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(57) Abstract: Proposed methods and apparatuses for synthesis of a new class of compressors called here augmented multimode
compactors, capable of achieving a flexible trade-off between compaction ratio, observability, control data volume and diagnostic
properties in the presence of a large number of unknown values. Distinctive features of the augmented multimode compactors are
to reduce and/or completely avoid the X-masking eftect in the compacted test responses. In addition, a requirement for construct-
ing compactors is that any single error in the test response produces a unique erroneous signature within S consecutive shitt cycles
where the erroneous signature is calculated as a difference between the faulty signature and the fault-free signature.
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METHOD AND APPARATUS FOR SYNTHESIS OF AUGMENTED MULTIMODE
COMPACTORS

Inventors: Emil Gizdarski

BACKGROUND
Field
[0001] The technology relates to electronic design automation in the integrated circuit
industry. Various embodiments relate to testing and diagnosis of integrated circuits and more
particularly to test response compaction used in test data volume and test application time

reduction for integrated circuits.

Description of Related Art

[0002] Electronic design automation EDA is applied in the semiconductor industry for
virtually all device design projects. After an idea for the product is developed, EDA tools are
utilized to define a specific implementation. The implementation defined using EDA tools is
used to create mask data used for production of masks for lithographic use in the production of
the finished chips, in a process referred to as tape-out. The masks are then created and used with
fabrication equipment to manufacture integrated circuit wafers. Testing is a required step to
defective wafer. Next, diagnosis is applied to identify rood cause for systematic defects which
are used for masks correction in order to improve yield. Finally, the wafers are diced, packaged
and assembled to provide integrated circuit chips for distribution.

[0003] An exemplary procedure for design using EDA tools begins with an overall system
design using architecture defining tools that describe the functionality of the product to be
implemented using the integrated circuit. Next, logic design tools are applied to create a high
level description based on description languages such as Verilog or VHDL, and functional
verification tools are applied in an iterative process to assure that the high-level description
accomplishes the design goals. Next, synthesis and design-for-test tools are used to translate the
high-level description to a netlist, optimize the netlist for target technology, and design and
implement tests that permit checking of the finished chip against the netlist.

[0004] A typical design flow might next include a design planning stage, in which an overall
floor plan for the chip is constructed and analyzed to ensure that timing parameters for the netlist
can be achieved at a high level. Next, the netlist may be rigorously checked for compliance with
timing constraints and with the functional definitions defined at the high level using VHDL or

Verilog. After an iterative process to settle on a netlist and map the netlist to a cell library for the
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final design, a physical implementation tool is used for placement and routing. A tool performing
placement positions circuit elements on the layout, and a tool performing routing defines
interconnects for the circuit elements.

[0005] The components defined after placement and routing are usually then analyzed at the
transistor level using an extraction tool, and verified to ensure that the circuit function is
achieved and timing constraints are met. The placement and routing process can be revisited as
needed in an iterative fashion. Next, the design is subjected to physical verification procedures,
such as design rule checking DRC, layout rule checking LRC and layout versus schematic LVS
checking, that analyze manufacturability, electrical performance, lithographic parameters and
circuit correctness.

[0006] After closure on an acceptable design by iteration through design and verify
procedures, like those described above, the resulting design can be subjected to resolution
enhancement techniques that provide geometric manipulations of the layout to improve
manufacturability. Finally, the mask data is prepared and taped out for use in producing finished
products.

[0007] This design process with EDA tools includes circuitry that allows the finished
product to be tested. Efficient testing of integrated circuits often uses structured design for
testability (DFT) techniques. In particular, these techniques are based on the general concepts of
making all or some state variables (memory elements like flip-flops and latches in the circuit)
directly controllable and observable. The most-often used DFT methodology is based on scan
chains. This approach assumes that during testing all (or almost all) memory elements are
connected into one or more shift registers. As a result, the designed logic circuit has two or more
modes of operation: a normal mode and a test, or scan, mode. In the normal mode, the memory
elements perform their regular functions. In the scan mode, the memory elements become scan
cells that are connected to form a number of shift registers called scan chains. These scan chains
are used to shift test stimulus into a circuit under test (CUT) and shift out test responses.
Applying a test pattern consists of scanning in the test stimulus, applying one or more functional
clocks, and then scanning out the captured test response. The test responses are then compared to
fault-free test responses to determine whether the CUT works properly.

[0008] Scan design methodology has been widely used in order to simplify testing and
diagnosis. From the point of view of automatic test pattern generation (ATPG), a scan circuit can
be treated as a combinational or partially combinational circuit. Today, ATPG software tools are
able to generate a complete set of test patterns based on different fault models including stuck-at,

transition, path delay, and bridging faults. Typically, when a particular potential fault in a circuit
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is targeted by an ATPG tool, only a small number of scan cells must be specified and a single
scan cell needs to be observed in order to detect the particular fault. Usually, the remaining scan
cells are filled with random values. In this way, the test pattern is fully specified and could detect
some additional untargeted faults.

[0009] Although just a few scan cells need to be observed to detect some set of target faults
for each test pattern, full observability of all scan chains is quite a desirable property for both
testing and diagnosis in order to achieve high test coverage of unmodeled defects as well as high
accuracy and precision in defect localization during diagnosis.

[0010] The number of test patterns and scan chains are limited by such factors as available
chip I/O, available tester channels and memory, and on-chip routing congestion. Because of the
growing complexity and density of the integrated circuit, reducing test data volume and test
application time have become key issues for increasing quality and reducing test costs. By
utilizing decompressor circuitry at the scan chain inputs and compressor circuitry at the scan
chain outputs, these testing limitations are alleviated. Some of the DFT techniques for test data
volume and test application time reduction use a compressor design based on code theory to
compress the test responses from the scan chains. For example, linear compactors are built of
exclusive-OR (XOR) or exclusive-NOR (XNOR) gates to reduce the number of test outputs of
the integrated circuit. However, compactors may also mask errors in test responses from an
integrated circuit. For example, the basic characteristic of an XOR (parity) tree is that any
combination of odd number of errors on its inputs propagates to their outputs, and any
combination of even number of errors remains undetected.

[0011] Accordingly, a compressor design has to meet the following requirements: (1) easy to
specify and implement, (2) low hardware overhead with low impact on the integrated circuit, (3)
logarithmic compression ratio, and (4) simple and reliable mechanism for error detection and
identification. However, satisfying all these requirements is quite challenging. In particular, it is
necessary to ensure that compressed test responses obtained from faulty and fault-free circuits
are different. This phenomenon is known as error masking or aliasing. An example of error
masking occurs when multiple errors exist in test responses coming from scan chains in a faulty
CUT. The multiple errors could mask one another, resulting in a compressed test response or a
signature that is the same as the signature for a fault-free circuit.

[0012] Unknown values also add complexity in error detection and identification. For
example, an unknown value on one or more inputs of an XOR tree generates unknown values on
its output, and consequently masks propagation of errors on other ihputs. This phenomenon is

known as X-masking effect.
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[0013] Therefore an efficient compressor should generate a faulty signature even when
unknown values and/or multiple errors exist in the test responses, and allow efficient and reliable

identification of multiple errors in the test responses for the purposes of diagnosis.

SUMMARY
[0014] Full scan is a widely used design-for-test technique that enables high quality test
pattern generation for both testing and diagnosis of the integrated circuits. However, the cost of
scan testing is becoming prohibitive because of the increasing number of scan flops in the
designs and the complexity of defect behaviors. The problem is compounded by the fact that the
bandwidth available at the input and the output sides is limited due to the number of available
test pins and tester channels. On-chip compressor/decompressor circuits loading/unloading
multiple scan chains in parallel have addressed the problem of increasing test data volume and
test application time.
[0015] Most output compression schemes like linear feedback shift registers (LFSR), multi
input shift registers (MISR), circular paths and compactors have good error masking properties.
However, most of these schemes have difficulties with compressing test responses having
unknown values (or Xs). Also most of these schemes do not allow efficient diagnosis in
compression mode.
[0016] Proposed are methods and apparatuses for synthesis of a new class of compressors,
called here augmented multimode compactors, capable of achieving a flexible trade-off between
compaction ratio, observability, control data volume and diagnostic properties in the presence of
a large number of unknown values. Distinctive features of the augmented multimode compactors
are to reduce and/or completely avoid the X-masking effect in the compacted test responses. In
addition, a requirement for constructing compactors is that any single error in the test response
produces a unique erroneous signature within S consecutive shift cycles where the erroneous
signature is calculated as a difference between the faulty signature and the fault-free signature. A
range of the compactor determines the maximum amount test response data such that any single
error will produce a unique erroneous signature. Accordingly, S is equal to 1 for combinational
compactors and S >1 for sequential compactors. As a result, any double error and/or any odd
number of errors within the compactor range will produce a faulty signature. Challenges for
constructing sequential compactors are: 1) maximize the compactor range; 2) reduce the error
masking effect for even number (4 or more) of errors; 3) reduce or completely avoid unknown
values in scan chains selected for compression while maximizing observability and minimizing

the amount of control data; and 4) allow efficient diagnosis in compression mode.
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[0017] One aspect of the technology is an apparatus. The apparatus comprises an integrated
circuit including circuitry compacting test response data from scan chains in the integrated
circuit under test. The circuitry comprises a first set of logic gates coupled to the scan chains;
and a first plurality of output registers receiving the test response data from the scan chains via
the first set of logic gates, said first plurality of output registers including sequential elements
and a second set of logic gates that process the test response data with stored data in said output
registers. Groups of the scan chains are coupled to output registers of said first plurality of
output registers, such that a same group of the groups of the scan chains is coupled to sequential
elements of different output registers of said first plurality of output registers.

[0018] In an embodiment, the circuitry further comprises a second plurality of output
registers receiving the test response data from the scan chains via the first set of logic gates, said
second plurality of output registers including sequential elements and a third set of logic gates
that process the test response data with stored data in said output registers, said second plurality
of output registers being different from said first plurality of output registers. Groups of the scan
chains are coupled to output registers of said second plurality of output registers, such that
different groups of the groups of the scan chains are coupled to sequential elements of different
output registers of said second plurality of output registers.

