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METHOD AND APPARATUS FOR A MINIMAL
MEMORY IN-CIRCUIT DIGITAL TESTER

The invention relates to in-circuit digital testers
using minimal tester memory.

In-circuit testers are capable of generating and
applying digital test signals to electrical nodes of a
completed logic circuit, without isolating or removing
the components of the circuit from the surrounding
components. Known in-circuit testers include those
presented in U.S. Patent Nos. RE 31,828 and 4,500,993,
the disclosures of each of which are expressly
incorporated herein by reference.

Such in-circuit testers operate by applying
electrical signals, defined by a test vector which
includes all tester pin states at a particular instant in
time, to electrical nodes of a circuit under test. The
electrical nodes are contacted by the tester pins. A
vector-oriented test exercise is a table or file of such
states. 1In printed form, vectors are typically organized
as lines or rows in a file of text. Some preamble
information is normally added to this file to relate
elements of the vectors to pins in the tester, electrical
nodes in the circuit under test, or leads of the A
component under test. In a file of test vectors, which
together constitute a test exercise, each row of the file
corresponds to the tester pin states of all participating
tester pins during a particular instant in time, and each
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column represents the states of a single tester pin for
each instant in time throughout the entire test exercise.

A file may contain thousands, even hundreds of
thousands of vectors, and there may be several hundred
tester pins in a tester participating. Thus, the vector

file may be extremely large.

A known method of processing these vector files is
to equip each tester pin with enough memory and logic to
handle the corresponding column in the vector file for
the entire test sequence. In operation, each tester pin
is associated with a tester channel and the vector file
is loaded straight into the channel memories, and then
the test is run under control of a vector clock that
steps the channel memories from vector to vector within
the vector file. With this "RAM behind the pin"
approach, memory requirements increase in direct
proportion to the number of tester pins (columns) and the
number of vectors (rows) in the vector file. In
addition, if a channel is not active during application
of a particular test vector, the channel memory is not
used at all and is wasted.

one approach which has been proposed to conserve
channel memory is to update the tester pin states only
when the new pin state is different from the old pin
state. This approach is disclosed in the above-
referenced U.S. Patent No. 4,500,993 wherein the logic
states of the individual tester pins are updated
(toggled) under control of the vector clock only when the
next logic state is different from the present logic
state. Otherwise, the pin state remains unchanged.
However, even though this approach reduces the amount of
channel memory required for a tester (or, alternatively,
allows a tester to run larger test vector files), some '
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memory redundancy remains because the pin toggles
required to change from one vector to the next within the
test vector file may occur identically many times
throughout the test sequence.

While this duplication is not without some
advantage, in some test applications, for example, the
testing of gate arrays, programmable logic devices, LSI
peripheral circuits, and the like such redundancy
represents inefficient use of memory.

The present invention addresses the above-noted and
other drawbacks of the prior art by centralizing all
memory in a test vector processing circuit and by
eliminating channel memory. Test sequences of great
length can thus be created since test sequence lengths
are not constrained by the length of channel memory.
Next, the memory stores tester pin transitions only,
rather than actual pin states, which further reduces the
amount of memory to store a test vector file. Also,
memory is reused by storing only unique lists of pin
changes that occur each vector clock cycle, and by using
redundant change lists during different clock cycles.

Individual ones of the change lists in the change
list memory are accessed using address pointers stored in
a pointer memory. Each vector clock cycle selects one
pointer memory entry which includes an address (pointer)
for the change list memory. The change list memory
contains lists of tester pins used in the vector tests.
Each change list entry contains a pin number, vector
sequencer control bits and channel control bits.

In general, the present invention stores a number of
change lists, with each entry in each change list
including change data for a single entry in a test vector
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file, with at least one of the stored change lists having
more than one entry. Then, test vectors are created for
application to electrical nodes of a circuit under test
by sequentially selecting individual ones of the change

lists in a predetermined order.

During operation, at the beginning of each vector
clock cycle, a vector sequencer fetches the contents of
an entry in the pointer memory and also stores responses
from the previous vector clock cycle for later analysis.
The selected pointer memory entry contains the address
within the change list memory of the first entry in a
1ist of pins that are to be toggled during that
particular vector clock cycle, i.e., the first entry in a
change list. The sequencer increments and saves the
pointer memory address, loads the pointer memory contents
into a change list address register and retrieves the
first entry of the selected change list. The sequencer
then routes the information contained in the first entry
of the selected change list to the channels and activates
the indicated channel according to the channel control
bits in the change list entry. The sequencer also
examines sequencer control bits within the selected
change list entry, and if the sequencer control bits
indicate the sequencer should continue, the sequencer
increments the change list address, fetches the next
change list entry, and repeats the prime operation. This
increment and prime cycle continues until the sequencer
control bits within the selected change list entry
indicate the end of that particular change list has been
reached or that the sequencer should clock and continue.
When the end of a list is reached or when a list element
indicates clock and continue, the change list sequencer
sends the vector clock to the channels. On the vector
clock, all primed channels change state, and all primes
are cleared. After sending the vector clock for a clock
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and continue operation, the sequencer continues to fetch
entries from the same change list.

After issuing the vector clock for the end of list,
the saved incremented pointer memory address is then
retrieved and used to select the next pointer from the
pointer memory which results in selection of the first
entry in another, or perhaps the same, change list within
the change list memory. A new prime cycle then begins.
The pointer fetch and prime cycles continue until the
sequencer control bits in the selected change list entry
indicate an end of test.

Further data compression may be realized through
sharing of change lists by including pointers within the
pointer memory which point to addresses within the change
list memory between the beginning and end of a stored
change list. Then, that change list can be used in its
entirety by selecting its beginning address, or only a
part of the change list can be used by selecting an
address between its beginning and ending addresses.

- In addition, after processing a test vector file to
produce pointer and change list memory contents, yet
further compression can be achieved by reordering the
entries in the change lists to maximize the occurrence of
change list sharing.

Before loading the test vector processing circuit
with compressed and optimized vector data in the form of
pointer and change list entries, the pointer and change
list can be stored on magnetic media such as a disk.
Disk storage space can be minimized by reordering the
change lists so that more frequently used change lists
appear at the beginning of the change list file. Then,
the majority of pointers to the reordered change lists
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can be created without use of a pointer extension word,
thus minimizing the overall size of the pointer file.

Fig. 1 is a block diagram of a vector processing
circuit embodying the present invention.

Fig. 2 is a block diagram of the driver/receiver

circuit used with Fig. 1.

Fig. 3 is a schematic diagram of a three-state node

driver used in Fig. 2.

Fig. 4 is a block diagram of a portion of the

response analysis circuit of Fig. 1.

Fig. 5A is the data structure of an entry in the
change list memory.

Fig. 5B is the data structure of an entry in the

pointer memory.

Figs. 6A-D are the data structure of the
driver/receiver control bus during different modes of

operation.

Figs. 6E and 6F are examples of commands appearing
on the driver/receiver control bus.

Fig. 7 is a flowchart of the main loop of the
microprocessor in accordance with the present invention.

Fig. 8 is a flowchart of communications between the
microprocessor and personal computer, in accordance with

the present invention.
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Fig. 9 is a flowchart of test vector compression, in
accordance with the present invention.

Fig. 10 is a flowchart of test vector optimization,
in accordance with the present invention.

Fig. 11 is a flowchart of the loading of test
vectors, in accordance with the present invention.

Fig. 12 is a flowchart of the running of a vector
test, in accordance with the present invention.

Fig. 13 is a schematic representation of interaction
between the pointer and change list memories of the
present invention during vector processing.

In the following disclosure, a bus having multiple
signal lines is indicated by a line with a slash through
it, and a single line is indicated by a line without a
slash. Further, signals are indicated in all capitals,
and complemented signals include a bar symbol, for
example, VECTORCLOCK and its complement VECTORCLOCK.

Referring to Fig. 1, a test vector processor
according to the present invention is disclosed.
Connected to internal communication bus 11 are
microprocessor 12, vector sequencer 13, computer
interface 14, static random access memory (RAM) 16, map
memory 36, driver/receiver command control 18, and
command generator 19. Microprocessor 12 is preferably a

“Motorola 68000 running with a clock frequency of 10MHz.

The operating program for microprocessor 12 is located in
program memory 21 which is a portion of static RAM 1e.
Internal bus 11 includes bi-directional data bus 22 and
address and control bus 23, and is connected through
computer interface 14 to an appropriately programmed
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personal computer (PC) 24, for example, a Deskpro 386
computer, available from Compaq. Like internal bus 11,
computer interface 14 includes a bi-directional data bus
26 and an address and control bus 27. The details of the
operation of PC 24 are described below with reference to

Figs. 7-12.

At power up, microprocessor 12 is held reset while
its operating program is loaded from PC 24 through
computer interface 14 and internal bus 11, into progranm
memory 21. Once the operating program is loaded, PC 24
releases control of internal bus 11, and microprocessor
12 begins execution of the operating program, the
features and functions of which are described in more
detail below. One function of micfoprocessor 12 is to
arbitrate control of internal bus 11 between
microprocessor 12, vector sequencer 13, and PC 24.
Microprocessor 12 grants bus control through bus master
control 28. The signal PCMASTER 29 generated by bus
master control 28 indicates that PC 24 has control of bus
11. The signal SEQMASTER 31, generated by bus master
control 28, indicates that vector sequencer 13 has
control of bus 11. When neither PCMASTER 29 nor
SEQMASTER 31 is active, microprocessor 12 has control of

bus 11.

