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This presentation contains forward-looking statements regarding
PDF Solutions’ future products and business prospects that involve
risk and uncertainty. Actual results could differ materially from those
discussed. You should review PDF Solutions’ SEC filings, including its
annual report on Form 10-K and quarterly reports on Form 10-Q, for
more information on these risks and uncertainties. PDF Solutions
does not undertake an obligation to update any such statements.
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Agenda

m Presentation objectives

m Smart Manufacturing Productivity
— Principles
— Concepts and Standards

m Infrastructure Implementation (digital twin)
— Sensing and Connecting

® Now what...

\\ - - %
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Presentation objectives

Provide participants a basic understanding of

Range of standardized productivity metrics already defined/available
Data sources required to calculate them

Manufacturing applications that can improve them

Manufacturing stakeholders involved

Role of equipment suppliers in providing required data

Need for further collaboration to drive global industry benefit

... and provide context for the next speaker’s case study

@ CImEtI"IX © 2021 PDF Solutions, Inc. or its subsidiaries — All Rights Reserved
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Smart Manufacturing Productivity
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Key Principles &

d T >

®  Productivity metrics must be considered as a set... - > o>
- L

— Quality
— Capacity

— Throughput

— Cycle time

— WIP levels

— On-time delivery

— Equipment utilization
m There are no participation trophies in manufacturing — we keep score (KPls) and reward winners!
m New process technologies (EUV, ALD, ...) pose continuous productivity challenges
m Lost time can never be recovered... especially on expensive, bottleneck tools

m  Project ROI (projected, actual) should be based on improving KPls

@ CImEtI‘IX © 2021 PDF Solutions, Inc. or its subsidiaries — All Rights Reserved
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Important SEMI Standards for Productivity Improvement
Provide evolutionary, complementary insights and capability

m  Overall Equipment Effectiveness/Efficiency (OEE) h

— E10, E58 — Equipment Reliability, Availability, Maintainability (RAM, ARAMS)
— E79, E116 — Measurement of Equipment Productivity, Equipment Performance Tracking (EPT) > (d I\;Ietrlcs )
: , - efinitions
m  Product Time Measurement (PTM) (née Wait Time Waste, or WTW)

— E168, .1, .2, .3 — PTM for 300mm production equipment, Material Control System (MCS),
transport equipment (AMHS) J

= GEM/GEM300 N
— E30, E40, E94 — Machine States, Process Job Management, Control Job Management
— E87, E90 — Carrier Management, Substrate Tracking

— E157 — Module Process Tracking, Recipe Execution Tracking > Mechanics
(

m  Equipment Data Acquisition (EDA / Interface A) data collection)
— E120, E125, E164 — Equipment Metadata Model

— E132 — Authentication and Authorization

— E134 — Data Collection Management

N =,
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SEMI E10
Definition and Measurement of Equipment Reliability, Availability, and

Maintainability (RAM) and Utilization (aka OEE)

m Key concepts

— Six equipment states intended to cover the entire
manufacturing calendar (i.e., no white space)

NONSCHEDULED

— Equipment state hierarchy that provides more
detail about distinctions between states

— Basic formulas for equipment reliability,
availability, and maintainability based on
accumulated time in these states

C,) CImEtI‘IX © 2021 PDF Solutions, Inc. or its subsidiaries — All Rights Reserved
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SEMI E58
Automated Reliability, Availability, and Maintainability Standard (ARAMS):
Concepts, Behavior, and Services

m Key concepts

.;@ TOTAL TIME ©‘;;°
— Conversion of E10 stack chart into state diagram ) AT o
:Z‘JM"MI.M” _, % or-
— Definition of explicit equipment events that trigger s smvosy };*[ uens | |
transition between states e e e T — "
— Definition of sub-states to provide more detail about /'
equipment behavior [ % [m]
— Standby for what? . / \ /
— Unscheduled downtime for what reason?
Legend
— Scheduled downtime for what purpose? Undefined
Wait
— Engineering time for what stakeholder group? Exception

