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(54) Title: CLASSIFYING DEFECTS IN A SEMICONDUCTOR SPECIMEN

200

RECEIVE PLURALITY OF DEFECTS CLASSHFIED BY & 1 CLASSIFIER TO A
MAJORITY CLASS, WHEREN AT LEAST ONE DEFECT BELONGS TO MAJORITY
CLASY AND AT LEAST ONE DEFECT BELONGS TO A MINORITY GLASS, EAGK
DEFECT ASSOCIATED WITH VALUES FOR ATYRIBUTES

204

;

SFLECT ATTRIBUTE SUBRSET ANMD A4 DIFFERENTIATOR FOR EACH ATTRIBUTE,
SUCH THAT 3 2 CLASSIFIER CLASSIFVING ACCORDING TO STTRIBUTES
CLASSIFIES CORRECTLY TO MAJQRITY AND MINORIY CLASSES AV LEAST A
PREDETERMINED PART OF DEFECTS FROM THE PLURALITY OF DEFECTS

L 212

GENERATE TEMPORARY TRANING SET COMPRISING. PARY OF THE PLURALITY
OF DEFECTS YHAT HAVE BEEN CLABSIFIED TO THE MAJORITY GLASS, PART OF
PLURALITY OF DEFECTS THAT HAVE BEEN CLASSIFIER TO THE MINORITY
CLAES, AND ADDITIONAL DEFECTS

\L 216

TRAR A CONFIDENCE LEVEL ENGINE UPON THE TEMPORARY TRAINING BET,
THE ATTRIBUTE SUBSET AND THE DIFFERENTIATORS, THE CONFIDENCE LEVEL
ENGINE CONFISURED TO OBTAIN A CONFIBENCE LEVEL FOR A DEFEST TO
BELONG TG THE MAJORITY CLASS

4 220

APPLY THE CONFIENCE LEVEL ENGINE TO POTENTIAL DEFECTS TO OBTAIN
CONFIDENGE LEVEL FOR DEFECTS CLASSIFIED T4 THE BIAJORITY CLASE

i- 224

CQUTPUT DEFECTS CLASSFED TO MAJORITY CLASS WATH CONFIDENGE LEVEL
BELOW THRESHOLD

FiG@. 2

(57) Abstract: There are provided a classifier and method of classi-
fying defects in a semiconductor specimen. The method comprises
receiving first defects classified into a majority class, while some de-
fects belong to minority class(es) and some to the majority; selecting
an attribute subset and defining differentiators for attributes so that
a second classifier correctly classifies, at least part of the defects, to
minority and majority classes using the attribute subset and differen-
tiators; generating a training set comprising: defects of the majority
and minority classes and additional defects which the second classi-
fier classifies as minority; training, upon the training set, subset, and
differentiators, an engine obtaining a confidence level that a defect
belongs to the majority class; applying the engine to second defects
classified to the majority class to obtain a confidence level of classi-
fying each defect to the majority class; and outputting defects having
a low confidence level as belonging to minority class(es).
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CLASSIFYING DEFECTS IN A SEMICONDUCTOR SPECIMEN

TECHNICAL FIELD

[0001] The presently disclosed subject matter relates, n gencral, to the ficld of
examination of a specimen, and more specifically, to methods and systems capable of

automated detection of defects to be classified to a monitory class of defects.
BACKGROUND

[0002] Current demands for high density and performance associated with ulira large
scale integration of fabricated devices, require submicron features, increased transistor
and circuit speeds, and improved reliabiity. Such demands require formation of device
features with high precision and uniformuty, which, in fumn, necessitate careful
monitoring of the fabnication process, including frequent and detailed examination of

the devices while they are still in the form of semiconductor specimens.

[0003] The term “specimen” used in this specification should be expansively construed
to cover any kind of wafer, mask, and other structures, combinations and/or parts
thereof used for manufacturing semiconductor integrated circuits, magnetic heads, flat

panel displays, and other semiconductor-fabricated articles.

[0004] The term "defoct” used in this specification should be expansively construgd to

cover any kind of abnormality or undesirable feature formed on or within a specimen.

100051 The complex manufactuning process of specimens is not error-free and such
errors may cause faults in manufactured devices. Such faults may include defects that
can harm operation of the device, and nuisances, which may be defects, but do not cause
any harm or malfunction of the manufactured device. By wav of non-limiting example,
defects may be caused during the manufactuning process, due to faults in the raw
material, mechanical, electrical or optical errors, human errors or others. Further,
defects may be caused by spatio-temporal factors, such as temperature changes of the
wafer pocurring after one or more manufacturing stages during the examination process,

which may cause some deformations of the wafer. The examination process can also

PCT/IL2019/051284
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mtroduce further alleged errors, for example due to optical, mechanical or clectrical
problems in the examination equipment or process, which thus provide imperfect
captures. Such errors may produce false positive findings, which may seem to contain

a defect, but no actual defect exists at the arca.

(@]

10006] In many applications, the type, or class, of a defect is of importance. For
example, a defect may be classified into one of a number of ¢lasses, such as a particle,

a scratch, process, or the like.

[0007] The term "majority class” used in this specification should be expansively

constried to cover any kind or class of defects which oceurs frequently. For example,

[
o

a clags may be considered a majonity class if at least a predetermined number of defects
of the class occur when examining a specimen, at least a predetermined part of the
defects detected when examining a specimen belong to the class, the number of
encountered defects belonging to the class is sufficient for training a classifier to

recognize a defect as belonging to the class, or other criteria.

(€l

100081 The term "minority class” used in this specification should be expansively

[

construed to cover any kind or ¢lass of defects which do not occur frequently, and thus
msufficient statistics are available for generating a rehable classification model by
traiming a classifier to classify defects to this class. For example, a class may be
considered a minority class it fess than a predetermined nunther of detects of the class
20 occur when examining a specimen, less than a predetermined part of the defects
detected when examining a specimen belong to the class, the number of encountered
defects belonging to the class is insufficient for training a classifier to recognize a defect

as belonging to the class, or the like.

10009] Unless specifically stated otherwise, the term “examination” used in this
25 specification should be expansively construed to cover any kind of detection and/or
classification of defects in an object. Examination is provided by using non-destructive
gxamination tools during or after manufacture of the object to be examined. By way of
nop-hmiting example, the examination process can include scanning (in a single or in
multiplc scans), sampling, reviewing, measuring, classifying and/or other operations

30 provided with regard to the object or parts thereof, using one or more examination tools.
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Likewise, cxamination can be provided prior to manufacture of the object to be
examined and can include, for example, generating an examination recipe(s). It 1s noted
that, unless specifically stated otherwise, the term “examination” or its derivatives used
1 this specification, is not himited with respect 1o the size of the mspecied arca(s), to
the speed or resolution of the scanning, or to the type of examination tools. A variety
of non-destructive examination tools includes, by way of non-limiting example, optical

tools, scanning electron microscopes, atomic force microscopes, gic.

