5/20/941The UW MacTester: A Low-Cost Functional Testerfor Interactive Testing and DebuggingNeil McKenzie, Larry McMurchie, Carl EbelingDepartment of Computer Science and EngineeringUniversity of WashingtonSeattle, WA 98195mckenzie@cs.washington.eduWe describe a low-cost functional tester that provides a large number of programmable I/O signals forinteractively testing and debugging chips, boards and subsystems. Testing a subsystem requires onlyminimal hardware setup which allows the tester to be shared by several users and reduces the overall cost oftest equipment. Testing is performed under program control which can be driven either by a set of testvectors or by a user-supplied procedural test program. The tester system consists of the tester unit, aparallel interface card and a personal computer as the host. The tester architecture uses Xilinx FPGAs forthe pin electronics and static RAM to enable testing of dynamic circuits. A simple but powerful softwareinterface to the tester makes possible a wide variety of testing and debugging environments.IntroductionThe process of building and testing the prototype of a digital circuit is becoming increasingly difficult,given the increasing complexity of individual components, as well as the environment of the circuit.Testing of the prototype during its construction is usually performed at several levels.1-3 At one level isfunctional testing,4-8 which provides input stimuli in sequence to the circuit and verifies outputs; only thesequence and values of outputs are verified, not specific timing constraints. At another level is electricaland timing verification, which often occurs near the completion of the construction process. These twokinds of testing are fundamentally different and need to be addressed separately. Existing commercial testersfocus on electrical and timing verification. Although functional testing and debugging dominate theverification of circuit prototypes, there has been comparatively little work in developing hardware andsoftware environments for this kind of testing.A functional test cycle consists of four parts: specifying the input vector, presenting the input vector to thepins of the device under test (DUT), latching the output vector, and verifying the output vector. Dynamiccircuits, such as DRAMs, require the tester to sequence the input vectors at some minimum rate for asuccessful test. Functional tester hardware for dynamic circuits requires a dedicated sequencer and a memoryto store an array of test vectors. We refer to this as off-line testing (Figure 1). Test vectors are determined

5/20/942off-line by hand-calculation or by executing a program, such as a simulator. The host computer downloadsthese vectors into the tester’s test vector memory. The tester sequences the input vectors into the DUT andrecords the behavior generated by the DUT. High performance testers compare the DUT behavior with theoutput vectors on-the-fly in hardware. Less expensive testers upload the raw DUT behavior to the host andverify the results in software. Tester memory usually consists of fast but expensive static RAM chips.Long tests and DUTs with a large number of pins require the tester to have a large number of these SRAMswhich drives up the cost of the tester hardware.On-line testing of static circuits (Figure 2) is an alternative to off-line testing. A test program that runs onthe host computer controls the test vector cycle. The software that generates the test vectors is interleavedwith the execution of the test. Another way to think of this is that the DUT is treated as a hardwaresubroutine. The sequencing rate can vary without affecting the logical operation of the DUT. There aremany advantages to on-line testing. On-line tester hardware eliminates the off-line vector SRAM and isthereby less expensive. The number of test vectors is virtually unlimited so that a test may be left runningover a long period of time. The test program employs the full power of a general-purpose CPU, includingconditional branching, procedure calls, iteration and recursion. Asynchronous circuits and circuits whosetiming is data-dependent are much simpler to test on-line, because the test programs adapt to differenttiming behavior. A variant of on-line testing is interactive testing, in which the user enters the loop andcontrols the generation of new input vectors on the basis of previous results. Another variant is a hybrid ofoff-line and on-line testing (Figure 3). The tester executes blocks of test vectors at off-line rates under ageneral on-line framework. This technique can be used to test dynamic circuits interactively, or to testpseudo-static circuits, which are dynamic circuits that are static under some conditions. Under hybridtesting, dynamic circuits can be tested with only a fraction of the SRAM needed for an equivalent off-linetest.Functional testing in both off-line and on-line forms provides a powerful framework for testing ASICs andother digital circuits. Functional test hardware can be substantially cheaper because precise verification oftiming constraints is ignored. Unfortunately, existing commercial testers focus on off-line speed testingrather than functional testing. Test vectors are usually generated by a host system with a low-speed link tothe tester which results in a long interaction loop. Often the proprietary nature of test equipment makes ithard to tailor a testing system to the environment in which the circuit has been designed. The result is thatthe user spends a lot of time context-switching between the design system and the test system. Worst ofall, the cost of the commercial testers is often beyond the budgets of small companies and educational labs.In a recent review of ASIC test and verification systems, the lowest cost testers were priced at $1500 perpin6, which puts the cost of a typical tester configuration of 64 pins near $100,000.