Vector sequencer 13 is preferably constructed from
2911-type sequencers available from Advanced Micro
Devices, which are 4-bit bit-slice sequencers including
internal storage, auto-increment, internal stack memory,

and an internal data register.

Static RAM 16 is preferably one megabyte, built from
64K x 4-bit devices, although other sizes and
constructions could also be used. Static RAM 16 is
dynamically partitioned into program memory 21, change
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list memory 32 and pointer memory 33, the functions and
interactions of which are described in more detail below.

Internal bus 11 is routed through driver/receiver
command control 18 to driver/receiver control bus 34
which, in turn, is connected via a back plane to
individual driver/receiver circuits (Fig. 2). All
driver/receiver instructions appear on driver/ receiver
control bus 34, with the structure shown in Fig. 6,
described in more detail below. The mapping by
driver/receiver command control 18 of internal bus 11
onto driver/receiver control bus 34 differs depending
upon the active bus master. The specific mappings are
also shown in Fig. 6.

Both internal bus 11 and driver/receiver control bus
34 are connected to response map memory 36. Map memory
36 responds to driver/receiver control bus 34 when vector
sequencer 13 is bus master, and responds to internal bus
11 at other times. 1Internal bus 11 is used to load data
into map memory 36. When vector sequencer 13 is bus
master, the data in map memory 36 converts data on
driver/receiver control bus 34 into expected response
controls which appear on bus 37 for application to
response analysis circuit 38, described in greater detail
with respect to Fig. 4.

Response analysis circuit 38 has six separate and
identical channels, each channel including three
sections: flip-flop section 39, compare section 41 and
register section 42. In flip-flop section 39 of response
analysis circuit 38, expected responses are primed under
control of map memory 36, and toggled under control of
the VECTORCLOCK signal generated by vector sequencer 13
on line 43. Responses are collected from selected
driver/receivers on response bus 44. These actual
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responses are applied to comparator section 41 of
response analysis circuit 38, along with the expected
data from flip-flop section 39. Under control of the
SELECTCOMPARE signal on line 46, the results of the
comparison, or the actual response data, are latched in
register section 42 by the MEASURECLOCK signal appearing
on line 47 which is delayed from the VECTORCLOCK signal
by counter 48. The actual response or comparison data
stored in register section 42 appears on bus 22 of
internal bus 11 and can be stored in the high-order bits
of the pointers stored in pointer memory 33. These high-
order bits can be accessed by microprocessor 12 through
internal bus 11, or by PC 24 through computer interface
14 and internal bus 11 for further analysis.

Referring now to Fig. 2, the driver/receiver
channels used in the present invention are disclosed.
Each driver/receiver channel includes decoding circuits
49, 51 and 52, reed relay matrix 53, response decoder 54
and driver circuit 56. Each driver circuit 56 is
identical, and includes two pairs of prime/toggle flip-
flops, one pair (57, 58) being devoted to the data
function of the driver, and the other pair (59, 61) being
devoted to the enable function of the driver. Also
included in the driver circuit are two NOR gates 62 and
63, and three-state pin driver 64.

In the preferred embodiment, 2048 driver/receiver
channels and 2048 tester pins are used. In other words,
each test vector in the vector file can be up to 2048
bits wide. Although this is the preferred maximum width
for the test vector, it will be understood that addition
or elimination of driver/receiver channels would be a
simple matter, and that test vectors of any width can be
used. In addition, it will be understood that the number
of driver/ receiver channels may or may not be equal to
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the number of pins. For example, a single
driver/receiver channel can be multiplexed to control a
number of pins.

In each driver circuit 56, the first flip-flop, 57,
59 of each pair is an D-type flip-flop which the test
vector processor of Fig. 1 can address and reset
individually. Flip-flops 57 and 59 are referred to as
prime flip-flops, and the act of clearing a prime flip-
flop is termed herein a priming operation. The second
flip-flop 58, 61, of each pair is a JK-type flip-flop
configured to operate as a toggle flip-flop when the
corresponding prime flip-flop is cleared, and to hold the
current state when the corresponding prime flip-flop is
set. Flip-flops 58 and 61 are referred to as toggle
flip-flops.

One function of the operating program of
microprocessor 12 of Fig. 1 is to generate the ALLCLEAR
signal on line 66 through driver/receiver control bus 34
and channel decode circuit 52. 1In the data portion of
driver circuit 56, the complemented inputs of NOR gate 62
are connected to the ALLCLEAR signal on line 66, and to
the VECTORCLOCK signal on line 43. The output of NOR
gate 62 is connected to the clock input of prime flip-
flop 57. The data input of prime flip-flop 57 is
connected to a logic one. The signal DPRIME on line 67
is decoded from driver/receiver control bus 34 by data
decode circuit 49, and drives the clear input of prime
flip-flop 57. The Q output of prime flip-flop 57 is
connected to both J and K inputs of toggle flip-flop 58.
The complemented clear input of toggle flip-flop 58 is
connected to line 66 to receive the ALLCLEAR signal. The
complemented clock input of toggle flip-flop 58 is
connected to line 43 to receive the VECTORCLOCK signal.
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The Q output of toggle flip-flop 58 is applied to the
data input of three-state driver 64. ‘

Similarly, in the enable portion of driver circuit
56, the complemented inputs of NOR gate 63 are connected
to the ALLCLEAR signal on line 66 and the VECTORCLOCK
signal on line 43. The output of NOR gate 63 is
connected to the clock input of prime flip-flop 59. The
data input of prime flip-flop 59 is tied to a logic one.
The signal EPRIME on line 68 is decoded from
driver/receiver control bus 34 by enable decode circuit
51, and drives the clear input of prime flip-flop 59.
The Q output of prime flip-flop 59 is connected to both J
and K of toggle flip-flop 61. The complemented clock
input of toggle flip-flop 61 is connected to line 43 to
receive the VECTORCLOCK signal. The complemented clear
input of toggle flip-flop 61 is connected to line 66 to
receive the ALLCLEAR signal. The Q output of toggle
flip-flop 61 is applied to the enable input of three-

state driver 64.

Data decode circuit 49, connécted to driver/receiver
control bus 34, operates to decode pin addresses and
instructions appearing on bus 34. If the pin address
matches the address appearing on bus 34, and the
instruction is a prime instruction with the DATA bit set,
data decode circuit 49 activates the DPRIME signal to
clear flip-flop 57, thereby priming flip-flop 57.

similarly, enable decode circuit 51, connected to
driver/receiver control bus 34, operates to decode pin
address and instruction data appearing on bus 34. If the
pin address matches the address appearing on bus 34, and
the instruction is a prime instruction with the ENABLE
bit set, enable decode circuit 51 activates the EPRIME



WO 92/10801 PCT/US91/08713

10

15

20

25

30

35

-]3=-

signal to clear flip-flop 59, thereby priming flip-flop
59.

After completion of the priming operation for all
pins that are to be toggled to generate a particular test
vector, vector sequencer 13 (Fig. 1) issues the
VECTORCLOCK signal, and every toggle flip-flop whose
respective prime flip-flop has been cleared (primed)
changes state. Conversely, every toggle flip-flop whose
respective prime flip-flop has not been cleared (not
primed) does not change state. Generation of the
VECTORCLOCK signal also clocks all prime flip-flops,
thereby deactivating them.

The output of three-state node driver 64 is applied
to reed relay matrix 53 for selective connection to test
pin 69. Test pin 69 is connected, through a spring-
loaded probe or the like, to an electrical node of a
device under test (not shown). Reed relay matrix 53 is
controlled from driver/receiver control bus 34 in a known
manner. By selectively opening and closing reed switches
K1-K4, test pin 69 can be connected to the output of
three-state driver 64, or to any of the three response
lines 71, 72 or 73. Thus, by controlling reed relay
matrix 53, pin 69 can be used as a stimulus pin, a
response pin, or both. Response lines 71, 72 and 73 are
applied to response decoder 54 for application to
response bus 44. In the preferred embodiment, up to six
pins can be used for measurement during each vector
cycle. If more than six responses are required for a
particular test vector, multiple passes are used. In
those instances where multiple passes are used, the
pass/fail latch is examined, response relays are set and
cleared, and map memory 36 is reprogrammed for each set
of response pins. (Also see Fig. 4.) In some instances,
the responses stored in the high order bits of pointer
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memory 33 are also examined between passes. (Other than
for examination, pointer memory 33 and change list memory

32 are unchanged for each pass.)

