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Abstract


Automatic Test Equipment (ATE) is the term used for test and measurement systems which employ digital processors to generate test stimuli, perform measurements and analyse results. These have been used in the manufacturing and maintenance industry since the last few decades. There has been an increasing shift towards automated testing during this period. This has largely been due to the advantages that automated testing offers over manual testing. These include improved productivity, consistent results, lower cost per test and generally a lower operator skill level required to conduct these test and perform rectification.





1.0 Introduction


Automatic test equipment (ATE) can evaluate components, circuits as well as complete systems. These can autonomously connect the unit under test (UUT) to the test fixture, measure its response to the test stimuli, analyse the measurements, make decisions on the status of the UUT and analyse the collected data for activities such as trend analysis (Patrick 1985).





In the simplest case, the diagnostic sequence consists of a software representation of the step by step sequence used by a technician to test the UUT. This test sequence allows the testing process to be improved dramatically by allowing the technician to step through the correct sequence in the correct order without needing to refer to written text.





ATE are not only useful in the test, fault diagnosis and the rectification processes but also during the design, manufacture and calibration of the systems. However induction of suitable ATE in an organisation requires significant initial investment. Moreover sufficient care is required in the design and development of an ATE. As these are a complex mix of hardware and software, ensuring the reliability of the ATE can be a difficult and complex process (Stover 1984).





With the increase in the processing power of the devices used as controllers in the ATE, complex diagnostic algorithms can be employed which are more accurate and efficient than the simple comparison tests. Techniques ranging from the application of pattern recognition on the response signals to the intelligent application of stimuli to the UUT have been studied. 





This article describes the basic components of an ATE, a generic architecture for ATE software and some recent trends in ATE technology.





2.0 Components of ATE


ATE systems can be categorised by the type of devices tested, type of control mechanisms, data analysis capabilities, diagnostic algorithms used, data analysis capabilities, communication interfaces and diagnostic resolution of the ATE. Diagnostic resolution of an ATE is defined as the level of faults in the UUT that the ATE can diagnose (Brindley 1991).





In the most basic form, an ATE sends a stimulus to the input of the UUT. The UUT performs its operation and the ATE measures the response of the UUT at its output (Figure 1). The diagnostic routines within the ATE process the response with respect to the stimuli and determines the functional status of the UUT.





A generic ATE consists of the following components (Stover 1984).





Controller. A computer that manages the test cycle, controls data flow, processes the measurements, determines the UUT status and presents results to the users.


Stimuli Generators. These provide input to the UUT. They consist of one or any combination of power supplies, function generators, digital to analogue converters etc.


Response Measuring Instruments. These measure the output response of the UUT on the application of the stimuli. These include analogue to digital converters, frequency counters, digital multi-meters etc.


Switching Matrix. These route the stimuli and response signals between the UUT and other components of the ATE.


Man Machine Interface.  This is usually a combination of hardware and software that provides two way communication between the operators and the ATE. These prompt the operators for input data, provide the results of the tests and information regarding the steps through which the ATE progresses as it conducts various tests.


UUT Machine Interface. These include the test fixtures, assemblies and circuitry which are used to connect the UUT to the ATE. 
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Figure -1 : Overall ATE Operation





The controller communicates with the other components of the ATE over a communication link. One of the most common communication links used to connect test instrumentation is the 16 bit parallel HPIB (Hewlett Packard Instrument Bus). Other serial or parallel busses (e.g. RS-232, VXI, SCSI etc.) have also been used to provide the required connectivity between different instruments and the controller. Some of these buses are described in section 4.0.





Several different types of peripherals may also be connected to the controller. These may include storage devices, printers and special purpose consoles (Figure - 2).





