (= 4$0; LAST (= Z. 
4 CNT (= 1NC1CCNT); TRIG = CNT[OJ; 

=)CCNT[OJ+TEST , ACNT[OJ&ATEST)/C5,4). 
5 TOT*CZ@LAST) (= (INC2(TOT) ! (TOT[1:7J,Z»* 

(ATEST,TEST); LAST (= Z; 
NOM (= (INC2(NUM) ! (NUM[1:7J,Z»*(ATEST,TEST); 

TRIG = \1\; CNT (= 4$0; 
=)C&/NUM, AC&/NUM»/(1,4). 

ENDSEQUENCE 
CONTROLRESET(1); 

END. 

AVEOUT = TOT[0:3J; FRACT = TOT[4:7J; 
TOUT = NUM[OJ. 

CLU:INCTSTCOP) {I}. 
INPUTS:OP[IJ. 
OUTPUTS:TERMOUT[IJ. 
CTERMS:TA[IJ. 
BODY 

END. 

FOR J = 0 TO I-1 CONSTRUCT 
TERMOUT[JJ = OP[JJ@ TA[JJ 

ROF; 
FOR J = 1-1 TO 0 CONSTRUCT 

IF J=I-1 THEN 
TA[JJ=\l\ 

ELSE 
TA[JJ=OP[J+1J&TA[J+1J 

FI 
ROF. 

Figure 4.3 

The RANPRO UAHPL Description 
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and control sections have different sets of inputs. For the 

system to recognize this difference, the user should assign 

values to the data inputs as shown in the SCIRTSS user 

manual. 

This partitioning of the data and control inputs is 

important to minimize the amount of computation involved in 

expanding a node. Search would be concentrated on the 

state-space of the control sequential circuit only. In the 

SEARCH routine all the control input combinations (generated 

automatically) are applied sequentially to generate all the 

possible successors of a node. However, only data input 

vector which are initially specified by the user for the 

active control states are applied. The total number of 

nodes generated in each iteration of SEARCH would be (d+l)s, 

where d is the number of data input vectors for one of the 

active control states and s is the number of successor 

control states for the active control states. As mentioned 

above in case of multiactive control state nodes, the data 

input vector of one active control state per module is 

applied to generate the successor of that node. That was 

done to avoid possible conflict that might occur between 

data input vectors for different control states of a module. 

4.4.1 User Supplied Data Input Vectors 

At this stage of the design the user guidance of the 

search process through the data input vectors is helpful to 
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reduce the number of fruitless nodes generated. For example 

in the Duplicate Character Checker circuit (see section 

7.2), the data input CHAR is initialized in control state 2 

with a vector of one bits and a second vector of zero bits. 

Assume that the embedded memory matrix in the mentioned 

circuit, SRM, was initialized to all ones or all zeros. The 

two data input vectors would help detecting the 

stuck-at-zero and stuck-at-one type faults for a whole row 

of the SRM memory in control state 3. This user controlled, 

low cost, recognition and advantage of the circuit 

parallelism is not easily achievable even with a 

sophisticated and as yet nonexisting Knowledge-Based test 

pattern generation system. If the system was allowed to 

automatically generate all the possible bit combinations for 

the CHAR input vector then we would have an almost 

exhaustive search process. Therefore it was decided that if 

the user provides no data input vectors for an active 

control state then search would depend on the automatically 

generated control input vectors to generate the successor 

nodes (the data input lines would be set semi randomly). 

Only with smart Knowledge-Based system that one can 

fully automate the generation of minimal data input vectors. 

Such system would automate the data section based successor 

node expansion similar to what is currently done for the 
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control section. The data base that would support such a 

system is partially ready and would be discussed further 

more in the next chapter. 

4.4.2 Automatically Generated control Input Vectors 

The SEARCH routine generates all the possible 

successor control states of the selected node. This is 

accomplished by generating the proper value of each one of 

the control functions in the AHPL branch statement. An 

example would serve to illustrate the idea. 

3 . . ... , ... , 
=>(AA & B + C, &/D[O:3])/(3,5). 

4 . . . . , ... 

For the AHPL control state shown above, assuming 

that control state 3 is the active control state in the 

node, then SEARCH would try to generate all the three 

successor nodes which has the following control states 

active in them: (3), (5). For the first node, SEARCH 

routine would randomly select either one of the two products 

in the first branch function. It would end up applying 

either one of the two control vectors: 



A = 0 

B = 1 

C = X 

D = XXX}{ 

A = X 

B = X 

C = 1 

D = XXX}{ 
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Similar arguments would apply for the second successor node. 

For the third successor node SEARCH selects : 

A = 1 

B = 0 

C = 0 

D = 0000 

If anyone of the above variables was a memory element or 

defined by the user as data input then the original value of 

that variable would be left unchanged. 

The control input vector generation is an involved 

process. What is needed is the generation of the proper 

control input vectors that would enable search to generate 

the proper successors. One way to figure out those vectors 

is to simulate the condition function for all the possible 

combination of the variables involved in the function until 

a set which set that function to a true value is found. 

This seems to be an expensive process. Another method was 

devised that would limit the type of boolean operators the 
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user can apply in writing his condition function in the AHPL 

description. Actually the system now expects an internal 

sum of product representation of the condition function. 

This requirement imposes a limitation on design forms not 

otherwise imposed by AHPL itself, the function level 

simulator or the hardware compiler. In some cases this 

might mean that tests would be generated for a logically 

equivalent but slightly different version of the circuit 

than would be compiled to silicon. 

The problem of proving the equivalence of two 

boolean expressions is NP-complete [16]. Dispite this fact 

a tranlator system was designed that would translate some 

expressions written in some AHPL boolean variable other than 

the & and + operators. The job of this translator is to 

translate the condition function into an equivalent one 

which is structured in a sum of product form. Mainly 

combinations of (&/) (A) and (+/) are allowed. The user is 

not allowed to user fancy structures such as combinational 

logic units in the branch condition function. 

4.4.3 The Condition Function Translator 

The control function translator program is an ad hoc 

system which is used to convert a subset of the boolean 

expressions into a Sum of Product form (S.o.P). The system 

basically could be used for any condition function in the 
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UAHPL description. However, for our purpose it is used to 

translate the condition functions of the branch statements 

only. The translator input is in the form of a polish 

notation description of the condition function. The SOLST 

array is medium of storage form this input. The translators 

expanded output is also stored in SOLST. 

In the following, a set of permitted expressions are 

seted. This will serve an illustration and should also be 

considered as a set of design rules. 

1. All the AELEMENT statements. 

2. The AND, OR reduction operators and the nesting of such 

operators as an example one can list the following 

expressions: 

&1 +1 

(&/A)&(&/B)&I ••• 

&/(+/A[2:4l,B) 

A&B& ... &C&/C) 

3. Expressions with a product of sum form such as: 

A&B&(C+E+ ..• )&(F+G+ •.• )& .•. 

Or equivalently: 

C&/A)&(+/B) •• ,&(&/C 

The variable names above (A,B,C, .•• ) are assumed to be UAHPL 

declared elements. 
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It is expected that the user would not use trivial 

expression such as the (A&AA) which would result in the 

boolean value of 1. However the system would automatically 

correct for such terms that might appear indirectly in the 

translation process of boolean expressions such as the 

«+/A)&(+/AA». The user should not use expressions of the 

type A(A+B), instead this expression should be substituted 

with its equivalent S.o.P form, AA&AB. The same applys for 

the A(A&B) expressions. 

The Algorithm of the tranlator is designed in such a 

manner that an other subroutine addition could handle a new 

expression format. In the next section the algorithm of the 

translator would be explained. 

4.4.4 The Algorithm of the Condition Function Translator 

The translator basically operates on the stage 1 

tables of the UAHPL compiler. The idea of Knowledge-Based 

system strongly depends on the simplicity of handling the 

boolean expressions in the condition functions of the UAHPL 

design. The algorithm of the translator system would give 

an insight of this involved process that would help 

interested researher to extend this idea further more. The 

algorithm of this process is listad in Figure 4.5. 

The SCHLST routine mentioned in the algorithm above 

is the main formatting routine which converts the boolean 



For all the UAHPL design modules 

[ For every control statement 

] 

end 

[ For every segment in the condition function 

] 

[ Translate the boolean expression into a 

polish notation format in SOLST. 

] 

Tranlate the (&/) and (+/) reduction operators 

into their equivalent (&), (+) expression. 

Translate the (AA) expression into (-A) 

and a zero Squeeze any zero cell out of 

the SOLST structure. 

Call SCHLST routine to translate the 

permitted comlex expressions into the 

equivalent S.o.P form. 

Build the control input data structure. 

Figure 4.5 

The Condition Function Translator Algorithm 
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expressions of the UAHPL condition function into the 

equivalent sum of product form. More detailed description 

of this routine is available in its commented code. 

4.5 Intelligence Guided Search Algorithm 

With the goal of reducing the search cost the 

searches are based on the language description. Search is 

conducted over control and user specified data inputs only, 

and only one fault is considered at a time. The system has 

its built-in intelligence, however, the user supplied 

guidance is essential to have an efficient test sequence 

generated. 

4.5.1 The SEARCH Algorithm 

The SEARCH algorithm descripes the involved process 

of the state-space representation of the circuit. The 

Algorithm will be represented in a pseudo structured 

language that would make it easy to understand and follow. 

Figure 4.6 would illustrate the algorithm. 

The SEARCH routine is the central processing routine 

for the search algorithm. The BRIDGE routine communicate 

with search through a common set of data structures in 

COMALL. Based on the mode of operation (Fault Propagation 

and the Emberyonic or D-a1gorithm sensitization modes), 



If (search mode is Fault Propagation) 

Node size is doubled. 

For all the goal or start nodes 

[ Load SETB with start node 

While no error or no limit exceeded 

[ Remove minimum heuristic node from SETB 

and append it into SETA 

Increment graph level 

For all the user data input vectors (D.I.V) 

[ Load D.I.V in the simulator structure 

For all the active control state (A.C.S) 

[ Generate and load the control input 

vectors (C.I.V) 

For all the successors of this A.C.S 

[ Apply the proper C.I.V. 

Simulate good network 

If(fault propagation mode) 

Simulate faulty network 

Ignore deadend successor nodes 

Figure 4.6 

State-Space SEARCH Algorithm 
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] 

End 

] 

] 

] 

] 

If(all successors are deadend) 

Remove node from SETA ; Break 

Restore flip-flop output faults 

If(successor node is the goal) 

[ Find the input sequence 

Return 
] 

If(fault effect is lost) 

ignore successor node; Next 

Get heuristic value of successor node 

If(successor node duplicated in SETB) 

Replace it by the min. Hn node 

If(successor node duplicated in SETA) 

Insert min. Hn successor in SETB 

Figure 4.6 

State-Space SEARCH Algorithm (Continued) 
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search would accomodate itself to carryon the required 

changes. For sensitization mode there is no need to 

allocate a storage for the faulty network so the overall 

array sizes shrinks into half. For emberyonic sensitization 

which is actually the process of sensitizing the flip-flop 

output stuck fault, we do an extra check for fault 

restoration (see section 4.2.1). When checking for success 

(successor nodes is the goal), then the sensitization and 

propagation modes differ. In case of sensitization, SEARCH 

checks to see if the successor nodes matches any of the 

BRIDGE goal nodes in TSTGOL. In other words the check for 

fault controllability. TSTGOL process is always a 3-va1ued 

proceQs regardless of the user selected mode for the 

simulation. If the user selects 2-valued search simulation 

,which is the common case, then a pseudo 3-va1ued node is 

generated in SVTNOD routine which would extend the 2-va1ued 

node into its 3-valued format. This is done simply because 

BRIDGE always generates a 3-va1ued goal node to represent 

the 'dont-care' elements in the goal node. Indeed, this 

would help in increasing the accuracy and speed of the 

search proce6s. 