[0019] In an embodiment, at least two output registers of the first plurality of output registers
have quantities of sequential elements, and wherein the quantities have a greatest common
divisor of 1.

[0020] In an embodiment, at most one scan chain is shared between the groups of the scan
chains coupled to the sequential elements of the different output registers of said first plurality of
output registers.

[0021] In an embodiment, at least one output register of the first plurality of output registers
has at most one feedback loop.

[0022] In an embodiment, at least two registers of the first plurality of output registers are
coupled to each other sequentially.

[0023] In an embodiment, at least two registers of the first plurality of output registers are
coupled to each other sequentially and said at least two registers of the first plurality of output
registers have at least common feedback loop.

[0024] One aspect of the technology is a computer-implemented method. The method

comprises:
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[0025] dividing a plurality of scan chains among at least groups and a plurality of partitions,
the plurality of scan chains in an integrated circuit under test, the plurality of scan chains
processing test response data, such that:

[0026] (i) the groups disallow sharing a common scan chain from the plurality of scan
chains, within a particular partition of the plurality of partitions, and

[0027] (i) at least one common scan chain is shared between the groups of different
partitions of the plurality of partitions, such that the groups of a first partition of the plurality of
partitions share at least one common scan chain with at least one group of a second partition of
the plurality of partitions; and

[0028] based on at least said dividing, selectively compressing test response data from the
plurality of scan chains over a plurality of shift cycles.

[0029] In an embodiment, at least one common scan chain is shared between all the groups
of different partitions of the plurality of partitions, such that each group of the first partition of
the plurality of partitions shares at least one common scan chain with each group of the second
partition of the plurality of partitions.

[0030] In an embodiment, at most one common scan chain is shared between the groups of
different partitions of the plurality of partitions.

[0031] An embodiment further includes defining a set of instructions including at least a
mode field, a direct selection field, and an indirect selection field,

[0032] wherein the mode field in an instruction of the set of instructions has a mode valid for
one or more shift cycles specifying the meaning of other fields in the instruction,

[0033] wherein scan chains selected for compression by the instruction are defined for a
particular shift cycle as an intersection of scan chains specified by the indirect selection field and
the direct selection field for the particular shift cycle.

[0034] In an embodiment the indirect selection field is applied to the plurality of partitions,
and the indirect selection field specifies at least one of: (i) the plurality of scan chains, (ii) no
scan chains of the plurality of scan chains, (iii) at least one group of the groups of scan chains
associated with a particular partition of the plurality of partitions, (iv) an intersection of at least
two groups of the groups of scan chains each associated with at least two partitions of the
plurality of partitions, and (v) a sequence of intersection and union operations of at least two
groups of the groups of scan chains associated with the plurality of partitions.

[0035] In an embodiment the direct selection field is applied to at most one partition of the
plurality of partitions, and specifies a combination of the groups of scan chains associated with

said at most one partition for a shift cycle.
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[0036] One aspect of the technology is a computer-implemented method. The method
includes:

[0037] synthesizing a compactor circuit in the integrated circuit including an input sector,
and space compactor, including:

[0038] dividing a plurality of scan chains among at least groups and partitions, the plurality
of scan chains in an integrated circuit under test, the plurality of scan chains processing test
response data, the partitions include a first plurality of partitions and a second plurality of
partitions such that:

[0039] (i) within partitions of the first plurality of partitions, the groups disallow sharing a
common scan chain from the plurality of scan chains,

[0040] (ii) within partitions of the second plurality of partitions, the groups disallow sharing
a common scan chain from the plurality of scan chains,

[0041] (iii) at least one common scan chain from the plurality of scan chains is shared
between: the groups of different partitions of the first plurality of partitions, such that the groups
of a first partition of the first plurality of partitions share at least one common scan chain with at
least one group of a second partition of the first plurality of partitions and

[0042] (iv) at least one common scan chain from the plurality of scan chains is shared
between: the groups of different partitions of the second plurality of partitions, such that the
groups of a first partition of the second plurality of partitions share at least one common scan
chain with at least one group of a second partition of the second plurality of partitions; and
[0043] based on the first plurality of partitions, synthesizing an input selector;

[0044] based on the second plurality of partitions, synthesizing a space compactor,

[0045] wherein (i) partitions of said second plurality of partitions correspond to groups of
outputs of the space compactor, such that some partition of said second plurality of partitions
corresponds to some group of outputs of the space compactor, and

[0046] wherein (ii) partitions of said second plurality of partitions specify particular groups
of the groups of the plurality of scan chains, and (iii) said specified particular groups are
observable at same outputs within the corresponding groups of outputs, such that a first specified
particular group of scan chains is observable at a same output within the corresponding group of
outputs.

[0047] In an embodiment at least one common scan chain of the plurality of scan chains is
shared between the groups of a set of partitions, the set of partitions including the first plurality

of partitions and the second plurality of partitions, such that each group of a first partition of the
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set of partitions shares at least one common scan chain with each group of a second partition of
the set of partitions.

[0048] In an embodiment at most one scan chain of the plurality of scan chains is shared
between the groups of a set of partitions, the set of partitions including a subset of the second
plurality of partitions excluding at most one partition from the second of plurality of partitions.
[0049] In an embodiment at most one scan chain of the plurality of scan chains is shared
between the groups of a set of partitions, the set of partitions including the first plurality of
partitions and at most one partition of a subset of the second plurality of partitions, the subset of
the second plurality of partitions excluding at most one partition from the second of plurality of
partitions.

[0050] One embodiment further includes synthesizing a plurality of output registers coupled
to the groups of outputs of the space compactor, wherein at least two output registers of the
plurality of output registers are coupled to a same group of the groups of outputs of the space
compactor.

[0051] One embodiment further includes synthesizing a plurality of output registers coupled
to the groups of outputs of the space compactor, wherein at least two output registers of the
plurality of output registers are coupled to different groups of the groups of outputs of the space
compactor.

[0052] One embodiment further includes synthesizing a plurality of output registers coupled
to the groups of outputs of the space compactor, wherein the plurality of output registers have
quantities of sequential elements and wherein the quantities of at least two output registers of the
plurality of output registers have a greatest common divisor different than 1.

[0053] One aspect is an apparatus comprising an integrated circuit, including circuitry
compacting test response data from scan chains in the integrated circuit under test. The circuitry
comprises a first set of logic gates coupled to the scan chains; and a plurality of output registers
receiving the test response data from the scan chains via the first set of logic gates, said plurality
of output registers including sequential elements and a second set of logic gates that process the
test response data with stored data in said output registers. A scan chain is coupled to at least
one sequential element within each register of said plurality of output registers. Clusters of the
scan chains are coupled to output registers of said plurality of output registers, such that the
clusters are a subset of the scan chains including at least two scan chains, and such that for
output register triplets including three output registers from the plurality of output registers, the
output register triplets include at least a first pair of output register pairs and a second pair of

output register pairs, the first pair and the second pair have at least one different output register
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pair, and wherein a first common cluster of scan chains is shared between the output register
pairs of the first pair, and a second common cluster of scan chains is shared between the output
register pairs of the second pair.

[0054] In an embodiment, at least one cluster of scan chains is shared between registers of
the plurality of output registers, such that a sequential element of a first register of said plurality
of output registers shares a cluster with a sequential element of a second register of said plurality
of output registers. Partitions are mutually orthogonal. As a result, each pair of registers shares
either N? clusters of N scan chains or N groups of N? scan chains.

[0055] In an embodiment, at most one scan chain is shared between the scan chains coupled
to the sequential elements of different registers of said first plurality of output registers.

[0056] In an embodiment, registers of said plurality of output registers have lengths of
sequential elements and the lengths of at least two registers of said plurality of output registers
have a greatest common divisor different than 1. |

[0057] In an embodiment, at least one register of the plurality of output registers has at most
one feedback loop.

[0058] In an embodiment, at least two registers of the plurality of output registers are
coupled to each other sequentially.

[0059] In an embodiment, at least two registers of the plurality of output registers are
coupled to each other sequentially and said at least two registers of the plurality of output
registers have at least one common feedback loop.

[0060] One aspect is a method. The method comprises:

[0061] compacting test response data from an integrated circuit comprising a plurality of bits
and a plurality of output registers;

[0062] mapping sequential elements of the output registers of said plurality of output
registers into corresponding sets of bits of the test response data such that a bit of the test
response data belongs to at least one corresponding set of the sequential elements of an output
register of said plurality of output registers,

[0063] wherein at least one of the following conditions is satisfied:

[0064] (i) groups of the scan chains are coupled to output registers of said plurality of output
registers, such that the groups are a subset of the scan chains including at least two scan chains,
and such that a same group of the groups of the scan chains is coupled to sequential elements of
different output registers of said plurality of output registers; and

[0065] (ii) clusters of the scan chains are coupled to output registers of said plurality of

output registers, such that the clusters are a subset of the scan chains including at least two scan
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chains, and such that for output register triplets including three output registers from the plurality
of output registers, the output register triplets include at least a first pair of output register pairs
and a second pair of output register pairs, the first pair and the second pair have at least one
different output register pair, and wherein a first common cluster of scan chains is shared
between the output register pairs of the first pair, and a second common cluster of scan chains is
shared between the output register pairs of the second pair.

[0066] In an embodiment, at most one bit is shared between the corresponding sets of bits of
a set of sequential elements, the set of sequential elements including at least one sequential
element from the output registers of said plurality of output registers.

[0067] In an embodiment:

[0068] (i) an incorrect state in a sequential element of said plurality of output registers is an
indication of the following conditions in the corresponding set of bits: (1) at least one unknown
bit and (2) odd number of error bits, and

[0069] (ii) a maximum number of incorrect states in the sequential elements of one register
of the plurality of output registers is an estimate of a number of bit errors in the test response
data.