Referring to Fig. 3, the details of three-state node
driver 64 are presented. As noted above with respect to
Fig. 2, the inputs to three-state node driver 64 are the
Q output of data toggle flip-flop 58, and the Q output of
enable toggle flip-flop 61. The output of data toggle
flip-flop 58 is applied to one input of NAND gate 74, and
to the inverting input of AND gate 76. The output of
enable toggle flip-flop 61 is applied as an input to NAND
gate 74 and as an input to AND gate 76. The output of
NAND gate 74 is applied through resistor 77 to the base
of PNP transistor 78, and the output of AND gate 76 is
applied, through resistor 79, to the base of NPN
transistor 81. The emitter of transistor 78 is connected
to an appropriate voltage source, for example 5 Volts,
and the emitter of transistor 81 is grounded. The
collectors of transistors 78 and 81 are common and
provide the output of three-state node driver 64.

one channel of response analysis circuit 38 of
Fig. 1 is shown in detail in Fig. 4, and is configured
somewhat similar to the individual driver/receiver
channels shown in Fig. 2. Each of the six responses
appearing on response bus 44 is tested by one of six
identical channels of response analysis circuit 38. Map
memory 36 is loaded by PC 24 through bus 11 prior to a
vector burst. During the vector burst, map memory 36
controls all channels of response analysis circuit 38,
and includes storage portion 82 which is addressed by pin
address bits 83 of driver/receiver control bus 34, and
which is enabled by MEASURE bit 84 of driver/receiver
control bus 34. When enabléd by MEASURE bit 84, storage
portion 82 of map memory 36 translates pin address 83
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onto response select bus 86. The bit pattern of response
select bus 86 selects one of the six channels in response
analysis circuit 38. Any pin address not in the present
response map produces a no-channel select code. Response
select bus 86 and instruction portion 87 of
driver/receiver control bus 34 drive the inputs of
decoding logic circuits 88 and 89.

If response select bus 86 indicates an active
response channel, and instruction portion 87 indicates a
prime instruction with the DATA bit set, data decode
circuit 88 activates the DPRIME signal in bus 91 for the
appropriate response channel. If response select bus 86
decodes an active response channel, and instruction
portion 87 indicates a prime instruction with the ENABLE
bit set, enable decode circuit 89 activates the EPRIME in
bus 91 for the appropriate response channel.

Each of the six response channels is identically
constructed and includes an expected response section 39,
a response compare section 41, and a register section 42.

Expected response section 39 is constructed
identical to driver circuit 56 of Fig. 2. Each expected
response section 39 includes two pairs of flip-flops, one
pair (92, 93) being dedicated to the data function of the
response, and the other pair (94, 96) being dedicated to
the enable function of the response. Each expected
response circuit also includes NOR gates 97 and 98.

Prime flip-flops 92 and 94 are each D-type flip-flops,
and toggle flip-flops 93 and 96 are each JK-type flip-
flops.

The inverted inputs of NOR gate 97 are connected to
the ALLCLEAR signal on line 99 which is decoded from
driver/receiver control bus 34 by channel decode circuit
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90, and connected to the VECTORCLOCK signal on line 43.
The output of NOR gate 97 is connected to the clock input
of prime flip-flop 92. The data input of prime flip-flop
92 is tied to a logic one. The signal DPRIME on line 99
is one of the six DPRIME lines of bus 91 and is decoded
from driver/receiver control bus 34 and storage portion
82 by data decode circuit 88, and is connected to the
clear input of prime flip-flop 92. The Q output of prime
flip-flop 92 is connected to both J and K inputs of
toggle flip-flop 93. The complemented clock input of
toggle flip-flop 93 is connected to line 43 to receive
the VECTORCLOCK signal. The complemented clear input of
toggle flip-flop 93 is connected to the ALLCLEAR signal
on line 99. The expected response data is provided by
the Q output of toggle flip-flop 93.

Similarly, the inverted inputs of NOR gate 98 are
connected to the ALLCLEAR signal on line 99 and to the

VECTORCLOCK signal on line 43. The output of NOR gate 98
is applied to the clock input of prime flip-flop 94. The
data input of prime flip-flop 94 is connected to a logic
one. The signal EPRIME on line 101 is one of the six
EPRIME lines of bus 91 decoded from driver/receiver
control bus 34 and storage portion 82 by enable decode
circuit 89, and drives the clear input of prime flip-flop
94. The Q output of prime flip-flop 94 is connected to
both J and K of toggle flip-flop 96. The complemented
clock input of toggle flip-flop 96 is connected to line
43 to receive the VECTORCLOCK signal. The complemented
clear input of toggle flip-flop 96 is connected to the
ALLCLEAR signal 99. The expected response enable is
provided by the Q output of toggle flip~-flop 96.

The expected data and enable responses are applied
to response compare section 41 along with measured
response data from response bus 44. One bit of response
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bus 44 is associated with each of the channels of
response analysis circuit 38. This single bit contains
actual response data from a single tester pin, and is
referred to herein as a digital response pole. A
comparison between the expected response data produced by
toggle flip-flop 93 and the actual response data
appearing on the appropriate digital response pole of
response bus 44 is performed by EXCLUSIVE-OR gate 102.
The output of EXCLUSIVE-OR gate 102 is applied, with the
expected enable data produced by toggle flip-flop 96, to
AND gate 103. Thus, the output of AND gate 103 is a
digital comparison between actual response data and
expected response data, as long as the expected enable
bit is true. A comparison that fails produces a logic
one output from AND gate 103. When the enable bit is
false, the data comparison is ignored, and the result is
the same as a comparison that passes (the output of AND
gate is a logic zero). In this way, the enable bit is
used to qualify or ignore the actual response.

Under control of the SELECTCOMPARE signal appearing
on line 46, multiplexer 104 will choose either comparison
data produced by AND gate 103 or actual response data
from response bus 44 for application to register section
42. Register section 42 includes data register 106, AND
gate 105, pass/fail latch 107, and one input to global
fail OR gate 108, and is modified under control of the
MEASURECLOCK signal appearing on line 47. Data register
106 is a D-type register the output of which is connected
to bus 22, and pass/fail latch 107 is an R/S latch. The
output of pass/fail latch 107 is applied to one input of
six-input global fail OR gate 108, along with the outputs
from the five other pass/fail latches of the other
response circuits on bus 109, to produce a global fail
indication.
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As can be seen from the above description of the
physical attributes of the preferred embodiment of the
present invention, there is no memory in the
driver/receiver channels, and all memory is centrally
concentrated in the test vector processing circuit. 2As a
result, vectors of great length can be created since
vector lengths are not constrained by the length of

channel memory.

Each entry in change list memory 32 includes the
address of a tester pin which is to be toggled and
applied for stimulus, or a pin whose expected response is
to toggle. Fig. 5A presents the data structure of
entries in change list memory 32. The highest order
bits, vector sequencer control bits CC within field 111,
define the following functions for vector sequencer 13:
00~-continue; 0l-end of list (EOL); 1li-clock and continue;
10-end of test (EOT). Enable and Data toggle flags, E &
D in fields 112 and 113, respectively, control whether
the enable or data portion of the relevant
driver/receiver channel is to toggle. The state of
Measure flag M in field 114 determines whether the toggle
information affects the stimulus or the expected response
of the relevant driver/receiver channel. If MEASURE flag
M is false, the ENABLE and DATA bits govern the stimulus
and the address bits are.appropriately decoded by the
driver/receiver channels. If the MEASURE flag M is true,
the ENABLE and DATA bits govern the expected response and
the address bits are appropriately decoded by map memory
36. Finally, the eleven least significant bits in field
116 contain the address of the tester pin corresponding
to the particular entry in change list memory 32. Eleven

 address bits allow control of 2048 channels. However, it

will be understood that any number of address bits can be
used to control any number of channels. Fig. 5B presents
the structure of entries in pointer memory 33. 8-bit
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field 117 allows the storing of actual response data for
a vector test, and 24-bit field 118 contains a pointer to
the corresponding entry in change list memory 32.

Figs. 6A-F present the data structure for
driver/receiver control bus 34. Referring to Fig. 6A,
driver/receiver control bus 34 includes a control strobe
bit, S in field 119, and three data fields. The first
data field, 121, contains only the measure bit MS. Field
122 contains the eleven pin address bits, and field 123
contains eight instruction bits. The control strobe bit
S is generated by driver/receiver control command 18, and
defines when the address and instruction are valid. as
previously mentioned, the mapping of internal bus 11 onto
the data fields of driver/receiver control bus 34 depends
on bus master 28.

As shown in Figs. 6B and 6C, when sequencer 13 is
bus master, sequencer 13 supplies bits 2-7 of instruction
field 123. Address field 122, and bits 0 and 1 of
instruction field 123 are supplied by change list memory
32 and are routed from data bus 22 of internal bus 11
onto driver/receiver control bus 34. In particular, bit
D13 of internal bus 11 corresponds to the E-bit in change
list memory 32, bit D12 of internal bus 11 corresponds to
the D-bit in change list memory 32, bit D11 of internal
bus 11 corresponds to the M-bit in change list memory 32,
and bits D0-D10 of internal bus 11 correspond to the
address bits in change list memory 32.

When vector sequencer 13 is not the bus master,
internal bus 11 controls all of the data fields as
illustrated in Fig. 6D. Referring to Fig. 6D, address
bit A6 of address and control bus 23 of internal bus 11
supplies the MS bit, address bits A0-A5 of address and
control bus 23 supply the six most significant bits of
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tester pin address field 122, data bits D8-D12 of data
bus 22 supply the five least significant bits of field
122, and data bits D0-D7 of data bus 22 supply the
instruction bits of field 123.