Machine Failure
Maintenance
Engineering Time
Waiting for Setup
Change Lot / Setup
Standby for Operator
Standby for Material
Engineering for Sale

— Object/attribute and table structure definitions to support
services (messaging) interface to factory systems

— Configuration options involving user-initiated transitions

— Detailed compliance requirements (fundamental, additional)

( cimetrix
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SEMI E79
Standard for Definition and Measurement of Equipment Productivity

m Key concepts Onerstional
Efficiency 7

Availability —— - :
Efﬁciencr l Non-Scheduled Time I i l Operations Time l

— Conversion of everything to time basis, change
“effectiveness” to “efficiency”

— Refined/juxtaposed equipment state hierarchy to provide
context for new definitions

— Definition of “loss” categories to allocate and quantify

sources of sub-optimal performance Rate Efficiency Sy | st Quality Effciency
— Detailed formulas for calculating all the above (including E10 States T —
multi-chamber equipment) R — e
e
— Description of methods for determining theoretical b ¢
. . . . . . - - Efficiency Losses Pcrfar{n ance
minimum for processing material on a recipe basis (“THT”) Gt | Meno

— Involves range of stakeholder groups to fully implement

\\ - - %
olutions, Inc. or Its subsidiaries — ights Reserve
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SEMI E116
Specification for Equipment Performance Tracking (EPT)

m Key concepts

— Simple production state model to be applied at the “module”
level (executes single task)

[ EPT State Model |

— A
— Fully automated (no human input required 1 DLE
v automated| put required) & AR
— Task type definitions (process, material movement, 8 3
measurement, etc.)
— Reason code definitions for blocked states !
— Single “EPT state transition” event defined with available N

context parameters

— Enables drill down into individual module behavior that may
degrade equipment performance even when aggregate OEE
remains high

— Enables automatic calculation of E79 metrics

N - - -
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SEMI E157

Specification for Module Process Tracking

m Key concepts

— Recipe execution tracking at step transition level

— Definition of state transition events (7) and associated
context information (process job, recipe, step #, substrate,

etc.) to accumulate time accurately

— Enables precise “framing” for application-specific data
collection (e.g., FDC during critical steps)

— Eliminates need to sample all variables at highest needed
frequency during entire recipe execution

— Enables tracking of actual process time by recipe required vs.
THT, to provide important component of rate loss calculation

— Required by SEMI E164 (EDA Common Metadata)

" cimetrix

by PDF/SOLUTIONS"
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SEMI E168
Specification for Product Time Measurement (PTM)

m Key concepts

— Definition of non-overlapping product material states (“time
elements”) intended to cover the entire manufacturing calendar

— Time elements fall into two categories (“wait” and “active”) at
multiple levels; most detailed level (4) can be subdivided on lot or
substrate basis

— Definition of specific GEM300 events that bracket beginning and
end of each time element (E30, E40, E87, E9Q, E94, and E157)

— Parent standard (E168) defines overall concept and methodology; . ,
subordinate standards define specific time elements for ’ SRR, o ——

— 300mm process equipment (E168.1)
— Material Control System (MCS) interaction with factory system (E168.2)
— Automated Material Handling System (AGV, OHT, ...) hardware (E168.3)

\\ - - %
(’/ CImEtI‘IX © 2021 PDF Solutions, Inc. or its subsidiaries — All Rights Reserved 14
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SEMI GEM/GEM300
Equipment automation

m Key concepts

— Definition of unambiguous state machines (states,
transition events, associated parameters, naming
conventions) for all equipment mechanisms

— Definition of additional mechanisms to support full
300mm automation (Process/Control Job, Carrier
Management, Substrate Tracking, Recipe Execution)

— Definition of interlocking operations sequences
(“scenarios”) to indicate how these are standards are
used together in automated 300mm manufacturing

— Compliance requirements specified in a way that
enables validation by automated test software