Several test equipment manufacturers have produced smart instruments. These devices have embedded processing capabilities and can be programmed to perform dedicated stimuli generation and response measurement functions. These functions can be invoked by sending special commands from the controller. As these instruments can perform the required measurements and calculate appropriate information from the measured response, the controller may only need to retrieve the derived results for subsequent analysis.
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Figure - 2 : Components of an ATE System





3.0 ATE Software


Software for ATE tends be an extremely complex entity. In addition to providing means of controlling the instruments, stimuli generation and response measurement, ATE software must be capable of setting different modes of the UUT, analyse the measurements, determine the state of the UUT and maintain databases regarding the UUTs, different types of tests as well as the results of the tests performed on specific UUTs.





This complexity can be managed by organising the software functions of the ATE as sets of layers. These layers manage the configuration and set-up of the UUT for the test, set-up of the instruments, initiation of the test procedures, analysis and presentation of the results. One such architecture is presented in figure -3.
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Figure - 3 : Layered ATE Software





The user’s requests to initiate a test are handled by the Control sub-layer. The Test Initiation sub-layer uses the information in the request to determine the instruments to be used for the test. The UUT and the instruments are initialised by the UUT and the Instrument Management sub-layers. The information required by these sub-layers to operate the instruments and the UUT during the diagnostic cycle can be stored in appropriate databases.





The Measurement Instruments measure UUT’s response to the stimuli. The Instrument Management sub-layer acquires this information. The Analysis sub-layer analyses the UUT’s response. The results of the analysis is formatted by the Presentation sub-layer appropriately in order to be displayed to the user.





Object oriented design and development of ATE software allows re-usability of test resources, integration of hetrogeneous devices and components and increases the flexibility of testing that arises from encapsulated testing (Sheppard & Hadfield 1993).





Encapsulated testing enables isolation of a test from the remainder of the test set. An encapsulated test is an atomic test element which is independent of the current state of the UUT and the tester. Definition of an encapsulated test is based on the definition of the pre-conditions and the post-conditions of the tests. Pre-conditions indicate the steps that are necessary to setup the test for execution. Post-conditions, on the other hand indicate the steps necessary to return the state to neutral. Individual tests and groups of tests can be encapsulated depending upon the specific requirements of the testers and the UUT (Sheppard & Hadfield 1993).





Object oriented development allows various elements of the tester to be considered as abstract data types. For example, for the instruments of the tester, the objects are defined by the instruments, and the behaviour (i.e. the functions operating on the data) are the instructions available on the instrument. The abstract data type corresponding to a voltmeter consists of a specification of the meter and a collection of functions such as set_scale or return_voltage (Sheppard & Hadfield 1993).





Inheritance is a characteristic of object oriented programming languages that allows a mechanism to inherit characteristics through a class hierarchy. This allows developing software for specific instruments by inheriting their generic characteristics from their parent classes. For instance the analog_analyser class inherits attributes and behaviour from a generic class analyser. Classes spectrum_analyser, modulation_analyser and audio_analyser inherit characteristics from their superclass analog_analyser and its superclass analyser (Figure - 4).
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Figure - 4 : Inheritance in ATE Software





4.0 Communication Links Between Controller and Instruments


As mentioned earlier, a variety of buses and communications links can be used to connect the instruments with the controller. One of the most common standards used is the RS-232 serial communication link. This is the most inexpensive option for connecting the controllers to the instruments. Most controllers and every PC have atleast one serial RS-232 port included in the basic configuration. It is possible to communicate data to much greater distances over serial links than over parallel buses. However serial buses are relatively slow and the data rate falls with the increase in distance (Campbell 1988). 





Another disadvantage of the serial buses is the non-existence of control signals for test and measurement applications. Moreover the RS-232 is limited to a single instrument per port. Thus an ATE setup with multiple instruments would require as many serial ports in the controller. However this limitation can be overcome by the Addressable RS-232 Chain (ARC).