5/20/943The high cost of test equipment usually means that functional testing must be performed in an ad hoc way.A special-purpose environment is constructed around the project to be tested, creating a self-containedsystem that can be operated, observed and debugged using a logic analyzer and/or an oscilloscope.Constructing this environment may be difficult and time-consuming. Shortcuts are taken that result in ahard-wired and hard-to-modify test system.Commercial testers and the ad hoc approach both lack a convenient user environment for setting upfunctional tests. We believe that a procedural description for functional test provides both theexpressiveness and flexibility required by a productive testing environment. A program specifying a testprovides a high level of abstraction, where the behavior of different components and their interfaces can beencapsulated in procedures and functions. Small changes to the circuit are reflected in small and intuitivechanges to the test program. Stand-alone test vectors by themselves are fragile since a trivial circuit changecan alter every single test vector. Perhaps most important, errors found during test and debug can be relatedback to the part of the program modeling the failed component. More sophisticated test programs can evenperform error analysis in addition to simple error logging. This form of error analysis is crucial whendebugging a hardware prototype.Once a programming language interface to a tester is constructed, one can envision all sorts of testing anddebugging environments that can be built on top of it. In a windowing environment, the inputs andoutputs of the device being tested can be displayed in separate windows and formatted in different ways, forexample as a spreadsheet or a graph. In a simulation environment, the tester and the DUT can provide thereal behavior for a device whose behavior is too complex to describe in a software model. This particularenvironment is useful to designers who wish to gain familiarity with complex devices before they aredesigned into a project.In short, functional testing has enormous potential, very little of which has been realized by the existingcommercial testers or the ad hoc environments that are often set up to test circuits. At the Laboratory forIntegrated Systems (LIS) at the University of Washington, we have designed and constructed the UWMacTester to demonstrate that functional testing can be inexpensive, well-integrated and accessible under awide variety of user environments.Overview of the UW MacTester DesignThe two primary goals for the MacTester were low cost and ease of use. Achieving a low-cost solutionrequired the use of off-the-shelf parts even though it was tempting to design a custom ASIC to simplify thedesign.7 However, we were able to approximate an ASIC architecture using FPGAs, which solved two of

5/20/944the more difficult design problems, high pin count and board area, as well as reducing the parts cost. Usingthe Xilinx FPGAs yielded several other advantages. First, since Xilinx FPGAs are dynamically re-programmable, the tester hardware can be modified on-the-fly to meet the requirements of a particular testsetup. Second, the Xilinx pins can be configured for either TTL and CMOS logic levels and thus canaccommodate a wide variety of circuits.Since the tester is controlled directly by software, an interface to the host with relatively high bandwidth andlow latency is required. Using an interface like RS-232 or even SCSI would make testing unacceptablyslow. The MacTester thus interfaces directly to the host bus via a simple parallel interface. We chose ashost workstations the two most prevalent low-cost design stations, the Macintosh II and the IBM PC/AT.Although the IBM PC is in wider use in the design community, the Macintosh provides a simple, intuitivegraphics interface with which an interactive testing environment can easily be constructed.For the Macintosh, we designed a simple 32-bit parallel interface card for the NuBus. Test programsrunning on the Mac directly read and write test vector data at memory mapped addresses. We also designedan interface card for the PC/AT (ISA) bus. Due to �RAM cram� under MS-DOS, the precious memorymap is not used; instead the tester is accessed through a small number of 16-bit I/O ports. The ISA cardcomposes two 16-bit port accesses into a single 32-bit access to the tester. The overhead of the parallelinterface for an on-line vector is on the order of ten microseconds, which is low enough to make on-linetesting practical. The simple parallel interface was a key to the success of the MacTester project and theinterface cards have been adopted by several other projects as well. Interface cards can be developed easilyfor other popular microprocessor busses such as SBus or VME.The MacTester system allows a wide variety of testing and debugging environments. We developed apackage of low-level tester interface routines, implemented as a C library module, that supports both on-line and off-line testing. Users can either write C programs or write in a higher-level language, such as C++or Common Lisp, that can import the test package. Test programs are compiled, linked with the library,and then executed on the host computer. We chose C as the implementation language because commercialcompilers are inexpensive and widely available for both platforms. The library is written entirely in C.The portability of C enabled us to create a single set of library source modules that compile for both theMac and PC platforms, and test programs usually port without change across platforms.With this low-level software interface in place, an interactive environment can be built for on-line testing,where each test vector is generated in response to a user’s input. Graphical user interfaces are a naturalextension. For instance, if the DUT is a real-time clock chip, the interface could look and act like a digitalclock. As a demonstration of an interactive environment, we have integrated the tester into Capilano