[0070] In an embodiment, two error bits in the test response data produce an erroneous
signature, and the method further comprises

[0071] (i) analyzing the erroneous signature to calculate a list of potential sets of error bits
that explain the erroneous signature;

[0072] (ii) mapping the potential sets of error bits into a list of failing scan cells in the
integrated circuit; and

[0073] (iii) deriving an initial list of fault candidates for diagnosis based on the list of failing
scan cells.

[0074] Erroneous signatures are unique just for single bit errors. Two or more double bit
errors may produce the same erroneous signature. Sets can be unique or potential in that one or
more than one set may explain an erroneous signature.

[0075] An embodiment further comprises

[0076] (i) calculating erroneous signatures for a set of test patterns by injecting a first fault in
the integrated circuit,

[0077] (ii) analyzing the erroneous signatures to calculate lists of sets of etror bits that
explain the erroneous signature;

[0078] (iii) quantifying sets of error bits in the test response data that explain the erroneous

signatures of the first fault, and
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[0079] (iv) based on a quantity of sets of error bits that explain the erroneous signatures of
the first fault, determining whether to store the erroneous signatures and whether to store a
pointer to the first fault into a fault dictionary.

[0080] Test patterns include compressed test stimulus and compressed responses, which are
both used to calculate an erroneous signature of a fault in the circuit under test. The decision of
whether to store an erroneous signature can be based on an individual erroneous signature basis.
The idea is to skip storing signatures that can be uniquely explained. In certain cases we may
choose to store just signatures having 5 or more potential sets. In other cases with fewer
potential sets, the size of the dictionary will increase, with decreased complexity of diagnosis. In
cases with more potential sets, the size of the dictionary will decrease at the expense of
increasing complexity of diagnosis.

[0081] An embodiment further comprises:

[0082] (i) calculating erroneous signatures for the set of test patterns by injecting a second
fault in the integrated circuit, wherein both the first fault and the second fault are in a same
fanout free region;

[0083] (ii) analyzing the erroneous signatures to calculate lists of sets of error bits that
explain the erroneous signature;

[0084] (iii) quantifying the sets of error bits that explain the erroneous signatures of the first
fault and the second fault, and

[0085] (iv) based on the quantity of the sets of error bits that explain the erroneous signatures
of the first fault and the second fault, determining whether to store the erroneous signatures and
whether to store a pointer to the same fanout-free region into the fault dictionary.

[0086]

[0087] In an embodiment, based on the fault dictionary, an initial list of fault candidates is
derived for diagnosis in compression mode.

[0088] Another aspect is a computer-implemented method, comprising:

[0089] synthesizing a compactor circuit of an integrated circuit to compress test response
data unloaded from a plurality of scan chains of the integrated circuit under test, by dividing a
plurality of scan chains among at least groups, clusters and a plurality of pattitions, such that a
scan chain of the plurality of scan chains belongs to at least one group for each partition of the
plurality of partitions; and

[0090] coupling the groups of scan chains via logic gates to a plurality of output registers

such that at least one of the following conditions is satisfied:
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[0091] (i) a group of the groups of the scan chains is coupled to sequential elements of
different output registers of said plurality of output registers such that the groups are a subset of
the scan chains including at least two scan chains; and

[0092] (ii) clusters of the scan chains are coupled to output registers of said plurality of
output registers, such that the clusters are a subset of the scan chains including at least two scan
chains, and such that for output register triplets including three output registers from the plurality
of output registers, the output register triplets include at least a first pair of output register pairs
and a second pair of output register pairs, the first pair and the second pair have at least one
different output register pair, wherein a first common cluster of scan chains is shared between
the output register pairs of the first pair, and a second common cluster of scan chains is shared
between the output register pairs of the second pair.

[0093] In an embodiment, output registers of the plurality of output registers have lengths of
sequential elements and the lengths of at least one pair of the output registers have a greatest
common divisor different than 1.

[0094] In an embodiment, at least one cluster of the clusters is shared between the groups,
such that a first group of a first partition of said plurality of partitions shares a common cluster
with a second group of a second partition of said plurality of partitions.

[0095] An embodiment, further comprises:

[0096] applying at least one of the following configurations to the compactor circuit:

[0097] (i) at least one output register of the plurality of output registers has at most one
feedback loop, v

[0098] (ii) at least two registers of the plurality of output registers are coupled to each other
sequentially, and

[0099] (iii) at least two registers of the plurality of output registers are (a) coupled to each
other sequentially and (b) have at least one common feedback loop.

[00100] An embodiment further comprises:

[00101] assigning a unique 2-tuple including at least (x,y) to each scan chain of the plurality
of scan chains and deriving partitions of the plurality of partitions using at least the following
formulas: {X, y, (x+y) mod N} wherein (i) each formula specifies up to N groups of a partition of
said plurality of partitions such that, for each chain including at least (x,y) wherein each of x,y is
an integer in a range of 0 to N-1, a value of said each formula specifies a group of the groups for
said each scan chain for the partition of said plurality of partitions and (ii) common clusters of
the clusters are shared between the groups of said plurality of partitions such that each group of a

first partition of said plurality of partitions shares one or more of the common clusters with each
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group of a second partition of said plurality of partitions. Partitions are mutually orthogonal, and
up to N clusters of N chains are shared between each pair of partitions.

[00102] Anembodiment further comprises:

[00103] injecting multiple error bits in the test response data to quantify an ability of the
compactor circuit to identify the injected multiple errors and applying at least one of the
following steps to improve the ability of the compactor circuit to identify the injected multiple
errors:

[00104] (i) increasing a number of partitions of said plurality of partitions,

[00105] (ii) increasing a number of groups of at least one partition of said plurality of
partitions,

[00106] (iii) increasing a number of sequential elements of at least one output register of the
plurality of output registers, and

[00107] (iv) changing mapping between (a) the groups of scan chains within one partition of
the plurality of partitions and (b) the sequential elements within one output register of the
plurality of output registers.

[00108]

[00109] The aspects of the technology disclosed herein are applicable to at least an apparatus,

a method, and a computer readable medium.

BRIEF DESCRIPTION OF THE DRAWINGS
[00110] Figure 1 is a block diagram of the integrated circuit with an augmented multimode
compactor (AMC).
[00111] Figure 2 is a functional specification of AMC(3,3,1,2) using two output mappings.
[00112] Figure 3 is a table of mapping equations of AMC(N,K,Q, T) for N prime, K<N, T<N
and O<| k2]
[00113] Figure 4 is a functional specification of AMC(3,3,1,2) using single output mapping.
[00114] Figure 5 shows a synthesis procedure for AMC(4,4,1,2).
[00115] Figure 6 shows a synthesis procedure for AMC(4,4,2,3).
[00116] Figure 7 shows a synthesis procedure for AMC(4,6,3,0).
[00117] Figure 8 is a block diagram of a finite AMC(3,4,2,2).
[00118] Figure 9 is a block diagram of an infinite AMC(4,4,2,3).
[00119] Figure 10 is a block diagram of output registers of the infinite AMC(4,4,2,3) case 2.
[00120] Figure 11 is a block diagram of output registers of the infinite AMC(4,4,2,3) case 3.
[00121] Figure 12 is a block diagram of output registers of the infinite AMC(4,4,2,3) case 4.
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[00122] Figure 13 is a table of an extended set of modes.
[00123] Figure 14 shows a structure of commands for the control block.
[00124] Figure 15 is a simplified block diagram of a data processing system to perform
electronic design automation.
[00125] Figure 16 is a graph showing improvement in the observability of AMC(N,3,1,2) in
Example 2 with respect to the equivalent fully X-tolerant combinational compactor.
[00126] Figure 17 is a graph showing relative hardware overhead of the space compactors
constructed using up to 7 mutually orthogonal partitions in Example 5 with respect to the space
compactors constructed based on the Steiner triple system S(2,3,M).
[00127] Figure 18 is a graph of compression ratio (number of inputs divided by the number of
outputs of the space compactor) of the space compactor of AMC(N,4,2,T) in Example 6 and the
space compactor constructed based on Steiner triple system S(2,3,M) where O is the number of
AMC outputs, NoN1N, and M are the number of inputs of AMC and alternative space compactor,
and Ng=0/4, N1=(0+1)/4, N,=(0+2)/4.
[00128] Figure 19 is a graph showing improvement in the range of the finite AMC(N,4,2,3) in
Example 7 with respect to the Modular compactor when K=4. |
[00129] Figure 20 is a graph showing simulation results for the infinite AMC(N,4,2,3) in
Example 7 when N={3,4,..,13}.
[00130] Figure 21 is a graph showing simulation results for the infinite AMC(N,4,2,3) in
Example 10 when N={3,4,..,13}.
[00131] Figure 22 is a graph showing distribution of pairs of failing scan cells explaining
double errors for the infinite AMC(N,4,2,3) in Example 10 when N={3.4,..,13}.

DETAILED DESCRIPTION
[00132] A block diagram of an integrated circuit having an on-chip test capability is given in
Figure 1. Accordingly, a tester is coupled to an integrated circuit having a CUT, a decompressor,
and an AMC used as an output compressor of the test responses of the CUT. The CUT has W
scan chains having one or more scan cells which are coupled to a space compactor through an
input selector. The AMC has an input selector, a space compactor and (optionally) one or more
output registers. The input selector and the space compactor are combinational blocks (including
AND, NAND, OR, NOR, XOR and/or NXOR gates) and are coupled to the decompressor or/and
the tester outputs through a control block. The output registers are sequential blocks (including
AND, NAND, OR, NOR, XOR, NXOR gates and flip-flops) and are coupled to the

decompressor or/and the tester outputs through control blocks (not shown in Figure 1).
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[00133] The following examples are specific non-limiting examples illustrating various
features for synthesis of augmented multimode compactors. Only a subset of features
demonstrated in a single example may be in an embodiment of the presented technology. An
embodiment of the technology may include features from multiple examples.