[0010] The exanunation process can include a pluraiity of examination steps. During
the manufacturing process, the examination steps can be performed a multiphicity of
umes, for example after the manufacturing or processing of certain layers, or the like.
Additionally or alternatively, each examination step can be repeated multiple times, for
example for different specimen locations or for the same specimen locations with

different examination setiings.

[0011] By way of non-limiting example, run-time examination can emplov a two-step
procedare, ¢.g. inspection of a specimen followed by review of sampled defects. During
the inspection step, the surface of a specimen or a part thereof (¢ .g. arcas of interest, hot
spots, etc.) is typically scanned at relatively high-speed and/or low-resolution. The
captured mspection image 18 analyzed m order to detect detects and obtain locations
and other inspection attributes thercof. At the review step the images of at least some
of the defects detected during the inspection phase are, tvpically, captured at relatively
tow speed and/or hugh-resolution, thereby enabling classification and, optionally, other
analyses of the at least some of the defects. In some cases, both phases can be
implemented by the same inspection tool, and, in some other cases, these two phasgs

arc implemented by different inspection tools.
GENERAL DESCRIPTION

100121 In accordance with certain aspect of the presently disclosed subject matter, there
1s provided a system to classify defects in a specimen into a plurality of classes. The
sysiem comprige a processor and memory circutiry {(PMC) configured to: receive a
plurality of defects classified by a first classifier into a majority class, wherein one or

more defects from the plurality of defects belong to one or more minority classes and

PCT/IL2019/051284
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at least part of the defects from the plurality of defects belong to the majority class, and
wherein each defect from the plurahity of defects is characterized by plurality of
attributes each having a respective value; select a subset of the phurality of atiributes
and define a differentiator for cach attribute of the subset, such that a second classifier
contigured to classify defects in accordance with the subset and the differentiator for
cach respective attribute, classifies correctly to the one or more minority classes and
the majority class at least a predefined share of defects from the plurality of defects;
generate a tomporary training set, the temporary training set comprising: at least part of
the defects from the plurality of defects that belong to the majority class, at least part
of the defects from the plurality of defects that belong to the minornty class, and
additional defects having values for the subset of attribute such that the second classifier
classifies the additional defects to the minority class; train an cngine configured to
obtain a confidence level that a defect charactenized by first values of the subset of
attributes belongs to the majority class, wherein traiming is performed upon the
temporary training set, the subset of attnbutes and the differentiator for each attnibute
of the subset; apply the engine to each given defect from a second plurality of defects
that 13 classified to the majority class, to obtain a confidence level of classifving the
given defect to the majority class; and output defects from the second plurality of
defects having a confidence level lower than a predeternined threshold, the defects
therchy assumedly belonging to the one or more minority classes.

10013] In accordance with further aspects of the presently disclosed subject matter, the
PMC can be further configured to generate additional defects classifiable by the second
clasaifier to the one or more minority classes and including the additional defects mto
the temporary training set. At least one of the additional defects can be a synthetic defect
generated as a plurality of first values, cach first value associated with an atiribute from
the subset in accordance with a differentiator for cach atiribute of the subset. By way
of non-limiting example, a first value associated with a given attribute can be
determined as a value between a value of the given attribute of a first defect belonging
o the one or more minornty classes and a value of the given attribute of a second defect
neighboring the first defect and belonging to the majority class, as a value of the given

attribute of a defect belonging to the one or more nunority classes, etc.

PCT/IL2019/051284
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[0014] In accordance with further aspects of the presently disclosed subject matter, the
PMC is further configured to: wentify at least part of the output defects as belonging to
the one or more minority classes; update the first classifier by training the first classifier
on atraining sot including at least some defocts from the plurality of defects that belong
to the one or more minority classes, at least some defects from the plurabity of defects
that belong to the majority class, and the output defects 1dentified as belonging to the
one or more minority classes; and update the plurality of defects classified by the first
classifier to the majornity class and output the defects appeared upon updating and for
which the engine obtains a confidence level below the threshold.

[0013] In accordance with other aspects of the presently disclosed subject matter, there
1s provided a method of classifving defects, the method execuied by a computing
platform comprising a processor and memory circuitry (PMC). The method comprises:
receiving by the PMC a plurality of defects classified by a first classifier into a majority
class, wherein one or more defects from the plurality of defects belong to one or more
minority classes and at least part of the defects from the plurality of defects belong to
the majonty class, and wherein each defect from the plurality of defects 18 characterized
by plurality of attributes cach having a respective value; selecting by the PMC a subset
of the plurality of attributes and define a differentiator for cach attribute of the subset,
such that a second classifier configured to classify defects in accordance with the subset
and the differentiator for cach respective attribute, classifies correctly to the one ormore
minority classes and the majority class at least a predefined share of defects from the
plurality of defects: generating by the PMC a temporary training set, the femporary
training set comprising: at least part of the defects from the plurality of defects that
belong to the majority class, at least part of the defects from the plurality of defects that
belong to the minority class, and additional defects having values for the subset of
attribute such that the second classifier classifies the additional defects to the nunority
class; training by the PMC an engine configured to obtain a confidence level that a
defect charactenzed by first values of the subset of attributes belongs to the majority
class, wherein training is performed upon the temporary training set, the subset of
attributes and the differentiator for cach attribute of the subset; applving by the PMC

the engine to each given defect from a sccond plurality of defects that s classified to

PCT/IL2019/051284
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the majority class, to obtain a confidence level of classifying the given defect to the
majority class; and outputting by the PMC defects from the second plurality of defects
having a confidence level lower than a predetermined threshold, the defects thereby
assumedly belonging to the one or more minority classes.

[0016] In accordance with further aspects of the presently disclosed subject matter, the
method can further comprise generating additional defects classifiable by the second
classifier to the one or more minority classes and including the additional defects into
the temporary training set. At least ong of the additional defects can be a synthetic defect
generated as a plurality of first values, each first value associated with an attribute trom
the subset in accordance with a differentiator for each attribute of the sabset.

100171 In accordance with further aspects of the presently disclosed subject matter, the
method can further comprise: identifying at least part of the output defects as belonging
to the one or more minority classes; updating the first classifier by training the first
classifier on a training set including at least some defects from the plurality of defects
that belong to the one or nmore minority classes, at least some detects from the plurality
of defects that belong to the majornity class, and the output defects identified as
belonging to the one or more minority clagses; and updating the plurality of defects
classified by the first classifier to the majority class and outputting the defects appeared

upon updating and for which the engine obtains a confidence level below the threshold.

