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Abstract. In this paper, the results of a cooperation between about 20 universities and research institutions from Germany, France, Italy, Holland, Belgium, Estonia and other countries in the framework of TEMPUS, EUROCHIP (EUROPRACTICE), PECO, COPERNICUS and ESPRIT programmes are described. As an output of these projects, a new competence centre in the field of electronics was created at the Technical University of Tallinn. An overview about the research results of the Centre’s staff in the field of digital test is given.



1. INTRODUCTION



During the first years of independence Estonian electronics industry has gone through a total reorganization with a lot of SMEs born to meet new market requirements. Small companies are flexible, however in the present moment they are suffering from lack of experience and availability of modern technologies which are mandatory to come up with competitive products. This situation made active people in the field of electronics from TU Tallinn to understand that special organisational work is necessary to develop electronics technology in Estonia. Educational and research environment of a university was considered as one of the most important influencing factor of the change. University should prepare people with the knowledge of latest achievements of science and technology. The students, when graduating, should carry the fresh  potential to the research groups and industry.



To build up an up-to-date environment for R&D and teaching, additional financial resources were necessary. The only realistic way to a solution was to compete for grants from EU. Despite of the very high competition where in average only 5% of proposals were granted we were lucky to get financing for 4 projects in the frame of programmes TEMPUS, ESPRIT, and COPERNICUS during 1992-1996. As the result of these projects Electronics Competence Centre was established at the Technical University of Tallinn with the goal to concentrate professional design environment for the research and educational purposes.



In the following a short description about the role of these projects in setting up the centre, about the main functions and targets of  the centre and about the main research results achieved by the staff of the centre is presented.



2. EUROPEAN PROJECTS AND ELECTRONICS COMPETENCE CENTRE



2.1. Research and Educational Environment through TEMPUS. In 1992-1995 a JEP “Digital System Design Based on PLD-Technology” under TEMPUS was carried out. The partners of the JEP were: TH Darmstadt as the co-ordinator and contractor, TIMA Laboratory in Grenoble and TU Tallinn. The main goal of the project was to develop the infrastructure and corresponding curricula for digital system design based on ASIC-technology (especially, for PLD-technology) at the TU Tallinn. The problem of high cost involved in development and application of microelectronics can be solved in Estonia by starting with implementing the PLD-technology since PLDs are reprogrammable and entry costs are low, such offering a chance for SMEs to develop ASIC-solutions at very low risk. A corresponding trend can be observed also in the West where PLDs (especially FPGAs) have become very important.



Through the project more than 50 students and staff members from the TU Tallinn have been teached and trained at laboratories of partners. The aim of teaching estonian students abroad was to afford them access to professional design software not available in Estonia, to give them hands-on experience in creating ASIC designs and to use the acquired know-how in doing diploma works. The aim and strategy of retraining the staff was to update and prepare new courses, new laboratory works and to support building up a new CAD technology environment in Tallinn. The computer platform of the PLD-laboratory created by support of this project includes 10 PCs 486 DW66, SUN 20/502 server, two SPARC 5 and SUN IPX workstations. Using the Public Domain LINUX OS made it possible to create powerful design workplaces at a cost of traditional PCs: all PCs connected to the local network can be used simultaneously as PC-workplaces, UNIX-workstations or SUN X-terminals.



2.2. Professional Software through EUROCHIP (EUROPRACTICE). The EUROCHIP (EUROPRACTICE) membership made it possible to purchase professional CAD software at low prices, gave estonian students and engineers access to the western microelectronics technology and gave the possibility to start in Estonia VLSI design activity with same tools and in the same environment as it is being done in the western Europe, creating in such a way a real possibility for cooperation with the West in the form of subcontracts or joint projects. 