[00134] Example 1

[00135] Figure 2 shows a functional specification of a combinational AMC of a CUT having
27 scan chains. Accordingly, the scan chains are viewed as a 3-dimensional array {r x ¢ X b} and
a triplet (x,y,z) is assigned to a scan chain in row x, column y and block z where x={0,1,2},
y={0,1,2} and z={0,1,2}. Scan chains in the same block and the same column form a cluster. An
input selector is constructed by two partitions Po and P; such that each partition specifies a
mapping of scan chains into three groups of scan chains {Goo, Go1, G2} and {Gio, G11, G2},
respectively, in a way that each group of scan chains has at most one scan chain in each cluster.
Accordingly, partitions map up to N’ scan chains into N groups in a way that at most N scan
chains belong to the same group for both partitions are called here orthogonal. Partitions map
scan chains into N groups such that each group has at most one scan chain in each cluster are
called here a first type. Next, three modes Mo, M; and M, are defined such that all scan chains, a
group of scan chains or an intersection of two groups of scan chains is selected for compression.
Accordingly, in mode M, all scan chains are selected for compression. In mode Mj, a group of
scan chains associated with one partition is selected for compression. In mode My, an
intersection of two groups of scan chains associated with different partitions is selected for
compression.

[00136] AMC has 2 output mappings, 4 and B, constructed by partitioning outputs of the
space compactor into three groups of outputs Og, O1, and O,. Next, each output mapping
specifies a set of three outputs (a,b,c) which are assigned for observation of each scan chain
(x,y,2) in a way that the first, second and third output belongs to group of outputs Og, O; and O,
respectively. An output mapping is unique if sets of outputs assigned for observation to scan
chains selected for compression are different within at least one group of outputs (e.g, O, O1
and/or O,). Accordingly, output mapping is defined by a set of partitions Oy, O1,.., O.1 such that
partition O; maps scan chains into N groups in a way that the j-th group of scan chains is
observable at the j-th output of the corresponding group of outputs where i=0,1,..,K-1 and
j=0,1,...,N-1. Each output mapping is associated with a particular mode Mo, M; or M, and
certain desirable properties of the AMC are optimized.

[00137] Output mapping 4 is unique and optimized with respect to mode My. Accordingly,

output mapping 4 defines a unique set of three outputs assigned for observation to each scan
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chain in a way that each one of the three outputs belongs to a different group of outputs Op, O or
O,. Output mapping 4 is constructed using three mutually exclusive partitions associated with
groups of outputs Op, O; and O, which one mapping the scan chains into N groups in a way that
at most one scan chain belongs to the same group for all partitions. As a result, an etror in a scan
chain selected for compression is observable at one or more of the outputs of the AMC when any
one unknown value exists in the same shift cycle. Accordingly, the AMC can tolerate one
unknown value in this mode.

[00138] Output mapping B is unique and optimized with respect to mode M. In mode M,
either a group of scan chains Goo, Go1 and G associated with partition Pg or a group of scan
chains G, G11 and Gy, associated with partition P; can be selected for compression.
Accordingly, output mapping B defines for each cluster a unique set of three outputs belonging
to three different groups of outputs Oy, O; or O, in a way that the sets of outputs assigned for
observation of a pair of clusters share at most 1 common output. Output mapping B is
constructed using 3 mutually orthogonal partitions Oy, O; and O, mapping the scan chains into N
groups in a way that at most N scan chains belong to the same group for all partitions. Partitions
map scan chains into N groups such that scan chains in each cluster belong to the same group are
called here a second type. Clearly, any mutually exclusive set of partitions includes at least three
partitions from two different types. Also, a pair of partitions from different types is orthogonal.
As a result, each unknown value may mask an error in a scan chain within at most one group of
outputs (e.g, Op, O1 and/or O,). Therefore, in this mode, an error in a scan chain selected for
compression is observable at one or more of the outputs of the AMC when any K-/ unknown
values exist in the same group of scan chains and the same shift cycle. In this case, we said that
AMC can tolerate X-1 unknown values with respect to each partition for selection P, Py,..., Pr.1.
In addition, output mapping B is optimized, if the sets of outputs assigned for observation of scah
chains in an intersection of two groups of scan chains do not share any common output, within
any group of outputs. In this case, the X-masking effect between these scan chains is impossible
and we may consider that each chain is the only scan chain in the intersection of two groups of
scan chains. As a result, in mode M;, at least T¢+T1+2 unknown values in the same shift cycle
are necessary to mask an error in a scan chain with respect to all partitions for selection and all
outputs assigned for observation of this chain where To and T are the numbers of unknown
values that the AMC can tolerate with respect to partitions Py and P;. Accordingly, the AMC can
tolerate KT-1 unknown values in this mode.

[00139] Output mapping B is unique and optimized with respect to mode M. More precisely,

output mapping B defines a unique set of three outputs for observation of each cluster in a way
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that the scan chains within the intersection of two groups of scan chains do not share any
common output within any group of outputs. As a result, an error in a scan chain selected for
compression in mode M is observable at three outputs of the AMC when all other scan chains
have unknown values in the same shift cycle. Accordingly, we said that AMC can tolerate any
number of unknown values in this mode.

[00140] For instance, scan chain (0,0,0) belongs to groups of scan chains Ggo and Gio together
with 8 other scan chains for partitions Py and Py, respectively. Next, three non-overlapping sets
of outputs (0,0,0), (1,1,2) and (2,2,1) are assigned for observation of scan chains (0,0,0), (0,0,1)
and (0,0,2) in the intersection of groups of scan chains Goo and Gio, respectively. Therefore, the
X-masking effect between scan chains (0,0,0), (0,0,1) and (0,0,2) is impossible. By excluding
these three scan chains, the remaining 6 scan chains in groups Goo and Gy are non-overlapping
and any 2 unknown values can be tolerated within each one of these groups of scan chains. Next,
the X-masking effect with respect to scan chain (0,0,0) can be further reduced by choosing either
partition Pg or P;. The choice of partition (P or P1) for selecting scan chain (0,0,0) for
compression can be based on the number of unknown values in the remaining 6 scan chains of
groups of Gog and Gio and a group of scan chains having at most 2 unknown values need to be
selected. Since the above mentioned conditions are satisfied with respect to each scan chain then
the total number of unknown values that can be tolerated in mode M, is equal to 5.

[00141] The ATPG tool applies the above criteria when selecting scan chains for compression
for each shift cycle in the following sequence: (1) generate the test pattern for a set of faults and
determine scan cells for compression under an aséumption that at most one group of scan chains
can be selected for compression for each shift cycle; (2) simulate test pattern and identify the
distribution of the unknown values; (3) for each shift cycle, choose a mode that maximizes the
observability and minimizes the X-masking effect with respect to chains initially determined for
compression.

[00142] Figure 3 gives a generic specification of combinational AMC(N,K,Q,T) for N prime
where N is the number of groups of scan chains in one partition, X is the number of groups of
outputs (partitions for observation), Q is the number of unique groups of outputs for observation
of scan chains within one cluster, T is the number of partitions for selection, K <N, T< N and O
<|Kknl A typical AMC(10,3,1,2) has 1000 scan chains observable at 30 outputs, i.e., a
compression ratio is 33, such that 1000, 100 and 10 scan chains can be selected for compression
in mode M;, M, and Mj3, respectively.

Accordingly, N scan chains in a CUT are viewed as a 3-dimensional array {r x ¢ x b} and a

triplet (x,y,z) is assigned to a scan chain in row x, column y and block z where x={0,1,2,.., N-1},
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y={0,1,2,.., N-1} and z={0,1,2,.., N-1}. Scan chains in the same block and column form clusters
Co, Cy, .., Cala. T mutually orthogonal partitions Py, Py , .., Pr.1 from the first type are defined
such that each partition specifies a mapping of the scan chains into N groups of scan chains {
Goo, Got, -..Gon-1}» { G0, Gits +os GiN-1}s +- 05 {G1-1,00 G111, -or G181}, TESPECtivEly.
Accordingly, 1) each group of scan chains has at most one scan chain in each cluster, and 2) each
group of scan chains in the first partition shares at most one scan chain with each group of scan
chains in the second partition within each block. As a result, at most one scan chain from each
block belongs to the same group for all partitions. Next, three modes Mo, M; and M are defined
such that all scan chains, a group of scan chains or an intersection of two groups of scan chains is
selected for compression. Two output mappings are constructed by partitioning the outputs into
K groups of outputs Oy, Oy, .., Ox-1 and certain desirable properties are optimized for each mode.
Output mapping 4 is constructed by K mutually orthogonal partitions such that partition Og is
from the first type and K-1 partitions Oy, ..,Ok.; from the second type. As a result,
AMC(N,K,Q,T) can tolerate one unknown value in mode My. Output mapping B is associated
with mode M; and M; and a unique set of K outputs are assigned for observation to each cluster.
Output mapping B is optimized if sets of outputs assigned for observation of a pair of clusters
share at most 1 common output. Output mapping B is constructed by K mutually orthogonal
partitions Oy, Oy, ..,Ox.1 from the second type. As a result, AMC(N,K,Q,T) can tolerate K-1
unknown values with respect to each partition Py, Py , .., Pr.1. In addition, output mapping B is
optimized if sets of outputs assigned for observation of scan chains within an intersection of two
groups of scan chains do not share any common output. As a result, AMC(V,K,Q,T) can tolerate
KT-1 unknown values in mode M; and any number of unknown values in mode M,.

[00143] In summary, in mode My, all N? scan chains are selected for compression and
AMC(N,K,Q,T) can tolerate one unknown value. In mode M, a group of N? scan chains
associated with a partition Py, Py ,.., P is selected for compression and AMC(N,K,Q,T) can
tolerate X7-1 unknown values (K-1 unknown values with respect to each partition). In mode My,
N scan chains within an intersection of two groups of scan chains are selected for compression
and AMC(N,K,Q,T) can tolerate any number of unknown values.