Figs. 6E and 6F provide examples of instructions
that may appear on driver/receiver control bus 34. Fig.
6E illustrates a DPRIME instruction, wherein the MS bit
corresponds to the measure flag, and the C’s indicate the
driver/receiver address bits. The 1’s and 0's are the
actual instruction definitions. For the ALLCLEAR
instruction, shown in Fig. 6F, the X’s indicate bits that
are irrelevant to the instruction. Regardless of the
state of the MS bit or the tester pin address, all
drivers are cleared by the ALLCLEAR instruction.

The operation of the invention is realized through
the execution of several pieces of software, described in
detail with reference to Figs. 7-12. The highest level
of control is from PC 24 which contains software to
format, edit and otherwise process the digital test
vector sequences that are loaded to change list memory 32
and pointer memory 33. The software within program
memory 21 for microprocessor 12 accepts commands from PC
24, and controls the hardware to perform the requested
actions. PC 24 can both send commands to microprocessor
12 and read from and write to all parts of RAM 16.
Microprocessor 12 initially starts in a latched reset
state, which is held until PC 24 has loaded the proper
software into program memory 21, and has comman&ed bus
master 28 to release microprocessor 12 and to transfer
control of internal bus 11 to microprocessor 12, allowing
microprocessor 12 to begin execution. Once
microprocessor 12 has started, PC 24 can send commands to

a FIFO memory within PC interface 14.
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The operating program stored in program memory 21 is
a command dispatcher, and is illustrated in the flowchart
of Fig. 7. Once the program has completed initialization
steps 126, it enters a loop including process block 127
and decision block 128 wherein the status of the FIFO
memory is continuously read. If a command is determined
to be present, microprocessor 12 reads the 16-bit command
word in step 129 which is split into two parts: 8 bits of
data and 8 bits of instruction code. The instruction
code is used in step 131 to branch to the appropriate
service routine to process the requested action, for
example, the running of a vector test, described in
detail below with reference to Fig. 12.

Most of the FIFO commands to microprocessor 12
result in a simple action of moving the data associated
with the instruction code to a register within the
hardware to perform an action. In other cases, an
instruction code may require multiple reads and/or writes
to registers within the hardware. All actions requested
of microprocessor 12 that require a response back to PC
24 accomplish this by performing the requested action,
saving the response in a specified memory location within
program memory 21, and then interrupting PC 24 to
indicate that the action has been completed. This is
shown in greater detail in the flowchart of Fig. 8.

Referring to Fig. 8, in block 132, a command is sent
from PC 24, and is received by FIFO memory within PC
interface 14 and recognized by microprocessor 12 in block
127. As mentioned above, blocks 127 and 128 together
constitute a loop wherein FIFO memory is constantly
monitored for instructions from PC 24. Once an
instruction is received, the action is completed in block
133, the response is recorded in program memory 21 in
block 134, and the process status, for example pass/fail,
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is stored in program memory 21 in block 136. In block
137, microprocessor 12 signals PC 24 completion of the
requested action. Once the action is completed, control

passes back to block 127.

Since PC 24 and microprocessor 12 run
asynchronously, and since several commands may have
stacked up in the FIFO memory of PC interface 14, a time
out is used by PC 24 while microprocessor 12 is
performing the requested action. In particular, when PC
24 sends a command in block 132, it starts a time out
timer in block 138. Blocks 139 and 141 continuously
monitor the status of the timer, and the status of the
complete signal generated by the microprocessor in block
137. After one or the other is detected, control passes
to block 142 where it is determined whether the timer had
timed out. If so, indidating that microprocessor 12 has
not completed the requested action within the allotted
time, control passes to block 143 where the error in the
operation of microprocessor 12 is processed;

If block 142 determines that the completion signal
has been received from microprocessor 12, control passes
to block 144 where the time out timer is cleared. Then,
in block 146, PC 24 reads that portion of program memory
21 set by microprocessor 12 in block 136 to determine the
status of the process. If, as determined by decision
block 147, the process is determined to be in error, the
error is processed in block 148. If decision block 147
determines that there is no error in the process, control
passes to block 149 where the response stored by -
microprocessor 12 in program memory 21 during the
execution of block 134 is read by PC 24.

The data compression and memory conservation
advantages of the present invention are best illustrated
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with reference to a specific application. Referring to
Table I, a test for a custom device having 44 accessible
nodes or test points is presented. The test sequence
includes a total of 104 individual vectors, each of which

5 is 44 pins wide. Table I lists the complete vector file
used to test the device, and contains an entry for each
of the 44 pins for each of the 104 vectors.
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TABLE I
Pattern
Number Pin Number
5
E— 7 2l 37—
0 ZXXXXXLXXZZXXZZ2ZZ ZXXXXX XXX XXX XXX XXXXXXXXXXX
1 ZXXXXXHXXZZXX 22222 Z XXX XXX XX XXX XXXXXXXXXXXXXX
10 2 ZXXXXXHXX ZHXXLHLLLZ LLHXLLLHLXXXXXXXXXXXXXXXX
3 ZXXXXXHXX ZHXXLHLLHZLLHXLLHLXXX XXX X XXX XXX XXXX
4 ZXXXXXHXXZ
5 HXXXXXHXX ZHXXLLLLHZ LLHXLLLHLXXXXXXXXLHLHLXHL
6 HX XXX XHXX ZHXXLLLLHZ LLHXLLLHLXXXXXLXXLHLHLXHL
15 7 HXXXXXHXX ZHXXLLLLHZ LLHXLLLHLXXXXXHXXLHLHLXHL
8 HXXXXXHXXZ
9 HXXXXXHXXZHXXLLLLHLDUDXUDUDUXXXXXHXXLHLHLXHL
10 HXXXXXHXXZ
11 LXXXXXHXXZ
20 12 LY XXX XHXX ZHXXLLLIHHX XX XXX XXX XX XXX LXXHLHLHXTH
13 LY XXX XHXX ZHXXLLLLHHX X X XXX XX XX XXX XHXXHLHLHXTL.H
14 LXXXXXHXX ZHXXLLLLHLX XX XXX XX XX XXX XHXXHLHLHXLH
15 LXXXXXHXXZHXXLLLLHLUDUXDUDUDXXXXXHXXHLHLHXLH
16 . LXXXXXHXXZ
25 17 LYXXXXXHXXZ
18 LXXXXXLXXZ
19 LXXXXXHXXZ
20 LXXXXXHXX ZHXXLHLLLHLLLXLLLLLXXXXXHXXHLHLHXLH
21 LXXXXXHXXZ
30 22 LXXXXXHXXZ
23 LXXXXXHXXZ
24 LXXXXDHXXZ
25 LY XX XXHXX ZHXXHLLLHHLLLXLLLHLXXXXXHXXHLHLHXLH
26 LXXXXXHXXZ
35 27 LXXXXXHXXZ
28 LXXXXUHXXZ
29 LXXXXUHXXZ
30 LXXXXUHXXZ
31 LXXXDUHXXZ
40 32 LXXXXUHXXZHXXHLLLHHLLLXLLHLLXXXXXHXXHLHLHXLH
33 LXXXXUHXXZ
34 LYXXXXUHXXZ
35 LXXXUUHXXZHXXHLLLHHLLLXLLLLLXXXXXHXXHLHLHXLH
36 LXXXUUHXXZHXXHLLLIHLLIXLHLLLXXXXXHXXHLHLHXLH
45 37 LXXXUUHXXZHXXHLLLHHLLLXLHLLLXXXXXHXXHLHLHXT.H
38 LXXDUUHXXZ
39 LXXXUUHXXZ
40 LXXXUUHXX ZHXXHLLLLHLLLXLLLLLXXXXXHXXHLHLHXT.H
41 LXXXUUHXXZ
50 42 LXXUUUHXXZHXXHLLLHHLLLXLLLLLXXXXXHXXHLHLHXLH
43 LXXUUUHXXZHXXHLLLLHLLLXHLLLLXXXXXHXXHLHLHXLH