In the present moment, the following design software is installed: XILINX and ALTERA for designing PLDs and FPGAs, CADENCE for designing gate-array and standard cell ASICs, SYNOPSYS, ASYL+, SOLO-1400, VIEWLOGIC and HILO for logic synthesis, simulation and test synthesis. For solving different test problems like fault simulation, test generation, teatability analysis, built-in self-test quality estimation an original tool-set TURBO-TESTER (1-2( created by the staff of the centre is also installed on this computer platform. Most of the very expensive professional CAD software listed above has been purchased through a special support of EC EUROCHIP VLSI Design Action. The results of the activity of EUROCHIP has been regularly reported at annual workshops which include formal presentations, panels, circuits exhibition, university software demonstrations, reports on design contests. etc. In these workshops, the staff of the centre has also participated very actively (1-3(.



2.3. Knowledge Transfer through PECO Networking Action. A 3-year EU project for creating a Network of Support and Competence Centers (SCCs) focused on applications in microelectronics in the CEE countries is coming now to the end. In this project, 13 institutions from Germany, France, Bulgaria, Chech and Slovak Republics, Hungary, Poland, Lithuania and Latvia also TU Tallinn and the Computer R&D Division EKTA at the Institute of Cybernetics of the Estonian Academy of Sciences were involved. The coordinator of the project was Fraunhofer-Gesellschaft Institute of Integrated Circuits in Germany. 

As a motivation of creating such a network was the improvement of industrial technologies and, in the first place, information and communication technologies which are based on applications in microelectronics. An attention was paid to maintaining the innovative parts of the R&D capacities of SCCs, supporting the local small and medium-sized industry by national SCCs and cooperating with advanced R&D centers in the EC. 

The goal of the project to build up a required infrastructure for the SCCs of the Network was reached by carrying out activities like: demonstrating advanced microelectronic applications, transferring new technologies into the national SMEs, qualifying engineers and researchers of the SMEs by teaching and training, and running joint research projects. The project favoured cross-fertilization of ideas, methodologies and theories, exchange of experiences and results, and coordination of research tasks between partners. The Network created under this project is open to all countries which meet the conditions of the EC for a participation.



2.4. Research Support through COPERNICUS and ESPRIT. In the last years two European joint research projects on the area of testing electronics systems was launched with TU Tallinn as a member of these project teams. Both projects had a direct influence in setting up the infrastructure of the centre and in developing the competence of its staff members.



The team of COPERNICUS JEP “Functional Test Generation and Diagnosis” includes also TU Kaunas, Institute of Computer Systems in Bratislava, TU Budapest, TIMA in Grenoble and Fraunhofer Gesellschaft Institute of Integrated Circuits as a coordinator. The focus of the project is directed on the investigation of functional test generation methods for digital systems. The subject is approached by three different techniques with corresponding validation by experiments and possible integration of them into a combined methodology. 



The partners of  ESPRIT JEP “Advanced Test Generation and Testable Design Methodology for Sequential Circuits” are Politecnico di Torino, Universities of Duisburg, Montpellier and Twente, Polytechnical Institute KIHWV in Ostende, TU Bratislava and GMD in St. Augustin as a coordinator. The project is aimed at developing methods and algorithms for efficient automatic test pattern generation in large sequential digital circuits. The methodology to be developed will cover static and dynamic fault models in order to account for the real fault behavior of advanced LSI/VLSI circuits with emphasis on CMOS circuits. Efficiency and high fault coverage are to be reached by combining functional and structural information. 



3. FUNCTIONS OF THE ELECTRONICS COMPETENCE CENTRE



Initiated by the need of overall renewal of technology environment in university teaching and by the need of supporting SMEs in the area of electronics, and taking advantage of the opportunities generated by different European projects listed above, a new institution - Electronics Competence Centre (ECC) was founded at the TU Tallinn in the end of 1993. The primary task of ECC is to found basic infrastructure of electronics CAD technologies, computer workstation resources and computer networks, to provide courses for students, to carry out continued education, to run the international cooperation projects and to provide technology transfer to SMEs. The centre is providing teaching and training possibilities for other departments of the university which are involved in electronics or in design of intelligent systems based on electronics. Since its foundation the ECC has plaid leading role in carrying out the project objectives, using created CAD environment and developing directions for further proper use of established resources and knowledge developed. 