[00144] Example 2

[00145] Figure 4 illustrates constructing a combinational AMC(V,K,Q,T) using a single output
mapping where N=3, K=3, 0=1 and T=2. Input selector is constructed by T mutually orthogonal
partitions Py, P1,..,Pr.1 from the first type. Output mapping is constructed using K-/ mutually
orthogonal partitions Oy, Oy, .., Ox-1 from the second type and one partition Op from the first

type. Also, partitions Py, P1,..,Pr.1 for selection and Oy, Oy, .., Ox.1 for observation are mutually
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orthogonal. In this way, in mode M, K-I unknown values can be tolerated with respect to each
partition Py, Py,..,P1.1. Any pair of scan chains in the intersection of two groups of scan chains
shares at most 1 common output with respect to group of outputs Oo. As a result, AMC(N,K,Q,T)
can tolerate T(K-1) unknown values in this mode. The worst case is when an error and at least
one unknown value exist in the intersection of two groups of scan chains. In this case, since the
scan chains in the intersection of two groups share a common output with respect to group of
outputs Oy then the error will be masked with respect to this group of outputs. By excluding
group of outputs Op, the compactor can still tolerate at least K-2 unknown values with respect to
the remaining groups of outputs Oy, Oy, ..., Ok.; for each partition Py, Py,.., Pr.1. As a result, at
least T(K-1)+1 unknown values are necessary to mask the error under consideration with respect
to all partitions Pg, P1,.., Pr.1 and the remaining K-/ groups of outputs Oy, Oa, ..., Ox.1.
Therefore, AMC(N,K,Q,T) can tolerate T(K-1) unknown values.

[00146] In summary, in modes My and M,, AMC(V,K,Q,T) using a single output mapping can
tolerate one unknown value and any number of unknown values, respectively. As a result,
AMC(V,K,Q,T) using a single output mapping simplifies the compactor architecture but it can
tolerate less unknown values in mode M;.

[00147] Example 3

[00148] Figure 5 illustrates a synthesis procedure for a combinational AMC(N,K,Q,T) when
N=4, K=4, O =1 and T=3. First, horizontal, vertical and 2 orthogonal Latin squares of order 4 are
constructed. Accordingly, the horizontal squa1:e and the vertical square of order N contain
integers 0, 1, 2,.., N-1 so that each integer occurs in exactly one row and exactly one column of
the array, respectively. Also, a Latin square of order N is a square array of size N containing
integers 0, 1, 2,.., N-1 so that each integer occurs exactly once in every row and in every column
of the array. 2 Latin squares of order N are said to be orthogonal if one can be superimposed on
the other, and each of the N? pairs of integers (taking the order into account) occurs exactly once
in the N cells of the array.

[00149] Next, starting from the left to the right and the top to the bottom, each square is
arranged as a single column and an array {4 x16} is constructed, called here the first array, as it
is shown in Figure 5. Each column of the first array {4 x16} defines a partition into N groups
from the second type which is associated with group of outputs Og, O1, Oz and Os, respectively.
Rows 0, 1, 2 and 3 of the first array {4 x16} correspond to block By, rows 4, 5, 6 and 7 of the
first array {4 x16} correspond to block By, rows 8, 9, 10 and 11 of the first array {4 x16}
correspond to block B, and rows 12, 13, 14 and 15 of the first array {4 x16} correspond to block
Bs. Also, rows 0, 1, 2 and 3 of the first array {4 x16} correspond to clusters Co, Cy, C; and C3 of

19



WO 2010/062431 PCT/US2009/055541

LN AL L LN\ W L INL UV T

block By, respectively. Next, for i={1, 2,.., N-1}, clusters C4i, Cai+1,..., Csi+3 are assigned to the
rows in block B; of the first array {4 x16} so that clusters having the same indexes by module N
contains different integers in the corresponding cells. Figure 5 shows an assignment between the
clusters and the rows of the first array {4 x16}. As a result, output mapping for modes M; and
M, is completely specified. More precisely, since 4 partitions are mutually orthogonal then the
first array {4 x16} defines an unique set of 4 outputs (at most one from each group of outputs)
assigned for observation for each cluster such that a pair of clusters share at most 1 common
output within any group of outputs; and a pair of clusters having the same indexes by module N,
i.e., clusters in the intersection of two groups of scan chains, do not share any common output. In
addition, the second, third and fourth columns in the first array {4 x16} respectively specify
three mutually orthogonal partitions P,, P; and Py of the scan chains into groups of scan chains
valid for all blocks, i.e., from the first type.

[00150] Finally, a second array {4x64} that specifies output mapping for mode My, is
constructed by expanding each row in the first array {4 x16} into four rows in the second array
{4 x64} in a way that the second, third and fourth columns in the first array {4x16} each
specify 3 common outputs assigned for observation to all scan chains within a cluster with
respect to groups of outputs Oj, O, and O3 and the second column in the first array {4x16}
specifies 1 unique output assigned for observation to scan chains in this cluster with respect to
group of outputs Og. In other words, output mapping for mode My is constructed using four
mutually orthogonal partitions including one partition from the first type associated with group
of outputs Og and three partitions from the second type associated with groups of outputs O1, O
and Os. As a result, the sets of outputs assigned for observation to the scan chains in one cluster
are unique within group of outputs Oy, called here first type of outputs, and share at most K-Q
common outputs within each group of outputs O1, Oz and O3, called here second type of outputs.
Also, the sets of outputs assigned for observation to the scan chains in different clusters share at
most O common outputs from the first type and at most one common output from the second
type. In other words, the set of outputs assigned for observation to each scan chain includes Q)
outputs from the first type and K-Q outputs from the second type. The resulting output mapping
D is unique and AMC can tolerate one unknown value in mode Mo. When N is odd, output
mapping D can be constructed using the following equations: x, y, (y+z) mod N and (y+2z) mod
N where N is the number of groups of scan chains for each partition and each equation
determines an output in the corresponding group of outputs which is assigned for observation of
scan chain (%, y, z). Respectively, input selector can be constructed using the following

equations: (x+y) mod N and (x+2y) mod N where N is the number of groups of scan chains for
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each partition and each equation determines a group of scan chains associated with this partition
for selection of scan chain (x, y, z).

[00151] In summary, the above procedure is an informal proof that the synthesis of
combinational AMC(N,K,Q,T) that can tolerate one unknown value in mode Mo, K7-1 unknown
values in mode M; and any number of unknown values in mode M, is possible using two output
mappings if at least H mutually orthogonal Latin squares of order N exist where K <H+2< N,
T<H+1 and Q =1.

[00152] Also, the above procedure is an informal proof that the synthesis of combinational
AMC(N,K,Q,T) that can tolerate one unknown value in mode My, 7(K-I) unknown values in
mode M, and any number of unknown values in mode M, is possible using a single output
mapping if at least H mutually orthogonal Latin squares of order N exist where K+7T<H+1 and Q
=1.

[00153] Example 4

[00154] Figure 6 illustrates a synthesis procedure for a combinational AMC(N,K,Q,T) when
N=4, K=4, Q =2 and T=3. Similarly, the first array is constructed based on horizontal and vertical
squares and 2 orthogonal Latin squares, all of order N. A second array {4x64} that specifies
output mapping for mode My is constructed by expanding each row (or cluster) in the first array
{4x16} into four rows in a way that the sets of outputs assigned for observation to the scan
chains in each cluster are unique within groups of outputs Og and Oy, and share at most K-Q
common outputs with respect groups of outputs O and Os. In other words, two types of outputs
are defined such that groups of outputs Og and O; are associated with 2 orthogonal partitions
from the first type and groups of outputs O, and O3 are associated with 2 orthogonal partitions
from the second type. Accordingly, the scan chains in one block share at most one output with
respect to the first type of outputs. Also, a pair of scan chains in different clusters may share at
most one output with respect to the second type of outputs. Resulting output mapping F is unique
and AMC can likely tolerate 2 unknown values in mode My. When N is odd, output mapping F
can be constructed using the following equations: x, (x+y) mod N, (y+z) mod N and (y+2z) mod
N where N is the number of groups of scan chains for each partition and each equation
determines an output in the corresponding group of outputs which is assigned for observation of
scan chain (X, y, Z).

[00155] In summary, the above procedure is an informal proof that the synthesis of the
combinational AMC(N,K,Q,T) that can likely tolerate 2 unknown values in mode Mo, K7-1

unknown values in mode M; and any number of unknown values in mode M3 is possible using
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two output mappings if at least H mutually orthogonal Latin squares of order N exist where K
<H+2<N, T<H+1 and 1< Q <|K/2..

[00156] Also, the above procedure is an informal proof that the synthesis of the combinational
AMC(N,K,Q,T) that can likely tolerate 2 unknown values in mode My, T(K- Q) unknown values
in mode M; and any number of unknown values in mode M is possible using a single output
mapping if at least H mutually orthogonal Latin squares of order N exist where K <H+2<N, K
+T<H+1 and 1< Q <[ K/2].

[00157] Example5

[00158] Figure 7 illustrates constructing an output mapping for mode M that can tolerate 2
unknown values in one shift cycle when N=4 and K=6. Similarly, a first array {4x16} is
constructed based on a vertical square and Latin square L(x,y)=xty all of order 4. Next, a second
array {6x64} is constructed based on the first array {4x16} in a way that the outputs assigned for
observation to the scan chains in each cluster are unique within each group of outputs Og and Oy,
called here first type, and common within each group of outputs O, and O3, called here second
type. Next, groups of outputs O4 and Os, called here third type, are constructed by combining a
group of outputs O, from the first type with each one of groups of outputs O, and O3 from the
second type. As a result, a set of partitions Og, O1 ,.., Os are mutually orthogonal. The resulting
output mapping H is unique and AMC can tolerate 2 unknown values in mode My. For N>3,
output mapping H can be constructed using the following equations: X, (x+y) mod N, y, (y+2)
mod N, (x+y+z) mod N, (x+2y+z) mod N where N is the number of groups of scan chains for
each partition and each equation determines an output in the corresponding group of outputs
which is assigned for observation of scan chain (X, y, z). Similarly, a complete set of up to 7
mutually orthogonal partitions can be constructed using the following equations: {x, (x+y) mod
N, z, (z+x) mod N, (x+y+z) mod N, (2x-+y+z) mod N}, {y, (y+z) mod ¥, z, (z+x) mod N, (x+y+z)
mod N, (x+y+2z) mod N} and {x, (x+y) mod N, y, (y+z) mod N, z, (z+x) mod N, (x+y+z) mod
N}.