( cimetrix
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SEMI Equipment Data Acquisition (EDA) / Interface A
High-performance on-demand data collection

m Key concepts

— Equipment-resident hierarchical metadata model represents complete Eormens | /@Eﬁzﬁélm
. - N\
interface capability T

— Powerful data collection plan (DCP) structure used to express
consumers’ data collection requirements to equipment; DCPs are Do) oo ] 7§ e
defined and activated by user but validated by and stored on equipment = ==

I Subsystem | I Subsysleml/'l . Exceptions
— Multi-client architecture supports independent consumers (applications) (o] [woem] |.o|m| |.0‘De:;\
of equipment data
— Internet-based networking technologies (SOAP/XML, gRPC and Protocol [
Buffers)
— All communications occurs in context of secure session with =
authenticated client | o o
éf’“'“’"‘“““ﬂ"”*' 2 Fwnr!ﬁ I'r-plk]n
(_,, CImEtI‘IX © 2021 PDF Solutions, Inc. or its subsidiaries — All Rights Reserved 17
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Substrate tracking use case
E90 state machines and model content

| SUBSTRATE
-
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=53 Substrate, E90-0707

Attributes

Parameters

4 ES0-0707:SubstrateObject
ES0-0707:SubstrateObject
Substrate-NoState

+i@ Substrate-NoState

-8 E90-0707:SubstrateProcessing

£

[#)-#fg InProcess-NeedsProcessing

[ NeedsProcessing-InProcess
NeedsProcessing-ProcessingComplete
NoState-NeedsProcessing

4 ES0-0707:SubstrateReadingStatus

4 ES0-0707:Substrate Transport

3 b Curent State

AtDestination-At Source

AtDestination-AtWork

AtSource-AtWork

AtWork-At Destination

AtWork-AtSource

AtWork-AtWork

NoState-At Source

2] m SEMI Objec! Instances

-

- - -

-£23 JobManager
-3 MaterialManager
- Parameters
Events
- Exceptions

Carrier, E87-0709

SubstLoc, ES0-0707
Attributes
Parameters
ES0-0707:SubstrateLocation
Current State
ES0-0707:SubstrateLocation
Occupied-Unoccupied

NoState-Occupied
NoState-Unoccupied
=-E3 Substrate, ES0-0707

B-@-0 2205

or its subsidiaries — All Rights Reserved

e

0-jg Cument State >

@ AtSource-AtWork
[l AcquiredID

H ) SubstIDList
{7 SubstiDStatusList

=) SubstType
(=8 SubstTypelList

Sithetl leana

= f@ Occupied-Unoccupied
Unoccupied-Occupied &8 SubstLocID
—>

SubstLocSubstID
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Recipe execution tracking and analysis use case
DCP design (primarily E157 event reports)

DCP Definition

.
L= = Product Time Measurement - E157 Context Data - ID: cb3d3ada-800c-4d62-b4ff-4233ae577254 Data COI IeCt I o n Re po rts ( DCR)
-1¥ CimetrixGEM300Simulation/ProcessingChamber1:ModuleProcess:2:NotExecuting-GeneralExecution
CimetrixGEM300Simulation - ModulelD Event sl
CimetrixGEM300Simulation - SubstratelD ziEvent Data:Report o i o
@ CimetrixGEM300Simulation - ProcessJoblD Eventlime 202109221 16:T1:90.2/0-00:00 i
CimetrixGEM300Simulation - RCID ::fnx.'tc;%[) ;_.’;me‘:,r:g_aE-w;[)L]?n;‘.a;\rnu.\:a’;:cir‘ws‘Pnroi?Ss:rfg(l_.Eham‘bavr‘:
- CimetrixGEM300Simulation/ProcessingChamber1:ModuleProcess:5:GeneralExecution-StepActive :"en‘ Object Type VoCIny Toane e NAEXBGINg: SoTera-souon
CimetrixGEM300Simulation - ModulelD SEMI Object Instance ID
CimetrixGEM300Simulation - SubstratelD © Misc
CimetrixGEM300Simulation - ProcessJobID Type Event
CimetrixGEM300Simulation - RCID
CimetrixGEM300Simulation - SteoCount
CimetrixGE Paramet... Value
ModulelD S ProcessChamber1
4 ) SubstratelD S CARRIER1.03
I Executing ProcessJ... S LocalProcessJob0001
% RCID S RecipeCARRIER1
: St Started 5) =
- NOt == > Genef:al . Step sent v gvent Data Report
Executing [ e Execution |« Step Active Event Time 2021-03-22T18:17:02.630-06:00
Completed (3) Completed (6) Source ID Cimetri M300Simulation/ProcessingChamber1
Event ID ModuleProcess:5:GeneralExecution-StepActive
Execution Step Failed (7) SEMI Object Type
Failed (4) SEMI Object Instance 1D
7 ~ Misc
Type Event
Paramet... Value
ModulelD S ProcessChamber1