[0018] Among advantages of certain embodiments of the presently disclosed subject
matter is enhanced monitoring a success criteria or measurc set by a user, the success
criterta related to automated defect classification. Some non-limiting examples of
success criterta include classification purity of one or more classes, classification

accuracy of one or more ¢lasses, and extraction.

[0019] Among further advantages is optinuzing the classification results in accordance
with user requirements, by correcting the effect of an imbalanced training set, by
wdentifying further defects of one or more minornty classes, and classifving correctly

defects which have been unclassifiable prior to utilizing the disclosure.

PCT/IL2019/051284
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BRIEF DESCRIPTION OF THE DRAWINGS
[0020] In order to understand the mvention and to see how it may be carred out
practice, embodiments will now be described, by way of non-limiting example only,

with reference to the accompanying drawings, in which:

[0021] Fig. 1 illustrates a generalized block diagram of an examunation system in

accordance with certain embodiments of the presently disclosed subject matter;

[0022] Fig. 2 illustrates a generalized flow-chart of a method of identifving defects that
may belong to a minority class, in accordance with certain embodiments of the presently

disclosed subject matter;

[0023] Fig. 3 illustrates a confusion matrix of defect classification, 1n accordance with

certain embodiments of the presently disclosed subject matter;

[0024] Fig. 4 illustrates exemplary two-dimensional defects upon which additional
defects can be generated, in accordance with certain embodiments of the presently

disclosed subject matter; and

[0025] Fig. 5 illustrates a generalized flow-chart of a method of reviewing a specimen

in accordance with certain embodiments of the presently disclosed subject matter,
DETAILED DESCRIPTION OF EMBODIMENTS

[0026] In the following detailed description, numerous specific details are set forth in
order to provide a thorough understanding of the mvention. However, it will be
understood by those skilled in the art that the presently disclosed subject matter may be
practiced without these specific detads. In other instances, well-known methods,
procedures, components and circuits have not been described in detail so as not to

obscure the presently disclosed subject matier,

[0027] Unless specifically stated otherwise, as apparent from the following discussions,

it 18 appreciated that throaghout the specification discussions utihizing terms sach as

1 - M " L] M "1 L1 oy - M Rl " M 1 1 - M ~ 1t €6 i v eyt =

processing”, "computing”, "representing”, "calculating”, "generating”, “assigning”,
LI 1] "non " on

“selecting”, "determining”, "receiving”, "traiming”, "applyving”, "outputting” or the like,

refer to the action{s) and/or process{es) of a computer that manipulate and/or {ranstorm

PCT/IL2019/051284
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data mnto other data, said data represented as physical, such as clectronic, quantitics
and/or said data representing the physical objects. The term “computer” should be
expansively constroed to cover any kind of hardware-based electronic device with data
processing capabilitics including, by way of non-limiting cxample, the classifier and

PMC therein disclosed in the present application.

10028] The terms "non-transitory memory” and “non-transitory storage medinm” used
herein should be expansively construed to cover any volatile or non-volatile computer

memory suitable to the presently disclosed subject matter.

100291 It 1s appreciated that, unless specifically stated otherwise, certain features of the
presently disclosed subject matter, which are described in the context of separate
embodiments, can also be provided in combination itn a single embodiment.
Conversely, various features of the presently disclosed subject matter, which are
described 1n the context of a single cmbodiment, can also be provided separately or in
any suitable sub-combination. In the following detailed description, numerous specific
details are set forth i order to provide a thorough understanding of the methods and

apparatus.

[0030] The term "defect” in a specimen used in this specification should be expansively
constroed to cover any kind of abnormality or undesirable feature formed on or within

a specimen.

[0031] The term "known to belong to a class” used in this specification should be
expansively construed to cover any classification of a defect to a class which is
considercd ground truth, for example classification made by a human user,

classification made by a trusied classifier, or the like.

106032] The term "classification” used in this specification should be expansively
construed to cover any assignment of a defect to one of a plurality of predetermined
classes. Typically, a classifier is trained upon defects known to belong to each of the
required classes. Once training s done, the classifier can be used for classifying defects

mto any of the classes, whether 1t is known which class the defect belongs to or not,

[0033] A given defect can belong to a majonty class or aminornity class. When applyving

a classifier to a set of detects, most of the defects will be automatically classified by the

PCT/IL2019/051284
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classifier to majority classes. However, due to an insufficient number of training defects
which are known to belong to minority classes, many minority defects will also be
erroneously classified to majority classes. Since only a fraction of the defects detected
during mspection are further examined during review, the probability of a minority

defect classified to a majority class to be reviewed 1s low.

10034] The under-representation of defects of certain populations, ¢.g., minority
classes, when training a classifier, is thus a secrious concern in the fabrcation and

examination process, for a number of reasons.

100351 First, wrong classification may fead to inaccurate evaluation of the quality of
the exanunation process. Due to the low representation of minority defects, the mpact
of minority defects on the process evaluation is low, therefore the quality of the whole

process may be inaccurately evaluated.

[0036] Second, the stability of the examination process may be low: as smaller
populations are more valnerable to changes when defects are misclassified, a small
number of defects, or even a single defect, may significantly affect the standard
deviation of the process evaluation. It is thus bard to stably evaluate the cxamination

process.

[0037] Third, the mere classification errors cause defects which may be foo severe 1o
go unhandled. Moreover, significant efforts are put into eliminating some very severe
defects, resulting in fewer remaining defects of these types. Thus, if such defects are
under-represented in the training process, further defocts will not be classified to their

classes, which may cause severe problems in the specimen to go unnoticed; and

[0038] Fourth, cortain tvpes of defects, although referred to as belonging to the same
class, may have different characteristics. For example, defects of type “particle”™ may
be significantly different in metal and m silicone. By not identifving and training
specitic munority classes, important formation related to particular defects may be
fost.

[0039] Bearing this in mind, attention is drawn to Fig. 1 iHustrating a generalized block
diagram of an examination system in accordance with certain embodiments of the

presently disclosed subject matter. Examination system 100 iilustrated in Fig. 1 can be

PCT/IL2019/051284
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used for examination of a specimen {¢.g. of a wafer and/or parts thercof) as a part of
specimen fabrication. Examination can be part of the object fabrication, and can be
carried out during manufacturing of the object, or afterwards. The examination system
can comprisc a vanety of examination tools, for example, one or more mspection
examination tools 181 configured to capture imspection images {(tvpically, at relatively
high speed and/or low resclution}, and one or more review examination tools 162
configured to capture review images of at least part of defocts detected by mspection
tools 101 (typically, at relatively low speed and/or high resolution). The illustrated
examination system 1080 further comprises a compuier-based automated defect
classifving tool (referred to herginafter also as a classifier) 163 capable of antomatically
classifying defects into a plurality of classes in accordance with the defects type. By
way of non-limiting cxample, classification may have different purposes, and the
classification results can be used to identify specific defects of interest (Do), filter false
defects from tree defects, establish Pareto in order to identify excursions in statistical

process control (SPC), and/or otherwise, in accordance with classification purposes.