5/20/945Computing’s DesignWorks graphical interface, which is described later in a later section. Other userenvironments include custom testing languages4,8 and simulation-driven testing.Another ease-of-use feature of the MacTester is the ability to test chips in a variety of packages. Theability to switch between different projects with a minimum of set-up effort is important, especially ineducational labs where many students share a single tester. The tester provides this capability through azero-insertion-force (ZIF) socket that is a 20 by 20 pin grid array with a pitch of 0.1 inch. The ZIF sockethas pre-programmed mappings for nearly all common DIP and PGA chip patterns up to 128 pins (Figure4). Each pin is bi-directional; the direction of each pin is independently controlled and it may be flipped foreach test vector. For low-power chips, power and ground can be provided directly by the FPGA pin drivers.Hand-wiring is required to provide power and ground for higher-power chips. Larger projects that cannotplug directly into the ZIF socket require the construction of a special purpose interface, such as a daughter-board for a 64-pin DIP or a cable for a board-sized project.In order to test dynamic circuits, the tester must store a sufficiently large number of vectors and sequencethem through the DUT at a reasonable rate. Tester vector memory holds roughly 5400 vectors. Off-linetests run at 770K vectors per second when using a Mac II as the host computer. On-line tests run up to50K vectors per second. In many cases the speed of on-line testing is sufficient to test dynamic circuits.Although speed testing is not a primary goal of the MacTester project, it seemed important to allow at leasta limited form to be done in conjunction with functional testing. Accordingly, the MacTester has the speedtesting capabilities of a delayed latch on the output values. The test program controls the delay between thearrival of the input vector and the sampling of the output vector. In addition, the MacTester and a morepowerful speed tester, such as the Tektronix DAS 9000, can be used in tandem. The MacTester providesthe setup and environment for the low-speed part of the test. It then calls the DAS as a hardware subroutineto run the high-speed part of the test. The tester and the DAS handshake; the tester must tri-state theappropriate signals in order to hand off to the DAS. The capacitance of the signal wires is sufficient to holdthe proper logic levels to the DUT during the hand-off.Physical DesignFigure 5 is a photograph of the tester system. The tester unit is housed in a 2.5" by 14" by 10.5" metalcase. There is a single interface cable with 80-conductor wire between the tester and the interface card. Thecable is slightly over one meter long and uses a high-density (SCSI-2) style connector with a spacingbetween pins of 0.050". The tester is powered by an external 5 volt source which plugs into a five-pinround DIN connector. The tester draws about one amp. The case has a rectangular opening in the top that