The ARC provides an inexpensive alternative to HPIB (Hewlett Packard Instrument Bus). ARC based ATE uses lower cost instruments and cables. PCs can be used as effective controllers without the need for a special interface card or software. It is basically an RS-232 interface with special extensions to the hardware and software. Each instrument in an ARC setup has a unique address allowing the controlling PC to communicate with it individually. The instruments in the setup can be daisy chained using the inexpensive cables (Figure-5). The controller only needs a single spare serial port. Upto 32 instruments can be daisy chained in this manner (Nichols 1994).
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Figure - 5 : Addressable RS-232 Chain (ARC)





The Hewlett Packard Instrument Bus (HPIB) overcomes the limitations of the serial buses in test and measurement applications. The Institute of Electrical and Electronics Engineers (IEEE) have defined the electrical, mechanical and functional characteristics of the HPIB as the IEEE-488 standard.





IEEE-488 is a 16 bit parallel bus. 8 bits are used for data transfer whereas the remaining 8 bits are the control signals. These include 3 handshake lines and 5 bus management lines. Up to 15 devices can be connected on one contiguous bus and physical topologies of star or linear bus are possible with up to 20 meters of total transmission path lengths. Data transfer is accomplished asynchronously in a bit parallel byte serial manner. It has a maximum data rate of one megabyte per second over limited distances whereas the typical maximum over a full transmission path is between 250 to 500 kilobytes per second. The actual data rate is determined by the devices in communication at that time (Hewlett Packard).





HPIB devices on the bus should be capable of performing one or more of the following interface functions (Tooley 1990),


Listeners. A listener is a device that is capable of receiving data and control signals over the bus when addressed. These include programmable power supplies, signal generators, printers etc. There can be up to 14 active listeners on the interface.


Talkers. A talker is a device that is capable of transmitting data over the bus when addressed. These include devices like tape readers, voltmeters, counters etc. At any given time there can only be one active talker on the interface.


Talker/Listener. Talkers/Listeners can both send and receive data over the bus. These may be addressed to set measurement parameters and once the measurements have been made, these can be read off them.


Controller. Controllers supervise the flow of data over the bus and provide the necessary control and computational capabilities. In an HPIB based setup, these are computers with one or more IEEE-488 interface cards. The controllers specify the listeners and talkers on the bus, initialise them for measurements, trigger the stimuli generators, read the measurements from the instruments and process the results. There can only be one active controller on the bus at one time.





The mechanism for data communication between HPIB devices is generally transparent to the programmer. The programmer need only be concerned about the information content. The most common format of information over the HPIB is ASCII strings, however some instruments can communicate binary data as well. APIs of different programming languages provide high level constructs that facilitate data communication at a higher level of abstraction.





Layout of a typical HPIB based ATE is shown in figure-6.
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Figure - 6 : A Typical HPIB Based System





The biggest advantage of HPIB is its extensive support. IEEE-488 interface cards for most computers are widely available. Moreover, communication software for these interfaces and APIs for popular programming languages are also provided. Most manufacturers of instruments and precision measurement equipment (PME) build HPIB interfaces into their products.





The biggest disadvantage of HPIB based test systems is their cost. HPIB is not a built-in  option for most microcomputers and suitable HPIB interface cards are extremely expensive. HPIB is an external bus. The instruments and the controller are separate units and therefore a functionally simple test system also tends to be extremely large. These instruments also have options to be operated in stand alone mode. Thus when operated in remote mode, the local mode functions are usually wasted.





VXIbus (VMEbus eXtension for Instrumentation) provides the options for building compact and high performance ATE. VMEbus is a 32 bit bus that can transfer data at rates up to 40 Mbps. The logical portion of the VMEbus specification define the communication between various functional modules. VMEbus aims at communication between these devices without disturbing the internal activities of other devices in the system. VMEbus systems can have multiple microcomputers on the same backplane.





VXIbus, in addition to these 32 lines, includes signals for precision timing and synchronisation as well as additional power supply and ground lines for instruments. The simplest of VXIbus devices are called register-based devices. These devices do not contain any local processing capabilities. Another class of devices is known as the memory devices. These have volatile as well as non-volatile memory elements. The third class of devices is known as the message based devices. These contain communication registers that are accessible to other modules within the system. Moreover these have local processing capabilities.





