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!BSTRACT

)N� THE� PAST�� FORMAL� VERIFICATION� � THE� PROMISING
ALTERNATIVE� TO� SIMULATION
BASED� VERIFICATION� � HAS
PRIMARILY�BEEN�APPLIED�TO�DIGITAL�SYSTEM�DESIGNS���$ESPITE
THE� EVER
GROWING� IMPORTANCE� OF� INTEGRATED� MIXED
ANALOG�DIGITAL� SYSTEMS�� HARDLY� ANY� FORMAL� APPROACHES
HAVE� BEEN� INTRODUCED� TO� VERIFY� SUCH� DESIGNS�� � )N� THIS
PAPER�� A� PRELIMINARY� STUDY� OF� A� SYMBOLIC� MODELLING
TECHNIQUE�IS�PRESENTED��WHICH�ALLOWS�US�TO�FORMALLY�VERIFY
THE� FUNCTIONAL� CORRECTNESS� OF� INTEGRATED� MIXED
MODE
SYSTEMS�� � 4HE� USEFULNESS� OF� THE� APPROACH� HAS� BEEN
DEMONSTRATED� BY� VERIFYING� THE� 3MART0EN4-�� A� PRACTICAL
INTEGRATED�MIXED
MODE�APPLICATION�

��� )NTRODUCTION

4HE�INCREASING�FINANCIAL�ECONOMIC�CONSEQUENCES�LINKED
TO� THE� INTRODUCTION�OF� FAULTY� ELECTRONIC� SYSTEMS� INTO� THEIR
FIELD� OF� OPERATION� ;�=� HAVE�� TOGETHER� WITH� THEIR� EVER

GROWING� COMPLEXITY� AND� IMPACT� IN� OUR� MODERN� SOCIETY�
RESULTED�IN�THE�FACT�THAT�A�CRUCIAL�PART�OF�THE�DESIGN�PROCESS
OF�ANY�6,3)�SYSTEM�IS�NOWADAYS�DEDICATED�TO�PROVING�ITS
CORRECTNESS���)N�CASE�OF�INDUSTRIAL
COMMERCIAL�APPLICATIONS
SUCH� CORRECTNESS� ANALYSES� ARE�� UP� TO� NOW�� MOSTLY
PERFORMED� USING� TRADITIONAL� SIMULATION
BASED� VERIFICATION
TECHNIQUES�� �(OWEVER�� SIMULATION
BASED�APPROACHES�HAVE
SEVERAL� WELL
DOCUMENTED� DISADVANTAGES�� FOR� MOST
APPLICATIONS�� THEY� ARE� NON
EXHAUSTIVE�� TIME
CONSUMING
AND� THEY� TYPICALLY� CALL� FOR� A� HIGH� LEVEL� OF� USER
TOOL
INTERACTION�
&ORMAL� VERIFICATION�� THE� PROMISING� ALTERNATIVE� TO� THE
SIMULATION
BASED� METHODS�� IS� OFTEN� CREDITED� FOR� OFFERING
SOLUTIONS� TO� THE� DISADVANTAGES� MENTIONED� ABOVE� ;�=�
!MONG� OTHERS�� THE� MOST� IMPORTANT� BENEFIT� OF� A� FORMAL
APPROACH� IS� THAT� IT� ALLOWS� EXHAUSTIVE� DESIGN
VERIFICATION
WITHIN� A� MORE
OR
LESS� ACCEPTABLE� TIME
FRAME�� � .OT
SURPRISINGLY�� A� LOT� OF� RESEARCH� IS� CURRENTLY� FOCUSED� ON