For the fault propagation mode the TSTOUT routine 

checks the external output lines of the good and the faulty 

network which are updated by the simulator. If these lines 

are different, even in a single line, then the fault effect 
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is assumed to be observable. In either mode if success was 

assumed then search collects the valid external input sets 

by scanning the linked list which is implicitly built in 

SETA. The collected input sequence would be stored in order 

in the STALNK array and then passed to BRIDGE routine which 

in its turn passes it to the FLTSIM routine for 

verification. 

For the propagation mode, due to a peculiar circuit 

behaviour the fault effect might be lost. This is quite 

natural, especially if the goal and faulty network are in 

the same A.C.S, and in that A.C.S the flip-flop in which the 

fault was stored is loaded with user supplied D.I.V. The 

only remedy for this problem is to ignore this successor 

node. This is different from the case described in section 

4.2.1. Since that was related to the potential inaccuracy 

embedded in the function simulation. 

The common operation is 

comparison with SETA and SETB nodes. 

the successor node 

If the successor node 

was unique then it is stored in SETB. Otherwise if it was 

duplicated then one of the two cases are possible: 

1. Duplicated in SETB. 

with the successor 

heuristic. 

Then replace matched node 

if the successor has 

in SETB 

a smaller 
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2. Duplicated in SETA. Then if the successor node has a 

smaller heuristic it would be stored in SETB. Nothing 

would be done to the matched node in SETA. 

If no error occurs, the search will continue as long 

as it has a start node in SETB. The type of errors that can 

occur could be due to some array out of bound, the graph 

level of 1023 is exceeded and other types of errors. The 

program is supplied with a number of clear error messages. 

In case of error these messages are echoed into the SCIRTSS 

output file. 

4.5.2 The Simulator Algorithm 

The simulator driver routine SIMULT is invoked by 

the SEARCH routine after generating and loading the proper 

input vectors. When the SIMULT is in control it manages the 

interface between the search and the simulator data 

structures (see chapter 5). Node is an array that stores 

the information about the state of the good and the faulty 

network. The SIMULT is called separately for the good and 

the faulty network simulation. In either case it loads only 

the related information from the node into the Old and New 

Symbol Value arrays (OSVT/NSVT) of the simulator. It also 

updates the simulator NEST table with the active control 

state numbers. 
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The simulator does not distinguish between the good 

and the faulty networks. The simulator builds the data base 

to recognize the possible overlap between the destination 

elements of the UAHPL transfer statement. The overlap 

segments are merged CORed) before they are finally stored in 

the NSVT. As it was mentioned earlier (section 4.1.5) the 

simulator can automatically order the UAHPL quadruples and 

execute the intermediate statements before any other 

dependent concurrent statements. After executing all the 

quadruples, the OSVT is updated with the proper results from 

the NSVT and the simulator is prepared for the next cycle. 

The resulting data now is mapped from the simulator data 

format into the search node format. for the good or the 

faulty node of simulation the next active control states are 

deduced from the NEST table and are stored in the successor 

node array ISCNOD. The algorithm of the simulator driver is 

listed in Figure 4.7. 



Load start node in the simulator NSVT/OSVT arrays 

Pull active control states from NEST 

Collect quadruples of concurrent states in CEQ table 

Form the segment table SEG for all LHS 

of transfer statement 

If(ordering flag is set) 

Order the quadruples 

For all the entries in CEQ 

Execute all the quadruples in the CEQ table 

Update the simulator NSVT/OSVT arrays 

Load the NSVT/OSVT into the search successor node array 

Deduce the successor control state numbers 

Detect a deadend if any 

IF( DEADEND detected 

Set DEADEND flag 

Figure 4.7 

SIMULT Algorithm 
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CHAPTER 5 

DATA STRUCTURE OF THE SEARCH ALGORITHM 

A fully automatic version of SCIRTSS which 

incorporates the three stage hardware compiler to generate a 

network wire list and supply executable tables to support 

functional level single fault searches is now operational. 

A complete set of interface tools were built to integrate 

the three distinct components of this package, these 

components are the three stage UAHPL compiler, the function 

simulator and the rest of the SCIRTSS software. In this 

chapter an overview of overall data structure of the SEARCH 

routine and the SCIRTSS interface structure is presented. 

5.1 Node Structure 

The search of the state-space for goal nodes is 

implemented with a common data structure that is used for 

both modes of search, the fault propagation and the path 

sensitization searches. The main difference in the data 

structure implementation for the two modes is the amount of 

memory allocated for the node list (SETA, SETB) 

representation of the process. The node is a structure that 

consists of the applied external inputs, the resultant 
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external outputs and the final state of the memory elements 

of the circuit. 

The node array shown in Figure 5.1 is a byte 

oriented structure. Each declared symbol in the UAHPL 

description would be allocated as many byte as it needs. 

Vector (byte) rather than bit representation of the symbols 

was selected to speed up the simulation process. The 

maximum size of the node array, in this version of SCIRTSS, 

is 1410 bytes. This size is dictated by the maximum number 

of elements that could be declared in the UAHPL description 

of the design (see section 1.3), plus 10 bytes used for book 

keeping purposes. The node array is implemented as a pseudo 

dynamic array. This means that the actual number of bytes 

used in the array is the sum of the total number of bytes 

allocated for the declared symbols plus 10. The memory 

bytes (NDFFB) are followed by the external input bytes 

(NEXINB) which is then followed by the external output bytes 

(NROUTB). The total number of actual bytes occupied in a 

node for a particular design is stored in NODSIZ. The 

information is deduced from the stage 1 output by the BLDMAP 

routine. 

As shown in Figure 5.1 the last 10 bytes in the node 

are allocated to store some information about the node. The 

first byte stores the total number of active control states 

of the node. The next 5 bytes are the active control states 
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Data 
Memory Section 

(NDFFB) 

External Inputs 
SEI'. -.·ion 

(NEXINB) 

External Outputs 
Section 
(NROUTB) 

No. of A.C.S 

A.C.S Codes 

· · · 
Unused 

Pred. Node Number 

Node Level 

Heuristic Value 

Figure 5.1 

The Search Node Structure 



91 

coded with the module number in which they are defined. 

This code is printed as XXYYY, where XX stands for the 

module number and YYY stands for the number of active 

control state. The last three bytes in the node are the 

predecessor node number, the node level in the graph and the 

heuristic value of the node. The predecessor node number 

provides a pointer to the predecessor node which is stored 

in the SETA list. The start pointer of the last 10 bytes is 

stored in the ACSPTR. 

The start good and faulty nodes are passed from 

BRIDGE to SEARCH in the GNNODE and FNNODE arrays. After the 

invocation of the function simulator subsystem by SEARCH, 

The successor node is stored in SUCNOD array. It is 

important to notice that the only space that a node occupies 

in SETA or SETB list is the actual number of bytes used, not 

the maximum number of 14J.0 bytes. 

The 3-va1ued simulation mode requires that two 

computer bits represents each element bit in the design. As 

a solution to this, an unknown value node array was added in 

parallel to the known value node array such that the unknown 

byte would be the upper byte. This meant that the node 

structure became a 16 bit array rather than a byte array. 

To print the NODE, it would be more convenient for 

the user to read the merged output of the good and faulty 

nodes. So far, The good and faulty simUlation have been 
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mentioned separately. Indeed, the SEARCH Fault Simulation 

is performed using a 9-va1ue logic set consisting of 0, 1, D 

(stack at 0 fault), E (stack at 1 fault), and a set of five 

unknown values ( U, V, W, X, V). In Table 5.1 a detailed 

description of the possible combination of logic values is 

illustrated. 

gu 

0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 

Table 5.1 

9-va1ue logic of the Functional 
Fault simulation 

Binary 3-va1ue 
Format Format 

gn fu fn gv fv print out 
----------

0 0 0 0 0 0 
0 0 1 0 u V 
0 1 0 0 * 
0 1 1 0 1 E 
1 0 0 u 0 X 
1 0 1 u u U 
1 1 0 u * 
1 1 1 u 1 Y 
0 0 0 0 * 
0 0 1 u * 
0 1 0 * 0 1 1 1 * 
1 0 0 1 0 D 
1 0 1 1 u W 
1 1 0 1 * 
1 1 1 1 1 1 

In Table 5.1, different meanings aLe assigned to the 

content of the table depending on the search mode. For 

fault propagation mode: gu and fu stands for the 2-va1ue 

unknown state of the good and faulty networks, gn and fn 

stands for the 2-value known good and faulty networks. 
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Finally, gv and fv combine this information to represent as 

two characters, the 3-value state of the good and faulty 

networks. However, for Emberyonic and D-algorithm 

sensitization search mode, similar meanings 

attached to the mentioned symbols [28]. 

5.2 SETA and SETB Structure 

would be 

The SETA list is the storage medium for the expanded 

nodes. The unexpanded nodes, the successor nodes, are 

stored in SETB. In the fault propagation search mode, the 

good and faulty networks are simulated separately, then the 

successor node stored in SETB would constitute of the 

appended good and faulty nodes. In the path sensitization 

search mode the good network alone is simulated, the node 

size would be half that of the other search mode. 

The process of search involves removing nodes from 

SETB into SETA. The empty space in SETB would be used again 

as soon as another successor node is generated. This 

mechanism is 

in Figure 5.2. 

SETB with 

implemented through a link array SETBLK shown 

SETBLK would indicate the unused node in 

a large negative number or zero in the 

corresponding link entry. Otherwise, a positive number 

would represent the pointer to the active node in SETB. 

This link array helps to speed up the process of selecting 

the minimum heuristic node in SETB. 

SETA contains a built-in link list that determines 
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SETA and SETB Node Storage Structure 
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the proper sequence of generated nodes in the path from the 

start node to the goal nod,.e. SETALK array is used to 

explicitly store the pointer to the nodes in SETA which 

happen to be on the path to the goal node. SETALK is 

generated after the goal node was found. Actually, This 

data structure speeds up the time consuming process of 

searching the SETA and SETB lists for duplicate nodes each 

time a new successor node is generated. Figure 5.2 

illustrates the overall structure of the lists used in the 

search algorithm. 

5.3 Data Input Vectors 

The Data Input Vectors CD.I.V) are supplied by the 

user to initialize the external input lines for a particular 

active control state. These vectors are applied each time 

the search simulator subsystem is invoked. The user may 

supply these vectors interactively or through a file. The 

system can save those vectors if supplied interactively 

[28J. The D.I.V driver routines converts the user supplied 

data into a data base that could be accessed easily by the 

SEARCH routine. Figure 5.3 is a tabular representation of 

this data base. The system dumps these tables for user 

verification. In the following we will describe the 

mentioned data base. 

The entries of the three columns of the DIVARY are 

the module number, the control state number and the number 
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of data input vecto~ sets allocated fo~ this cont~ol state. 

The DlVLNK a~~ay sto~es two pointe~ pe~ cont~ol state. The 

ent~y of the fi~st column of this a~~ay points to NAMCNT 

a~~ay which sto~es the numbe~ of symbols defined in each set 

of D.l.V. The ent~y of the second column points to the 

DlVDAT a~~ay which sto~es the info~mation about the decla~ed 

symbol name and value. Now, The ent~y of the fi~st column 

of the DlVDAT a~~ay sto~es the symbol value pointe~ to the 

OSVT and the NSVT st~uctu~es of the simulato~ which sto~es 

the old and new values of the symbols during the simulation 

p~ocess. Mo~eove~, The ent~y of the second column of the 

DlVDAT a~~ay sto~es the pointe~ to the BYTARY ent~y which in 

its tu~n stores the value assigned to that symbol. The 

BYTARY, as its name says, is a byte ar~ay which stores the 

value of the decla~ed symbol in units of bytes stored 

sequentially. Figure 5.3 shows the D.l.V table assigned 

values fo~ the Duplicate Character Checker circuit which is 

a la~ge circuit used to test the SClRTSS capability, This 

ci~cuit is described in chapte~ 7 of this paper. 

The UAHPL description could be written in upper or 

lowe~ case characte~s. Howeve~, the symbol table of the 

stage 1 stores the symbols in upper case characte~s. The 

use~ should ente~ symbol names in uppe~ case characte~s. 