The message based devices thus can contain significant intelligence and data processing capabilities. These can communicate at a higher level using ASCII strings and are easy to integrate into a system. Their data transfer rates are however limited.





Alternatively, register based devices communicate at a lower and more basic level than message based devices. Programming these devices usually involves writing to and reading from individual registers on the device. They can usually accomplish high data rates.





VXIbus devices communicate using a hierarchical device relationship. A commander device controls a specific set of servants. A particular system may contain multiple commanders where each commander controls its own subset of instrument modules. Thus the bus can be shared by more than one CPUs using the arbitration features of the VMEbus (Klahn 1988, DesJardin 1988).





VXIbus based systems can adopt one of the few possible configurations. The most common being a system with an IEEE-488 to VXIbus interface controlling the instrumentation within the cardcage. In this configuration, the VXIbus can be made transparent to the HPIB users. However direct access to the VXIbus is also possible. Alternatively, a stand-alone system with its own memory and mass storage is also possible. Such systems can operate independently or in conjunction with an external controller (Klahn 1988).





VXIbus instruments are generally extremely expensive and usually require time consuming and arduous configuration. However, since 1993, efforts have been made to develop plug & play VXIbus products. VXIbus plug & play standards aim at improving the effectiveness of VXIbus based products by improving their usability and interoperability in a multi-vendor environment.





5.0 Virtual Instrumentation


The instruments (i.e. stimuli generators and response measurement devices) shown in figure - 2 have conventionally been implemented in hardware. With the advent of high performance analogue to digital and digital to analogue converters, effective data acquisition adapters and powerful processors, several different types of instruments in modern ATE are virtual. The software for the virtual response measurement instruments process the data acquired by the ADC and data acquisition adapters to determine different characteristics of the UUT response, for example voltage, phase, frequency etc. The software for the virtual stimuli generator generate the digital data for the stimuli. These data are converted by the DAC cards to get the required analogue stimuli for the UUT.





A virtual instrument which is a simple recreation of a stand-alone instrument is not only more difficult to use than the real instrument, but also a waste of the computational resources of a computer. The real power of a virtual instrument lies in exploiting the display facilities, storage capabilities and the processing resources of the computer. As the display interfaces of a virtual instrument are not rigid as in an actual instrument, these can be adapted according to the specific user requirements. Even though some instruments like digital storage oscilloscopes and spectrum analysers have built in floppy disk drives to store results, virtual oscilloscopes and spectrum analysers usually have at their disposal hundreds of megabytes of hard disk space of the computer. 





Standard virtual instrumentation libraries help the ATE developers in reducing the development times for the ATE. The source code and the libraries can be used across platforms and also for a wide range test requirements. Moreover an ATE using virtual instruments will be more flexible as compared to the one employing physical instruments. In addition of using the same hardware configuration for different types of tests, the data acquired by the virtual instruments can be analysed by commercial analytical packages. The waveforms can be saved for future references, embedded in maintenance reports and transmitted to experts (e.g. system manufacturers) electronically for review and analysis.





6.0 Intelligent Diagnostics


Testing gains information about the system under test whereas diagnosis is the process of interpreting the test information. Although diagnosis may only be used for the purpose of fault finding, it may also be employed to determine the state of the system under test relative to some anticipated state (Sheppard & Orlidge 1997).





Test software can be divided into two basic types, the UUT GO/NO GO procedures and the fault finding procedures. In the UUT GO/NO GO procedures, the overall UUT is tested by applying a series of stimuli. The response, if different from the one expected, indicates the failure of a set of modules within the UUT. Appropriate fault finding procedure may then be invoked, which trace the faulty modules automatically or semi-automatically. Here the stimuli are generally applied continuously as the controller switches through various test points within the UUT. Alternatively, in the semi-automatic mode, the controller may guide the operator to take measurements at various test points in order to locate the faulty components.