5/20/946allows the user access to the ZIF socket. Around the ZIF socket is a ring of 0.025" square pins that areelectrically connected to pins in the ZIF socket. These pins allow the user to hand-wire power and groundand to connect oscilloscope probes to the DUT, or to connect the tester to an external board.There are no physical switches in the tester unit. Power to the DUT is switched in software. The testeruses two low on-resistance FETs to provide power to the DUT. One FET controls direct power, and theother FET controls indirect power. The user can connect an ammeter between two test points and useindirect power to measure the increase in current flow when the user’s circuit is plugged in. There are threeLEDs visible inside the ZIF socket window. The red LED indicates that external power is supplied to thetester unit. The yellow LED indicates that the tester hardware is initialized and ready to test a circuit. Thegreen LED indicates that power to the DUT is switched on.The interface cards for both the Mac and the PC are half-size, i.e. 4" by 7". The interface cards bring out 32bits of data, 16 bits of address and a variety of control signals. The interface card buffers the bus clock as acontrol signal, which eliminates the need for a clock crystal in the tester. The Mac NuBus provides a 10MHz clock. Most PC compatibles provide an 8 MHz bus clock.Hardware Architecture and ImplementationFigure 6 shows a high-level block diagram of the tester. Each of the 128 pins provided by the tester isdriven by a tri-state driver whose data and enable values are given by registers that can be written by thehost. These input registers are double-buffered so that a test vector set up via several writes by the host tothe level 1 registers can then be presented all at once by shifting the contents of the level 1 registers to thelevel 2 registers. Note that each test vector can enable the tri-state independently and that this enable isspecified separately for each pin. This allows maximum flexibility to test all types of bi-directionalsignals.After a test vector has been strobed onto the output pins, the value of the pins are then latched into the level3 registers after some user-specified delay. By setting this delay, the user can perform simple speed testing,for example, measuring the delay from a clock signal to an output value. Internally, the tester uses a 64-bitdata bus. Since the host interface is 32 bits wide, data transfers between the tester and the host use only theupper or the lower half of the 64-bit internal bus. When the tester is running autonomously in off-linemode, data transfers between test vector memory and the tester registers use the entire 64-bit data bus.During one step of an on-line test, the host first writes up to eight 32-bit values into the appropriate level 1registers. These values are then transferred in unison to the level 2 registers, causing the entire test vector

5/20/947to be driven onto the pins of the DUT. The level 3 registers are then latched after a user-specified delay.The host then reads back the results from the level 3 registers in four 32-bit data reads. The host then usesthese results to validate the test or to modify the subsequent test vectors.In off-line testing, the host copies an array of test vectors from program memory into the test vectormemory. The host loads hardware counters with the starting address and the array length and signals thetester to initiate the off-line test. For each off-line test vector, the tester moves a test vector to the level 1registers, moves the results from the level 3 registers back to test vector memory, increments the addresscounter, and decrements the length counter. When the length counter is zero, the tester sets a done bit tonotify the host that the test is complete so that the response vectors can be uploaded. The off-line test canalso be placed in a loop so that a particular test sequence can be monitored with an oscilloscope.The data path is implemented in six Xilinx XC3020 FPGAs and the control logic in a seventh. Theimplementation would have been possible using fewer of the larger Xilinx chips, but since the cost perFPGA pin grows almost quadratically with the reduction in the number of chips the XC3020 turned out tobe the most cost-effective size. Each of the six data path FPGAs drives 22 pins of the DUT and 11 bits ofthe internal bus (minus a few spares). The XC3020s run out of both pins and area under this configuration.Because of the limited number of I/O pins, we found it prudent to multiplex the memory. We use a total ofeight 32K x 8 SRAMs with an access time of 85 ns. The SRAMs are multiplexed six ways and yield32K/6 (about 5400) test vectors. Multiplexing the SRAMs causes a performance hit; the state machinetakes 13 states to sequence a single vector which results in an off-line rate of just under 1 MHz (770 KHz).Using fewer states would increase the off-line testing rate, but would require more FPGAs and SRAMs anda larger printed circuit board. Because purpose of the tester is functional testing and not speed testing, wechose the lowest cost implementation.Xilinx FPGAs are RAM-based rather than fuse-based and are programmed by downloading a stream ofcontrol bits generated by the Xilinx design tools. Users can retarget the behavior of the FPGAs byreprogramming them with various designs. For example, the delay between the level 2 and level 3 registersmay be fine-tuned by downloading different circuits into the control logic FPGA. Reprogramming theFPGAs has yielded enormous benefit during implementation by allowing us to fix bugs and test differentfeatures without changing the printed circuit board or replacing chips.The delayed latch timing is determined by two parts: a coarse delay and a fine delay. The coarse delay maybe set in increments of a bus clock period (100 ns for the Macintosh version, 125 ns for the PC version).The fine delay is composed of a variable length chain of buffers inside the control logic FPGA. The finedelay may be either �hardwired� or set using a multiplexor inside the FPGA. The multiplexor version