z
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Pattern
Number Pin Number
1l 1? 2? 3? 40 4?
5
45 LXXUUUHXX ZHXXHLLLHHLLLXHLLLLXXXXDHXXHLHLHXLH
46 LXXUUUHXX ZHXXHLLLHHLLLXHLLLLXXXXXHXXHLHLHXLH
47 LXXUUUHXX ZHXXHLLLLHLLLXLLLLLXXXXXRXXHLHLHXLX
48 LXXUUUHXX ZHXXHLLLHHLLLXLLLLLXXXXXHXXHLHLHXLH
10 49 LXXUUUHXX ZHXXHLLLHHLLLXLLLLLXXXXUHXXHLHLHXLH
50 LXXUUUHXX ZHXXHLLLLHELLXLLLLLXXXXUHXXHLHLHXLH
51 LXXUUUHXX ZHXXHLLLHHHLLXLLLLLXXXXUHXXHLHLHXLH
52 LDXUUUHXX ZHXXHLLLHHHLLXLLLLLXXXXUHXXHLHLHXLH
53 LXXUUUHXX ZHXXHLLLHHHLLXLLLLLXXXXUHXXHLHLHXLH
15 54 LXXUUUHXX ZHXXHLLLLHLLLXLLLLLXXXXUHXXHLHLHXLH
55 LXXUUUHRXXZHXXHLLLHHLLLXLLLLLXXXXUHXXHLHLHXLH
56 LUXUUUHXX ZHXXHLLLHHLLLXLLLLLXXXXUHXXHLHLHXLH
57 LUXUUULXX ZHXXHLLLHHLLLXLLLLLXXXXUHXXHLHLHXLH
58 LUXUUUHXX ZHXXHLLLHHLLLXLLLLLXXXXUHXXHLHLHXLH
20 59 - LUXUUUHXXZHXXLHLLLHLHLXLLLLLXXXXURXXHLHLHXLH
60 LUXUUUHXXZHXXLHLLHHLHLXLLLLLXXXXUHXXHLHLHXLH
61 LUXUUUHXX ZHXXLHLLHHLHLXLLLLLUUXUUUXXHLHLHXLH
62 LUXUUUHXX ZHXXLHLLHHLHLXLLLLLXXXXUXXXHLHLHXLH
63 LUXUUUHXX ZHXXHHLLLHLLLXLHLLLXXXXUXXXHLHLHXLH
25 64 LUXUUUHXX ZHXXHHLLHHLLLXHLLLLXXXXUXXXHLHLHXLH
65 LUXUUUHXX ZHXXHHLLHELLLXLHLLLXXXXUDXXHLHLHXLH
66 LUXUUUHXXZHXXHHLLHHLLLXLHLLLXXXXUXXXHLHLHXLH
67 LUXUUUHXX ZHXXHHLLLHLLLXLIHLLXXXXUXXXHLHLHXLH
68 LUXUUUHXX ZHXXHHLLHHLLLXLLHLLXXXXUXXXHLHLHXLH
30 69 LUXUUUHXXZHXXHHLLHHLLLXLLHLLDXXXUUXXHLHLHXLH
70 LUXUUUHXX ZHXXHHLLHHLLLXLLHLLXXXXUXXXHLHLHXLH
71 LUXUUUHXXZHXXHHLLLHLLLXLLLHLXXXXUXXXHLHLHXLH
72 LUXUUUHXX ZHXXHHLLHHLLLXLLLHLXXXXUXXXHLHLHXLH
73 LUXUUUHXX ZHXXHHLLHHLLLXLLLHLUDXXUUXXHLHILHXLH
35 74 LUXUUUHXX ZHXXHHLLHHLLLXLLLHLXXXXUXXXHLHLHXLH
75 LUXUUUHXX ZHXXHHLLLHLLLXLLLLHXXXXUXXXHLHLHXLH
76 LUXUUUHXX ZHXXHHLLHHLLLXLLLLHXXXXUXXXHLHLHXLH
77 LUXUUUHXX ZHXXHHLLHHLLLXLLLLHUUXDUUXXHLHLHXTLH
78 LUXUUUHXX ZHXXHHLLHHLLLXLLLLHXXXXUXXXHLHLHXT.H
40 79 LUXUUUHXXZHXXHHLLLHLLLXLLLLLXXXXUXXXHLHLHXLH
80 LUXUUUHXXZHXXHHLLHHLLLXLLLLLXXXXUXXXHLHLHXLH
81 LUXUUUHXXZHXXHHLLHHLLLXLLLLLUUXUUUXXHLHLHXLH
82 LUXUUULXXZHXXHHLLHHLLLXLLLLLUUXUUUXXHLHLHXLH
83 LUXUUUHXX ZHXXHHLIHHLLLXLLLLLUUXUUUXXHLHLHXLH
45 84 LUXUUUHXXHHXXHHLLHHLLLXLLLLLUUXUUUXXHLHLHXTLH
85 LUXXUUHXXHHXXHHLLHHLLLXLLLLLUUXUUUXXHLHLHXTLH
86 LUXXUUHXXHHXXHLLLLHLLLXLHLLHUUXUUUXXHLHLHXLH
87 LUXXUUHXXHHXXHLLLHHLLLXLHLLHUUXUUUXXHLHLHXLH
88 LUXDUUHXXHHXXHLLLHHLLLXLHLLHUUXXUXXXHLHLHXLH
50 89 LUXDUUHXXHHXXHLLLHHLLLXLHLLHUUXXUXXXHLHLHXLH
90 LUXDUUHXXHHXXLHLLLHHHLXLHLHLUUXXUXXXHLHLHXLH
91 LUXDUUHXXHHXXLHLLHHHHLXLHLHLUXXXUXXXHLHLHXLH
92 LUXDUUHXXHHXXHLLLHHLLLXLHLLHUXXXUXXXHLHLHXLH

93 LUXDUUHXXHHXXHHLLHHLLLXLHLLHUXXXUXXXHLHLHXLH
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Pattern
Number Pin Number
1 10 20 30 40 44
5 I I | | | ===|
94 : LUXDUUHXXHHXXHHLLHHLLLXLHLLHUXXXUXXXHLHLHXLH
95 LUXDUUXHHXHXXHHLLHHLLLXLHLLHUUXDLDXXHLHLHXLX
96 LUXDUUHXUHHXXHHLLHHLLLXLHLLHUUXDLDXXHLHLHXLH
97 LUXDUUHXUHHXXHLHLLHHLHXLHLHLUUDXLDXXHLHLHXLH
10 98 LUXDUUHXUHHXXHLHLHHHLHXLHLHLUUXDLDXXHLHLHXLH
99 LUXDUUHXUHHXXHLHLHHHLHXLHLHLUUDXLDXXHLHLHXLH
100 LUXDUUHXDLLXXHLHLLHHLHXLHLHLUUXDLDXXHLHLHXLH
101 LUXDUUHUDSHXXHLHLHHHLHXLHLHLUUXDLDXXHLHLHXLH
102 DUXDUUHUDHHXXHLHLHHHLHXLHLHLUUXDLDXXUDUDUXDU
15 103 DUXDUUHUDHHXXHLHLHHHLHXLHLHLUUXDLDDXUDUDUXDU

20

25

30

35

In the test vector data shown in Table I, the
following stimulus and measure commands are used:

X-don’t care expected state

U-expect a logic one (high level output)
pD-expect a logic zero (low level output)
Z-pin driver in high impedance state
L-pin driver at logic zero

h-pin driver at logic one

By application of the present invention, the
complete vector file is compressed by converting the
vector file into change lists, with pointers to the
change lists. Table II illustrates the complete vector
file shown in Table I which has been compressed into
pointers and change lists in accordance with the present

invention.
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IABLE II
d 8 a
5 Pointers Change Liste
State Pointer Index/
pumber address (Count) = ]
0 175 - 0(1) l-SE' I-HE' 37-SED' 37-HED,
10 1 154 -~ 38-SE, 38-ME 39~SED, 39-MED,
2 32 - 40-8SE, 40-ME, 41-SED 41-MED,
4 133 § [EOL]
5 83 - 16(1) 20-SE, 20-ME,  21-SE, 21-MED,
15 6 174 - 22-SED, 22-ME, 24-SE, 24-MED,
7 172 - 25-831 25‘“, 26-82' 25-HED,
8 173 - 27-SED, 27-ME, 28-8E, 28~MED,
9 16 - (EOL]
20 11 % - 17-8E, 18-8E, 20~-8E, 21-SE,
12 172 8 22-SED, 24-8E, 25-SE, 26-SE,
13 172 8 27-SED, 28-SE,  [EOL]
14 74 8 46(1) 15-SD, 17-8D, 28-SE, 20-SE,
15 58 8 21~-SE, 22-SE, 24-SE, 25-SE,
25 16 57 - - 26-SE, 27-SE,
17 74 8 *56(21) 18-SD, [EOL}
18 154 & 57(1) 17-8D,
19 164 8 *58(1) 20-MED, 21-ME,  22-MED, 24-ME,
20 46 - 25-HED, 26‘“, 27-HED, 28-“,
30 21 56 § (EOL]
22 134 ~ 66(1) 28-MED, 20-ME, 21-MED, 22-ME,
23 56 ] 24-HED, 25-“3, 26-HED, 27‘“,
24 171 - *74(2) 19-sD,  [EOL]
25 171 8 75(1) 1-8D, 37-sD, 38-sD, 39-SD,
27 56 S [EOL)
28 170 - 83(1) 1-SED, 37-SE,  38-SED, 39-SE,
29 145 - 40-SED, 41-SE, 43-SED, 44-SE,
30 56 § [EOL]
40 3 169 - 91(1) 1s-sD, 16-SD,  22-8D, 20-SD,
32 169 s *95(1) 27-8D,
33 145 § *96(1) 18-8D, 28-SD,  [EOL]
- 38 56 S 98(1) 15-SD,
45 36 120 §  *103(2) 20-sD, 18-SD,  [EOL]
37 56 S 105(1) 34-SED,
38 161 - *106(2) 30-MED, 29-MED,
39 161 8  *108(1) 32-MED, 34-MED, [EOL]
40 120 s 110(1) 8-MED, 10-8SD, 11-spD, 18-SD,
50 41 56 8 [EOL]
42 162 - 114(1) 9-MD, 10-8sD, 1i-sD, 18-SD,
43 156 - (EOL]
44 56 S 118(1) 15-sD,  28-SD,
45 167 - *120(2) 25-8D, 18-8SD, [EOL]
55 46 167 s 122(2) 29-MED, 30-MED, 32~ME, 34-MED,
47 156 § (EOL]
48 56 S 126(1) 14-sD, 18-SD,  21-SD, 25-SD,
49 140 § [EOL)
50 103 s 130(1) 14-sb, 21-SD, 18-8D,
60 51 56 S  *133(1) 15-SD,  [EOL]
52 166 - 134(1) 14-sp, 15-SD,
53 166 5§  *136(1) 18-sD, 27-SD,  [EOL)
54 103 s 138(1) 30-MED, 33-SE,
55 56 S  *140(1) 33-MED, [EOL]
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40