[00159] In summary, the above procedure is an informal proof that the synthesis of an output
mapping for mode M that can tolerate 2 unknown values per shift cycle can be constructed
using mutually orthogonal partitions for any N>3 when K>6.

[00160] For constructing sequential compactors, any single error in test responses need to
produce a unique erroneous signature within at least L consecutive shift cycles where L isa
latency of the sequential compactor which is defined as a maximum shift cycles that are required
for an error to be stored into a sequential element of the sequential compactor that is either

directly observable from an output of the integrated circuit or has two or more feedback loops to
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two or more sequential elements. Accordingly, a necessary condition for constructing sequential
AMC is that an output mapping is defined by at least four mutually orthogonal partitions such
that at least three subsets of three partitions are also mutually exclusive.

[00161] Example 6

[00162] Figure 8 illustrates a synthesis of a finite AMC(N,K,Q,T) when N=3, K=4, O =2, and
T=2. Accordingly, the finite AMC(¥,K,Q,T) consists of three parts: a space compactor
constructed based on output mapping H using 2 orthogonal partitions Oy and O; from the first
type and 2 orthogonal partitions O, and O3 from the second type, an input selector constructed
using 2 orthogonal partitions Py and P; from the third type, and 4 output registers Ro, Ri, Rz and
R; of length N which are coupled to 4 distinctive groups of outputs O¢={000,001,002} ,
01={010,011,012},. .., O3={030,031,032} of the space compactor.

[00163] Space compactor is constructed based on equations x, (x+y) mod N, y and (y+z) mod
N where each equation determines an output in the corresponding group of outputs which is
assigned for observation of scan chain (x, y, z). As a result, any single error at the inputs of the
finite AMC will produce a unique erroneous signature. Input selector is constructed using
equations (x+y+z) mod N and (x+2y+z) mod N where each equation determines a group of scan
chains in the corresponding partition for selection of scan chain (x, y, z). Partitions Po and P; for
selection and Oy, Oy,..., O3 for observation are mutually orthogonal. Similarly, in modes M, all
scan chains are selected for compression and AMC(N,K,Q,T) can likely tolerate 2 unknown
values in one shift cycle. In mode M;, a group of N? scan chains is selected for compression and
AMC(N,K,Q,T) can tolerate 4 unknown values in one shift cycle. In mode M, N scan chains in
the intersection of two groups of scan chains are selected for compression and AMC(N,K,Q,T)
can tolerate any number of unknown values in one shift cycle.

[00164] Since the distinctive K groups of outputs of the finite AMC(N,K,Q,T) are coupled to
K output registers Ry, Ry, .., Rx-1 of length N then the X-masking effect between the scan chains
selected for compression in N consecutive shift cycles is possible. Since each etror has a unique
signature then any unknown value can be tolerated within N consecutive shift cycles. Next, the
X-masking effect across multiple shift cycles can be reduced by masking all scan chains for
selected shift cycles, or selecting scan chains for compression in a way that the number of
unknown values passed into the output registers is minimized. As shown, the output registers can
be serially connected in order to form a single output register of length KN. As not shown, the
serially connected output registers may have one or more common feedback loops. In case of

two or more common feedback loops, the X-masking effect needs to be completely avoided by
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constructing partitions in a way that each scan chain can be independently selected for
compression.

[00165] Example 7

[00166] Figure 9 illustrates synthesis of an infinite AMC(V,K,Q,T) when N=4, K=4, O =2 and
T=3. Similarly, the infinite AMC(V,K,Q,T) includes: 1) a space compactor which is constructed
using 2 orthogonal partition Oy and O, from the first type and 2 orthogonal partitions O, and O3
from the second type defined by the following equations: x, (x+y) mod N, y and (y+z) mod N,
respectively; 2) an input selector which is constructed using a set of three mutually exclusive
partitions Py, P; and P, defined by the following equations: z, (x+z) mod N and (x+y+z) mod N,
respectively, and 3) K=4 output registers Ro, R, R, and R of length N which are coupled to the
distinctive groups of outputs Op={ 090, 001,-.-,00,N-1}> O1={ 010, O11,...,01,N-
1},...,03={030,031,...,03,n.1} Of the space compactor. All partitions Oy, O, Oz and Os, for
observation and Py, Py and P, for selection are mutually orthogonal. Accordingly, partitions P,
P; and P, are sufficient if each scan chain can be independently selected for compression. This
condition guarantees an observation of each scan chain even when all other scan chains contain
unknown values in the same shift cycle. To achieve this goal partitions Py, P; and P, must be

mutually exclusive. Output registers Ro, Ry, Ry and Rj are called here parallel registers and are

defined by the following equations: 7" =0, ® Frviymoas, TOT i={0,1,.., L-1} where o; is the i-th

output in the corresponding group of outputs, 7 is the i-th bit of the parallel output register in

shift cycle ¢, L is the length of the parallel output register and 0;=0 for i={N, N+1,.., L-1}. Next, a
second set of parallel output registers R4 and Rs of length Ly and Ly, respectively, are coupled to
the distinctive groups of outputs O; and O, such that N, Lo, L are relatively prime, i.e., the
greatest common divisor of each pair in the set of {¥, Lo, L1} is equal to one.

[00167] In summary, the infinite AMC(V,K,Q,T) has three modes My, M and M, for
compression. In mode My, up to N° scan chains are selected for compression. In mode Mi, up to
N? scan chains associated with a group of scan chains and a partition Pg, Py ,.., Pr.q are selected
for compression. In mode Ma, up to N? scan chains defined by a sequence of intersection and
union operations of two or more groups of scan chains are selected for compression. Next, a first
set of K parallel output registers Ry, Ry, Rz and R of length N are coupled to the distinctive
groups of outputs Op, Oy, .., Og.1 of the infinite AMC(N,K,0,T). As a result, any single error at
the inputs of the infinite AMC will produce a unique erroneous signature for N shift cycles. In
addition, a second set of parallel output registers R4 and Rs of length Lo and Ly, respectively, are

coupled to the distinctive groups of outputs Oy, Oy, .., Ok-1 of the infinite AMC(N,K,Q,T) such
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that N, Lo, L, are relatively prime. Accordingly, any single error at the inputs of the AMC will
produce a unique erroneous signature for S=60 shift cycles where S=N Lo L1. As a result, double
error masking effect in test responses from at most S consecutive shift cycles is not possible.
Accordingly, a range of the infinite AMC(V,K,0,T) is equal to SN?. Also, since each error has a
unique signature in the compactor range then each single error will produce an erroneous
signature even when the error and one unknown value exist in test responses within the
compactor range (at most S consecutive shift cycles).

[00168] Example 8

[00169] Figure 10 shows a second approach for synthesis of an infinite AMC(V,K,(,T) when
N=4, K=4 and Q =2. In this case, a second set of output registers R4 and Rs of length N, called
here slow registers, which is shifting test data respectively N and N? times slower than output

registers Ry, Ry, Ry and R in the first set. A slow output register is coupled to a group of outputs

and is defined by the following equations: 7™ =0, ®r{,; )., When (f mod N)=0 and

13

r" =0, ®r when (t mod N)* 0 for i={0,1,.., L-1} where o; is the i-th output in the

corresponding group of outputs, 7' is the i-th bit of the slow output register in shift cycle ¢, L is

the length of the slow output register and 0=0 for i={N, N+1,.., L-1}. For the presented infinite
AMC(N,K,Q,T), any single error at the inputs will produce a unique erroneous signature for
S=N? consecutive shift cycles. Accordingly, the range of the infinite AMC(N,K,Q,T) is equal to
NO and it is calculated as a multiplication of the lengths of all output registers.

[00170] Example 9

[00171] Figure 11 shows a third approach for synthesis of an infinite AMC(N,K,(,T) when
N=4, K=4 and Q =2. In this case, a second set includes output registers R4 and Rs, called here
parity output registers, of length Ly and Ly, respectively, such that N, Lo, L; are relatively prime.
Accordingly, each parity output register is coupled to a group of output and is defined by the

following equations: 7" =0, ®0,®..® o, ®r,, and r/"' =r., fori={1,2,.., L-1} where o; is
the i-th output in the corresponding group of outputs, 7 is the i-th bit of the parity output

register in shift cycle 7, and L is the length of the parity output register. As a result, any single
error at the inputs of the infinite AMC will produce a unique erroneous signature for S=60
consecutive shift cycles calculated as N Lo L. Accordingly, the range of the infinite
AMC(N,K,Q,T) is equal to SN,

[00172] Example 10
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[00173] Figure 12 shows a fourth approach for synthesis of an infinite AMC(N,K,Q,T) when
N=4, K=4 and Q =2 in a way that the error masking effect of quadruple errors is minimized
within 10N consecutive shift cycles. Respectively, a first set of parallel output register Roof
length N, a second set of parallel output registers Ry, Ry and Rs of length L; and a third set of
output registers R4 and Rs of length L; are coupled to distinctive groups of N outputs. Output
register Rs, called here a fast register, shifts test data by V=2 positions at a time is defined by the

following equation: 7" =0, 1061 D 71 sitymear T0r i={0,1,.., -1} where o; is the i-th output in
the corresponding group of outputs, 7’ is the i-th bit of the fast output register in shift cycle z, L
is the length of the fast output register, 0=0 for i={N, N+1,.., L-1}, V={2,3}, V and L are
relatively prime. As a result, the range of compactor is N*L;L, and the number of double errors
producing a unique erroneous signature in 10N consecutive shift cycles is maximized.

[00174] In summary, the presented types of output registers (parallel, parity, slow and fast) of
length L>N can be coupled to the same group of outputs in order to increase the range of the
compactor and reduce the error masking effect for even number of errors.