5/20/948provides incremental timing steps of about 10 to 15 ns. Both the coarse delay and the multiplexor delaycan be set in the test program on a per-vector basis.The tester implementation is extensible in several dimensions:Number of pins. The internal data path can be easily increased in increments of 32 bits, along with thememory and datapath FPGAs required to extend the number of DUT pins by 64 per increment. More cycleswould be required to write test vectors to the tester and read back responses, but off-line testing wouldproceed at the same rate.Depth of the test vector memory. The depth of the test vector memory depends on the size of theRAM chips used. The current 32Kx8 RAMs can be replaced with larger chips to accommodate longer off-line test sequences. This change would also require the internal address bus to be extended to allow accessto the larger memory.Pipelining. In some cases, a short high-speed burst of test vectors suffices to test chips at speed. Thiscan be implemented inexpensively by deepening the pipeline, i.e. adding more registers at levels 2 and 3.The host would prepare a high-speed test by downloading several test vectors. These would then bepresented at high speed, at up to 40 MHz, and the responses captured by the level 3 register pipeline. Weconjecture that almost all high-speed testing can be performed with only 4 test vectors in this high-speedburst.Software Interface and Programming ExamplesInitializationWhen the tester is initially powered on, the FPGAs are uninitialized. The host computer initializes thetester by downloading a bit stream to the FPGAs to install the intended circuit behavior. When the user alaunches a test program, the test package performs a self-test on the tester’s memory. If the test fails, thetest package downloads the FPGA bit files and reruns the self-test. A second failure means that there is ahardware problem and the program aborts. If it succeeds, the user is prompted to enter the latch delay valuein nanoseconds. Next, a dialog box then prompts the user to select a power source to the DUT (Figure 7).The three power options are Direct, Indirect and Xilinx. Direct and Indirect select theappropriate FET to turn on to supply power to the DUT. Selecting Xilinx means that the DUT ispowered directly by the Xilinx FPGAs. If Direct or Indirect are selected, the user is prompted toexecute a power and ground self-test (Figure 8). This ensures that power and ground are correctly connected

5/20/949to the intended pins of the DUT, to prevent the user from accidentally burning out a chip or board. Oneadvantage to using Xilinx power is that with only 4 mA of output drive is available per pin, it is nearlyimpossible to blow up the DUT. The FPGAs themselves have been amazingly resilient, as we have burnedout only one during the lifespan of the MacTester project.After all the preliminary tests have been successful, the user is then prompted to plug in the circuit. Atthis point, the tester puts all its pins into a high-impedance state. For testing chips, the user raises the ZIFsocket arm, places the chip in the socket, and the lowers the arm to make contact with the chip’s pins.Care must be taken to place the chip in the correct orientation, as misplacement will lead to an unsuccessfultest or possibly a blown chip. After placement, the user clicks the mouse button or types a carriage return,and testing begins. The tester first enables power and ground and then activates the input signals to theDUT. Testing proceeds until the user’s code terminates, at which point the tester puts its pins into thehigh-impedance state, and the user can unplug the DUT safely.One safety feature of the tester is that the power FETs are driven by gates in the control FPGA. If thecontrol FPGA is uninitialized, the FETs cannot conduct, regardless of the state of the software or theinterface control signals. This prevents the tester from being powered up in an incorrect state that woulddamage the pin FPGAs, the DUT or the FETs.On-line testingFigure 9 shows a simple C test program for an 8x8 combinational multiplier. The header file<tester.h> declares the interface to the test package. <DIP40.h> specifies the footprint of the DUT(i.e. a 40-pin DIP); it maps the standard (virtual) pin numbering of the chip to the physical pin numberingof the ZIF socket. Test programs have two entry points: DefineSignals, which the test package callsduring tester initialization, and MainTest, which is the body of the user’s test program.To the user, the pins of the DUT appear as variables in the test program. In DefineSignals, the macroSignal declares each signal variable (Multiplier, Multiplicand, and Result) to represent acollection of pins in the numbering scheme of the chip. The list of pins is declared from most to leastsignificant using the string argument. The colon operator denotes a sequence of pins and the commadenotes concatenation. For example, the string "5:8,11,14:12" declares the list of pins 5, 6, 7, 8, 11,14, 13 and 12, with pin 5 as the most significant bit and pin 12 as the least. Signal variables are declaredas INPUT or OUTPUT, from the point of view of the DUT. Input variables thus manipulate the values ofthe DUT pins. Vdd and GND pins are also declared here. The tester provides no signals other than those