Although the UAHPL g~amme~ [2] does not p~ovide fo~ a 

distinction between data input and cont~ol input, the SEARCH 
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USER SUPPLIED DATA INPUT VECTOR TABLE: 

DIVARY DIVLNK NAMCNT DIVDAT BYTARY 

1 1 1 1 1 1 1 43 1 80 
2 1 2 2 2 2 1 39 2 00 
3 1 39 6 00 
4 10 00 
5 00 
6 FF 
7 FF 
8 FF 
9 FF 

Fiqure 5.3 

Data Input Vector Table 

CONTROL INPUT VECTOR TABLE . . 

RECORD CNDARY PRDTBL VARLST MSKARY 
---------------------------------------------------

1 1 1 2 1 1 371 1 1 1 -4300000 7F7F 
2 1 2 0 3 1 371 2 1 2 4300000 8080 
3 1 3 3 3 1 491 3 1 3 4800000 8080 
4 1 4 0 6 1 371 4 3 4 500000 8080 
5 1 0 0 6 2 371 5 2 7 500001 4040 
6 1 9 500002 2020 
7 500000 8080 
8 500001 4040 
9 500002 2020 

Fiqure 5.4 

Control Input Vector Table 
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introduced a mechanism to distinguish between the two. The 

user defined external inputs which are used as data inputs 

are tagged as data inputs. By default, other external input 

lines are assumed to be control inputs. 

The user is aided with the automatic generation of 

all the needed control input vectors. However, for some 

hard test problems, the user is encouraged to interfere, and 

define some effective D.I.V that could speed up the 

generation of a short test sequence for hard faults. 

5.4 Control Input Vectors 

An extensive effort have been made to automate the 

control input vector generation such that all the useful 1 

successor nodes could be generated with out the user 

intervention. To gain this capability a trade-off was made 

on the account of the user flexibility in writing the 

condition functions in UAHPL description of the circuit 

under test. The data base which was built around the 

condition functions appearing in the circuit description is 

represented in tabular format in Figure 5.4. Again, this 

illustration is related to the same circuit which was used 

in Figure 5.3. A description of the data base follows next. 

The RECORD array allocates one row for each control 

state in each module in the UAHPL description including the 

ENDSEQUENCE statements (state 0). The entries of each row 

are the module number, the control state number, the number 
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of conditions in this control state, and the pointer to row 

entry in the CNDARY which is allocated for each condition in 

the particular control state. Two type of conditions are 

available in the UAHPL. The first is the data statement 

condition, which are the right hand side (defined as 481) 

and left hand side conditions (defined as 491) that appear 

in any synchronous and asynchronous statements in the 

description. The other is the branch function condition 

(defined as 371). Each segment of these conditions is 

allocated a row in the condition array CNDARY. The 

condition type is listed in the second column. The entry of 

the first column in CNDARY is the number of Sum-of-Product 

(S.o.P) terms per condition function. The third column has 

the pointer to the proper row in the PRDTBL array. The 

PRDTBL array sequentially allocates one row for each product 

term in the S.o.P function. The entry of the first column 

of this array is the number of symbols used in the product 

term. The entry of the second column is a pointer to symbol 

list array VARLST. The VARLST array store a coded number 

(XXXYYYYY) which contains the pointer to OSVT and NSVT 

arrays of the simulator (XXX), and the corresponding bit 

number of the symbol which have been used in the product 

term, (YYYYY). Parallel to the VARLST is the MSKARY which 

contain a mask that represents the bit number in the 

mentioned code. This mask was used to load the proper 
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control input lines with a 1 or 0 value if the symbol was 

negated. 

The UAHPL binary string \1\ and the decoder standard 

function~ nCD, are allowed to appear as a single segment in 

the condition function. These functions are represented in 

the VARLST entries with the codes 10604 and 10601 

respectively. 

The mentioned data base is used to generate the 

control input vectors for the branch functions. These 

C.I.Vs are applied to the node to generate all the possible 

successors of the active control states in the node. They 

could also be used in the strategy 

possible successor nodes based 

connection statements conditions. 

of generating all 

on the transfer 

the 

and 

5.5 Functional Simulator Structures 

data 

The main point to discuss in 

structures implements the 

this section is the 

3-valued functional 

simulator. The main technique was to duplicate the byte 

arrays used. Now, pairs of arrays control the data movement 

in the simulator routines. One of them represents the 

unknown value, while the other represents the known value. 

The arrays that are affected by this modification are the 

following: OSVT, NSVT, COMBUF, COMMSK and COMVEC. 

Generally speaking, as shown in Table 5.2 the upper byte of 

the pair which constitutes the above arrays is the unknown 
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value array. When in SEARCH runs in 2-value mode, only the 

known value arrays are used. Thus, a significant time 

saving results. 

COMVEC, one of the byte arrays of the function 

simulator, is used here to illustrate the way unknown bytes 

are positioned. For instance, COMVEC carries one or two 

arguments of the standard function. If no unknown exists in 

the circuit. then the arguments would be stored in column I 

and column 3 of the array and column 2 and 4 would not be 

accessed in the simulation process. 

The UNKNOWN flag controls the execution of the 

3-valued simulator routines. If it is set by the user in 

response to the system query or in the second level 

parameter file [28]. then extra segments of the code would 

be executed to implement the 3-value simulation. Indeed, 

this increased the size of the simulator code with the 

advantage of executing only portions of the code based on 

the mode of simulation that the user requires. 

Table 5.2 COMVEC array structure 

=========-====================-========= 
col2 colI col4 col3 

unknown known unknown known 
value value value value 

first argument second argument 

I I 
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If the unknown and uninitialized memory elements were set 

through a homing sequence initially applied to the parallel 

fault simulator, then the user could enjoy the speed of the 

2-valued functional simulation. 

The execution of standard function under 3-value 

simulation is not a straightforward process. If unknown 

bits are appear in the input arguments of the standard 

function then the system would generate all-bits unknown 

result for the output argument. 

The data structure of the simulator subsystem is 

capable of implementing a 4-value simulation process. The 

fourth value could be the high impedance that is commonly 

used in MOS design. However, this requires the SCIRTSS 

fault verification simulator FLTSIM to simulate the high 

impedance too. 

5.6 UAHPL, SCIRTSS Interface 

To integrate the multi-stage hardware compiler with 

the complex SCIRTSS program, one needs to build an extensive 

interfacing tools. The main areas of interfacing are the 

netlist conversion, the COMSEC to FLTSIM interface, the 

stage 1 tables readout by the SEARCH and SIMULT routines and 

finally the BIRDGE interface to stage 1. In the following 

sections some of the details of these structures would be 

covered to provide a better understanding of the overall 

system integration. 
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5.6.1 Stage 3, SCIRTSS Interface 

STAGE 3 of the UAHPL compiler primarily provides the 

netlist required by SCIRTSS, the declared symbol description 

needed for the COMSEC program and some statistics about the 

different modules and circuit elements. The output of stage 

3 is stored in a user defined file and is read by the RDTOPL 

routine. The element network list is read into the CDD 

common area. After ordering this netlist, both FLTSIM and 

D-algorithm programs use it in their processing. 

The ground symbol in this netlist is indicated by 

the code -11000, while the high voltage symbols (VCC) is 

indicated by the code 11000. The control state flip-flop 

numbering starts from 1, followed by the data flip-flops 

then the gates. The external output lines are represented 

by a single input OR gate. The external input lines are 

numbered from 1 with an added offset of 11000. Due to the 

fact that number 11000 is a symbol of ground level, then the 

total number of flip-flops and gates that can be declared in 

the UAHPL description is 10999 rather than 11000. In the 

multimodule design, the input and output lines, which are 

local lines, are not explicitly indicated in the netlist. 

The clock line is treated as an external line with a 

negative value. 
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5.6.2 COMSEC, FLTSIM Interface 

The stage 3 output provides the data about the 

declared symbols in the UAHPL description. This information 

is accompanied with the details of the netlist description 

that is generated by stage 3. This feature could not be 

fully supplied by the st~ge 1 tables which stores part of 

the above information. If the user deems to provide the 

initial input sequence to FLTSIM through the COMSEC routine 

rather than the parameter file, then there should be a mean 

of verifying the validity of the user supplied data and 

symbol names. 

A major part of the COMSEC routine deals with 

verifying and reading the user supplied data properly. In 

this respect COMSEC uses the symbol name, the number of 

columns and rows, the module number and other information 

read from the stage 3 output file. Figure 5.5 illustrates 

the interface between the parallel fault simulator (FLTSIM) 

and the external world including the the COMSEC program. 

On the other hand FLTSIM stores most of its data in 

the NRY array, a huge data structure which is also used by 

the D-algorithm. A detailed description of this important 

array is available in [20,23,29J. 
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Fiqure 5.5 

FLTSIM Interface 



5.6.3 Stage 1, SEARCH Interface 

The functional simulator 

provided in the stage 1 output 

uses the 

tables. 

106 

information 

It reads the 

quadruples with other system information and simulate the 

functional description of the circuit. A detailed 

description of this process is available in reference [3J. 

The other part of the interface between stage 1 and the 

search program is related to the NODE structure. 

The NODE structure is different from the circuit 

description stored in the simulator's OSVT and NSVT arrays. 

The importance of high speed execution enforced the idea of 

generating some map arrays that would map the data in the 

SVT arrays to the NODE structure. These maps were generated 

for the data memory (MEMMAP) , external inputs (EXIMAP) and 

external outputs (OUTMAP). Maps were generated in BLDMAP 

routine by a scanning the Symbol Description Table (SOT) of 

the stage 1. The clock signal was ignored simply because in 

the functional simUlation this signal is implicitly 

generated. Other pointers and data were also generated to 

specify the NODE structure. 

BLDMAP would also generate the declared symbol name 

arrays for the memory (MEMTXT), the external inputs (INPTXT) 

and the external outputs (OUTTXT). These array also store 

the number of rows and columns for each symbol in byte 

ranges. The mentioned TXT arrays are primarly used in 

providing a convenient printout of the NODE contents. 
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5.6.4 Stage 1, BRIDGE Interface 

The main concern of the BRIDGE routine's interface 

is to exchange the information between the SEARCH routine in 

one hand, and the NRY structure on the other hand. As it 

was mentioned earlier the NRY is a common data structure 

used by the FLTSIM and the D-algorithm. NRY allocates bits 

for the value of each declared symbol. These sets of bits 

are sequentially allocated in the same sequence they are 

declared in the UAHPL design. However, this is not the case 

in the NODE structure of SEARCH. BRIDGE deduces the start 

state of the good network for SEARCH from the final state of 

FLTSIM which is stored in NRY. The goal nodes supplied by 

the D-algorithm sensitization search are read from the NRY 

bit oriented format and transfered into the byte oriented 

search NODE format. 

The process of converting the information stored in 

the NRY structure into the SEARCH start and goal node format 

is expedited by a map array. The map array, called BITOBYT, 

stores the index to a corresponding byte in the NODE array 

and a corresponding bit mask to be applied to that byte. 

The BITOBYT array is generated such that it has an entry for 
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each bit of a declared element (memory, external inputs and 

external outputs) in UAHPL description and in the same order 

of declaration. This map was used by BRIDGE to extract the 

bit values from the NRY words to store them in the NODE 

bytes, and vice versa. 



CHAPTER 6 

USER INTERFACE AND DOCUMENTATION 

In chapter 5 the data structures used in the search 

algorithm implementation were presented. However, the more 

interesting issue is the user interface and design rules 

that the user of SCIRTSS should follow to have an optimal 

usage of this rather complicated system. In the following, 

the user interface to SCIRTSS. the design rules and the 

design for testability with UAHPL are discussed in detail. 

6.1 Automated User Friendly Interface 

One of the major complaints about some of the 

existing CAD tools is their user unfriendly interface that 

some tools suffer from. This might be because other factors 

considered in the software design of a CAD tool overweight 

the user interface factor. In SCIRTSS an extensive effort 

has been made to minimize this problem, and provide the user 

with a relaxed control over the system. For instance, while 

running SCIRTSS the user can change the debug modes, veiw 

the set of expanded nodes if the search fails to sensitize a 

fault effect, or change the flip-flop priority class order. 