APPLYING� FORMAL� TECHNIQUES� FOR� THE� VERIFICATION� OF� LARGE
CIRCUITS� ;���� ��=�� � 4HE� SYSTEMS� UNDER� CONSIDERATION� ARE
PRIMARILY�DIGITAL�IN�NATURE��WHEREAS�FORMAL�APPROACHES�FOR
INTEGRATED�MIXED
MODE�SYSTEMS�ARE�LEFT�NEARLY�UNEXPLORED
;�=���(OWEVER��INTEGRATED�MIXED
MODE�SYSTEM�APPLICATIONS
ARE�BECOMING�EVER�MORE�IMPORTANT�IN�OUR�SOCIETY��CONSIDER
FOR� INSTANCE� PACE
MAKERS�� ELECTRONIC� HEARING
AIDS�
BIOLOGICAL�IMPLANTABLE�SENSORY�SYSTEMS�AND�MANY�OTHERS�
)N�ORDER�TO�DEMONSTRATE�THE�FUNCTIONAL�CORRECTNESS�OF�AN
INTEGRATED� MIXED
SIGNAL� SYSTEM� AT� AN� ABSTRACT� LEVEL�� WE
DEVISED� A� STRAIGHTFORWARD� SYMBOLIC� MODELLING� AND
VERIFICATION� TECHNIQUE� ;�=�� � )N� THIS� PAPER�� A� PRELIMINARY
ILLUSTRATION� OF� OUR� SYMBOLIC� APPROACH� IS� PRESENTED�
3ECTION���SHOWS�A�REAL
LIFE�MIXED
MODE�APPLICATION� �THE
3MART0EN4-� � TO� WHICH� OUR� APPROACH� HAS� BEEN
SUCCESSFULLY� APPLIED�� � 4HE� UNDERLYING� CONCEPTS� OF� THE
SYMBOLIC� CORE� APPROACH� ARE� DISCUSSED� IN� SECTION� ��
3UBSEQUENTLY�� SECTIONS� �� AND� �� DEAL� WITH� A� SPECIFIC
VERIFICATION� EXPERIMENT�� THE� FORMAL� VERIFICATION� OF� A
MIXED
MODE� !3)#� OF� THE� 3MART0EN4-� APPLICATION�
#ONCLUSIONS�ARE� DRAWN� IN� SECTION� ���WHICH� ALSO� SKETCHES
POSSIBLE�FUTURE�RESEARCH�ACTIVITIES�

��� 4HE�3MART0EN4-��A�MIXED
MODE
APPLICATION

4HE� 3MART0EN4-� IS� A� NEW� COMPUTER� INPUT� DEVICE�
DEVELOPED�AND�CURRENTLY�BEING�IMPROVED�BY�THE�)NTEGRATED
-ICRO3YSTEMS�$ESIGN�'ROUP�OF�)MEC��IN�ASSOCIATION�WITH
,#) 3MARTPEN�� �%SSENTIALLY�� THE� SMARTPEN�DEVICE�AIMS� TO
IMPROVE�EXISTING�HUMAN
COMPUTER� INTERACTION�BY�OFFERING
USERS� BOTH� THE� ADVANTAGES� OF� A� CONVENTIONAL� WRITING� PEN
AND�THOSE�OF�ELECTRONIC� INPUT�DEVICES� SUCH�AS�A�MOUSE�OR
WRITING� TABLETS�� � )N� ADDITION� TO� USING� THE� SMARTPEN� IN� THE
OLD
FASHIONED�WAY� � FOR� INSTANCE� TO�WRITE� SOME� TEXT� IN� A
JOURNAL�OR�ON�A�SHEET�OF�PAPER� �THE�SMARTPEN�CAN�BE�USED
TO�ENTER�SPECIFIC�USER
DATA�IN�COMPUTER
APPLICATIONS�� �4HE
USER
DATA� ENTERED� WITH� THE� PEN� MAY� RELATE� TO� CURSOR

POSITIONS��IN�WHICH�CASE�THE�SMARTPEN�IS�USED�AS�A�KIND�OF
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ELECTRONIC� MOUSE�� OR� THE� DATA� MAY� RELATE� TO� THE� ACTUAL
INFORMATION� �E�G�� SENTENCES�� DRAWINGS�� SIGNATURES 	
WRITTEN� WITH� THE� PEN� ON� PAPER�� � 4HE� LATTER� ALTERNATIVE�
CAPTURING�A�WRITTEN�IMAGE�IN� ELECTRONIC�INK ��IS�ESPECIALLY
USEFUL� WHEN� A� DIRECT� ELECTRONIC� RECORD� OF� THE� WRITTEN
INFORMATION� IS� REQUIRED�� �"IOMETRIC� SIGNATURE� VERIFICATION
;���=� IS� ONE� PRACTICAL� EXAMPLE� IN� WHICH� SUCH� ELECTRONIC
RECORDS�CAN�BE�USED�
)NHERENTLY��THE�SMARTPEN�IS�AN�INTRICATE�MICROSYSTEM�THAT
COMBINES�MIXED� ANALOG�DIGITAL� ELECTRONICS� �!3)#3	� WITH
PHYSICAL�SENSORS� �FORCE�� TILT�AND�ACCELERATION�SENSORS	�AND
WIRELESS� COMMUNICATION�� � !� SCHEMATIC� REPRESENTATION� OF
THE� DIFFERENT� COMPONENTS� OF� THE� SMARTPEN� PROTOTYPE� IS
GIVEN� IN� FIGURE� ��� TOGETHER� WITH� A� PHOTOGRAPHIC� VIEW� OF
ONE�OF� ITS�MIXED� ANALOG�DIGITAL�!3)#S�� �!�MORE�DETAILED
ACCOUNT� ON� THE� SMARTPEN� DESIGN� AND� ITS� APPLICATIONS� IS
PRESENTED�IN�;�=�

&IGURE��A��3CHEMATIC�REPRESENTATION�OF�THE
3MART0EN4-�PROTOTYPE

&IGURE��B��AN�INTEGRATED�MIXED
MODE
!3)#�OF�THE�SMARTPEN

4HE� RELATIONSHIP� BETWEEN� DESIGN� COMPLEXITY� AND� AN
INCREASED� PROBABILITY� OF� INTRODUCING� UNDESIRED� ERRORS� OR

FAULTS�INTO�A�DESIGN�IS�A�WELL�KNOWN�ONE���#ONSIDERING�THE
COMPLEXITY�OF�THE�SMARTPEN�AS�AN�INTEGRATED�MICROSYSTEM�
TOGETHER� WITH� THE� DELICATE� NATURE� OF� ITS� APPLICATION� FIELD�
ENSURING�THE��FUNCTIONAL	�CORRECTNESS�OF�THE�FINAL�DESIGN�IS
OF� THE� UTMOST� IMPORTANCE�� � )N� ORDER� TO� DEMONSTRATE� THE
CORRECT� FUNCTIONALITY�OF� THE�ELECTRONICS�OF� THE� SMARTPEN��A
SYMBOLIC� MODELLING� APPROACH� WAS� DEVELOPED� FOR� THE
SYMBOLIC� VERIFICATION� OF� INTEGRATED� MIXED� ANALOG�DIGITAL
SYSTEMS� ;�=�� � )N� THE� SUBSEQUENT� SECTIONS�� THE� BASIC
CONCEPTS�OF�THE�VERIFICATION�APPROACH�ARE�EXPLAINED�AND�A
PRAGMATIC�VERIFICATION�EXAMPLE�IS�PRESENTED�

��� 3YMBOLIC�CORE�APPROACH�TO�MIXED
MODE
VERIFICATION

)N� THE� PAST�� THE� TERMINOLOGY� DIGITAL� CORE� APPROACH� TO
MIXED
SIGNAL�SIMULATION �WAS�OFTEN�USED�TO�CLASSIFY�THOSE
SIMULATION
BASED�VERIFICATION� TECHNIQUES�WHICH�MAKE� USE
OF�A�DIGITAL�SIMULATION�KERNEL�TO�VERIFY� �I�E�� TO�SIMULATE
IN� THIS� CONTEXT� � MIXED
MODE� DESIGNS� ;�=�� � &OR� THAT
PURPOSE�� THE� FUNCTIONAL� BEHAVIOUR� OF� THE� ANALOG
COMPONENTS�HAD�TO�BE�MODELLED�IN�A�DIGITAL�MANNER�
)NSTEAD� OF� USING� DIGITAL� MODELS� FOR� THE� ANALOG
COMPONENTS�� THE�APPROACH� IN� THIS� PAPER�WILL�MODEL� THEM
USING� A� SYMBOLIC� FORMALISM�� � !� SYMBOLIC� EVALUATION� OR
SIMULATION�TOOL�;����=�CAN�THEN�BE�EMPLOYED�TO�PERFORM�THE
ACTUAL� FORMAL� PROOF�� � !CCORDINGLY�� OUR� VERIFICATION
APPROACH� CAN� BE� LABELED� A� SYMBOLIC� CORE� APPROACH� TO
�FORMAL	�MIXED
MODE�VERIFICATION �
4HE� GOAL� OF� OUR� SYMBOLIC� VERIFICATION� TECHNIQUE� IS� TO
PROVE� THE� CORRECTNESS� OF� THE� ABSTRACT�� WEAK� OBSERVABLE
�FUNCTIONAL	� INPUT
OUTPUT� BEHAVIOUR� OF� A� MIXED
MODE
SYSTEM�� � )N� OUR� VERIFICATION� EFFORTS�� WE� INITIALLY� DO� NOT
CONSIDER�THE�DETAILED�DYNAMIC�BEHAVIOUR� �E�G��FREQUENCY
RESPONSE��TIMING�ASPECTS�AND�OTHERS� �OF�THE�SYSTEMS�TO�BE
VERIFIED�� � .EITHER� WILL� ANALOG� DESIGN� ISSUES� AS� %-