5/20/9410specified by the user’s program. In particular, the test program must supply the clocks by explicitlychanging a signal variable or set of variables.In MainTest, the function Set changes input values, and Get accesses output values from the DUT.The function SetDirection changes the direction of bi-directional signals such as data busses.SetLatchDelay changes the latch delay value. Set, SetDirection and SetLatchDelay callsare buffered and take effect in parallel after calling Next. Get returns the value of the signal latched by themost recent Next call. The programmer’s model of a test program step consists of a number of Setstatements, followed by a Next statement, followed by a number of Get statements.Next is the only function that directly activates the tester hardware. The actions of all the other functionsare buffered in program memory. In on-line testing, Next performs the following actions:¥ Copies the test vector in program memory to the tester input registers.¥ Sets the latch delay.¥ Executes a single test vector, driving the test vector onto the pins and latching the response vector.¥ Copies the response vector in the tester output registers to program memory.Each test vector is created on-the-fly by the program, and the resulting response is available immediatelyand can be used to generate the next test vector.Typical on-line test programs concurrently exercise the DUT and a software model that describes thebehavior of the DUT. The program validates the DUT by comparing its behavior with that of the softwaremodel. In the example from Figure 9, the DUT is sequenced by loading its inputs Multiplier andMultiplicand with the iteration variables i and j. Result is validated with the software model, theexpression i*j. In this example the circuit is stateless, as its outputs are a function of its inputs only. Inthe second example, the circuit has an internal pipeline register added to increase the throughput. A two-phase non-overlapping clock sequences the pipeline. Figure 10 shows the clock generator and Figure 11shows the other modifications to the test program. Changes are shown in boldface type. Multiplierand Multiplicand are loaded with i and j, a clock cycle is run and the result compared with thecalculated value. Variables lasti and lastj are used to remember the inputs from the previous iteration.Auxiliary functions fillpipe and emptypipe (not shown) ensure that the multiplier is loaded correctlythe first time and that the final test is completed.

5/20/9411Off-line testingOn-line testing may fail to test dynamic circuits in a multiprogramming environment where the tester taskmay be descheduled for an unbounded amount of time. The test program must change to invoke off-linetesting in this case. The difficulty in off-line testing is the lack of concurrency between hardwaresequencing and software modelling, which on-line testing provides on a vector-by-vector basis. To bridgethis gap, we augment the semantics of Next to provide off-line test programs the look and feel of on-linetesting. A two-pass strategy creates this illusion. During the first pass, known as the generate pass,through an off-line program segment each Next performs the following actions:¥ Copies the test vector in program memory to the current vector location in tester memory.¥ Increments the current vector location pointer.Between passes, the program then:¥ Sets the latch delay globally for the off-line array.¥ Executes the array of vectors stored in tester memory, driving each onto the pins and copying theresulting response vector back into tester memory.¥ Resets the location pointer to the first vector.During the second pass, known as the verify pass, Next performs the following actions:¥ Copies the response vector at the current location in tester memory to program memory.¥ Increments the location pointer.A single program can alternate between off-line and on-line mode, as the semantics of Next are determineddynamically. The third example (Figure 12) shows how the test program for the multiplier is convertedinto an off-line form. The BEGIN_OFFLINE and END_OFFLINE statements enclose an off-line array ofvectors. The BEGIN_OFFLINE / END_OFFLINE pair are placed inside the outer loop because the testvector memory is limited to roughly 5400 vectors. This illustrates how a test program can use a hybridapproach to extend off-line testing beyond the size of the test vector memory. Another strategy could beused if our multiplier were pseudo-static rather than fully dynamic. For instance, if the multiplier is staticwhen no clocks are active, then the off-line block could confined to the clockchip procedure.In order to maintain the illusion of on-line concurrency, there are restrictions on the program statements inthe off-line block. Set performs an action only during the generate phase, and Get returns a valid