45

50

Pointers
State
number
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103

Pin-Type, ... [CC]

-28-
Change Liste

Pointer 1Index/
dd. {Count)
165 - 141(2) 29-MED,
164 § 144(1) 27-SD,
164 S *145(2) 26-8D,
130 - 147(1) 18-SD,
56 S 150(1) 32-ME,
105 - *151(2) 34-ME,
106 S 152(1) 18-SD,
126 - 154(2) 29-ME,
56 S 156(2) 18-SD,
151 S 158(1) 35-ME,
151 8§ 159(1) 0-§
147 - 160(1) 9-MED,
56 8§ 161(3) 4-ME,
154 - 162(2) 4-MED,
154 § 163(1) 10~SED,
144 - 164(7) 7-SD,
56 S 165(1) 2-MED,
141 - 166(2) 2-ME,
141 S 167(2) 33-ME,
95 § 168(1) 5-MED,
56 8 169(2) 5-ME,
122 - 170(1) 6-MED,
122 s 171(2) 6-ME,
9 8 172(3) 34-8D,
56 8 173(1) 19-SE,
106 8§ 174(1) 34-SE,
164 § 175(1) 7-SE,
154 § —
163 -
162 8
118 -
56 S
161 s
108 S
98 -
152 -
99 S
56 S
150 -
138 -
160 -
91 -
56 S
159 -
114 -
110 -
0 -
158 -

PCT/US91/08713

30’“,

13-SD,
25-SD,

[EOL)
30-MED,
34-MED,
24-sD,
[EOL]
[EOL]
[EOL)
[EOL]
[EOL]
[EOL])
[EOL]
[EOL]
[EOL]
[EOL]
(EOL]
{EOL]
[EOL]
[EOL]
(EOL]
[EOL]
(EOL]
(EOL}

34-MED, [EOL]}

[EOL]

26-SD, [EOL]

[EOL])
[EOL]
{EOL]
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Table II contains an ASCII representation of the
pointer and change list data for the same vector file
shown in Table I. The data has been compressed and
optimized (see Figs. 9 and 10 and accompanying text) to
yield the smallest possible change list memory usage.

The first column in Table II "State Number", is included
to facilitate cross-reference between the entries of
Tables I and II, but is not actually stored. The second
column “"Pointer Address," is the ASCII address within the
change list referred to by the particular pointer. The
third column "Index/(Count)," is included in this example
to show the entry points into the change list memory, and
to show the number of references to this portion of the
change list memory. Once again, similar to the
information included in column 1 of Table II, the
information in column 3 of Table II is used for
illustrative purposes, and is not actually stored. In
the entries of column 3, the first number is the list
address offset or index value. These numbers are used to
match the "Pointer Address" references made in the
pointer entries to the change list memory. The second
number, contained in parentheses, is the count of
references made to this portion of the change list. The
remaining columns "Pin-Type...[CC]™ are used to represent
the pin toggles and sequencer control code (CC) required
to produce the complete vector file. It should be noted
that a change list entry includes all Pin-Type entries
from the specified change address to the next end of list
[EOL] marker. In the Pointer Address field, a "-"
indicates the first reference to any complete list entry,
and a "sS" indicates a reference to a partial list entry
or a multiple reference to a complete list. 1In the
Index/(Count) field, a “*" indicates a partial list entry
point. State Number 104 (the last State Number), has
Pointer Address 176 which, in the Index/(Count) and pin-
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type columns, indicates a no-op with an end of test [EOT]

control code.

The data appearing in Table I can be compared with
that of Table II to show the correlation between the two
tables. For example, the differences between the vector
patterns 91 and 92 in Table I indicate that pins 14, 18,
20, 21, 27 and 28 are changing stimulus data state, with
no enable state changes. By looking up pattern 92 in
Table II, under the State Number column, the
corresponding Pointer Address is found to be 99. This
entry is indicated to be a shared list within the Pointer
Address field. Using the Pointer Address of 99 in the
Index/ (Count) column, the change list, in the Pin-Type
column, is found to contain stimulus data state changes
for pins 14, 28, 27, 21, 20 and 18, which is the same set
of changes found in the actual data. The order of these
pin changes has been optimized to allow the sharing of
the list beginning at address 99, with the list beginning
at address 103 which contains stimulus data state changes
on only pins 20 and 18. It is further noted that the
change list starting at address 99 is also a shared entry
into the change list starting at pointer address 98 which
contains stimulus data state changes on pins 15, 14,'28,
27, 21, 20 and 28. ’

The storage requirements for the data shown in Table
I can be compared with that of the data shown in Table II
by assuming that for each pin state, at least three bits
of memory would be required to represent all possible
combinations of the pin state requirements. Then,
assuming only 44 tester channels with vector capability,
at least 1716 bytes of storage would be required to store
the data of Table I. If on the other hand, 2048 tester
channels are assumed, each with "RAM behind the pin," as
much as 79872 bytes of storage would be required.
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Depending on the method of storage within the tester, the
actual memory requirements could even be greater.

The total memory requirements for the same vector
data, illustrated in Table II, would only be 768 bytes,
which represents a compression rate of better than
1:2.234 in one case, and 1:104 in the other case. The
rate of compression is influenced by many factors. The
present invention typically achieves higher rates of data
compression for test vectors that are considerably longer
than their width, that is to say, that have many more
vectors than pins. In the illustrative example, the
vector to pin ratio is only 1:2.37. It has been observed
with test vector files with a greater number of vectors,
or fewer pins, the rate of compression is greater.

Data compression is performed by PC 24 in accordance
with the procedures shown in flowchart form in Figs. 9
and 10. The conversion of the actual vector data into
the pointer and change list format is performed in two
separate steps. The first step, compression, is a vector
by vector process that produces a usable pointer and
change list image. This image contains any list sharing
that can be achieved without re-sizing or reordering of
the list elements or without modifying pointer addresses.
The second step, optimization, is a more complex process
that attempts to combine list entries into the most
efficient grouping to reduce memory usage. The
optimization phase reduces the size of a vector image
thus reducing disk storage requirements and also reducing
the time to load the image from PC 24 to RAM 16 before
execution of the vector patterns.

Referring to Fig. 9, compression into the pointer
and change list format is achieved by sequencing through
the vectors in the vector file (for example Table I), one
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at a time, and by comparing the current vector with the
prior vector. After a pointer file, list file and marker
file are created in block 151, the header information in
the pointer file is initialized in block 152. This

5 header information includes, for example, the number of
pins involved in the test, the number of vectors (equal
to the number of pointers), a file pointer to the start
of pointer data, a file pointer to the start of change
list data, and a file pointer to the start of marker

10 data. This information is later used to dynamically
apportion the pointer and change list memories with RAM
16 when PC 24 loads a vector test sequence to RAM 16,'as
explained in more detail with reference to Fig. 11. The
marker file is used primarily to facilitate editing.

15

In block 153, an initial state is built of all 2’s
and all X’s for stimulus and response pins, for
comparison with the first vector in the vector file.
Then, in block 154, a number of vectors, for example,

20 300, are read into a state buffer. In block 156, the
first vector in the state buffer is compared with the
prior state in order to build a change list. The first
vector is compared with the initial state set in block
153. Control then passes to block 157 where sequencing

25 through existing change lists is begun. As determined by
decision block 158, if the current change list is less
than or equal in length to the selected existing change
list, control passes to block 158 where the current
change list (of length x) is compared to the last x

30 entries of the selected existing change list. If there
is a match, as determined by decision block 161, the
sequencing through the existing change list is stopped,
and a pointer is added to the pointer buffer in block
162. If, on the other hand, no match is found by

35 decision block 161, control passes to decision block 163
where it is determined whether the end of the existing
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change lists has been reached. If not, control passes to
block 157 where the sequencing through existing change
lists continues. If so, control passes to block 164
where the current change list is appended to the existing
change list file, and, in block 162, a pointer is added
to the pointer buffer. Control then passes to decision
block 166 where it is determined whether the end of the
state buffer, loaded in block 154, has been reached. If
not, control passes back to block 156 where comparison
with states in the state buffer is continued. If so,
control passes to block 167 where an entry is made in the
marker file, and the pointer buffer is written to the
pointer file in block 168. Then, in decision block 169,
it is determined whether additional states remain to be
processed, and if so, control passes back to block 154
where more states are read into the state buffer. If
not, control passes to block 171 where the change list
and marker files are appended to the pointer file, and
then, in block 172, the header is adjusted including the
correction of the file pointers to the beginning of
pointer data and change list data.