SubstratelD S CARRIER2.24
ProcessJ... S LocalProcessJobO...
RCID S RecipeCARRIER2
StepCount 14 10

SteplD S Step-9

\\ - - %
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Machine Learning and Al support use cases
Increasingly prevalent in production systems

®m Problem statement

— Machine Learning and Al applications depend on massive amounts of Machine Learning Pipeline

. Data Preparation & Feature generation Feature Selection ~ Model Training / Execution
good data... exactly the problem SEMI EDA standards were designed to Training
address ilter eature ultivariate Relabel Ensemble /
feoture [} elettons [| Grousing |1y | festwe [N tamesto | porameter
. Solution Com ponents engineering imputation el imbalance Final model
B :
— Handcrafted, open source, or commercial Machine Learning libraries w-* - R B
— Feature extraction/transformation modules e s T
fgaturg Imputation Grouping & t;ufgut to
— Experimentation frameworks to support algorithm selection, model eneineering
training/cross validation, hyper-parameter comparison, etc. i
m SEMI Standards leverage
— Multi-client capability for independent algorithm development S sciPy " ‘
B Numpy % matplotlib
— Powerful structures for targeted data collection IPLyl: v,
m Key ROl factors pandas us 41 st
— Any and all...
D\ - = - . . e .
( oy C|mEtr|x © 2021 PDF Solutions, Inc. or its subsidiaries — All Rights Reserved 20
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Smart Factory Integration Platform
Scalable, cloud-native future-proof system architecture

f J & ] eI
— £ a B o =S i

Customer
Cimetrix Developed
APPS APPS

L s
-

Ecosystem
3rd Party
APPS

Platform APl AND COMMON SERVICES
Solution
Custom
SECS/GEM OPC, OPC Kafka MQTT Equipment
UA, PLC Drivers
1 o —x Bex F :
Factory l Bq_l Eﬂg . o g == }é iﬁ E,.
Equipment, H BT -@- . &
ment, =R T | §=E| B Bof L. % i
Sensors s

\\ - - “
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Future work
Across the value chain

m Raise awareness of the body of standard productivity metrics
definition and implementation technologies

m |dentify gaps and inconsistencies in implementation
approaches at factories and equipment suppliers

m Establish collaborative forum (potentially SEMI Standards) to
address problem areas

m Develop and distribute application prototypes (i.e., reference
implementations) to bring these interpretations to life

m Include more rigorous definitions in purchase specifications

@ CImEtI"IX © 2021 PDF Solutions, Inc. or its subsidiaries — All Rights Reserved
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EDA Equipment metadata model definition process
... and the importance of good purchase specs

Model Development > < Requirements Development

/ \ / Pilot Factory \

Equipment Operations
Caupment Model o KPIs (metrics)
« Time to mone
. Cimetrix . EDA ,MOdeI / M . Y
Equu:l)ment Software “ 8 o Mﬁ ST ° Y|eld
Developers -
Engineering . PrOdUCtIVIty