The user can retain the final state of the network 

109 
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after each SCIRTSS run. This gives him the ability to 

restore selective runs and continue the test generation 

process to achieve ~ptimal test sequence. This method is 

called the Incremental Test Pattern Generation which would 

be discussed later in this chapter. 

Data Input Vectors are optionally supplied by the 

user. This process could be done interactively, through a 

set of queries. Subsequently the user would be informed 

about illegal data entry, such as illegal module number or a 

misspelled symbol. In all the other queries that the system 

employ to communicate with the user, an effort has been made 

to give the user a second chance to recover from a possible 

mistake. The debug mode queries are implemented in a 

multilevel format. This provides a flexible control over 

the debug parameter. 

In a complex system like SCIRTSS it is not easy to 

control all the system parameters. The user is only 

required to deal with a small subset of the system 

parameters. The parameters are classified into two levels. 

The first level parameters are those parameters that are 

necessary for the SCIRTSS run. Such as, the heuristic 

weights, the initial input sequence and the initial state 

and priority of the memory elements. The second level 

parameter file is collection of optional parameters that are 

all initially set to default values. These parameters are 
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basically the debug mode flags, the user defined heuristic 

subroutine control parameter and some other parameters which 

are fully documented in the user's manual [28]. 

6.1.1 SCIRTSS Input Files 

The minimum number of files that SCIRTSS needs are 

three. The first file is the output of the stage 1 of the 

UAHPL compiler program. The second file is the output of 

the stage 3 of the compiler which specifies the netlist of 

the design. The third file is the parameter file. 

It is optional for the user to specify 

input vectors in a file or to have them 

interactively and allow SCIRTSS to save them in 

the data 

specified 

a file. 

However, this saved file could also be modified and reused 

in subsequent runs. The second level parameter file could 

be optionally specified by the user if it is needed to 

change some of the default values of the system parameters. 

It is expected that in normal conditions these files would 

be used less frequently. Figure 6.1 specifies the required 

and optional input files of SCIRTSS. Optional file are 

marked by dashes. 

6.1.2 SCIRTSS Output Files 

The minimum number of output files required by 

SCIRTSS are two. The first is the SCIRTSS output file and 

the second is the SCIRTSS input sequence (test pattern) 
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update file. The update file incrementally stores the 

generated input sequences (test vectors) generated by the 

related SClRTSS run. after generating all the possible test 

vectors, the update files could be appended together. Based 

on the test equipments used the update files could be 

processed further and applied to the particular tester. 

The optional files that the system can generate are 

three. The first is the data input vectors save file which 

saves the interactively user supplied D.l.V. The second is 

the search error dump file which store the contents of SETA 

if the system fails to sensitize a fault effect. The third 

file is SClRTSS circuit state retain file which saves the 

final state of the good and faulty networks. 

presents the optional files with dashed lines. 

6.2 Design Rules in SClRTSS 

Figure 6.1 

A limited number of design rules should be checked 

before a UAHPL description could be run under SClRTSS. The 

main rules that are mentioned in following sections are 

about the function type in the condition function of a 

statement, the modeling of bidirectional buses (EXBUSES), 

and the permitted circuit size a design can have. 

6.2.1 UAHPL Control Functions 

The circuit description should be written such that 

the condition function in any statement follow the rules 
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defined in the Condition Function Translator section in 

Chapter 4. The mentioned expression would simplify the 

translation to a S.o.P expression form that is required by 

the control input vector translator. 

The memory elements that are used in the conditional 

branches should not be initialized to an unknown value (U). 

If a U propagates to such a memory element then search will 

ignore that successor node since it has an unknown control 

state. 

6.2.2 Modeling Tri-State Drivers 

Digital systems often employ bidirectional busses 

with tri-state or open collector devices [30l. SCIRTSS 

simulators are not equipped to model tri-state values and 

bidirectional busses directly, but allow 'workaround' 

solution. An example of this is shown in the stack buffer 

module shown in Figure 6.2 [31l. The bidirectional bus 

declared as EXBUSES in the UAHPL is not explicitly used in 

the design version shown in Figure 6.2. The modeling of 

bidirectional bus OBUS is done through an EXINPUT: FROMCPU, 

EXOUTPUT: TOCPU, and BUSES: OBUS. The model schematic is 

shown in Figure 6.3. 

In bus-structured design more than one device is 

connected to the modelled bidirectional bus. If a fault 

appears in one of the control lines of the circuit, then it 

is possible for the bidirectional bus to contain a wrong 



MODULE: 
EKINPUTS: 
INPUTS: 
MEMORY: 
OUTPUTS: 

STKBUF. 
PUSH;POP;LOOK;START;FROMCPU[Bl; CLOCK. 
COMPLETE;FROMRAM[Bl. 
R1[Bl; R2[Bl; STATUS[2l; STKPNT[2l. 
ADDRESS[2l; WRITE; READ; STATOUT[2l; 
TOCPU[Bl; TORAM[Bl. 

BUSES: OBUS[Bl; RAMBUS[Bl. 
CLUNITS: INC[2l(:INCR(.2.>. 
CLUNITS: DEC[2l(:DECR(.2.>. 
PULSES: CLOCK. 
BODY SEQUENCE: CLOCK. 
1 STKPNT (= 2$0; STATUS (= \1,0\; 

=>(ASTART,START)/(1,2). 
2 STATUS[Ol*(PUSH + POP) <= \0\; 

=>(APUSH & APOP + PUSH & POP,PUSH & APOP, 
POP & APUSH)/(2,3,5). 

3 OBUS = FROMCPU; R1 (= OBUS; 
R2 <= R1; STKPNT (= INC(STKPNT). 

4 RAMBUS = R2; WRITE = \1\; 
STATUS[1l*(&/STKPNT) <= \1\; 

STATUS[Ol*COMPLETE (= \1\; 
=>(ACOMPLETE,COMPLETE)/(4,2). 

5 STKPNT <= DEC(STKPNT); STATUS[11 <= \0\; 
R1 <= R2. 

6 READ = \1\; 
=>(ACOMPLETE,COMPLETE)/(6,7). 

7 RAMBUS = FROMRAM; R2 (= RAMBUS; STATUS[Ol <= \1\; 
=>(2). 

ENDSEQUENCE 
CONTROLRESET(1); 

END. 

OBUS = R1 * LOOK; ADDRESS = STKPNT; 
TOCPU = OBUS; TORAM = RAMBUS; 
STATOUT = STATUS. 

Figure 6.2 

The Stack Buffer Design 
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result. For instance, If line LOOK in Figure 6.3 has a 

stack at 0 fault then the result that might appear on the 

OBUS is the OR of the values of register Rl outputs and the 

FROMCPU external input lines. In UAHPL BUSES behave like OR 

gates, thus if the values of a pair of lines from the two 

devices mentioned above are opposite the result is a 1 value 

on the corresponding OBUS line. However, in practice the 

result for a tri-state driver is an indeterminate value (Z). 

This is expected since the Z state is not simulated in 

FLTSIM. 

When propagating a fault effect on a bus line, the 

external input line tied to this bus line would play a 

deterministic role on the fault detection. If a 1 was 

loaded on the external input line, then the fault effect 

would be masked off by the OR effect. Therefore, it is 

advised to apply a 0 on such a line, this does not mean that 

one should not apply a 1. Generally, in a design with 

extensive parallelism, such as the bus-structured designs, 

it is better to apply a uniform vector of all ones or zeros. 

In effect, this would encourage the detection of all the 

parallel faults in the structure. 

6.2.3 Circuit Size 

It was meant for this version of SCIRTSS to handle 

VLSI type circuits. The maximum number of memory elements 

that could be used in a single multimodule design is set to 
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999. the maximum number of gates is 10000. Finally, the 

maximum number of external inputs and external outputs is 

200 lines each. Moreover, there is a limit of 10 on the 

number of modules that could be used in a single design 

driven by a single phase clock. 

According to the FLTSIM program, to simulate a 

circuit with the maximum allowed size, we need an average of 

2 x 999 + 6 x 10000 = 61998 bits to represent all the 

flip-flop and gate faults. In other words, a total of 3874 

words (32 bits each) of computer memory are allocated to 

describe the 3-valued generalized vectors. This would add 

up to a large number of memory blocks required to simulate 

large faulty circuits in parallel. However, the memory 

words allocated to the generalized fault vectors are freed 

after the corresponding element faults are detected. Hence 

after few loops, SCIRTSS need for memory would shrink. 

According to Goel [lOJ the complexity for a parallel fault 

simulator grows as a cubic power of the total number of 

gates in the design. 

6.3 User Defined Heuristic weights 

The heuristic weights play an important role in 

guiding the search process to generate the test sequences of 

the hard faults. The setting of the heuristic weights is 

circuit dependent. Circuits with internal counting 

registers are categorized into two groups; those where the 
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counting process affect transitions between isolated 

portions of the control state diagram and those where it 

does not. Where the counting process does affect 

transitions to and from isolated portions, the most 

important weight is the control state disparity index 

weight. It is better to have a high setting for this weight 

(0.9). The opposite is true for circuits with counting 

registers which do not affect such transitions [27]. 

The recommended procedure to generate the most 

efficient test vector is to try an initial breadth-first 

search until a good percentage of the faults has been 

detected (50%). Then use a high setting (0.9) for the fault 

proliferation adjustment. In addition the boolean distance 

should be started at 0.5. The best initial setting for the 

predecessor node adjustment is zero. The disparity index 

adjustment should be based on the above mentioned argument. 

After few runs the user can further tune the weights. If 

the propagation mode searches are longer in terms of nodes 

expanded in the weighted runs than in the breadth-first run, 

the Boolean distance adjustment setting for this mode should 

be increased slightly. The predecessor node weight should 

be raised to around 0.5. If the searches become even longer 

the fault proliferation adjustment setting should be lowered 

for better results. For the sensitization modes searches, 

If there are any search failures the boolean distance weight 
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should be increased to 0.8 or 0.9 in order to achieve 

greater depth into the graph. It should be remembered that 

these are general guidelines that has been concluded from 

testing different circuits using SCIRTSS. They can be 

inefficient in generating optimal test vectors but have 

proven to be generally helpful. 

6.4 Design for Testability 

It is possible to improve the testability of a UAHPL 

design by introducing some design for testability 

techniques. The UAHPL is clock mode design langauge, 

tranfers occurs on the edge of the clock. Therefore, the 

technique used to design for testability using UAHPL is 

called the Clock Sensitive Scan Design (CSSD). This 

technique is an adoption of the well known Level Sensitive 

Scan Design (LSSD) technique. In the following we will 

introduce the basic concept of the LSSD design followed by 

some examples on the CSSD technique. 

6.4.1 Level Sensitive Scan Design 

There are two fundamental characteristics of LSSD 

technique. The first is that all changes to the state of 

the circuit are controlled by the level of a clock signal. 

Thus the steady-state response to a change of value on an 

external input is independent of the propagation delay of 

gates and interconnect elements with in the circuit. The 
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memory elements are designed to reduce the dependency of the 

circuit on its AC parameters, such as degraded rise and fall 

times, or degraded propagation delay. In effect, the 

special memory elements used 

master-slave mode. Race-less 

guaranteed. 

in the design operates in a 

behaviour is therefore 

The second characteristic of LSSD technique is that 

the circuit posses the scan-path property. To achieve this 

property special purpose flip-flops called polarity-hold 

shift register latch (SRL) are used (see Figure 6.4). The 

SRL contains two cross coupled NAND gate latches, Ll and L2, 

as shown in Figure 6.5. Ll behaves like a normal memory 

element with the system data input D and system clock C. 

Normal latch operation requires that scan clock Cl and C2 be 

held low. Latching of system data occurs when the system 

clock C return to low level. 

In scan mode, the system clock C is low (inactive). 