The general idea of ECC brings up many related fields of activities forming the functions of the Electronics Competence Centre as following: building up the basic electronics technology infrastructure; transfer of technology; new curricula development, building up and supporting education in technology fields; including students in new fields of activities coupled with new technologies; creating information environment; supporting domestic research projects; supporting international research cooperation; carrying domestic technology policy development; building up links to technologies and organisational links to other competence and support centres in Europe; maintaining relations with the SMEs; technology transfer and commercialization and other organisational functions to carry the concept. These functions could be considered as different aspects of a whole and all of them are followed keeping influencing where it is essential to ensure the implementation of the general idea. The two approaches are actually co-existing: open organisational development to find out new opportunities and creative relations, and strong project management to carry out the objectives of concrete projects under working contracts.



The structure of ECC consists of the following units:

a) Basic structure:

	- Organisational Unit with the function of development and management:

	- Open systems environment - UNIX SUN classrooms with Internet access; 	

	- TEMPUS-project based PLD-Laboratory - the centre of CAD tools;

	- Project groups - the research or design groups working on certain tasks or contracts.

b) Associated units actively participating in ECC development. At present time: Institute of Electronics, Chair of Computer Engineering and Diagnostics, Chair of Circuits and Systems.



The staff of the ECC together with associated partners has worked out the concept of development of the centre. Regular meetings with associated partners have been held for this purpose. A management system to run projects has been worked out. The new generation of students trained in the ECC environment is already participating in international projects.



The idea of ECC is presented through grant proposals to the Government, the Ministry of Education and to several Foundations in Estonia. This has resulted in a substantial support in financing of ECC infrastructure development. Overview papers about the ECC are regularly published in newspapers, activities of ECC have been accompanied by advertising articles. The database of electronics industry of Estonia has been created at the ECC. Electronics Newsletters addressed to the research groups and industry has been published. All the important events organised by ECC have been introduced to the industry by direct mailing.



In the present moment, intensive cooperation work in research and development with European partners is continuing under programmes COPERNICUS and ESPRIT. In the field of diagnostics, new methods and tools are being developed to increase the reliability of testing and fault diagnosis. In the field of design, an original cryptographic module for digital communications is under development. Since students at different graduate levels are involved in these project research activities, a significant educational effect will be achieved. After leaving the university the young engineers and researchers will be able to handle modern CAD tools and help SMEs to improve the quality of their products. 



A course of continuing education for Estonian electronics engineers is under development. It will cover the topics like introduction to PLDs and FPGAs, using PLDs (FPGAs) in electronics design, VLSI and ASIC design, contemporary professional design tools, design for testability, testing and fault diagnosis. Also a laboratory course based on using XILINX design software, CADENCE, SYNOPSIS and HILO is beeing developed to provide hands-on experience to enable participants of the course become proficient in the use of modern CAD tools. Six one-week courses on theoretical topics of digital design and on using professional CAD tools for design purposes were held in the last three years at the TU Tallinn. Additionally, six overview lectures were given by partner universities for the staff and representatives of SMEs in Tallinn. Students of Estonia had the possibility to attend different courses organized by TH Darmstadt and by EUROCHIP.



4. MAIN RESEARCH RESULTS OF THE ECC



4.1. Alternative Graphs as a New Diagnostic Model for Digital Systems. A new approach based on alternative graphs (AG) to create algorithms and tools for automated test design and fault diagnosis for digital systems was developed [3-5]. AGs serve as a mathematical basis for solving a wide spectrum of test design tasks, resulting in a uniform model and a restricted set of standardized procedures (horizontal universality). They also allow a uniform approach to test design at different system levels (vertical universality). AGs were proposed at the first time for test generation in [3]. Unlike the analogical binary decision diagrams (BDD) proposed for digital test in [6], AGs support test design for gate-level structural faults (whereas BDDs can help only getting functional tests with uncertain quality for the given implementation). Moreover, AGs are not restricted for a use at the logical level only [4-5].