« Throughput

B P
u»:’_."‘“ | : =

« Cycle time
High-Volume . Capacity
Factory Ops
e - Scrap rate

« EHS

K Equipment Suppliers / \

@ CImEtI'IX © 2021 PDF Solutions, Inc. or its subsidiaries — All Rights Reserved 24
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Wafer-level vs. Lot-level Wait Time analysis

(\)

CJComplete (Prior Operation)
Wart Time for Dispatch

YWat Timetor vahicle pickup of camer
Active time forcarrier fransport by ANMHS

Wail Time for
AMHS stocker

WaltTime Tor Dispatch

YWaNTImeT1or AMHS stocker
WailTime for vehicle pickup of carrier
Active lime for carrier franspori by AMHS

YartTwme for
Wail Time for Bost-Tool Commuynication ostProce
a];?llme or S edulingwﬂhﬁ’n Equ?pmed POt -

0
Wat Time for Lot hased satup i

WaitTime for Priorlof 1o complete
Active Time for Processing

CJ Complata
4
= - Waferbased Time Elements
T 5!
For tool to tool delivery these time elements have 0 time ‘
:‘;?:ggfc-.f: % wamn?in
fiorwafars | l T f:r:;l;‘nglg
D complate - wafersto
; complete
24 J—
$ t 25 -y
VWait for tran mport ive Tranzport witbiniool \ ‘/
Active Transpoet withintaol Wit ortran spoet NP
Individual wafer acive andwaitimes
VWait Or pre-procesand setup
Active Procesaingtime Wil for po = procass ng
>

cimetrix
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Wait Time Elements for equipment (from SEMI E168 PTM)

O

Level 1

Total
Time

Level 2

Wait
Time

Wait for
Factory System

Level 4 Production Unit (Lot) Level

Wait for Command
to Production Equipment

Level 4 Production Unit (Substrate) Level

Wait for Command
to Production Equipment

Wait for Job Definition
on Production Equipment

Wait for Job Definition
on Production Equipment

Wait for
Production Equipment

Wait for Prior Lot to Clear
at Production Equipment

Wait for Prior Lot to Clear
at Production Equipment

Wait for Prior Substrates To Clear
at Production Equipment

Wait for Last Substrate to Complete
at Production Equipment

Wait for Lot-Based Setup
at Production Equipment

Wait for Lot-Based Setup
at Production Equipment

Wait for Substrate-Based Setup
at Production Equipment

Wait for Substrate Transport
within Production Equipment

Wait for Lot-Based Post-Processing
at Production Equipment

Wait for Lot-Based Post-Processing
at Production Equipment

Substrate Post-Process Waiting
in Process Module

Wait for AMHS

Wait for AMHS Preparation

Wait for AMHS Preparation

cimetrix

by PDF/SOLUTIONS"
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Active Time Elements for equipment (from SEMI E168 PTM)

Level1 Level2 Level 4 Production Unit (Lot) Level Level 4 Production Unit (Substrate) Level

Active Chemical or Physical Processing
of Lot by Production Equipment

Active Chemical or Physical Processing
of Substrate by Production Equipment

Active Time for Carrier Transport Active Time for Carrier Transport
within Production Equipment within Production Equipment
Active Time for Active Time for Substrate Transport
Production Equipment within Production Equipment
Total Active Active Time for Lot Pre-Processing Active Time for Lot Pre-Processing
Time Time at Production Equipment at Production Equipment

Active Time for Substrate Pre-Processing at
Production Equipment

Active Time for Lot Post-Processing Active Time for Lot Post-Processing
at Production Equipment at Production Equipment
Active Time for Carrier Arrival Active Time for Carrier Arrival
Active Time for
Carrier Handoff
Active Time for Carrier Departure Active Time for Carrier Departure
Source: SEMI
B\ Y- t . . . o :
( oy cimertrix © 2021 PDF Solutions, Inc. or its subsidiaries — All Rights Reserved 28
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Questions and Answers
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