Each measurement at a different test point may be taken as a separate test. The results of each test may be processed by appropriate diagnostic routines. These diagnostic routines may select further tests. This process is repeated till the system is able to locate a faulty component.





Traditional approaches towards component diagnosis are based on the diagnostic flowcharts. These guide the technicians, in a step by step process, through the test sequence and then suggest the final diagnostic assessment and repair action. However the diagnostic flowcharts  of even the functionally simplest systems may be extremely complex and lengthy due to the several possible combinations of the stimuli and the responses. Since it is difficult to cover all these combinations, most diagnostic flowcharts do not go all the way down and often end up with only a list of faulty modules.





Diagnostic routines in a traditional ATE are generally the implementation of these diagnostic flowcharts (Figure - 7).The controller controls and activates the instruments according to the branching logic of the diagnostic chart and end with the same diagnostic conclusions listed in the terminal nodes of the chart. This results in an automated diagnostic system which has the inherent limitations of the manual diagnostic process. 





Recently, intelligent techniques have been used in the diagnostic modules of the test systems. These include knowledge based expert systems, case based reasoning, neural networks, fuzzy expert systems etc. Some of these techniques utilise the knowledge of the UUT and its constituents to determine appropriate tests and their expected results. Moreover, the tests may also be adapted in the context in which the testing is conducted. For instance, in the context of specification compliance, testing should determine whether the UUT conforms to the specification whereas in the context of product acceptance, testing determines if the UUT satisfies a set of customer requirements. Maintenance testing, on the other hand, should assist in detecting and isolating faults (Sheppard & Orlidge 1997).





Additionally the knowledge of the domain experts (i.e. the technicians) may also be modeled and used to select the test points on the UUT and the types of tests to be conducted. Experienced technicians generally use some heuristics or rules of thumb to diagnose faults in the UUT. Thus after observing a certain specific response from the UUT, they may jump to a particular functional block in the UUT rather than simply back-tracking from output to input. These heuristics are generally developed after extensive maintenance experience on the UUT. Initially some basic heuristics may be coded in the ATE software and it may also be provided with the capability to learn from the outcome of the test and diagnosis processes.
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Figure - 7 : A Traditional Diagnostic Flow Diagram





7.0 Epilogue


Automatic test equipment have traditionally been developed from expensive instruments and controllers, some of which were customised items developed to fulfill specific testing requirements. Moreover, the controllers lacked the processing power and memory to conduct effective testing and diagnosis of faults efficiently.





This has however changed in the last few years. ATE hardware and software have benefited largely from the research in computer architecture, data communications, software engineering and artificial intelligence. Extremely powerful computers with tens of megabytes of RAM and gigabytes of disk space can be used as controllers. Most of the instrumentation required to assemble a formidable ATE are available off the shelf at much lower prices. These instruments have interfaces for most of the common high performance communication links to connect them to the controller. 





Moreover, test and instrument designers can use high performance data acquisition boards on IBM PCs to develop virtual instruments. The operation of these instruments can be changed by simply modifying the code that controls them. These virtual instruments can be controlled by entering various instrument parameters through the computer’s input devices. The measurements can be displayed to the user in a variety of different ways, for example in a tabular or a graphical format. Thus virtual instruments offer significant flexibility in the storage, display and analysis of measurements.





Object oriented and structured software engineering methodologies allow test system programmers to develop libraries of reusable code. These include objects and functions to control the instruments, analyse results and provide effective visualisation of the test and diagnostic processes. Thus developing software to test a new component or device may only require assembling the most suitable of these objects and functions.





Due to the advantages that they present, ATE have not only proved to be force multipliers in maintenance and manufacturing industry, but have also found significant use in the research, development and operational phases of a component’s life cycle. These advantages not only include improved productivity and reduced overall test costs, but also consistent test results over a wide range of operator experience and skill level.
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