100401 A user can define the classes and the defects assigned to cach class for training

a classification engine 121 with the help of GUIL 108. Further, GUI 108 may be

criteria or measures related to automated defect classification, such as punity, accuracy,
extraction, or other parameters separately for each class, and to optimize the

classification results in accordance with user requirements.

10041] Classifier 183 can be operatively connected to one or more inspection tools 181
and/or one or more review tools 182, Optionally, classifier 183 can be fully or partly
mtegrated with one or more inspection tools 161 or with one or more review tools 102
Classifier 183 can be further operatively connected to design server 116 and data

reposttory 109,

[0042] A specimen can be examined by mspection tool 181 (e.g. an optical mspection
system, low-resolution SEM, eic.}. The resulting images and/or derivatives can be
processed (optionally together with other data as, for example, design data and/or defect

classification data) to select defects for review,

PCT/IL2019/051284
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[0043] A subset of potential defect locations selected for review can be reviewed by
review tool 102 (eg. a scanming electron microscope {(SEM) or Atomic Force
Microscopy { AFM), ¢tc.). Data (referred to heremnafter as review data 122) informative
of review images and/or derivatives thereof and respective associated metadata can be
5 transmitted - directlv or via one or more intermediate systems - to classifier 103, It is
noted that review data can include data generated by the one or more intermediate

systerms as derivatives of review images.

[0044] Classifier 103 comprises a processor and memory circuitry (PMC) 104
operatively connected to a hardware-based input interface 105 and to a hardware-based
10 output interface 106. PMC 104 is configured to provide processing necessary for
operating the classifier as turther detailed with reference to Fig. 2, and comprises a
processor and a memory (not shown separately within PMC 184). Operation of

classifier 183 and PMC 184 will be further detailed with reference to Figs. 2-4.

[0043] Processing results of Classifier 183 output by output interface 106, may be
15 provided as inspection instruction related data 123 or review mastruction related data
124 to inspection examnation tools 181 or review examination tools 182, respectively,
i order to change their operation, for example by changing values of operation

parvameters.

[0046] Those skilled in the art will readily appreciate that the teachings of the presently
20 disclosed subject matier are not bound by the system illustrated in Fig. 1; equivalent
and/or modified functionality can be consclidated or divided in another manner and can
be mmplemented i any appropriate combination of softwarc with firmware and

hardware.

[0047] It 1s noted that the examination system illustrated i Fig, 1 can be implemented
25 m a distributed computing environment, in which the aforementioned functional
maodules shown in Fig. 1 can be distributed over several local and/or remote devices,
and can be hinked through a communication network. It is further noted that in other
embodiments at least part of the examination tools 161 and/or 182, data repositorics
109, storage system 107, design server 119 and/or GUI 108 can be cxtemal to the

30 examination system 100 and operate in data communication with classifier 103 via
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mput mterface 108 and output interface 106, Classifier 163 can be implemented as a
stand-alone computer(s} to be used m conjunction with one or more examination tools.
Optionally, classifier 183 can operate on pre-acquired review data stored m data
reposttorics 109 and/or storage svstem 107, Altematively or additionally, the respective
functions of classifier 103 can, at least partly, be mitegrated with one or more
examination tools, process control tools, recipe generation tools, systems for automatic

defects review and/or classification, and/or other systems related to examination.

[0048] PMC 104 can comprise minority defect identification engine 117, training
engine 128 and one or more classification engines 121. Minority defect identification
engine $17 can be used for wdentifying minority defects which can be used by training

engine 124 to train one or more classification engines 121,

10049] Minornity defect identification engine 117 can comprise initial minority defects
obtaining engine 118 for identifving minority defects for which ground truth exists, and
which are erroncously classified by a classification engine 121 to majority classes.
Minority defect identification engine 117 can further comprise additional minornty
defects obtaining engine 119 configured to identify defects that are likely to be minornity
defects, but for which no ground truth exists. A user can then review these defects, and
determune whether any one or more of the defects is indeed a minonty defect. Once a
sufficient number of minority class defects are available, traming enging ¥20 can be

used for training a classification engime, also referred to as classifier 121,

10030] PMC 104 can comprise training engine 128 configured to receive a multiplicity
of defects cach with a corresponding classification, and output a classifier adapted to

receive a defect and provide a class to which the defect s classified.

[0051] PMC 104 can comprise one or more classification engines 120, also referred to
as classificrs, which may be trained by training cngine 118 or by another iraining
engine, or received from an external source. As detailed below, one such engine can be
an initial engine trained with an insufficient number of minority defects, and another

engine can be trained with further defects.

[0052] Referrmg 1o Fig. 2, there is illustrated a generalized flow-chart of operating

minority defects identification engine 117 in accordance with certain embodiments of

PCT/IL2019/051284
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the presently disclosed subject matter. PMC 104 is configured to execute the respective
operations detaijed below in accordance with compuier-readable instructions

implemented on a non-transttory computer-readable storage medium.

[0053] Reference 1s now made to Fig. 3, demonstrating majority and minority classes

(@]

and classification thereto, in the form of a “confusion matrix”. The term “confusion
matrix” should be expansively constreed fo cover any table layout alowing

visualization of ground truth classification vs. automated classification resulbts.

[0054] Thas, table 30¢ of Fig. 3 shows human vs. machine classification of a total of
250 defects, detected for example during inspection of an exemplary specimen, cach
10 defect belonging to one of classes A, B, C or D. Table 360 comprises rows 304, 308,
312 and 316, cach related to defects of each class, as classified by a user, therefore this
assignment £ classes is referred to as "grouad trauth". The number of defects classified
by the user are as shown in "total” colunm 332 60 of Class A, 44 of Class B, 119 of

Class C and 27 of Class D).

15 [0035] A defaolt or any other imitial classifier is also used, which classifies the defects
as shown in columns 326, 324 and 328 of table 306 for example, 52 defects of Class A
have been indeed classified to Class A, 2 defects of Class B have been classified as

class C, and so on.

[0056] Most of the defects of Classes A, B and € are classified correctly, as shown on
20 the first three entries of the main diagonal of table 460: 52 out of 60 for Class A, 38 out
of 44 for Class B, and 110 of 119 for Class . Thus, classes A, B, and C are considered
majority classes. However, no defect, of any class, has been classified to Class B, This
15 hikely becanse there were not enough defects of Class D when the classifier was
trained, thus the classifier could not classify defects to this class. Thus, Class D 1s
25  referred to as a minority class, and defects of this class are classified to the majority
classes. It is theretore required to find more Class D) defects, in order to train a classifier
accordingly.
(00571 Referring now back to Fig. 2, PMC 104 receives (208} a plurality of defects
which are classified by a first classifier into a first majority class. The received defects

30 have been pre-classified into predefined classes (2.g. by a human expert and/or another
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classifier and/or a previous classifier’s version, ctc ), such that this pre-classification is
considered ground truth. Thus, PMC 184 receives defects which belong to the same

majority class, or to a minority class.