AG-approach made it possible to describe a wide class of digital circuits and systems on mixed logical and functional levels. This class contains random logic, traditionally treated at the gate level, as well as digital systems like microprocessors, controllers etc., traditionally described at the procedural or RTL levels. On the basis of the proposed AG-description, a general fault model for digital systems was developed. The proposed model covers in a uniform way a wide class of faults at different system representation levels (stuck-at faults, opens, shorts, functionality faults [7] different functional faults introduced specially for microprocessors [8] or for VHDL designs [9] etc.). The model defined on AGs can be regarded as a generalization of the classical gate-level stuck-at fault model.



Using alternative graphs affords a uniform approach to manipulation of macros instead of processing gate-level description. As the result of substituting gate-level networks by macro-networks, the efficiency of test synthesis and analysis will increase. A comparison of test generation efficiency on ISCAS'85 benchmarks when using gate-level AGs and macro-level AGs has been made [5]. Because of fault collapsing the number of target faults will decrease 1,4 - 1,8 times, and the test generation time will decrease 2,6 - 5,1 times in the case of using the compressed AG model where tree-like subcircuits are represented as macro AGs.



4.2 Fault simulation in digital circuits. A new method was developed for fault analysis based on combining the parallel backward critical path tracing inside fanout free regions (FFR) with parallel forward critical path tracing between FFRs for FFR stem fault analysis [10]. The detectability of all given faults is calculated by one simulation pass simultaneously for N test patterns, where N is the length of the computer word. Because of reducing the complexity of the network model to be analysed and because of the fault collapsing on FFR paths to only two representative faults, the efficiency of the simulation rises and the capacity of the memory needed reduces, compared to the known gate- or macro-level approaches. Because of fault collapsing and decreasing of the model complexity, simulation time decreases 2,6 to 9,1 times for the given set of benchmark circuits.



4.3. Test Design System Turbo-Tester. On the mathematical basis of AGs a set of new algorithms and CAD tools for solving test design tasks on the logical level representation of digital circuits has been developed and implemented in a software system Turbo-Tester [1,2]. The software package consists of the following tools: test pattern generation (random, deterministic and mixed approaches), test quality analysis (deductive method, parallel critical path tracing method a.o.), multivalued simulation (for supporting hazard analysis and dynamic testing), statistical fault analysis and fault grading (for estimating the quality of random testing and Built-In Self-Test architectures). The package has been introduced into the university teaching, it has been used in teaching in Estonia, Finlad and Sweden..



4.4. Test Generation for Finite State Machines. A new multi-level solution of automated test pattern generation (ATPG) and fault diagnosis in finite state machines based on AGs was developed [11]. For the description of functions, structure and faults in FSM, three levels are used: functional level (state transition diagrams), logical or signal-path level and gate level. For all these levels, uniform description language, uniform fault model and uniform procedures for ATPG and test analysis were developed. This uniformity allows easily to move and carry partial results from level to level when solving the tasks mentioned. From the more general point of view, the uniformity of the model allows to generalize methods, developed earlier for the logical level, to the higher functional (state transition) level as well.



In ATPG, simultaneously all levels are used. One part of faults (stuck-at faults) are specified at the gate level, however, for further processing, the gate� level fault model is replaced by a more concise signal-path fault model. Another part of faults (functional faults) are specified at the functional level. State initialization and fault propagation procedures are carried out only at the functional level. The ATPG approach proposed allows to solve the inconsistencies of signals by backtracking at the level where signals were assigned without crossing level borders. This helps to reduce search area during ATPG, and the complexity of test generation for sequential circuits is reduced nearly to the complexity the combinational parts have.



4.5. Hierarchical Automated Test Synthesis for Digital Systems. On the basis of generalization of AGs, new test generation methods for complex multi-level systems have been developed. The methods are uniform for different levels of hierarchy, for example, for behavioral (instruction sets or procedural descriptions), functional (macrocomponent netlists),  or for logical (gate netlists) levels. Experimental results for automated test synthesis for RISC systems has showed the efficiency of methods compared to the low-level approaches [5].  