[00175] Example 11

[00176] Figure 13 shows an extended set of modes of an AMC(V,K,Q,T) when N=3 and 7=3.
In mode My, all scan chains are selected for compression. In mode M;, one or more groups of
scan chain are selected for compression. In mode M, scan chains selected for compression are
defined using a sequence of intersection and union operations over the groups of scan chains.
Next, Figure 14 illustrates a structure of commands for the control block that provides a flexible
mode selection. Each command may have up to three fields: mode, indirect selection and direct
selection. In the presented example, the field mode requires up to 3 bits and modes that are
intended to be used more often, for example My, requires few bits than the other modes. The
field indirect selection specifies a limited subset of choices which are defined by a sequence of
intersection and union operations over the groups of scan chains. The number of bits required for
the indirect selection depends on the number of valid choices. Mode M; provides an independent
selection of each group of scan chains and restricted set of two groups of scan chains. Since 9
valid choices are possible, Ggo, Got,...,G22 then assuming a selection of up to 7 pairs of groups of
scan chains the field indirect selection will require at least 4 bits. In addition, the direct selection
may be applied with respect to a particular partition and mode, see for example mode Mz, shown
in Figure 13. Accordingly, the direct selection allows an arbitrary set of groups of scan chains
within a particular partition to be selected for compression. The number of bits for the direct

selection is equal to the number of groups of scan chains associated with this particular partition.
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[00177] Next, each command can be valid for one or more consecutive shift cycles. In
addition, each field may have a different scope. For example, the field mode may be valid for the
whole pattern, the field indirect selection may be valid for a set of consecutive shift cycles, and
the field direct selection may be valid for one shift cycle.

[00178] In summary, the goal of the presented mode selection scheme is to minimize the
control data volume and maximize the observability in the presence of any number of unknown
values in the test responses. The mode selection scheme may be optimized for a certain density
and/or distribution of unknown values based on an analysis of the CUT. Alternatively, the mode
selection scheme may provide a flexible mechanism to optimize the performance of the
compactor circuitry when the density and/or distribution of the unknown values cannot be a
priori determined.

[00179] The presented examples are based on the specific components like: a) constructing a
space compactor using one or more specific output mappings optimized with respect to a specific
mechanism for selecting scan chain for compression which are constructed based on mutually
orthogonal partitions into groups of scan chains; b) connecting multiple output registers of
different length and/or different types to distinctive groups of outputs of the space compactor.
The above mentioned components of the presented method and apparatus for synthesis of space,
finite and infinite AMC(N,K,Q,T) are advantageous to increasing the observability, and reducing
the X-masking and error-masking effects, as well allows efficient diagnosis in compression
mode.

[00180] Figure 15 is a simplified block diagram of a data processing system 100 arranged as
an electronic design automation system implementing the AMC described herein. The system
100 includes one or more central processing units 110, which are arranged to execute computer
programs stored in program memory 101, access a data store 102, access large-scale memory
such as a disk drive 106 or other long term storage based on electrical, magnetic, holographic, or
other mass storage, and to control communication ports 103, user input devices 104, and a
display 105. Electronic design automation systems include a single workstation, and networks of
computers utilized by designers of integrated circuits.

[00181] The electronic design automation uses data processing resources including logic
implemented as computer programs stored in memory 101 for an exemplary system. In
alternatives, the logic can be implemented using computer programs in local or distributed
machines, and can be implemented in part using dedicated hardware or other data processing

resources. The logic in a representative electronic design automation system includes logic
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design tools, design verification tools, synthesis tools, placement tools, routing tools, physical
verification tools and so on. The resources include an AMC synthesis tool as described herein.
[00182] The data store 102 is typically used for storing machine-readable definitions of
circuits, such as high-level description language descriptions, netlists, mask definitions and so
on. Different AMC designs with varying degrees of X-tolerance and aliasing are stored here.
[00183] Analysis of AMC(N,K,0,T)

[00184] Figure 16 shows an improvement of the observability of the combinational
AMC(N,3,1,2) in Example 2 with respect to Peter Wohl, J.A. Waicukauski and S. Ramnath,
“Fully X-tolerant combinational scan compression”, in Proc. IEEE International Test
Conference, 2007. Accordingly, both compactors use the same output mapping for mode My
(referred as a full-observability mode). The fully X-tolerant compactor had a second output
mapping to support a direct-observability mode. The simulation results demonstrated that the
AMC(¥,3,1,2) achieved up to 3 times higher observability with similar hardware overhead and
control data volume when the density of unknown values varies between 0 and 15 percent. As a
result, a reduction in the number of test patterns as well as higher test coverage of the unmodeled
defects is expected. In addition, using a single output mapping in Example 2 simplifies the
compactor architecture.

[00185] Figure 17 shows a relative hardware overhead of the space compactors constructed
based on up to 7 mutually orthogonal partitions in Example 5 with respect to a space compactor
constructed based on Steiner triple system S(2,3,M). In Figure 17, the five graph points at each x
coordinate, going from top to bottom, correspond to the right legend, also going from top to
bottom. Accordingly, at each x coordinate, the topmost graph point corresponds to N=5, the
bottommost graph point corresponds to N=13, etc. For example, a value of 0.5 means the space
compactor of AMC requires 2 times less 2-input XOR gates than the alternative space
compactor. The hardware overhead of the space compactors of AMC was calculated by the
equation V'N? (N-1) + KN (N-I) where ¥ =2 for N<6 and V=3 for N=7. Accordingly, the
hardware overhead of the alternative space compactor was calculated by the following equation
3N>-0 where O is the number of the space compactor outputs. As a result, when K<6, the
hardware overhead of the space compactor of AMC was between 10 and 30 percent smaller than
the hardware overhead of the alternative space compactors.

[00186] Figure 18 shows an improvement in a compression ratio (number of inputs divided by
the number of outputs of the compactor) of the space compactor of the finite AMC(V,4,2,2) in
Example 6 with respect to Janusz Rajski and Jerzy Tyszer, “Synthesis of X-tolerant
convolutional compactors”, in Proc. IEEE VLSI Test Symposium, 2005. Accordingty, for 1000
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and 2000 scan chains, the finite AMC(N,4,2,2) required between 40 and 51 outputs while a
convolutional compactor constructed based on Steiner triple system S(2,3,M) required between
78 and 111 outputs, respectively.

[00187] Figure 19 shows an improvement in the range of the infinite AMC(V,4,2,3) in
Example 7 with respect to Wojciech Rajski and Janusz Rajski, “Modular compactor of test
responses”, IEEE VLSI Test Symposium, 2006. More precisely, the ratio between the ranges of
both compactors was calculated when K=4 and the total length (number of flip-flops) changed
from 20 to 110 in two cases: case 1) the number of output registers of the infinite AMC was
restricted to 7, and case 2) the number of output registers was restricted to 9 and parameter S (a
maximum length of the scan chains) was restricted to 100. Accordingly, for the range between
100K and 10M (scan cells), the infinite AMC required between 40 and 72 flip-flops in the output
registers while the Modular compactor required between 73 and 227 flip-flops in the output
registers.

[00188] According to Wojciech Rajski and Janusz Rajski, “Modular compactor of test
responses”, IEEE VLSI Test Symposium, 2006, a single error occurred in 77% of the failing
patterns, double error in 12%, triple error in 4%, and quadruple error in 2%. Ten or less errors
explained more than 98% of all failing patterns. Let a dictionary based approach be used for
deriving an initial list of fault candidates for an effect-cause diagnosis in compression mode. In
general, the fault candidates producing more than one error in the test responses need to be
included in a dictionary. Accordingly, for single error, the initial list of fault candidates can be
derived by backtracing the CUT starting from the corresponding failing scan cell that can be
uniquely identified within the compactor range. The proposed compactor scheme allows the
double errors to be excluded from the dictionary since a complete list of all potential pairs of
failing scan cells can be easily calculated based on the erroneous signature. Based on the above
assumption, the size of the dictionary will be reduced by 50%.

[00189] Figure 20 shows experimental data of the infinite AMC(N,4,2,3) in Example 7 for
N={3,4,..,13}. This includes the values of parameters N, L;, L, and S (the compactor range in
shift cycles), the number of the scan chains, the total length of the output registers Ry, Ry,.., Rs,
combinational compression ratio and the probability for quadruple error masking within 10N
shift cycles for modes My, M; and M; (assuming that all scan chains, a group of scan chains and
an intersection of two groups of scan chains are selected for compression). Figure 21 shows the
same experimental data for the infinite AMC(N,4,2,3) in Example 10. An improvement in the
probability for the quadruple error masking for Example 10 with respect to Example 7 was

between 2.2 and 4.7 times.
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[00190] Next, the number of potential pairs of failing scan cells that could explain a double
error in test response within 10N shift cycles was estimated. Figure 22 shows the experimental
data for the infinite AMC(N,4,2,3) in Example 10. In Figure 22, the six bars at each x
coordinate, going from left to right, correspond to the right legend, going from top to bottom.
Accordingly, at each x coordinate, the leftmost bar corresponds to N=3, the rightmost bar
corresponds to N=13, etc.

[00191] Accordingly, the maximum number of potential pairs that could explain a particular
double error within 10N shift cycles was 10. When N>9, the probability for unique failure
mapping was higher than 90 percent. The corresponding data for Example 7 were 19 potential
pairs and 75 percent. This experiment demonstrates the efficiency of the proposed approach for
reduction of the number of potential pairs of failing scan cells in order to allow efficient
diagnosis in compression mode. This is the first time that such properties were demonstrated for
the infinite time compactors.

[00192] The degreé of freedom for minimizing the hardware overhead of space compactors of
the AMC and the Modular compactor could be estimated based on group and cluster sharing.
[00193] Let L be the length of the scan chains in the CUT. Also, let lengths of a pair of output
registers A and B be relatively prime and (i,j) be a pair of scan chains, so then the following

condition is valid:
[00194] (i= j mod A) & (i= j mod B) = (i= j mod AB).