[0038] For example, PMC 104 may receive the defects assigned by the first classifier

(@]

to one class, for example Class A shown on col. 320, and which are known to belong
to class A or to class D. Defects classified to class A but belonging to other majority
classes, for example the 4 defects belonging to Class B and the 3 defects belonging to
Class C, are ignored. Therefore, it 1s required to differentiate between the 32 defects of
Class A rightfully classified to Class A and the 3 defects of Class D erroneously

10 classified to Class A.

[0059] Each defect may be described as a collection, for example a vector, of values
assigned to various attributes. Typically, sach defect may be described as values
assigned to hundreds or more attributes, related for example to its type, color, size,

focation, cause, or the hke.

15 [0060] PMC 184 can then select (284} a subset of the attributes and define a
differentiator for each attribute of the subset, in order to differentiate correctly between
the defects belonging to the majority class and the defects belonging {o the munority
class. The attribute sabset selection may be referred to as dimensionality reduction.
When there are more dimensions (i.c., attributes) than defects, it is mathematically

20 possible to make such differentiation. However, reducing the number of dimensions
may be useful in enhancing the gencralization, e.g., the differentiation stability, sach

that additional defects can be classified as well to either class.

[0061] Differentiation may be described as a temporary classifier based only on the
selected attribute subset, and classifving the defects into the majority and minority
25  classes. It will be appreciated that differentiating correctly between the defects assigned
to the majority class and the defects assigned to the munority class, may relate to at least
a predetermined part of the majority class defects being classified to the majonity class,
and at least a {possibly different) predetermined part of the minority class defects being

classified to the minority class. A predotermined part may relate to a predetermined
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percentage of the respective defocts, at least a predetermined number of the respective
defects, or the hike.
100621 In case an attnbute may receive a sequence of values, for example a discrate or

continuous range, the differentiator may be a cutoff point, such that defects having

(@]

values exceeding the threshold are associated with one class, while defects having
values below the threshold are associated with the other class. If the attribute may
receive one of two possible values, for example 0 or 1, the differentiator may be defined
such that defects having the first value for the attribute are associated with one class,
while defects having the second value for the attribute are associated with the other

10 ¢lass.

[0063] Selecting the attribute subset may use the Random Forest method, which
operates by constructing a phurality of decision troes, receiving a classification result
from each such decision tree, and taking a decision complying with the decision taken
bv a majority of the trees. At a first stage, a first tree 15 constructed: the first attnbute
15 may be selected in accordance with a Gini Impurity index, which may be regarded as a
measure of how often a randomly chosen element from the set would be incorrectly
labeled if it was randomly labeled according to the distribution of labels in the subsct.

For example, assume nine defects are provided, each belonging to one of two classes:

"X" and "0". The nine defects have the following values for an attnbute: [1, 1.5, 2, 3,
20 4,55, 6, & 10]. When ordering the defects in ascending order of the values of this
attribute, the defect vector is: [X X 0 X X 0 0 X 0], meanmng that the first, second,
fourth, fifth and eighth defects are of class "X", and the others are of class "0". A G

Impurity index for class "X", defined as Pi *(1-Py), for this vector, wherein Pi is the

probability of correctly classified "X" is %x %w -g—g It will be appreciated that the

optimal value for the Gimi Impunty ndex is §, which indicates perfect differentiation

NJ
(€l

by an attribute (where Pi is etther 0 or 1) If the differentiator value for the attribute

differentiating the vector is selected to be between 1.5 and 2, the vector would be as

follows: [X X | 0 X X 0 0 X 0] meaning that the defects to the left of the "|" symbol are

classified as "0" and the defects to the right are of the "|" svmbol are classified as "X",
4 12

30 then a Gum bupurity index for class "X, 1g: - — = — Sinularly, the Gim Inpurity
J > r Js J

7 49
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mdex for class "0" is 0, and the weighted average 1s thus (J’-‘; + =% - =019, meaning
e 7

that the Gini index has decreased, 1.¢. the purity has increased.

[0064] The attnibute and differentiator selection that provide the best weighted average
may be selected as a first level of a decision tree. On a next level, a different attnbuote,

o1 the same attribute with a different differentiating value, may be selected.

10065] In scme embodiments, only some of the defects classified to the majority class
may be selected for building the random forest, rather than all of them. However, the
proportion of the defects erroncously classified to the maonty class that may be
selected for constructing the random forest may be higher than its proportion i the
defects classified to the majority class. For example, if 160 defects have been classified
to the majority class, out of which two belong to the mmority class and 98 to the
majority class, 20 defects may be selected for the random forest, which include the two

defects belonging to the minority clags, and 18 defects belonging to the majority class.

[0066] A multplhicity of such trees may be constructed, cach based on a different set of

defects and a different selection of attributes and differentiators.

(00671 Once a predetermuned number of decision trees is constructed, an atiribute
subset may be selected. The attribute subset may be sclected based on gach atinibute
participation in the trees: an attribute participating in more trees, or higher in one or
maore of the trecs, may be assigned a bigher grade than an atiribute participating in fewer

trees, or 1s lower in the hicrarchy in one or more of the trees.

100681 The Random Forest method may elimunate overfitting the attribute set o the
available training set, wherein overfitting relates to a sttuation in which the attribute
subset 1s designed to differentiate the training set well, but is therefore less effective for

other defect collections.

[0069] PMC 184 can then generate (212) a temporary training set, comprising: a
plurality of defects of the majority class that have been classified correctly; and a
plurality of defects of the munority class that have been classified incorrectly to the
majority class. In some embodiments, not all the defects classified to the majority class

are selected. Moreover, the proportion of the defects of the minority class that have
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been classified incorrectly to the majority class may be higher than their respective part
mn all defects classified as majority defects. The termporary traiming set may also

comprise additional defects.

[0070] The additional defects can be generated by PMC 184, The additional defects are
defects which a classifier based on the atinbute subsat, such as the random forest
classifier above, will classify to the minority class. Generating the additional defects
may also be referred to as oversampling. & will be appreciated that generating a defect

may be performed by assigning values to the attributes in the attribute subset.

100711 Reference is now made to Fig. 4, demonstrating an exemplary embodiment of

oversamapling in an attribute subset comprising two dimensions.

10072] Givern a mudtiplicity of defects of the majornity class and the minority clagss,
oversampling may relate to generating one or more synthetic defects, 1.¢. one or more

collections of values, each of which 1s relatively close to an existing minority defect.