Further compression is achieved in an optimization
phase, by attempting to re-order the entries within the
individual change lists, potentially increasing the
amount of change list sharing. 1In addition to changing
the ordering of the pins, optimization detects the
duplication of lists and partial lists that can occur
during the compression process when short change lists
are found in earlier stages of the list formatting that
are containable in longer change lists found in later
stages of the compression process. On larger pointer and
change list files, additional compression is achieved by
ordering the change list entries based on the frequency
of reference, with the more frequently referenced change
lists occurring at lower order addresses.
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Optimizatidn proceeds by first expanding each change
1ist, including those that have been shared, into
jndividual change lists which are stored in a change list
temporary file. These change lists are then indexed in a
change list index file based on the number of changes in
the change list. This change list index file contains a
1ist of pointers to change lists in the change list
temporary file, ordered by the number of changes in each
change list. Two new files are created to assist in the
optimization process. These files are the change list
output file, and the change list image file. The change
1list output file is created to contain the optimized
change lists. The change list image file indicates
entries within the change list output file that have been
ordered for sharing. By tracking the sharing in this
manner, the ordering performed in an early step is
protected against later reordering that can damage an
existing change list sharing relationship. Change list
sharing is monitored by marking the first entry of the
shared change list within the existing list. In later
attempts to share a marked list, it is only possible to
consider entries from the share marker closest to the EOL
of a change list to the EOL marker. Starting with the
longest change lists, and moving toward the shortest
change lists, each list is compared to entries in the
change list image file. 1In searching for a match,
attempts are made to reorder existing change lists to
share a smaller change list into an existing larger
change list. If a new entry cannot be matched to any of
the existing lists, a new entry in the change list output
file is formed. Each time a new change list is required,
an entry is created in the change list image file and in
the change list output file. As each change list is
processed, the pointer to the change list, either shared
or newly created, is updated in the pointer file. Once



WO 92/10801 PCT/US91/08713

10

15

20

25

30

35

=35~

all change lists have been processed, the temporary files
created during the optimization process are deleted.

The optimization process is illustrated by the
flowchart of Fig. 10, and proceeds by first establishing
temporary files in block 173 which are used in the
optimization process. These temporary files include: a
change list temporary file; a change list index file; a
change list output file; and a change list image file.
Then, for each pointer in the pointer file (determined by
block 174), the change list pointed to is copied into the
change list temporary file in block 176, and, in block
177, a link in the change list index file is added, based
on the change list size. Then, in decision block 178 it
is determined whether all change lists have been
processed. If not, control passes to block 176 where
change list processing is continued. If so, control
passes to block 179 where processing of the entries in
the change list index file begins, from the largest to
smallest change list. As a result of the processing of
blocks 176, 177 and 178, the change lists, including
those that have been shared, are expanded into individual
change lists.

In block 181, a change list is selected from the
change list temporary file according to the change list
index, and, in block 182, change lists residing in the
change list image file are read in sequence. In block
183, processing is begun to determine whether the change
list in the change list temporary file is sharable with
the change list selected from the change list image file.
In particular, in decision block 184, it is determined
whether the change list from the change list temporary
file will fit within the change list selected from the
change list image file. If not, control passes to
decision block 186 where it is determined whether more
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entries exist in the change list image file. If so,
control passes back to block 183 where the next change
1ist in the change list image file is selected for
processing. If block 186 determines that no more entries
are in the change list image file, control passes to
block 187 where the present change list temporary file
entry is placed in the change list output file. Control
then passes to block 192. If decision block 184
determines that the change list in the change list
temporary file will fit within the change list selected
from the change list image file, control passes to block
188 where it is determined whether the correct pin
numbers are present. If not, control passes to block
186, and processing continues as described above. If so,
control passes to block 189 where it is determined
whether the pin numbers are in the correct order. If
not, control passes to block 191 where the pin numbers in
the change list output file and in the change list image
file are reordered. After reordering, or if the pin
numbers are already in the proper order, control passes

to block 192.

In block 192, the first pin number in the change
list image file is marked, and a pointer to that pin is
created in block 193. Control then passes to block 194
where it is determined whether each index in the change
1ist index file has been processed. If not, control
passes back to block 181, and processing continues as
described above. If, as determined by decision block
194, all change lists in the change list index file have
been processed, control passes to block 196 where the
change list output file is merged with the pointer file
to create a compressed and optimized vector file. Then,
in block 197, the header is corrected, and the temporary

files are deleted in block 198.
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A final step of the optimization process can be the
reordering of change list elements. On vectors that
require more than 32K of change list memory, the more
frequently used change list entries are moved toward the
beginning of the change list file. This allows the
majority of pointers to these change lists to be created
without use of a pointer extension word, thus minimizing
the overall size of the pointer and change list file.

More particularly, when change list memory for a
given test vector sequence has 32767 or fewer entries,
the pointers for that vector test sequence can be
represented in a short (16-bit) integer, rather than a
long (32-bit) integer. When change list memory for a
given vector test sequence has more than 32767 entries,
optimization of pointer storage space results when change
lists are ordered in terms of the number of times that
they are referenced throughout the test sequence. The
more frequently referenced lists are stored at the lower
ordered addresses of change list memory. This
arrangement allows the pointers for the most frequently
used list to also be represented in a short (16-bit)
integer. The most significant bit of the pointer entry
is reserved as an extension bit. When the extension bit
is false, the nine high order bits of the pointer address
are assumed to be zero. When the extension bit is true,
the nine high order bits of the pointer address are
stored in a second short integer. Thus, only the less
frequently used pointers consume the full 32 bits on the
disk. The most frequently used pointers require only 16-
bits of disk storage, and all pointers in vector test
sequences with fewer than 32768 entries require only 16-
bits of disk storage. The compressed pointers are
expanded before they are loaded into pointer memory 33.
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The effects of a previous optimization are
eliminated whenever a new compression occurs. This is a
result of the difference in the ordering of the
operations between the two processes. The compression
deals with the vectors, one at a time, in sequence from
the first to the last vector, while optimization
processes the changes in the vectors, from the longest
change list to the shortest change list, regardless of
the original order of the individual vectors. To assure
that the vector file is fully compressed, it is necessary
to invoke the optimization process after completing any
editing or debugging of the compressed vector file.

In accordance with the preferred embodiment of the
present invention, data for a given vector test sequence
is stored by PC 24 on disk in pointer and list format.
This is done to provide the greatest possible throughput
for the execution of the vector test patterns. Loading
of the data saved for a vector test sequence from PC 24
to RAM 16 is shown in the flowchart of Fig. 11.
Referring to Fig. 11, after a vector file has been
opened, and the pointer and list sizes have been
determined in blocks 199 and 201, PC 24 sends a command
to microprocessor 12 via FIFO memory in block 202,
including the number of pointers. In block 203,
microérocessor 12 allocates memory in RAM 16, and
responds in block 204 with a starting address to the
location where the pointer data is to be loaded into
pointer memory 33. PC 24 then sends a command to
microprocessor 12 via FIFO memory in block 206, passing
the number of entries in the change list. Microprocessor
12 allocates in block 207 memory within RAM 16 for the
change list, and returns to PC 24 in block 208 a starting
address to the location where the change list data is to
be loaded into change list memory 32. In block 209, PC
24 takes control of internal bus 11, and begins loading
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of pointer and change list data into pointer memory 33
and change list memory 32 in blocks 211 and 212.
Internal bus 11 is then released by PC 24 in block 213.

once the vector data is loaded, microprocessor 12
can be requested by PC 24 to execute the vector test,
which is illustrated by the flowchart of Fig. 12.
Referring to Fig. 12, prior to executing the vector test,
PC 24 sets up the tester hardware to provide the proper
response routing and capture which includes selecting the
proper pole setup, to maximize the number of responses
(up to six) that can be taken simultaneously. Once this
is accomplished in blocks 214 and 216, PC 24 programs map
memory 36 in block 217 in order to match the pole
assignments. Then, in block 218, PC 24 sends a command
to microprocessor 12 to start the vector sequence, and
awaits a response in block 219. When commanded to
initiate a vector test, microprocessor 12 loads vector
sequencer 13 with the starting address of pointer memory
33 in block 221, and starts sequencer 13 in block 222.
The function of sequencer 13 during a vector test in
block 223 is described in more detail below.

PC 24 receives two interrupts per test burst from
the vector processor, one from vector sequencer 13, and
one from microprocessor 12. The first interrupt signals
that vector sequencer 13 has completed the execution of
the vector test (completed block 223), and the second
interrupt signals that microprocessor 12 has acknowledged
the complete signal from vector sequencer 13, has cleared
all driver circuits 56 (block 224) and has examined the
pass/fail status contained in pass/fail latch 107 and
global fail OR-GATE 108 for the test burst. Prior to
sending the completion interrupt, microprocessor 12 saves
the appropriate status in program memory 21 including a
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pointer to an error map, if any (blocks 226, 227, 228,
229).