Then the scan clock Cl is raised to 1. This enables the 

data on the scan path to be loaded into the latch Ll. Scan 

clock Cl is then returned to low, the scan data is then 

latched into LI. the next step is to raise the scan clock 

of latch L2, this loads the value of Ll into the slave latch 

L2. The scan value is latched into L2 when the scan clock 

C2 returns to low. 

The LSSD circuit could be designed as shown in 
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NAND-gate Implementation of an SLR 
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Figure 6.6, SRL element are connected to form a scan path 

simply by connecting the L2 output of one SRL to the scan 

input, S, of the next SRL element. The two scan clock are 

mutually exclusive, and are common to all the SRL elements. 

In the normal mode of operation the System data output, Ll, 

is not used, instead L2 is used as the system data output 

(secondary variable V). This is achieved by activating both 

the system clock and the scan clock C2 respectively, while 

Cl is left low. 

50 far the detail of LSSD circuit implementation 

have been discussed. A brief outline of the test generation 

system based on LSSD will follow [32]. Testing of the LSSD 

is divided into two steps. The first is to test the 

operation of the scan path shift registers. The other is to 

test the combinational network F. The overall testing 

strategy could be brei-fly stated as follows 

1. Test the memory elements 

system clock should be 

tests are applied. 

of the L5SD circuit. The 

shut off and two sequences of 

1. Apply a Flush test, that is the memory elements are 

reconfigured as shift registers. A 0 and single 1 

are clocked through the scan path by alternate 

application of the scan clocks Cl and C2. This 

sequence checks the ability of the memory element to 

assume both a O-state and a I-state. 
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2. Apply a shift test, the scan clocks are pulsed 

alternatively to move a 01100 (or similar> bit 

pattern tht'ough the register, from the scan data 

input to the scan output. This sequence exercises 

each memory element through all combinations of 

present state and future state. Then output signal 

is compared to the expected good values. 

2. Next use the D-algorithm to determine the test vector 

for a single fault in the combinational network F. The 

following steps are followed to detect the fault effect. 

1. Shift the test vector of the secondary variables Y 

into the scan path through the scan data input S. 

Concurrently, apply the related test vector on the 

external inputs of the network. 

2. Enter to normal mode and apply a single system clock 

pulse to propagate the fault effect through the 

combinational network F. On the low level of the 

system clock the output of N is latched into the 

memory elements of the scan path. 

3. Return to the scan mode and clock out the contents 

of the memory elements 

Then compare the output 

values. 

through the scan output. 

signal with the expected 
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6.4.2 Clock Sensitive Scan Design 

In UAHPL, the designer has a freedom of choice 

traditionally associated with with logic design. The main 

problem that might face the desiqner is the difficulty to 

test the design. However, it is possible to modify the 

UAHPL description into a highly testable design. The design 

for testability technique used in UAHPL is called the Clock 

Sensitive Design (CSSD). This is basically an adoption of 

the scan design technique used in LSSD. In CSSD the system 

clock is active in the normal and scan modes, and it is the 

only synchronizing signal available. The memory elements in 

the CSSD change state on the negative edge of the clock 

signal, that is the source of the name 'Clock Sensitive' in 

contrast to the 'Level sensitive' memory elements in LSSD. 

The clock sensitive flip-flops are faster than the SRL 

flip-flops, however, in the later all the internal faults 

are testable .• 

The basic modification done to convert a normal 

UAHPL design to its equivalent CSSD design is the addition 

of a Control Test input, possibly a separate test output, 

and to chain the data memory elements into a shift register 

structure controlled by the control test input line. In the 

test mode, the control input is active and the test output 

provides an observation point of the memory elements that 

are on the scan (shift) path. In the normal mode the design 
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behaves as expected. The design method in CSSD are flexible 

and the user ingenuity plays an important role in writing an 

optimal CSSD design. The main penalty in this technique is 

the additional physical requirments which means more pins 

and die consumption. The advantages gained by the CSSD 

modification are similar to those of the LSSD technique. 

As an example of the CSSD technique we introduce the 

circuit shown in Figure 6.7. This circuit is modified to 

its equivalent CSSD design shown in Figure 6.B. The circuit 

used in this example is a two out of five circuit, it 

detects the codes that have 2 ones in a five bit sequence of 

the code word. An output of I for any invalid codes is 

generated upon the fifth bit. The amount of hardware used 

as a result of this modification was about 20% of the 

original size of the circuit shown in Figure 6.7. It is 

important to mention that the CSSD implementation shown in 

Figure 6.B is not unique and could be done in a different 

way which could possibly be more effective, however, the 

purpose was to illustrate the CSSD technique in a working 

example. 

6.5 Incremental Test Pattern Generation 

The test equipments used to apply the test patterns 

to the integrated circuits are expensive, therefore short 

test patterns means efficient use of the test equipments and 

higher yield. To generate the most efficient test patterns 



MODULE: THO OUTOFFIVE • 
EXINPUTS: Xl; X2; CLOCK. 
EXOUTPUTS : Z • 
MEMORY: BITS[3]; ONES[2]. 
CLUNITS: INC1[3] <: INCR. 
CLUNITS: INC2[2] <: INCR. 

BODY SEQUENCE: CLOCK. 

1 BITS <= \0,0,0\; ONES (= \0,0\; 
=)(AX2)/(1). 

2 BITS * (AX2) (= INC1(BITS); 
ONES * (AX2 & Xl & (AONES[O]+AONES[l]» 
<= INC2(ONES); 
Z = «(AONES[O] & AONES[l])+(AXl & ONES[l])+(ONES[O] 

& AX1» & BITS[O] & AX2); 
=)«X2 + ABITS[O]),(AX2 & BITS[O]»/(2,1). 

ENDSEQUENCE 
CONTROLRESET(l). 

END. 

Figure 6.7 

NORMAL UAHPL DESIGN EXAMPLE 
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MODULE: CSSD20UTOF5. 
EXINPUTS: Xl; X2; CT; CLOCK. 
EXOUTPUTS: Z; ZT. 
MEMORY: BITS[3l; ONES[2l. 
CLUNITS: INC1[3l <: INCR. 
CLUNITS: INC2[2l <: INCR. 

BODY SEQUENCE: CLOCK. 

1 BITS (= \0,0,0\; ONES <= \0,0\; 
=>«AX2 + CT), (X2 & ACT»/(1,2). 

2 BITS * (AX2 & ACT) <= INC1(BITS); 
ONES * (ACT & AX2 & Xl & (AONES[Ol + AONES[ll» 
<= INC2(ONES); 
Z = «(AONES[Ol & AONES[ll) + (AXl & ONES[ll) + 

(ONES[Ol & AX1» & BITS[OJ & AX2); 
=>«X2 + ABITS[OJ + CT),(AX2 & BITS[OJ & ACT»/(2,1). 

ENDSEQUENCE 
CONTROLRESET(l); 

(ONES,BITS) * CT <= (Xl,ONES,BITS[O:lJ); 
ZT = BITS[2J. 

END. 

Figure 6.8 

CLOCK SENSITIVE SCAN DESIGN EXAMPLE 
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costs only few repetitive runs of SCIRTSS with different 

user supplied guidance. The structure of the file manaqrnent 

subsystem in this version of SCIRTSS enables the user to 

gain a flexible control over the overall process of pattern 

generation and accumulation. 

After each run of SCIRTSS, an update file is 

generated which 

generated by the 

contains 

run. The 

the incremental test 

retain file could 

pattern 

also be 

generated which would store the final state of the circuit. 

This allows the user to restore an earlier final state of 

the circuit and restart the generation of an other set of 

test patterns hoping for a better outcome. This process is 

shown in Figure 6.9, each SCIRTSS run is represented by a 

circle. For ~nstance, after 4 consecutive runs the user 

might decide that it would be more interesting to restore 

the outcome of the second run and continue from there on 

with a different input guidance. The fifth run would of 

course be different that the third run, it could be better 

or worst, that depends on the input guidance of the user. 

The existance of this tool is a feature that is 

theoretically 

patterns. 

useful in generating the efficient test 

6.6 Program Portability and Installation 

The SCIRTSS code was mainly written in FORTRAN and 

RATFOR. However, few small subroutines of the primitive 



Final State of CirclJit. 
InC'relental SeqlJence generated 

Figure 6.9 

, 
\ , 

Slarttn9 RlJn 

Incremental Test Pattern Generation 
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models of the parallel fault simulator (FLTSIM) were written 

in VAX-II assembly language to speed up the simulation. The 

maximum sizes of the arrays are defined in a macro expansion 

file and could be increased easily, the SCIRTSS user's 

manual [28] provides a sufficient description of the size 

parameters and the system quota required to run the program 

on VAX-II under the VMS. It is expected that the program 

could run under UNIX operating system too. In the software 

design of SCIRTSS extensive effort has been exerted to keep 

the system as machine independent as possible. 



CHAPTER 7 

CASE STUDY AND RESULTS 

The results presented in this paper mainly 

illustrate the successful achievement of the goals of this 

research, Namely, the automatic generation of test vectors 

for very large complex circuits that are written in a 

register transfer language, UAHPL. Several circuits have 

been tested under SCIRTSS, a subset, which have been tested 

most thoroughly are listed and discussed in the following. 

7.1 The BYTADDR Circuit 

This circuit basically functions as a data 

processing unit with an embedded RAM. Bytes of data from 

different sources are loaded into alternative bytes of the 

memory matrix, 

read the memory. 

most significant 

moreover, symmetric operations are done to 

The circuit is shown in Figure 7.1. The 

bit of the ADDREG register controls the 

source and the destination bytes. A useful design technique 

is introduced in this circuit, the same decoder DCD, is 

used for both the read and write operations of the memory 

matrix. This was done by declaring a decoder bus, DCDBUS, 

which is continuously updated in the always active control 
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MODULE:BYTEADDRMEM. 
EXINPUTS:ADDRESS[51;READ;HRlTE; DATAIN[16l; CLOCK. 
EKOUTPUTS :DATAOUT[161; READY. 
MEMORY:ADDREG[51; DATAREG[161; M(16)[161. 
BUSES:ADDBUS[41; DBUS[16J; DCDBUS[16J. 
CLUNITS:DCD[16J <: DCDER{4}. 
CLUNITS:INC[4J (: INCER{4}. 

BODY SEQUENCE: CLOCK. 
1 ADDBUS=ADDRESS[O:3J; 

DATAREG[O: 7J* (READ+HRlTE) (= (DBUS[O:7J!DBUS[B:15J! 
DATAIN[O:7J)*(READ&~ADDRESS[4J+WRlTE&ADDRESS[4J, 
READ&ADDRESS[4J,WRlTE&~ADDRESS[4J); 

DATAREG[B:15J*(READ+WRlTE) (= (DBUS[B:15J! 
DATAIN[O:71!DATAIN[B:15J)*(READ,WRlTE&ADDRESS[4J, 
WRlTE&~ADDRESS[4J); 

ADDREG[O:3J <= (INC(ADDBUS)!ADDBUS)*(READ,WRlTE); 
ADDREG[4J(=ADDRESS[4J; 
=) (AREAD&~WRlTE,READ,WRlTE)/(1,2,4). 

2 DATAOUT=DATAREG; READY=AADDREG[41; 
ADDBUS=ADDREG[O:3J; 
DATAREG[B:15J*ADDREG[4J (= DBUS[O:7J; 
=) (AADDREG[4J)/(1). 

3 DATAOUT=DATAREG; READY=\l\; 
=)(1). 

4 ADDBUS=ADDREG[O:31; ADDREG[O:3J (= INC(ADDBUS); 
M*DCDBUS (= DATAREG; READY=AADDREG[4J; 
DATAREG[O:71 (= DATAIN[B:151; 
=) (AADDREG[4l)/(1). 

5 ADDBUS=ADDREG[O:3l; 
DATAREG[B:15l (= DBUS[B:15l. 

6 ADDBUS=ADDREG[O:3J; 
M*DCDBUS <= DATAREG; READY=\l\; 
=)(1). 

ENDSEQUENCE 
CONTROLRESET(l); 

DCDBUS=DCD(ADDBUS); DBUS=M*DCDBUS. 
END. 