Fig. 4 shows three minority defects, 408, 404 and 412 denoted by "O", and a number
of majority defocts such as 408 or 416, denoted by "X". In order to create a classificr
that differentiates well between defects of the two classes, more svnthetic defects may
be generated which are closer to minonty defects having neighbors of the majority
class. Thus, a synthetic defect may be generated close to detects 404 and 412, but not

to defect 408, which has no close neighbors of class "X".

100731 Generating synthetic defects may be performed using the Synthetic Minority
Oversampling Technigue (SMOTE), for cach minority defect, the distance to the
nearest majority defect may be calenlated. The distance calculation can be performed
asing any required metrics, such as {possible weighted) sum of sqaares over the selected
attribute subset. A predetormined number of minority defects may be selected having
the smallest distances o the nearest neighbor of the majority class. In some
embodiments, the same minonty defect may be selected multiple times. Thus, minornity
defects 404 and 412 may be selected. For each such selected defect, a synthetic defect
may be created, having values for the attrnibute n the range between the attribute value
of the minority defect and the attribuie value of the closest majority defect. In the

example of Fig, 4, a synthetic defect may be created along the ling connecting minority

PCT/IL2019/051284
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defect 404 and majority defect 468, In some embodiments, the synthetic defects may
be generated closer to the minority defect, for example the value of cach attribute may
be calculated as 0.8 ¥ the value of attribute in minority defect + 0.2 * value of attribute
m majority defect, or any other weighted combination thercof. A second synthetic
5 defect may be generated along the line connecting minority defect 412 and majority

defect 416.

[0074] PMC 184 can then train (216} a confidence level engine upon the temporary
training set, the attnibute subsct, and the differentiator for cach attnibute of the subset.
The confidence level engine may be configured to receive a defect and a class to which
10 the defect 1s classified, and to output a confidence level that the defect indeed belongs

to the class.

10075] The confidence level engine may also be mmplemented as a tree ensemble,
wherein the trees of the tree ensemble may be gencrated using gradient boosting.
Generating the decision trees may start with a default classification tree, operating in
15 accordance with the selected attribute subset, and classifving defects to the majority
class and the minority class. An enhanced Gini Impurity index may take into account a
weight assigned to cach class: WAPa®(1-WaPa), whercin Wa is the weight assigned
to class A and Pa is the probability of a defect 1o be correctly classified to class A In
order to tram the confidence level engine to better classify defects of the minority class,
20 the weight of the minority class may be higher than the proportion of the minority
defects within all defects classified to the majority class. Further trees may then be
generated, in which a higher weight 13 assigned to those minority defects that were
incorrectly classified by previcusly gencrated trees, for example as follows:

exp{—wVi+H {xi)

Wisq w, . Giving higher weight to some defects over others may be

= S exp(wi¥ jrH(x)
5 carried out by choosing a different differentiator value, such that the resulting enhanced

Gim Impurity index of the classification is higher.

10076] The output of the confidence level engine generation is thus a collection of trees,
cach tree associated with a class and weight. The weight may be obtained based on the
grror rate associated with each tree. The error rate may be defined as the sum of the

0 weights of the defects for which the tree outputs a result different from the ground truth,
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100771 Once the confidence level engine is available, PMC 104 can apply (220) the
confidence level engine to further defects classified to the majority class, whercin no
ground truth is available for these defects. Each such defect classified to the majonty
class 1s thus provided to the confidence level engine, and a confidence level is obtained.
The confidence level indicates the confidence that the defect is indeed of the majority
class and was not erroncously classified to the majority class. Obtaming the confidence
level may be performed by classifving the defect by all trees in the tree enscrable
generated at step 216, and sumnuing the weights of all trees that classity the defect to

the majority class, thus obtaining a confidence level between 0 and 1.

100781 PMC 104 can then output {224} defects classified to the majonity class, for
which the confidence level 1s low, for example below a predetermined threshold.
Alternatively, a predetermined number of defects, or a predetermined percentage of all
defects classified to the majority class, that have the lowest confidence levels, may be
output. A low confidence level may indicate that there is a high probability that the

defect 1s not a majonity defect, but rather a minonty defect.

10079 Referring now to Fig. 8 there is illustrated a generalized flow-chart of a method
of reviewing a specimen in accordance with certain embodiments of the presently

disclosed subject matter.

[008G] PMC 104 can be configured to execute the respective operations detailed below
m accordance with computer-readable instructions implemented on a non-transitory

computer-readable storage medivm.

100811 A classifier 1s trained (504} upon available training data comprising training

defects classified by a user.

10082] Classification (504) 1s then performed for further defects, for which no

classification is known.

100831 The classification resufts may be monitored and rejected {568) as described in
association with Fig. 2 above. Monitoring relates to obtaining a confidence level for the
majority defects, for example as detailed in steps 260, 204, 212, 216 and 220 of Fig. 2,
and rejection may relate to outputting (224) defects for which the classification

confidence level is low.
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[0084] The output defects can be reviewed, for example by a user, and ground truth

classification may be received (512) for these defects.

100851 The defects indicated by a user as minonty defects may be collected (516} and
saved in a storage device or a data structure, referred to as a “container”. When a
number of minority defects sufficient for training 1s accumulated in a container, for
example at least a predetermined number, such as 30, 40, 100 or the like, a new
classifier can be trained in which this class is also a majority class, and which may thus
classify correctly also the minonty detfects. This classifier may thus replace the first

classifier.

100861 Training (500} can then be repeated, which may also be referred to as re~-training

or updating the classifier, with the available ground truth classification.

[0087] The tterations of Fig. 5 may continue for a predeternuned nuwmber of times, for
apredetermingd period of time, until the rejection rate drops below a first predetermiune
threshold, until the number of rejections drops below a second predetermined threshold,

or until another stopping criteria is met.

[0088] Those skilled m the art will readily appreciate that the teachings of the presently
disclosed subject matter are not bound by the methods iHustrated 1 Fig. 2 and Fig. 5.
Other appropriate algonthms and combinations thercof can be implemented in order to

obtain munority defects and train a classifier accordingly.

100891 The invention 1s not limited to the details set forth i the description contained
herein or illustrated in the drawmngs. The invention is capable of other embodiments
and of being practiced and carried out in various ways. Hence, it is to be understood
that the phraseology and terminclogy employed herein are for the purpose of
description and should not be regarded as miting. As such, those skilled in the art will
appreciate that the conception upon which this disclosure is based mayv readily be
utilized as a basis for designing other structures, methods, and systems for carrying out
the several purposes of the presently disclosed subject matter.