5/20/9412response only during the verify phase. The macros GENERATE and VERIFY delimit blocks of statementssuch that they execute in their respective phases. Furthermore, the two passes of the off-line block mustotherwise have the same initial conditions and compute exactly the same results. These restrictions canmake off-line testing more complicated, but usually only small modifications of a program for on-linetesting are required to produce one for off-line testing.The DesignWorks EnvironmentThe software interface of the MacTester makes possible a wide variety of testing and simulationenvironments. To demonstrate this capability, we chose to embed the MacTester into the simulationenvironment of DesignWorks, a schematic capture and simulation system written for the Macintosh byCapilano Computing. In DesignWorks, graphical I/O devices such as keypads, displays and timingdiagrams are used to interactively test and debug a circuit. We used a DesignWorks library for writingsimulation models to incorporate the MacTester into the simulator. In this way any device or boardplugged into the MacTester can be incorporated into the schematic and the simulation just like any otherdevice. The DesignWorks graphical I/O devices can then be used to test and debug the DUT. Moreover,the DUT can be tested as part of a larger system described by schematic drawings and simulation models.Figure 13 shows an example of the test of a 4-bit TTL counter chip (74LS163) using the MacTester insideDesignWorks. At the top of the circuit is a generic 4-bit counter, whose behavior is described by a softwaremodel. A hex input display in the upper left provides the initial value for both counters. Toggle switchesallow the user to load, clear and increment the counters. To the right of the counters is an adder and NORgate which function like a comparator. Finally on the right is a register that simply stores the result of thecomparison.All signals supplied to the DUT, including power and ground, are specified in the schematic. When thesimulation first starts up, the 74LS163 and the generic counter are likely to be out of sync. Toggling theclr line high for more than a clock cycle synchronizes both counters. By toggling other inputs, thefunctionality of the DUT can be determined quickly.The specification of an entirely different device (with a different pin-out and/or package) requires little effort.The user simply uses the device editor to create a new symbol, links it to the tester interface code anddeclares signals to be input, output, bi-directional or tri-state. No software changes are required to the testerinterface, which is generic across devices. The model employed in the MacTester interface is compatiblewith the simulator. For example, the tester will detect whether the DUT has placed a pin in a highimpedance state and communicate that information to the simulator and the user.

5/20/9413An interesting use of the MacTester is to combine the programmed interface and the DesignWorksinterface. For example, testing a Xilinx FPGA implementation requires the FPGA (as the DUT) to be firstprogrammed via a bit stream generated by the Xilinx tools. This can be done as part of the program testingthe FPGA implementation, or it can be done by a stand-alone program which is executed before the testprogram is executed. Similarly, if the FPGA is to be included in a DesignWorks schematic simulation, itcan be initialized by this program before the simulation is started. In the simulation the programmedFPGA provides its own behavior in place of a software model. The impact is that the simulator runs fasterand allows larger and more complex simulations to run,9 as student projects have demonstrated.On-line interactive testing using DesignWorks is useful for testing static chips; dynamic chips can also betested in the same environment by a simple modification to the software interface. A test sequence beginswith a reset of the DUT and a re-initialization of the tester memory. On every successive clock change, aset of new inputs is downloaded to the tester and stored in successive locations in memory. Then the entiresequence of input vectors is clocked into the chip, just as in off-line testing, and the results of the last inputvector are uploaded to the host. Thus each change of the clock initiates a complete sequencing of the DUTthrough all the input vectors since the last reset. In this way the illusion of interactive on-line testing canbe provided when testing a dynamic DUT.The combination of the MacTester and DesignWorks allows designs that comprise only part of a system tobe implemented in hardware, while the remainder of the system is described in a DesignWorks schematic.The entire system — hardware and schematic — can then be �simulated� as a single entity. The idea here is toisolate one component of the system, and test an implementation of that part in the context of theremainder of the system which is modeled in software.SummaryFunctional testing in both off-line and on-line forms is a valuable technique for testing and debuggingcircuit prototypes. Potential obstacles to functional testing are high cost and difficulty of use. The UWMacTester project overcomes these obstacles as it provides a low-cost integrated solution — one that iseasily customized to a variety of interfaces. The parallel interface between the tester and the host provides alow-overhead link that makes on-line testing practical. FPGA technology increases the tester circuit densityand makes possible a compact, low-power design. In conjunction with a simulator, the MacTester makespossible the construction and debugging of an electronics system partly described by software models andpartly implemented in hardware.