Fiqure 7.1 

AHPL Description of the BYTADDR Circuit 
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CLU :INCER(X) {I}. 
INPUTS :X[IJ. 
OUTPUTS :Y[IJ. 
CTERMS :RESULT[Il;CARRY[I-1J. 
BODY 

END. 

CARRY[I-2J,RESULT[I-1J = X[I-1J,AX[I-1J; 
FOR J=I-2 TO 0 CONSTRUCT 

RESULT[JJ = CARRY[JJ @ X[JJ; 
IF J<>O THEN CARRY[J-1J=CARRY[JJ&X[JJ FI 

ROF; 
Y = RESULT. 

CLU :DCDER(IN) (I). 
INPUTS :IN[IJ. 
OUTPUTS :OUT[2AIJ. 
CTERMS :RESULT[2AIJ. 
BODY 

END. 

FOR M=O TO (2AI)-1 CONSTRUCT 
RESULT[MJ = &/TERM(M;IN) 

ROF; 
OUT = RESULT. 

Figure 7.1 

The BYTADDR Circuit (Continued) 
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state. This technique will result in an optimized gate1ist. 

The embedded random access memory, M, contributes 

256 memory elements. This large number of memory elements 

is typical in the real designs. The circuit contains a 4 

bit counter, used to increment the memory address pointer. 

Tradil~ona1 difficulties in testing sequential circuits 

especially 

SCIRTSS. 

counters can be treated, to some extent, in 

Faults that are in the MSB of the counter can not 

be sensitized until the counter is allowed to count up to 

attain the proper bit combinations. This is one of the 

reasons why one needs large number of clock periods for a 

complete test for this type of sequential circuits. 

The testing strategy for BYTADDR was aimed at 

detecting all the easy faults with the shortest test 

sequence possible. In the first SCIRTSS run, an initial 

input sequence of 50 clocks was applied which detected 55 

percent of the faults. The SEARCH routine was invoked to 

generate test sequences for the harder faults. However, it 

is clearly evident that control state 1 is the only place 

where user supplied data input vectors can be applied. The 

address lines, ADDRESS, were defined as a data inputs, all 

the possible 32 combination of values for these lines were 

supplied as D.I.V. The external lines DATAIN were initially 

set to zero, the reason for this choice was to reduce the 

number of successors generated from control state 1. This 
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strategy was modified in the next SCIRTSS runs to treat the 

harder faults of the circuit. The gradual application of 

the necessary D.I.V helps the system to avoid the time 

consuming semi-exhaustive graph search process which occurs 

if all the possible combination of DATAIN were applied. The 

second run of SCIRTSS detected 72 percent of the faults with 

a sequence of only 64 additional inputs (clocks). 

In the last two runs of SCIRTSS, two combination of 

values for the DATAIN external input vectors were specified; 

In hexadecimal numbers, the values are DATAIN=FF and 

DATAIN=OO. Due to the existing symmetry in the circuit 

these two data input vectors constituted the most effective 

minimal set of D.I.V. Over 65 thousand other combinations 

of values that the 16 bit external input vector of DATAIN, 

are possible but were not needed. Indeed, this is what 

SCIRTSS stands for, a non exhaustive search to detect all 

the single faults of the circuit. The third and the fourth 

runs of SCIRTSS resulted in 99.8 percent detection of all 

the stuck type single faults. The required additional input 

sequences was of length 74. 

Due to the circuit complexity some of the stored 

fault effects disappeared. This usually happens at the 

first control state of this circuit which initializes some 

of the memory elements with external inputs values. No 

further effort was made to determine if those faults were 
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detectable. Tables 7.1 and 7.2, provides some statistics 

about the important data deduced from the SCIRTSS runs of 

this circuit as well as some other circuits which are 

discussed in order in this chapter. 

As indicated in Table 7.2 for the BYTADDR, the 

number of embryonic sensitization searches was relatively 

high for thi.s circuit. The reason is the opportunistic 

approach used in fault selection. After all the stored 

faults in class 0 and class 1 flip-flops are detected, the 

class 0 and class 1 flip-flop output faults were sensitized 

before propagating the stored faults in the class 2 and 

class 3 flip-flops. Fortunately, almost every embryonic 

sensitization run stores more difficult faults in relatively 

easy locations for later propagation searches. Most of the 

22 embryonic sensitization searches were done, as expected, 

in the last run of SCIRTSS. 

The number of faults found in the last input 

sequence of each propagation search is over 66 percent which 

is consistent with what is expected theoretically. Due to 

the complexity of the circuit an average of 15 faults were 

detected in each propagation subsequence. 

Finally, it would be illustrative to have a look at 

the regular SCIRTSS output. Thus a formatted section of the 

output file that was more relevant to this discussion is 

shown in Figures 7.2 and 7.3. In Figure 7.2 the status of 
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Table 7.1 Statistics of the Circuits Tested by SCIRTSS 

==================================================== 
Circuit BYTADDR DUPCHK MDPCHK 

Number of Gates 585 161 56 
Number of Flip-flops 283 300 46 
Number of Inputs 23 33 6 
Number of Outputs 17 3 2 
Number of Faults 3114 1079 240 
Faults Found 3110 1079 238 
Sequence Length 329 486 190 
CPU Time in seconds 10784 1475 2458 

Table 7.2 Analysis of SCIRTSS Searches 

==================================================== 
Circuit BYTADDR DUPCHK MDPCHK 

No. of Subsequences 93 5 22 
No. of Sens. Searches 22 0 3 
Faults found by Search 1395 1005 208 
Faults found (Sens. ) 0 0 2 
Faults/Subsequence 15 201 11 
Fautls/Sens. Seq. 0 0 0.67 
Faults Found Last Input 924 295 174 
% Found Last Input 66 29 73 
% Faults Found 99.8 100 99.2 
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the system prior to the search for one of a set of 4 easy 

flip-flop faults, priority class 0, which were selected by 

BRIDGE is printed. The corresponding start nodes for each 

one of these faults is shown in the proper clrder. The 

memory elements and the active control states of these start 

nodes are presented in the figure. As shown in Figure 7.2 

the good and faulty networks, indicated by symbols G and F 

respectively, are both in the control state 1 and 6 of 

module 1. The linked nodes in SETA of the successful search 

are shown in Figure 7.3. The fault effect , D, is 

propagated from memory flip-flop 279 to the DATAREG 

flip-flop 23 which in turn propagate it to bit 12 of the 

output line DATAOUT in the next clock. 

7.2 The DUPCHK circuit 

The circuit, shown in Figure 7.4, is the duplicate 

character checker which reads-in a 32 bit word and compares 

it to the contents of the 32 x 8 RAM. If the 32 bit 

character is matched then a signal 1 appears on the output 

line Z. A test output TOUT is added in the circuit to 

improve its testability. This relatively inexpensive but 

effective enhancement helped in reducing the number of 

search subsequences. The D.I.V applied to guide the search 

in control state 2 consists of loading the external input 

vector CHAR with two vectors, namely, CHAR=OOOOOOOO and 

CHAR=FFFFFFFF. Only three output lines exists for the fault 



1540 FAULTS DETECTED OUT OF TOTAL OF 
TOTAL NUMBER OF INPUT SEQUENCE IS 

3120 
50 

A TOTAL OF 15BO FAULTS OF ALL CLASSES ARE UNDETECTED: 50.64 PERCENT. 
SELECT 4 OF 4 ELIGIBLE CLASS 0 FAULTS STORED IN CLASS 0 
FLIP-FLOPS FOR FAULT PROPAGATION: 

1. [ lB 14J DFF 
2. [ lB 16J DFF 
3. [ lB 20J DFF 
4. [ lB 22J DFF 

279 OUTPUT S-A-O. 
2BO OUTPUT S-A-O. 
2B2 OUTPUT S-A-O. 
2B3 OUTPUT S-A-O. 

FAULT PROPAGATION MODE 
4 START NODECS): 

NODE: 

ADOREG 
DATAREG 
DATAREG 
M 
M 
M 
M 
M 
M 
M 
M 
M 
H 
M 
M 
M 
M 
M 
M 
M 
H 
M 
M 
M 
H 
H 
M 
M 
H 
H 
M 
M 
M 
H 
M 

MEMORY 
< 0)[ 
< 0)[ 
< 0)[ 
< 0)[ 
< 0)[ 
< 1)[ 
< 1)[ 
< 2)[ 
< 2)[ 
< 3)[ 
< 3)[ 
( 4)[ 
< 4)[ 
< 5)[ 
< 5)[ 
< 6)[ 
< 6)[ 
< 7)[ 
< 7)[ 
( B)[ 
< B)[ 
< 9)[ 
< 9)[ 
< 10)[ 
< 10)[ 
( 11)[ 
< 11)[ 
( 12)[ 
( 12)[ 
< 13)[ 
( 13)[ 
< 14)[ 
< 14)[ 
( 15)[ 
( 15)[ 

o 4J: 
o 7J: 
B 15J: 
o 7J: 
B 15J: 
o 7J: 
B 15J: 
o 7J: 
B 15J: 
o 7J: 
B 15J: 
o 7J: 
B 15J: 
o 7J: 
B 15J: 
o 7J: 
B 15J: 
o 7l: 
B 15l: 
o 7l: 
B 15l: 
o 7l: 
B 15l: 
o 7J: 
B 15l: 
o 7l: 
B 15l: 
o 7J: 
B 15l: 
o 7l: 
B 15l: 
o 7J: 
B 15l: 
o 7J: 
B 15l: 

1 

00001 
01001011 
00101101 
00111001 
00101101 
00111101 
10101111 
01100110 
00000000 
10011001 
10011001 
00000000 
00000000 
00000000 
00000000 
11100000 
11100001 
00000000 
00000000 
00000000 
00000000 
00101110 
10111100 
00000000 
00000000 
00000000 
00000000 
00000000 
00000000 
01101001 
11100101 
10011001 
00000000 
11110111 
ll1Dllll 

G F 

2 

00001 
01001011 
00101101 
00111001 
00101101 
00111101 
10101111 
01100110 
00000000 
10011001 
10011001 
00000000 
00000000 
00000000 
00000000 
11100000 
11100001 
00000000 
00000000 
00000000 
00000000 
00101110 
10111100 
00000000 
00000000 
00000000 
00000000 
00000000 
00000000 
01101001 
11100101 
10011001 
00000000 
11110111 
11110111 

3 

00001 
01001011 
00101101 
00111001 
00101101 
00111101 
10101111 
01100110 
00000000 
10011001 
10011001 
00000000 
00000000 
00000000 
00000000 
11100000 
11100001 
00000000 
00000000 
00000000 
00000000 
00101110 
10111100 
00000000 
00000000 
00000000 
00000000 
00000000 
00000000 
01101001 
11100101 
10011001 
00000000 
11110111 
111111D1 

NO. OF ACTIVE CONTROL STATES: 2 2 
G F 
2 2 

10011001 
10061006 

G F 
2 2 

10011001 
10061006 

10011001 
10061006 

o 0 
o 0 
o 0 

o 0 
o 0 
o 0 

Figure 7.2 

o 0 
o 0 
o 0 

SCIRTSS Output, Start Nodes 

4 

00001 
01001011 
00101101 
00111001 
00101101 
00111101 
10101111 
01100110 
00000000 
10011001 
10011001 
00000000 
00000000 
00000000 
00000000 
1110000(1 
ll:i.OoOOl 
00000000 
00000000 
00000000 
00000000 
00101110 
10111100 
00000000 
00000000 
00000000 
00000000 
00000000 
00000000 
01101001 
11100101 
10011001 
00000000 
11110111 
11111110 

G F 
2 2 

10011001 
10061006 

o 0 
o 0 
o 0 
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SEARCH: SIMULATOR CALL LIMIT 
SEARCH MODE 
NUMBER OF START NODES 
START NODE 