(00907 It will also be understood that the system according to the invention may be, at
least partly, implemented on a suitably programmed computer. Likewise, the invention

contemplates a computer program being readable by a computer for executing the
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method of the invention. The invention further conteraplates a non-transttory computer-
readable memory fangibly embodying a program of instructions executable by the

computer for execating the method of the invention.
[0091] Those skilled in the art will readily appreciate that various modifications and
changes can be applied to the embodiments of the invention as hereinbefore described

without departing from its scope, defined in and by the appended claims,
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CLAIMS
i. A systern to classity defects in a specimen into a plurality of classes, the svstem

0

(€l

comprising a processor and memory circuitry {(PMC) configured to

receive a plurality of defects clagsified by a first classifier into a majority class, wherein
one or more defects from the plurality of defects belong to one or more minority classes
and at least part of the defects from the plurality of defects belong to the majority class,
and wherein cach defect from the plurality of defects is characterized by plurality of

attributes cach having a respective value;

select a subset of the plurality of attributes and defing a differentiator for cach attribute
of the subset, such that a second classifier configared to classify defects in accordance
with the subset and the differentiator for cach respective attribute, classifies correctly
to the one or more minority classes and the majority class at least a predefined share of

defects from the phurality of defects;

generate a temporary training sct, the temporary training set comprising: at least part of
the defects from the plurality of defects that belong to the majority class, at least part
of the defects from the plurality of defects that belong to the mmority class, and
additional defects having values tor the subset of attribute such that the second classifier

classifies the additional defects to the minority class;

train an engine configured to obtain a confidence level that a defect characterized by
first values of the subset of attributes belongs to the majority class, whercin training is
performed upon the temporary training set, the subset of atinibutes and the differentiator

for each atinbute of the subset;

apply the engine to cach given defect from a second plurality of defects that 1s classified
to the majority class, to obtain a confidence level of classifying the given defect to the
majority class; and

oufput defects from the second plurality of defects having a confidence level lower than
a predetermined threshold, the defeets thereby assumedly belonging to the one or more

minority classes.
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2. The system of Claim | wherein the PMC is further configured to gencrate

(€l

additional defects classifiable by the second classifier to the one or more minority

classes and including the additional defects into the temporary training set.

3. The system of Claim 2, wherein at least one of the additional defects 1s a
synthetic defect generated as a plurality of first values, each first value associated with
an attribute from the subset in accordance with a differentiator for each attribute of the

subset,

4. The system of Claim 3, wherein a first value associated with a given attribuie is
determined as a value between a value of the given attribute of a first defect belonging
to the one or more minority classes and a value of the given attribute of a second defect

neighboring the first defect and belonging to the majority class.

5. The system of Claim 3, wherein a tirst value associated with a given is
determined as a value of the given attribuie of a defect belonging to the one or more

minority classes.
6. The system: of Claim 1, wherein the PMC s further configured to:

wdentify at least part of the output defects as belonging to the one or more minority

classes;

update the first classifier by training the first classifier on a tratuing set including at
least some defects from the plurality of defects that belong to the one or more ninority
classes, at least some defects from the plurality of defects that belong to the majority
class, and the output defects identified as belonging to the one or more minority classes;

and

update the plurality of defects classified by the first classifier to the majority class and
output the defects appeared upon updating and for which the engine obtains a

confidence level below the threshold.
7. The system of Claim 1, wherein the engine comprises a tree cnsemble.

8. The system of Claim 1, wherein the differentiator is a threshold value from a

range of values.
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9. The system: of Claim 1, wherein the differentiator comprises one or more values

from a collection of discrete values.

18, A method of classifying defects, the method executed by a computing platform

coraprising a processor and memory circuitry {(PMC), the method comprising:

recetving by the PMC a plurality of defects classified by a first classificr into a majority
class, wherein ong or more defects from the plurahity of defects belong to one or more
minority classes and at least part of the defects from the plurality of defects belong to
the majority class, and wherein each defect from the plurality of defects is characterized

bv plurality of attributes cach having a respective value;

selecting by the PMC a subset of the plurality of attributes and define a differentiator
for each atiribute of the subset, such that a second classifier configured to classify
defects in accordance with the subset and the differentiator for cach respective attnibute,
classifies correctly to the one or more minornity classes and the majority class at least a

predefined share of defects from the phurality of defects;

generating by the PMC a temporary training set, the temporary training set comprising:
at least part of the defects from the plurality of defects that belong to the majority class,
at least part of the defects from the phurality of defects that belong to the minority class,
and additional defects having values for the subset of attribute such that the second

classifier classifies the additional defects to the minonty class;

traiming by the PMC an engine configured to obtain a confidence level that a defect
charactenized by first values of the subset of attributes belongs to the majority class,
wherein training 18 performed upon the temporary training set, the subset of attributes

and the differentiator for cach attribute of the subset;

applving by the PMC the engine to each given defect from a second plurality of defects
that 1s classified to the majority class, to obtain a confidence level of classifying the
given defect to the majority class; and

cutputting by the PMC defects from the second plurality of defects having a confidence
level lower than a predeterminegd threshold, the defects thereby assumedly belonging to

the one or more minonty classes.
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11, The method of Clamm 10 further comprising gencrating additional defects
clasaifiable by the second classifier to the one or more mmnority classes and including

the additional defects into the temporary training sct.

12. The method of Claim 11, wheren at least one of the additional defects is a
synthetic defect gencrated as a plurality of first values, each first value associated with
an attribute from the subset in accordance with a differentiator for each attribute of the

subset,

13, The method of Claim 12, wherein a first valoe associated with a given attribute
is determined as a value between a value of the given attribute of a first defect belongmg
to the one or more minority classes and a value of the given attribute of a second defect

neighboring the first defect and belonging to the majority class.

4.  The method of Claim 12, wherein a first value associated with a given is
determined as a value of the given atiribuie of a defect belonging to the one or more

minority classes.
15, The method of Claim 10, further comprising:

wdentifyving at least part of the output defects as belonging to the one or more minority
classes;

updating the first classifier by training the first classifier on a tramning set mcluding at
least some defects from the plurality of defects that belong to the one or more minority
classes, at least some defects from the plurality of defects that belong to the majority
class, and the output defects identified as belonging to the one or more minority classes;
and

updating the phurahity of defects classified by the first clagsifier to the majority class
and outputting the defects appeared upon updating and for which the cngine obtains a

confidence level below the threshold.

16.  The method of Claim 10, wherein the engine i1s comprised in a random forest

classifier.
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17, The method of Claim 10, wherein the differentiator 15 a threshold value from a

range of values.

18, The method of Claim 10, wherein the differentiator comprises one or more

values from a collection of discrete values.