[00195]  Accordingly, a common group including the pair (i,j) of scan chains between the pair
of output registers would contain all scan chains and AB would be a factor of L. As a result,
group sharing does exist for the Modular compactor. In contrast, group sharing was used by
coupling same groups of at least one partition to some sequential elements of different output
registers in Examples 7, 8 and 10.

[00196] Let lengths of three output registers A, B and C be relatively prime and (i,j) be a pair

of scan chains then the following condition is valid:
[00197] (i= j mod AB) & (i= j mod AC) = (i= j mod BC)

[00198]  Accordingly, a common cluster including the pair (i,j) of scan chains between pairs
(A,B) and (A,C) of the three output registers exists when BC is a factor of L. As a result, cluster
sharing for the Modular compactor may exist as an exception between at most two pairs of the
three output registers. In contrast, cluster sharing between three output registers was used by the
following partitions X, y, (x+y) mod N for constructing AMC in Examples 6, 7 and 10. In this

case, N? clusters <x,y> of N scan chains are specified by fixing values x and y and changing
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value z for {0,1,2,..,N-1}. By definition, clusters exist between any pair of mutually orthogonal
partitions and all partitions used for constructing the space compactor and input selector of AMC
must be mutually orthogonal. Other cases for cluster sharing between three output registers are
{y, (y+z) mod N, (y*+2z) mod N},{(x+y) mod N, (x+z) mod N, (2x+y+z) mod N} and {x,
(x+y+z) mod N, (2x+y+z) mod N} discussed in Examples 3, 4 and 5.

[00199]

[00200] While the present invention is disclosed by reference to the preferred embodiments
and examples detailed above, it is to be understood that these examples are intended in an
illustrative rather than in a limiting sense. It is contemplated that modifications and
combinations will readily occur to those skilled in the art, which modifications and combinations
will be within the spirit of the invention and the scope of the following claims. What is claimed

is:
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An apparatus, comprising:

an integrated circuit including circuitry compacting test response data from scan chains in

the integrated circuit under test, the circuitry comprising:

2.

a first set of logic gates coupled to the scan chains;

a plurality of output registers receiving the test response data from the scan chains
via the first set of logic gates, said plurality of output registers including sequential
elements and a second set of logic gates that process the test response data with stored
data in said output registers,

(1) wherein a scan chain is coupled to at least one sequential element within each
register of said plurality of output registers, and

* (ii) wherein clusters of the scan chains are coupled to output registers of said
plurality of output registers, such that the clusters are a subset of the scan chains
including at least two scan chains, and such that for output register triplets including three
output registers from the plurality of output registers, the output register triplets include
at least a first pair of output register pairs and a second pair of output register pairs, the
first pair and the second pair have at least one different output register pair, and wherein a
first common cluster of scan chains is shared between the output register pairs of the first
pair, and a second common cluster of scan chains is shared between the output register

pairs of the second pair.

The apparatus of claim 1, wherein at least one of the cluster of scan chains is shared

between registers of the plurality of output registers, such that a sequential element of a first

register of said plurality of output registers shares a cluster with a sequential element of a second

register of said plurality of output registers.

3.

The apparatus of claim 1, wherein at most one scan chain is shared between the scan

chains coupled to the sequential elements of different registers of said first plurality of output

registers.

4,

The apparatus of claim 1, wherein registers of said plurality of output registers have

lengths of sequential elements and the lengths of at least two registers of said plurality of output

registers have a greatest common divisor different than 1.
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5. The apparatus of claim 1, wherein at least one register of the plurality of output registers

has at most one feedback loop.

6. The apparatus of claim 1, wherein at least two registers of the plurality of output registers

are coupled to each other sequentially.

7. The apparatus of claim 1, wherein at least two registers of the plurality of output registers
are coupled to each other sequentially and said at least two registers of the plurality of output

registers have at least one common feedback loop.

8. A method, comprising:

compacting test response data from an integrated circuit comprising a plurality of bits and
a plurality of output registers;

mapping sequential elements of the output registers of said plurality of output registers
into corresponding sets of bits of the test response data such that a bit of the test response data
belongs to at least one corresponding set of the sequential elements of an output register of said
plurality of output registers,

wherein at least one of the following conditions is satisfied:

(i) groups of the scan chains are coupled to output registers of said plurality of
output registers, such that the groups are a subset of the scan chains including at least two
scan chains, and such that a same group of the groups of the scan chains is coupled to
sequential elements of different output registers of said plurality of output registers; and

(ii) clusters of the scan chains are coupled to output registers of said plurality of
output registers, such that the clusters are a subset of the scan chains including at least
two scan chains, and such that for output register triplets including three output registers
from the plurality of output registers, the output register triplets include at least a first
pair of output register pairs and a second pair of output register pairs, the first pair and
the second pair have at least one different output register pair, and wherein a first
common cluster of scan chains is shared between the output register pairs of the first pair,
and a second common cluster of scan chains is shared between the output register pairs of

the second pair.

9. The method of claim 8, wherein at most one bit is shared between the corresponding sets
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of bits of a set of sequential elements, the set of sequential elements including at least one

sequential element from the output registers of said plurality of output registers.

10. The method of claim 8, wherein

(i) an incorrect state in a sequential element of said plurality of output registers is an
indication of the following conditions in the corresponding set of bits: (1) at least one unknown
bit and (2) odd number of error bits, and

(ii) a maximum number of incorrect states in the sequential elements of one register of

the plurality of output registers is an estimate of a number of bit errors in the test response data.

11.  The method of claim 8, wherein two error bits in the test response data produce an
erroneous signature, the method further comprising

(i) analyzing the erroneous signature to calculate a list of sets of error bits that explain the
erroneous signature;

(ii) mapping the sets of error bits into a list of failing scan cells in the integrated circuit;
and

(iii) deriving an initial list of fault candidates for diagnosis based on the list of failing

scan cells.

12.  The method of claim 8, further comprising

(i) calculating erroneous signatures for a set of test patterns by injecting a first fault in the
integrated circuit,(ii) analyzing erroneous signatures to calculate lists of sets of error bits that
explain the erroneous signature, and

(iii) based on a quantity of the sets of error bits that explain the erroneous signatures of
the first fault, determining whether to store the erroneous signatures and whether to store a

pointer to the first fault into a fault dictionary.

13.  The method of claim 12, further comprising:

(i) calculating erroneous signatures for the set of test patterns by injecting a second fault
in the integrated circuit, wherein both the first fault and the second fault are in a same fanout free
region;

(ii) analyzing erroneous signatures to calculate lists of sets of error bits that explain the

erroneous signature,

(iii) quantifying the sets of error bits that explain the erroneous signatures of the first fault
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and the second fault, and

(iv) based on the quantity of the sets of error bits that explain the erroneous signatures of
the first fault and the second fault, determining whether to store the erroneous signatures and

whether to store a pointer to the same fanout-free region into the fault dictionary.

14.  The method of claim 12, wherein based on the fault dictionary, an initial list of fault

candidates is derived for diagnosis in compression mode.

15. A computer-implemented method, comprising:
synthesizing a compactor circuit of an integrated circuit to compress test response data
unloaded from a plurality of scan chains of the integrated circuit under test, by dividing a
plurality of scan chains among at least groups, clusters and a plurality of partitions, such that a
scan chain of the plurality of scan chains belongs to at least one group for each partition of the
plurality of partitions; and
coupling the groups of scan chains via logic gates to a plurality of output registers such
that at least one of the following conditions is satisfied:
(i) a group of the groups of the scan chains is coupled to sequential elements of
different output registers of said plurality of output registers such that the groups are a
subset of the scan chains including at least two scan chains; and
(ii) clusters of the scan chains are coupled to output registers of said plurality of
output registers, such that the clusters are a subset of the scan chains including at least
two scan chains, and such that for output register triplets including three output registers
from the plurality of output registers, the output register triplets include at least a first
pair of output register pairs and a second pair of output register pairs, the first pair and
the second pair have at least one different output register pair, wherein a first common
cluster of scan chains is shared between the output register pairs of the first pair, and a
second common cluster of scan chains is shared between the output register pairs of the

second pair.

16.  The method of claim 15, wherein output registers of the plurality of output registers have
lengths of sequential elements and the lengths of at least one pair of the output registers have a

greatest common divisor different than 1.

17. The method of claim 15, wherein at least one cluster of the clusters is shared between the
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groups, such that a first group of a first partition of said plurality of partitions shares a common

cluster with a second group of a second partition of said plurality of partitions.

18.  The method of claim 15, further comprising:
applying at least one of the following configurations to the compactor circuit:
(i) at least one output register of the plurality of output registers has at most one
feedback loop,
(ii) at least two registers of the plurality of output registers are coupled to each
other sequentially, and
(iii) at least two registers of the plurality of output registers are (a) coupled to

each other sequentially and (b) have at least one common feedback loop.

19.  The method of claim 15, further comprising:

assigning a unique 2-tuple including at least (x,y) to each scan chain of the plurality of
scan chains and deriving partitions of the plurality of partitions using at least the following
formulas: {x, y, (x+y) mod N} wherein (i) each formula specifies up to N groups of a partition of
said plurality of partitions such that, for each scan chain including at least (x,y) wherein each of
X,y is an integer in a range of 0 to N-1, a value of said each formula specifies a group of the
groups for said each scan chain for the partition of said plurality of partitions and (ii) common
clusters of the clusters are shared between the groups of said plurality of partitions such that each
group of a first partition of said plurality of partitions shares one or more of the common clusters

with each group of a second partition of said plurality of partitions.

20.  The method of claim 15, further comprising:
injecting multiple error bits in the test response data to quantify an ability of the
compactor circuit to identify the injected multiple errors and applying at least one of the
following steps to improve the ability of the compactor circuit to identify the injected multiple
erTors:
(i) increasing a number of partitions of said plurality of partitions,
(ii) increasing a number of groups of at least one partition of said plurality of
partitions,
(iii) increasing a number of sequential elements of at least one output register of
the plurality of output registers, and

(iv) changing mapping between (a) the groups of scan chains within one partition
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13 the plurality of output registers.
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