4.6. Test Generation for Microprocessors. On the basis of AGs, a test program generation system FTGEN for functional testing microprocessors was developed [12, 13]. FTGEN has the following features. High level approach makes the system representation independent of internal circuit details. This independence is important to designers of microprocessor-based systems, where main sources of information are user manuals. The task of input data preparation can be distributed between different experts with different skills: a designer produces the description of the system, a test programmer prepares subroutine templates for ATE, and a test expert should create local test data for testing functions (if the gate-level implementation of these functions is known, the local test data can be generated automatically). Hierarchical test generation combines the accuracy of gate-level fault models and the simplicity of fault sensibilization and propagation at the behavioral level. 



The approach implemented in FTGEN offers the following advantages: independency of tests created by generator from the given ATE, reduced memory costs because of the concisely structured tests, and reduced time costs for loading test data which allows to increase the throughput of tester. The experience of using FTGEN has shown that the time needed for high-level test design for medium sized microprocessors (INTEL 8080, 8086, 8286) was about one man-month (including the time for describing the device). Test generation time for INTEL 8080 was about 2 CPU minutes on a IBM PS/2. Test consisted of a set of 573 patterns and a set of data arrays with the total length of 3412 words. FTGEN covers the fault classes proposed in [8]. On the other side, an additional class of functional faults (of "parasitic" unexpected functions) is included which allows to rise the fault coverage even higher. 



4.7. Intelligent Automated Test Equipments. A new architecture for testing a large class of systems was developed to implement the idea of on-line executing test pattern generation algorithms based on AGs [14]. The architecture of the ATE allows to integrate algorithmic on-line ATPG, test pattern compaction supported by both soft- and hardware, and emulation based technique which gives the possibility to run automatically generated test patterns at the system’s customary speed. The novel architecture was implemented in an ATE for testing microprocessors. As a result of compressing test data, the need for the memory space was reduced up to 67,5 times compared to the traditional method of using linear test memory.



4.8. Hierarchical Fault Diagnosis in Digital Systems. A new conceptual approach based on AGs for fault diagnosis in digital systems was developed [11, 15]. The approach allows a uniform description of VLSI designs on different levels and the use of the same general fault model for all levels. A three-stage hierarchical fault localization method was developed: 1) functional fault level diagnosis, 2) structural fault-class level diagnosis, and 3) structural gate level diagnosis. The method allows to keep the complexity of candidate fault sets on each level as low as possible. It was also shown that in some cases the multi-level diagnosis can offer even more adequate results than the diagnosis carried out only at the logical level. Compared to the known methods, the new approach allows to reduce the fault simulation amount needed for the candidate fault set reduction, and to reduce the number of signal observations needed for fault site exact localization.



4.9. Design for Testability. A new general approach to testability analysis applicable for sequential and combinational circuits specified at higher functional level has been developed [16]. The primary use of the developed testability measures will be in the evaluation of various designs in the early de�sign phase. Since the measures are defined at the higher level compared to the gate level, they can be used early in the design process, before the final implementation is available. The new technique developed is based on AGs which allow a uniform representation of both combinational and sequential circuits. Known methods for testability calculation are based on different models for these types of circuits, in particular, BDDs for combinational circuits and state tables for sequential circuits, and therefore they require different techniques and algorithms for calculation. Another advantage of new algorithms is the generality in regard to different testability measures.



Conclusions



Initiated by the need of overall renewal of technology environment in university teaching in Estonia, and by the development opportunities generated by international cooperation and domestic activities, a new institution - Electronics Competence Centre was founded at the Tallinn Technical University. The primary task of ECC is to found basic infrastructure of electronics CAD technologies, to provide courses for students, carry out continued education, run international cooperation projects and to provide technology transfer to SME. An overview of research results achieved by the staff of Centre was described. In the present moment, intensive cooperation in research with European partners is continuing under the programme COPERNICUS. In the field of diagnostics and fault tolerance, new methods and tools are being developed to increase the dependability of digital systems. In the field of design, an original cryptographic module for digital communications is under development. Since students at different graduate levels are involved in these research activities, a significant educational effect will be achieved.
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