19, A non-transitory computer readable medinm comprising instructions that, when
exccuted by a computer, cause the computer to perform a method of astomated

classifyving defects in a specimen into a plurality of ¢lagses, the method comprising:

receiving a plurality of defects classified by a first classifier into a majority class,
wherein one or more defects from the plurality of defects belong to one or more
minority classes and at least part of the defects from the plurality of defects belong to
the majority class, and wherein each defect from the plurality of defects 1s charactenized

by plurality of attributes each having a respective value;

selecting a subset of the plurality of atinbutes and define a differentiator for each
atinibute of the subset, such that a second classifier configured to classify defects in
accordance with the subset and the differentiator for each respective attribute, classifies
correctly to the one or more nunority classes and the majority class at least a predefined

share of defocts from the plurality of defects;

generating a temporary training set, the temporary traming set comprising: at least part
of the defects from the plurality of defects that belong to the majority class, at least part
of the defects from the plurality of defects that belong to the minornty class, and
additional defects having values for the subset of attribute such that the second classifier

classifies the additional defects to the minority class;

training an engine configured to obtain a confidence level that a defect characterized by
first values of the subset of attnibutes belongs to the majority class, wherein training is
performed upon the temporary training set, the subset of atinbutes and the differentiator

for each atinbute of the subset;
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applyving the engine to cach given defect from a second plurality of defocts that is
clasaified to the majority class, to obtaim a confidence level of classifying the given

defect to the majonty class; and

ouiputting defects from the second plurality of defects having a confidence level lower

(€l

than a predetermined threshold, the defects thereby assumedly belonging to the one or

more minority classes.
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200
RECEIVE PLURALITY OF DEFECTS CLASSIFIED BY A ¥ CLASSIFIER TO ¢
MAJORITY CLASS, WHEREZIN AT LEAST ONE DEFECYT BELONGS TO MAJORITY
CLASS AND AT LEASYT ONE DEFECT BELONGS TO A MINORITY CLASS, EACH
DEFECT ASSOCIATED WITH VALUES FOR ATTRIBUTES

& 394
SELECT ATTRIBUTE SURSET AND A DIFFERENTIATOR FOR EACH ATTRIBUTE,
SUCH THAT A 27 CLASSIFER CLASSIFYING ACCORDING TO STTRIBUTES
CLASSIFIES CORRECTLY TO MAJORITY AND MINORIY CLASSES AT LEAST A
PREDETERMINED PART OF DEFECTS FROM THE PLURALITY OF DEFECTS

212
3 212
GEMERATE TEMPORARY TRAINING SET COMPRISING: PART OF THE PLURALITY
OF DEFECTS THAT HAVE BEEN CLASSIFIED TO THE MAJORITY CLASS, PARY OF

PLURALITY OF DEFECTS THAT HAVE BEEN CLASSIFIED TO THE MINORITY
CLASS, AND ADDITIONAL DEFECTS

= 216

TRAIN A CONFIDENCE LEVEL ENGINE UPON THE TEMPORARY TRARING SET,
THE ATTRIBUTE SUBSET AND THE DIFFERENTIATORS, THE QONFIDENCE LEVEL
ENGINE CONFIGURED TO OBTAIN & CONFIDENCE LEVEL FOR A DEFECT TO
RELONG TO THE BAJORITY CLASS

230

APPLY THE CONFIDENCE LEVEL ENGINE TO POTENTIAL DEFECTS TQ OBTAIN
CONFIDENCE LEVEL FOR DEFECTS CLASSIFIED 170 THE MAJORITY CLASS

& 224

QGUTPUT DEFECTS CLASSIFIED TO MAJORITY CLASS WITH CONFIDENGE LEVEL
BELOW THRESHOLD

<

NN § \\\\\\ \K\
NN
. &

g



PCT/IL2019/051284

WO 2020/129041

“\\\

Eetresy,

e \\\,
47y

me\.% % g £0a% fnm
T %) g - €4
P e Wx\\) k3
&3
)
k4]
&
e oneen
& 5
5
i
7 . y <
fag] mtw
£73
g nx.. o
@ <t = @ plbe
o !@
8700
Y
551 e
MMH‘ P Oaw mmm = % iy
&0y i
3
L
e
% <, 0 € £y
& 42 ;
AR 3 o &
ik L3 £ 73 73
= < » o @
o < © g e
& ) Mw 3 3

P

“ g

=
2 9%,
o
i
2y
2%
)



PCT/IL2019/051284

WO 2020/129041

7 g,
iy

ettty

iy

400

R
N

\K‘
S

%

Yoty

S

<
.U oy,

y 2

%
pesd o~ \\\%\\‘ Y A
= o
AR T A .\%\&&\
" 7 \\\.\\A

Ay
\ A 3
\. \\\v\\\\ % ,\V\
. . e, .
i %



PCT/IL2019/051284

WO 2020/129041

Y,
7
itz

2
474

ML

905

S303d ONY
DRIEOLINGW

%

%

{715}
HLMUL ONNOYD
SNINITLEO

Q\‘\\x\\v&\\\\

{915)
HANIYLNGD QLA
SRLLIITION

(005) ONINIYYL




INTERNATIONAL SEARCH REPORT

International application No.

PCT/IL 19/51284

A. CLASSIFICATION OF SUBJECT MATTER
IPC-  GO6K 9/00 (2020.01)
CPC -

GO6T 7/0004, GO6T 2207/30148, GO6T 7/001, GO6T 2207/20081, GO6T 2207/30148

According to International Patent Classification (IPC) or to both national classification and IPC

B.

FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
See Search History document

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
See Search History document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

(especially para [0040])

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2003/0204507 A1 (Li et al.) 30 October 2003 (30.10.2003) entire document (especially para | 1-19
[0015], [0020}-[0023}, [0026], [0063]-[0068])
Y WO 2018/134290 A1 (ASML NETHERLANDS B.V et al.) 26 July 2018 (26.07.2018) entire 1-19
document (especially para [0021]-[0023], [0035], [0054]-[0057])
Y US 2004/0234120 A1 (Honda, et al.) 256 November 2004 (25.11.2004) entire document 8-9, 17-18

D Further documents are listed in the continuation of Box C.

D See patent family annex.

“A”

«pr
wpr

“L»

“o»
wpr

Special categories of cited documents:

document defining the general state of the art which is not considered
to be of particular relevance

document cited by the applicant in the international application

earlier application or patent but published on or after the international
filing date

document which maK throw doubts on priority claim(s) or which
is cited to establish the f{aubllcauon date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other means
document published prior to the international filing date but later than
the priority date claimed

wn

Wy

wy™

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive step
when the document is taken alone

document of particular relevance; the claimed invention cannot
be considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

24 March 2020 (24.03.2020)

Date of mailing of the international search report

07 APR 2020

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-8300

Authorized officer

Lee Young

Telephone No. PCT Helpdesk: 571-272-4300

Form PCT/ISA/210 (second sheet) (July 2019)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - wo-search-report