1200 
FAULT PROPAGATION 
4 
1 

******** SUCCESSFUL SEARCH AFTER 82 CALLS TO THE FUNCTIONAL SIMULATOR 

NODE: 

ADDRESS 
READ 
WRITE 
DATA IN 
DATA IN 

DATAOUT 
DATAOUT 
READY 

ADDREG 
OATAREG 
DATAREG 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 
M 

EXTERNAL INPUTS 
[ 0: 4JI 
[ 0: OJ: 
[ 0: OJ: 
[ 0: 7J: 
[ 81 15J: 

EXTERNAL OUTPUTS 
[ 0: 7J: 
[ 8: 15J: 
[ 0: OJ: 

MEMORY 
0)[ 0 
0)[ 0 
0)[ 8 
0)[ 0 
0)[ 8 
1)[ 0 
1)[ 8 
2)[ 0 
2)[ 8 
3)[ 0 
3)[ 8 
4)[ 0 
4)[ 8 
5)[ 0 
5)[ 8 
6)[ 0 
6)[ 8 
7)[ 0 
7)[ 8 
8)[ 0 
8)[ 8 
9)[ 0 
9)[ 8 

10)[ 0 
10)[ 8 
11)[ 0 
11)[ 8 
12)[ 0 
12)[ 8 
13)[ 0 
13)[ 8 
14)[ 0 
14)[ 8 
15)[ 0 
15)[ 8 

4J: 
7J: 

15J: 
7J: 

15JI 
7JI 

15J: 
7J: 

15J: 
7J: 

15J: 
7J: 

15J: 
7J: 

15J: 
7J: 

15J: 
7J: 

15J: 
7J: 

15J: 
7J: 

15J: 
7J: 

15J: 
7J: 

15J: 
7J: 

15J: 
7J: 

15J: 
7J: 

15J: 
7J: 

15JI 

NO. OF ACTIVE CONTROL STATES: 

PREDECESSOR NODE: 
NODE LEVEL: 
HEURISTIC VALUE: 

1 

00000 
o 
o 
00000000 
00000000 

00000000 
00000000 
o 
00001 
01001011 
00101101 
00111001 
00101101 
00111101 
10101111 
01100110 
00000000 
10011001 
10011001 
00000000 
00000000 
00000000 
00000000 
11100000 
11100001 
00000000 
00000000 
00000000 
00000000 
00101110 
10111100 
00000000 
00000000 
00000000 
00000000 
00000000 
00000000 
01101001 
11100101 
10011001 
00000000 
11110111 
11101111 

G F 
2 2 

10011001 
10061006 

o 0 
o 0 
o 0 
o 
o 
o 

2 

11110 
1 
o 
00000000 
00000000 

00000000 
00000000 
1 

00000 
11110111 
11101111 
00111001 
00101101 
00111101 
10101111 
01100110 
00000000 
10011001 
10011001 
00000000 
00000000 
00000000 
00000000 
11100000 
11100001 
00000000 
00000000 
00000000 
00000000 
00101110 
10111100 
00000000 
00000000 
00000000 
00000000 
00000000 
00000000 
01101001 
11100101 
10011001 
00000000 
01001011 
00101101 

G F 
2 2 

10021002 
10011001 

o 0 
o 0 
o 0 
1 
1 

105 

Figure 7.3 

3 

00000 
1 
o 
00000000 
00000000 

11110111 
11101111 
1 

00010 
00111001 
00111101 
00111001 
00101101 
00111101 
10101111 
01100110 
00000000 
10011001 
10011001 
00000000 
00000000 
00000000 
00000000 
11100000 
11100001 
00000000 
00000000 
00000000 
00000000 
00101110 
10111100 
00000000 
00000000 
00000000 
00000000 
00000000 
00000000 
01101001 
11100101 
10011001 
00000000 
01001011 
00101101 

G F 
2 2 

10011001 
10021002 

o 0 
o 0 
o 0 
2 
o 
o 

SCIRTSS Output, Search Nodes in SETA 
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MODULE: DUPCHK. 
MEMORV: INR[321; CNT[31; V;SRM(S)[321. 
EXINPUTS: CHAR[321; DATA; CLOCK. 
EKOUTPUTS: ACCEPT; Z; TOUT. 
BUSES: BTOUT. 
CLUNITS: INC[31(:INCR{3}. 
PULSES: CLOCK. 
BODV SEQUENCE: CLOCK. 
1 =)(ADATA,DATA)/(1,2). 

2 ACCEPT=\1\; V(=\O\; 
INR (= CHAR; CNT (= 3$0. 

3 BTOUT = A(+/(INR @ SRM(O»); 
V ~ BTOUT (= \1\; 

CNT (= INC ( CNT) ; 
SRM (= (SRM(1:7) ! SRM(O»; 
=)(&ICNT,A(&/CNT»/(4,3). 

4 SRM (= (SRM(1:7) ! INR); 
=)(1). 

ENDSEQUENCE 
CONTROLRESET(1); 
TOUT = BTOUT; 
Z=V. 

END. 

CLU: INCR ( W){ I } • 
INPUTS: W[Il. 
OUTPUTS: V[ Il • 

BODV FOR J = I-1 TO 0 CONSTRUCT 

END. 

IF J = I-1 
THEN V[Jl = AW[Jl 
ELSE V[Jl = W[Jl @ (&/W[J+1:I-11) 

FI 
ROF. 

Fiqure 7.4 

The AHPL Description of the DUPCHK Circuit 
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effect to propagate, this makes the circuit more difficult 

to test. 

According to the results for this circuit which are 

listed in column 2 of Table 7.2, the total number of SCIRTSS 

subsequences was only five. 

from propagation searches. 

All these subsequences resulted 

An average of 201 faults were 

detected in each subsequence which makes about 20 percent of 

the total number of circuit faults. A manual sequence of 

length 392 was applied to detect 74 more faults. Overall, 

heuristic guided search detected 92 percent of the faults 

and generated a test sequence of length 94. 

The DUPCHK circuit was chosen as another large sized 

example to run under SCIRTSS. The number of memory elements 

in this circuit was 300 flip-flops. All the detectable 

faults of this circuit were detected. 

Now that we have assured the functionality of 

SCIRTSS for large circuits it is important to have an idea 

about the points of strength and weakness of SCIRTSS versus 

other known systems. 

7.3 Study of SCIRTSS Versus HITEST 

HITEST [5,6,7J, is an automatic test generation 

system which was described in chapter I of this paper. In 

the following an effort is made to illustrate the 

capabilities of the two ATG systems, SCIRTSS and HITEST. 

Table 7.3 shows the data of the BYTADDR and DUPCHK circuits 
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which were tested by SCIRTSS produced versus the data of two 

two other sequential circuits tested by HITEST, namely 

CIRCUIT1 and CIRCUIT2. The only information available about 

the HITEST results are from Bending [7J. According to [7J, 

CIRCUIT 1 is an arithmetic logic processor chip; CIRCUIT 2, 

a ULA circuit consisting of a bank of serial-in/parallel-out 

shift registers, some combinational logic, and a second bank 

of serial-in/parallel-out registers. 

The information available on the HITEST results on 

the two circuits shown in Table 7.3 are not sufficient to 

stage a determinate comparison between the two automatic 

test generation systems. For instance, the CPU time of 

SCIRTSS runs are for a DEC a VAX I 750 computer; the 

corresponding HITEST figures 

the VAX model is not provided. 

are also for a VAX, however, 

Nevertheless, The figures 

illustrates 

shorter test 

supplemented 

some interesting points. HITEST generates 

sequences. 

with a 

This is expected since it is 

powerful interactive graphic and 

waveform languages which increases the operator control over 

the test generation process. According to the results of 

CIRCUIT 1, SCIRTSS has a better fault coverage. 
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Table 7.3 SClRTSS Results Versus HlTEST 

====================================================== 
Circuit BYT ClR DUP ClR 

ADDR CUlTl CHK CUlT2 

No. of Elements 868 850 461 681 
Test Sequences 329 85 486 40 
No. of Faults 3114 1340 1079 1092 
% Fault Cover 99.8 95 100 100 
CPU Time ( Sec. ) 10784 2520 1475 523 

7.4 Modified DUPCHK Circuit 

In an effort to compare the existing version of 

SCIRTSS with the older version, a circuit which used to run 

under the old version has to be tested by the new version. 

The modified duplicate character checker circuit, MDPCHK, is 

a more difficult version of the mentioned DUPCHK circuit. 

The UAHPL description of this circuit is shown in Figure 

7.5. It is clearly evident that most of the faults must be 

propagated to the output through flip-flop ZR in control 

state 5. Only after all 8 characters have been checked is 

the value of Y transferred to the output. The checking 

process is aborted, however, if external input reset is set 

to a 1; this feature makes the MDPCHK circuit difficult for 

random sequences. 

Table 7.4 summerizes the SCIRTSS results for this 

circuit. The symbol '*' under the remark column in Table 



MODULE: MDPCHK. 
MEMORY: INR[4l; CNT[3l; Y; ZR; SRM(S)[4l. 
EXINPUTS: CHAR[4l; DATA; RESET; CLOCK. 
EXOUTPUTS: ACCEPT; Z. 
CLUNITS: INC[3l(:INCR{3). 
PULSES: CLOCK. 
BODY SEQUENCE: CLOCK. 
1 ACCEPT = \1\; 

=) (A(DATA&ARESET), DATA&ARESET)/(1,2). 

2 Y (= \0\; ZR (= \0\; 
INR <= CHAR; CNT (= 3$0; 

=) (RESET, ARESET) I (1,3). 

3 Y ~ A(+/(INR m SRM(O») (= \1\; 
CNT (= INC( CNT) ; 
SRM (= (SRM(1:7) ! INR); 

=) (RESET, ARESET) I (1,4). 

4 SRM < = (SRM ( 1 : 7 ) ! SRM ( 0) ) ; 
Y ~ A(+/(INR m SRM(O») (= \1\; 

CNT < = INC ( CNT) ; 
=>(RESET,(ARESET&A(&/CNT», 

(ARESET&<&/CNT»)/(1,4,5). 

5 ZR (= Y; 
=) (1). 

ENDSEQUENCE 
CONTROLRESET(1); 
Z = ZR. 

END. 

CLU: INCR(W){I). 
INPUTS: W[Il. 
OUTPUTS: Y[Il. 

BODY FOR J = 1-1 TO 0 CONSTRUCT 

END. 

IF J = 1-1 
THEN Y[Jl = AW[Jl 
ELSE Y[Jl = W[Jl m (&/W[J+1:I-1l) 

FI 
ROF. 

Figure 7.5 

The Modified DUPCHK Circuit 
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Table 7.4 SCIRTSS Results for the Modified DUPCHK circuit 

-==-------------=-=====================-================== 
Subsequence Faults Remark 

Search Graph Detected 
No. Length Mode Size Last Total 

1 24 30 
2 11 FPS 97 63 90 
3 11 FPS 107 24 29 
4 11 FPS 157 12 12 
5 11 FPS 107 45 45 
6 FPS *-
7 FPS *-
8 11 FPS 107 8 8 
9 11 FPS 1643 5 5 

10 11 FPS 1240 9 9 
11 11 FPS 1075 3 3 
12 FPS *-
13 FPS *-
14 11 FPS 1095 1 1 
15 11 FPS 1025 1 1 
16 11 FPS 1241 1 1 
17 11 FPS 1155 1 1 
18 2 DSS 2 0 1 
19 9 FPS 507 1 1 
20 12 DSS 748 0 0 

'21 11 DSS 757 0 1 
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7.4 stands for the failure to detect the fault under 

consideration because of the circuit complexity. For 

instance, if the fault effect is stored in flip-flop Y in 

control state 2, naturally, the fault effect disappears in 

the next clock. However, in comparison with the results of 

the circuit run under the old version of SCIRTSS by Carter 

[21], a significant change is observable. In the old 

version the number of Search subsequence failures due to the 

functional simulation inaccuracies was 5, the Search 

failures due to other reasons exceeded 23. In the existing 

version only 4 Search subsequences failed and that was not a 

fault of SCIRTSS since the faults under consideration were 

stored in a detectable position. The sequence length to 

detect the 238 faults of the circuits is 190 for the new 

version and 222 for the old version. This data and more are 

shown in Table 7.5. 