5/20/9414Current StatusFive prototypes of the MacTester have been constructed, of which three are in use at Apple ComputerAdvanced Technology Group and two in the UW Computer Science and Engineering graduate student labs.Applied Precision Inc. of Mercer Island, Washington, is manufacturing and selling the production version ofthe UW MacTester. Contact Larry McMurchie (larry@cs.washington.edu) for furtherinformation.AcknowledgmentsWe thank Apple Computer for donation of equipment as well as funds to support a research assistant. IanJones of the Advanced Technology Group of Apple Computer was instrumental in getting the project offthe ground. DARPA provided funds for the prototype printed circuit board fabrication. NSF funded thedevelopment of the software under the Software Capitalization Program. The Washington TechnologyCenter helped fund the commercialization of the UW MacTester.References1. Evanczuk, Stephen. �IC Prototype Verification: Test and Tribulation,� VLSI Systems Design, April1986, pp. 44-48.2. Florcik, David, Low, David and Roche, Martin. �Prototype Debug Using ATE,� IEEE Design and Testof Computers, May 1984, pp. 94-99.3. Kinzelman, Paul M. �Behavioral Exercisers Expand the System-Test Design Kit,� High PerformanceSystems, June 1990, pp. 54-62.4. Ponik, Wayne. �Teradyne�s J967 VLSI Test System: Getting VLSI to the Market on Time,� IEEEDesign and Test of Computers, December 1985.5. Bassett, Robert W. et al. �Low-Cost Testing of High-Density Logic Components,� IEEE Design andTest of Computers, April 1990, pp. 15-27.6. DeSena, Art, �A Guide to ASIC Test and Verification Systems,� ASIC Technology and News, July1991, pp. 18-20.7. Gasbarro, James A., and Horowitz, Mark A., �Integrated Pin Electronics for VLSI Functional Testers,�IEEE J. of Solid-State Circuits, Vol. 24, No. 2, Apr. 1989, pp. 331-337.8. Maurer, Peter M. �Dynamic Functional Testing for VLSI Circuits,� IEEE Design and Test ofComputers, December 1990, pp. 42-29.9. Evanczuk, Stephen. �Mixed-Level Simulation Acceleration,� VLSI Systems Design, February 1987,pp. 62-70.

5/20/9415

D U T input vector #1input vector #2 ...input vector #noutput vector #1output vector #2 ...output vector #n

C P U

D U T input vectoroutput vector Figure 1. Off-line testing Figure 2. On-line testing input vector #1input vector #2input vector #3input vector #4output vector #1output vector #2output vector #3output vector #4

D U TFigure 3. Hybrid testing

5/20/9416

40-pin DIP

20-pin DIP

84-pin PGA

132-pin PGA

Figure 4. ZIF socket mapping for DIPs and PGAs

5/20/9417Figure 5. Photograph of the MacTester

128128128646412864value indirectionDUT pinvalue outNuBusor ISAInterfaceTestVectorMemorydelayenable clklevel 1level 2level 3Data Bus

64InterfaceCable

32Figure 6. The tester data path

5/20/9418#include <DIP40.h>Sigptr Multiplier, Multiplicand, Result;DefineSignals(){GND("20");Vdd("40");Signal(Multiplier, "8:1", INPUT);Signal(Multiplicand, "19:12", INPUT);Signal(Result, "39:31, 29:23", OUTPUT);}MainTest(){int i,j;for (i=0; i<256; i++) {for (j=0; j<256; j++) {Set(Multiplier, i);Set(Multiplicand, j);Next();if (Get(Result) != i*j)error();}}}Figure 9. Test program for a combinational multiplier

5/20/9419clockchip(){Set(phi1, 1); Next();Set(phi1, 0); Next();Set(phi2, 1); Next();Set(phi2, 0); Next();}Figure 10. A two-phase non-overlapping clock generatorMainTest(){...fillpipe();for (i=0; i<256; i++) {for (j=0; j<256; j++) {Set(Multiplier, i);Set(Multiplicand, j);clockchip();if (Get(Result) != lasti*lastj)error();lasti = i;lastj = j;}}emptypipe();...}Figure 11. Test program for a static single-stage pipelined multiplierMainTest(){...for (i=0; i<256; i++) {BEGIN_OFFLINE;fillpipe();for (j=0; j<256; j++) {GENERATE {Set(Multiplier, i);Set(Multiplicand, j);}clockchip();VERIFY { if (Get(Result) != lasti*lastj)error();}lasti = i;lastj = j;}emptypipe();END_OFFLINE;}...}Figure 12. Test program for a dynamic single-stage pipelined multiplier

5/20/9420Figure 13. DesignWorks session with the MacTester as 74LS163 block. The tester is loaded with a74LS163 chip. The cursor is next to the toggle switch that controls the LOAD/ signal. Because LOAD/ isactive low, both the simulated counter and the actual chip load the value hex A from the hex keypad uponthe rising edge of the clock.