Upon receipt of the completion interrupt (block
231), PC 24 reads and saves the status and failure data,
if any, for the current test burst for later processing,
in block 232. Decision block 233 repeats the process, as
necessary, to assure that each response pin has been

tested during a burst.

Upon completion of the necessary bursts (a burst
being one pass through all pointers), PC 24 collects the
pass/fail data from all bursts in block 234 to determine
the overall status of the test. In the event of a
failure, as determined by decision block 236, PC 12
jdentifies the first failing state within the overall
vector sequence. PC 24 either prints a failure tag
describing the failure, or in the Stop On Fail mode
(decision block 237), calls the vector editor in block
238, positioning the edit screen at the occurrence of the

failing vector.

The operation of vector sequencer 13 during a vector
test (block 223, Fig. 12) is presented below in more
detail with reference again to Figs. 1 and 2. Vector
sequencer 13 performs several functions during each
vector clock cycle. At the start of each cycle, vector
sequencer 13 fetches the contents of the next entry from
pointer memory 33, and stores the responses from the
previous vector in pointer memory 33. As mentioned
above, the fetched entry in pointer memory 33 contains
the change list memory address of the first entry in the
1ist of pins that are active during this particular
vector clock cycle. Vector sequencer 13 then increments
the fetched pointer address, pushes the incremented
pointer into the stack memory of vector sequencer 13,
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places'the fetched pointer memory entry in the change
list memory address register, and retrieves the contents
of the indicated change list memory entry. Vector
sequencer 13 stores the pin address and control bits in
the instruction register of driver/receiver command
control 18, and proceeds to prime the flip-flop of the
indicated channel through driver/receiver control bus 34.
Vector sequencer 13 also examines the sequencer control
bits (CC) of the selected change list entry to determine
the next action of sequencer 13. If the control bits
indicate "continue," vector sequencer 13 increments the
change list memory address register and performs another
prime operation for the next entry in change list memory
32. This increment and prime cycle continues until the
sequencer control bits in the selected change list entry
indicate "end of list" or "clock and continue."® The "end
of list" and “clock and continue"™ control codes cause
vector sequencer 13 to issue the VECTORCLOCK signal on
line 43 which, as described earlier, causes all primed
driver/receiver channels to toggle, and clears all
primes. For "clock and continue," vector sequencer 13
continues processing the same change list after the clock
has been sent. In other words, vector sequencer 13
increments the change list memory address register and
performs another prime operation for the next entry in
change list memory 32. The "end of list" control code
indicates that all primes for the list are complete.
After issuing the clock for "end of list," vector
sequencer 13 pops the incremented pointer memory address
from its stack memory, and uses the incremented address
to select the next pointer memory entry. The prime cycle

then begins again.

The pointer and prime cycles continue until the
sequencer control bits of the selected change list
indicate "end of test." Upon sensing an "end of test"
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control code, vector sequencer 13 stores the responses
and then stops, the control of internal bus 11 is '
returned to microprocessor 12, and an interrupt is sent
to PC 24 via PC interface 14.

~ Thus, the number of vectors in a vector test is
limited only by the combined length of change list memory
32 and pointer memory 33. There is a one-to-one
correspondence between the test vectors in the test
vector file and the entries in pointer memory 33. Each
test vector in the test vector file corresponds to one
entry in pointer memory 33, and each entry in pointer
memory 33 corresponds to one test vector in the test
vector file. Each entry in pointer memory 33 also
corresponds to one set of change list entries, however,
there is not a one-to-one correspondence between the
entries in pointer memory 33 and the change list entries
in change list memory 32. Each change list can be
associated with any number of entries in pointer memory
33. If the state changes occurring between one test
vector and the next occur several times throughout a test
sequence, as is the case when testing, for example, gate
arrays, programmable logic devices, and LSI peripheral
circuits, data can be compressed by having several
different pointer memory entries address the same change

1ist within change list memory 32.

Fig. 13 is a block diagram illustrating the
interaction of pointer memory 33 and change list memory
32 during the execution of a test vector sequence, in
accordance with the present invention. In the simplified
block diagram of Fig. 13, the illustrated operation of
pointer and change list memory relates to tester channels
that toggle. Stimulus and response pins are not
differentiated in the figure. In practice, references to
toggling pins can mean either a change in the state of
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change in the state of the expected response of a
response pin.

The first pointer in pointer memory 33 (pointer 0),
contains the address of the sixth change list (change
list 5) stored in change list memory 32. Change list 5
includes six entries, which indicate that six tester pins
will be toggled from the initial condition of the pins.
The "end of list" control code in the last entry of
change list 5 causes the next pointer, pointer 1, to be
selected from pointer memory 33. Pointer 1 includes an
address for the first change list entry (change list 0)
within change list memory 32. Change list 0 includes
only one entry, which indicates that only one tester
channel is to be toggled. This occurs, for example, when
a tester pin is connected to a clock node of a device
under test. As can be seen, the first change list is
called by a number of pointers (pointers 1, 3, 5, 6, 11,
13 and 17) indicating that the same tester pin is toggled
to create the test vector corresponding to those
pointers. Similarly, change list 1, also having only a
single entry, is addressed by four different pointers,
indicating that a single pin, different from the pin
indicated by change list 0, is changed to create the
vectors corresponding to those four pointers. Change
list 2, a two-entry change list, is not addressed by any
of the pointers 1-19 illustrated in Fig. 13, but would be
addressed by pointers between pointer 19 and pointer N in
pointer memory 33. Change list 3, a four-entry change
list, is called by three pointers, and change list 4, a
three-entry change list is called by two pointers.

Pointer 8 includes an address within change list
memory 32 which is between the beginning and ending
addresses of change list 5. Thus, the vector
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corresponding to pointer 8 requires toggling of only the
three tester pins corresponding to the last three entries
within change list 5. The test sequence continues, with
vector sequencer 13 sequentially addressing pointers from
pointer memory 33, and priming and toggling the tester
pins included in the indicated change list or partial
change list. Finally, pointer N is selected which points
to an entry within change list memory 32 including an
mend of test" control code which instructs vector
sequencer 13 to terminate the test sequence.

Although the present invention has been described
with reference to a single preferred embodiment, it will
be understood by those skilled in the art that additions,
deletions and modifications can be made to this preferred
embodiment, without departing from the spirit and scope

of the present invention.
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CLAINMS:
1. A method of testing circuits comprising:

storing in a memory a plurality of change lists,
each entry of each change list including change
data for a single entry in a test vector, at
least one of said change lists having a
plurality of entries; and

creating a sequence of circuit test vectors for
electrical nodes of a circuit under test by
sequentially selecting individual ones of said
change lists in a predetermined order.

2. The method of claim 1, said creating step including
retrieving each entry of a selected change list.

3. The method of claim 1, said creating step comprising
selecting at least a portion of at least one of said
change lists more than once.

4. The method of claim 1, said storing step comprising
determining a frequency of use of each of said change
lists to create said sequence of test vectors, and
ordering said change lists within said memory according
to said frequency.

5. The method of claim 4, said storing step comprising
storing more frequently used change lists at lower order
addresses within said memory, than addresses of less
frequently used change lists.
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6. The method of claim 1, said change lists also
including expected response data, the method further

comprising:

measuring selected nodes of said circuit under test
to produce measured response data; and

comparing said measured response data with said
expected response data to produce comparison
data.

7. The method of claim 6, further comprising storing
said comparison data.

&

8. The method of claim 6, further comprising storing
said measured response data.

9. A circuit tester comprising:
a plurality of test pins;

drive means for driving selected test pins under
control of a test vector;

measurement means for measuring selected test pins
under control of said test vector to produce

measured response data;

a change list memory for storing a plurality of
change lists, each entry of each change list in
said change list memory including change data
for one element of said test vector, at least



WO 92/10801 PCT/US91/08713

10

15

20

25

30

35

-47-

one of said change lists including a plurality
of entries;

a pointer memory for sequentially storing addresses
of said change list memory;

vector sequencer means for incrementally addressing
said pointer memory to access and select
entries of said change list memory, for
sequentially priming said drive means and
measurement means according to entries of a
selected change list, and for activating said
drive means and measurement means to drive and
measure said test pins at the end of each
change list.

10. The circuit tester of claim 9, further comprising:

a map memory for converting said change data of
selected change list entries into control data
for controlling said measurement means.

11. The circuit tester of claim 10, said map memory
further comprising:

means for generating expected response data from
said change data.

12. The circuit tester of claim 11, said measurement
means further comprising means for comparing said
expected response data with said measured response data
to produce a comparison result.
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The circuit tester of claim 12, further comprising:

means for storing said comparison result.

The circuit tester of claim 12, further comprising:

means for storing said measured response data.

The circuit tester of claim 9, wherein said vector

sequencer means activates said drive means before said

measurement means.

16.

The circuit tester of claim 9, wherein said vector

sequencer activates said drive means to drive said test

pins simultaneously.
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