Table 7.5 MDPCHK Runs in the New and the Old SCIRTSS 

----------------------------------------------------------------------------------------

% Faults Found 
Search Failures 
No. of Subsequences 
No. of Sen. Searches 
Sequence length 

New 
SCIRTSS 

99.2% 
o 

21 
3 

190 

Old 
SCIRTSS 

99.2% 
5 

32 
15 

222 
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The mentioned results not only provide an evidence 

of the superiority of the new version of SCIRTSS over the 

old version, it also indicates the capability of this system 

to compete with similar automatic test generation system 

driven by a structured hardware programming language. 



CHAPTER 8 

SUMMARY, FURTHER WORK 

In last few chapters the details of the SCIRTSS 

implementation and results were presented. The parallel 

fault simulator used to verify the test sequence has the 

advantage of simulating all the faulty network in parallel 

and the disadvantage that the time complexity of this 

simulator varies with the cubic power of the number of logic 

gates. However, the time complexity of the SEARCH routine 

is independent of the number of circuit elements. Search 

algorithms is based on a trial and error technique used to 

solve the NP-complete problem, thus the worst case 

complexity for the heuristic guided search is still better 

than that of the fault simulator. 

8.1 Summary 

This research contributed in developing an 

intelligent user friendly test generating system for VLSI 

design. The main characteristic of SCIRTSS is the accurate 

search simulation process. According to the collected 

results discussed in chapter 7, this accuracy reduced the 

length of the test sequence and the number of subsequences 
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required to propagated a single stuck type fault. Another 

feature of SCIRTSS is capability to handle VLSI type 

circuits with up to 1000 memory elements and 10000 gates. 

Large circuits produced efficient test sequences in a 

reasonable time. The new version of SCIRTSS accepts almost 

the full range of the Universal AHPL including multiple 

modules and combinational logic unit description. 

The SCIRTSS concept is that of generating the test 

sequence for a circuit in an early stage of the process, 

that is, even before the generation of the final logic 

description of the circuit. Thus, the designer might 

iteratively modify the high level description of the design 

before a testable functional circuit description is 

developed. This concept results in a significant saving in 

the design time and effort. 

The SCIRTSS package as it stands is useful in 

testing almost any circuit written in UAHPL. However, like 

any other research project further work and development is 

addressed in this paper. 

8.2 Further Work and Suggestions 

Among the most important suggestions for future 

research, one can mention three topic. Two of these topics 

are concerned with the modification of the existing SEARCH 

routine and the third deals with extending the overall 

SCIRTSS system. 



154 

8.2.1 Adoption of Hybrid SCIRTSS/Scan Design System 

The search process to propagate a fault effect 

stored in a memory element, such as a counter, might cost a 

large number of invocations to the function simulator with 

out getting to the goal node. This problem could be eased 

by chaining the concerned n memory element to make a scan 

path with a serial external input, a serial external output 

and a test mode control input. In the scan test mode, fault 

effects could be shifted to the scan output in the test mode 

with a maximum of n clocks only. 

However, this means that the SEARCH routine should 

be informed of the existance of the scan path, that is, it 

should be supplied with the ordered numbers of the data 

flip-flops which are on the path. The SEARCH routin~ should 

also know when to switch from the normal graph search mode 

to the scan mode. The criteria for this knowledge could be 

the maximum number of allowable invocations of the function 

simulator; If this number is high enough such that the scan 

test sequence of length n is justifiable then SEARCH should 

switch to scan mode, restore the initial state of the 

circuit and propagate the fault effect through the scan path 

only. 

8.2.2 Extended Control Input Vector Generation 

In the existing version of SCIRTSS the search is 

carried over the AHPL control graph of the state-space. It 



155 

is possible to carry a more exhaustive search with minimum 

cost on the AHPL data section too. lbe process is similar 

to the control section search, SEARCH routine would have to 

use the existing C.I.V data base, described in chapter 5, to 

gene~ate all the possible successor nodes of a control state 

based on the right and left hand side conditions of the 

UAHPL statements. 

In the C.I.V table these condition functions are 

represented in a manner similar to the branch condition 

functions. The VARLST array contains the expected values of 

the variables used in the condition. In the CNDARY the 

second column stores the symbol for the LHS and RHS 

condition, namely 491 and 481, CNTFNC routine generates the 

C.I.V data base. 

The main problem here is the excessive number of 

successor nodes that could be generated. Indeed many of 

these nodes are going to be duplicated. The solution to 

this problem is in merging the control input vectors before 

generating the successors. This merging algorithm would 

minimize the number of applied control input vectors to the 

minimum. 

As an illustrative example assume that in a circuit 

shown below, the symbols EA, EB, EC, ED are external inputs 

and Ml, M2, M3 are memory elements then: 
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1 Ml ~ (EA&EB) <= M2; 

The existing SEARCH algorithm, based on the branch function, 

generates and apply the following two control input vectors: 

EA = 0 X 
EB = X and X 
EC = X 1 
ED = X X 

However, the extended control input vectors are supposed to 

be 

EA = 1 0 X 
EB = 1 X X 
EC = X X 1 
ED = X X X 

which are finally merged into the set 

EA = 1 0 
EB = 1 X 
EC = 1 X 
ED = X X 

The merging algorithm for multiactive control states 

could be simplified by building a fixed merge table for each 

single control state at the begining of the SCIRTSS run. 

This table would be used for further merging if needed, 

otherwise it would provide a fast access to the merged 

control input vectors which generate a single successor 

node. 
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8.2.3 Accurate Verification System 

The usual logical fault used to model physical 

failures in integrated circuits are the stuck-at-l and 

stuck-at-O faults. With the wider use of MOS technology it 

has been proposed that stuck-at fault model does not 

represent the physical failures accurately [33,34,35,36]. 

The gate-level wire stuck-at fault models are, in practice, 

fairly effective; they at least ensure that all the wires 

in the circuit model have been changed value and that the 

generated test vector are verified. It is also assumed that 

bridging failures could be detected by the same test vector 

that detects single stuck-at faults. 

Therefore, there is a need to verify the 

effectiveness of the SCIRTSS test vectors when applied to 

different technologies such as MOS. A realistic MOS fault 

simulator could provide an suitable verification tool. The 

advantage of using an event driven concurrent simulation 

technique [37,38] should be taken into consideration. The 

concurrent simulation complexity varies with the square 

power of the total number of elements in the circuit. A 

smart approach would be to develop a fault simulator that 

combines the parallel and concurrent simulation techniques. 

This verification simulator should be based on the 

fault model which is usually suggested for MOS design. The 

fault model should 

(discontinueity in 

include stuck-open circuit faults 

conductors), bridging and stuck-at 
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faults. Considering the timing faults in MOS is useful but 

SCIRTSS generated test vectors does not guarantee the 

detection of this type of fault which is usually caused by a 

timing problem or unrefreshed memory charge. 

It is expected that the stuck-open type of faults 

would not be efficiently covered by the test vectors 

generated by SCIRTSS, simply because some of these faults 

can never be modeled with a stuck-at faults. 



CHAPTER 9 

CONCLUSION 

The goal of this project have been to improve the 

process of fault detection test generation for VLSI digital 

de5iqn. A fully automated test generation program, SCIRTSS 

[39], based on a structured langauage, UAHPL, was developed. 

The SCIRTSS strategy is based on an exhaustive search over 

the control graph with user supplied sample data input 

vectors. SCIRTSS provides the facility to address the 

testing problem early in the design process. The 

contribution of research was to develop the intelligence 

driven 'search program and to integrate it into the rest of 

the SCIRTSS system. The designer can turn his attention to 

test generation without waiting for completion of layout and 

mask generation or even for the final network wire list. It 

is even possible to alter the UAHPL description to 

facilitate testing, if the first pass at test generation is 

for some reason unsatisfactory. 

Central to the SCIRTSS is the search algorithm. The 

accuracy in the search simulation is due to three factors. 

First is the separate good and faulty network functional 

simulation. Second is the incorporation of the UAHPL 
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function simulator, HPSIM4. Finally the accuracy 

enhancement in the search algorithm by restoring the fault 

effect of flip-flop outputs which might be lost in the 

functional simulation but not in the gate simulation. 

The SCIRTSS system is a user friendly software, it 

is highly interactive as it uses a query oriented structure. 

The user guidance for detecting the hard fault is 

determinate. For traditionally hard test problem, such as 

testing counters, the user is provided with a user defined 

heuristic subroutine that helps controlling the heuristic 

value of the search nodes, thus the path to the goal node. 

Design for testability is one of the issues covered 

in this paper. It is possible, with a sacrifice in die 

area, to write a UAHPL description of the circuit that would 

simplify the test squence generation. The SCIRTSS user's 

manual provides a sufficient information about running 

SCIRTSS. The program have been tested for large circuit and 

found to produce compatible results with other testing 

system. The program was written in FORTRAN and RATFOR, a 

small portion of the logic primitives of the verifying 

simulator were written in VAX assembly language. 



APPENDIX A 

LIST OF SEARCH SUBROUTINES 
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# 
# SEARCH HANDLER ROUTINES 
# 
OEFNS 
SEARCH 
BLDMAF 
BLOBMP 
SIMULT 
SVTNOD 
INTLNK 
LDSTRT 
RMOVND 
GETHEU 
HEUSUB 
NODSVT 
FNDMNB 
ORDER 
ORTB1 
ORTB2 
DMPSUC 
GENCIV 
CMPARA 
CMPARB 
UNMACH 
FNDSEQ 
ADDNOD 
UPDATE 
GETEXN 
TSTGOL 
TSTOUT 
OM 
PNODES 
# 
# CONTROL INPUT VECTOR HANDLER ROUTINES 
# 
CNTFNC 
COMSEG 
COMVEC 
POP02 
PUSH02 
RDSRT 
RDSQRT 
RDARG 
ST2ERR 
FNDPNT 
SETVAR 
PSHSTK 
POPSTK 
SCHLST 
lTEM4 
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ITEM5 
ITEM6 
ITEM7 
ITEM8 
ITEM 1 0 
ITEM51 
ANOTA 
GETVL 
SETNOT 
SQUEEZ 
SETLST 
SAME 
GETMSK 
SETCIV 
NSTCIV 
FINDRC 
DMPCIV 
# 
# DATA INPUT VECTOR HANDLER ROUTINES 
# 
INTLIZ 
INVECT 
FILVEC 
PACKIN 
LDINPT 
LDDIV 
DMPDIV 
CTOI 
# 
# SIMULATOR STANDARD FUNCTIONS 
# 
CLUNIT 
CHKCLU 
INC 
ADD 
SUB 
DEC 
DCD 
ASSOC 
COMP~..R 

# 
# SIMULATOR STAGE 1 INTERFACE ROUTINES 
# 
BLDATA 
OPFIL 
CLFIL 
RSTORS 
RDTOTS 
RDQTAB 

163 



XEXIT 
ERRMSG 
# 
# SIMULATOR UTILITY ROUTINES 
# 
UPDSDT 
SVTBPW 
ITOC 
SETNST 
PUTSEG 
LOGIC 
# 
# SIMULATOR SUBSYSTEM ROUTINES 
# 
LDNEST 
NACTS 
QLINER 
RSTNST 
FRMSEG 
NOTRAN 
FNDSTP 
PUTBIX 
GENMSK 
GETVEC 
PACK 
# 
# SIMULATOR EXECUTIVE ROUTINES 
# 
EXECUT 
BRANCH 
CONSVC 
DSCBND 
LOGCL2 
LOGCL1 
INVERT 
GLMRCA 
GLMCCA 
GETGLM 
CBRNCH 
PUTDLR 
PUTCLR 
PUTVEC 
MAKPAT 
DLMCAT 
DLMRCA 
DLMCCA 
# 
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