INTERFERENCE��SUPPLY�OR�GROUND�COUPLING�AND�TRANSMISSION

LINE� EFFECTS�BE� THE�OBJECT� OF� OUR�APPROACH�� � %VEN� THOUGH
EACH� OF� THESE� ISSUES� IS� INTRINSICALLY� VERY� IMPORTANT� � IN
FACT�� THEY�ARE�WHAT�USUALLY�MAKES�MIXED
SIGNAL�DESIGN�SO
COMPLICATED� �WE�ARE�OF� THE�OPINION� THAT� IT� IS� EVEN�MORE
IMPORTANT�TO�FIRST�DEMONSTRATE�THE�FUNCTIONAL�CORRECTNESS�AT
A�MORE� ABSTRACT� LEVEL�� �7ITHOUT� DOUBT�� CHECKING� A� GIVEN
DESIGN� AT� A� DETAILED� PHYSICAL� LEVEL� IS� UNAVOIDABLE�� BUT
TIME
CONSUMING� RESOURCES� MAY� WELL� BE� WASTED� IF� THE
DESIGN� ITSELF� IS� DE� FACTO� INCORRECT� WITH� RESPECT� TO� ITS
FUNCTIONAL� SPECIFICATION�� � 4HUS�� BOTH� TIME� AND� RESOURCES
CAN� BE� SAVED� BY� FIRST� EMPLOYING� A� SIMPLE� AND
STRAIGHTFORWARD� VERIFICATION� TECHNIQUE� TO� CHECK� IF� THE
ABSTRACT�FUNCTIONALITY�OF�THE�DESIGN�IS�FREE�OF�FAULTS���/NCE
� PROBABLY� AFTER� A� NUMBER� OF� ITERATIVE� RE
DESIGN� AND
VERIFICATION�STEPS� �THE�DESIGN�PROVES�TO�BE�CORRECT�AT� THE
ABSTRACT� LEVEL�� THE� VERIFICATION� PROCESS� CAN� PROCEED� AT� A
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MORE�DETAILED� LEVEL� OF� DESCRIPTION�� USING�MORE� DEDICATED
TOOLS�AS�FOR�INSTANCE�30)#%���4HE�PROCESS�OF�SUCCESSIVELY
LOWERING�THE�LEVEL�OF�ABSTRACTION�DURING�DESIGN�VALIDATION
IS� ALSO� QUITE� COMMON� PRACTICE� IN� TRADITIONAL� SIMULATION

BASED�VERIFICATION�APPROACHES�
4HIS� SECTION� NOW� DEALS� WITH� THE� SPECIFIC� CONCEPTS
UNDERLYING� OUR� SYMBOLIC� MODELLING� AND� VERIFICATION
APPROACH�FOR�INTEGRATED�MIXED�ANALOG�DIGITAL�SYSTEMS�

���� 3YMBOLIC�REPRESENTATION�OF�ANALOG�SIGNALS

!�SUITABLE�SYMBOLIC�REPRESENTATION�OF�THE�ANALOG�SIGNALS
INVOLVED� IS� NEEDED� WHEN� SYMBOLIC� MODELS� FOR� THE
FUNCTIONAL�BEHAVIOUR�OF� THE�ANALOG� COMPONENTS�ARE� TO�BE
DERIVED�� � 3IMILAR� TO� THE� DIGITAL� BIT
VECTOR� REPRESENTATION
FOR� ANALOG� SIGNALS� IN� DIGITAL� CORE� SIMULATIONS�� SYMBOLIC
BIT
VECTORS� CAN� BE� USED� FOR� THE� SYMBOLIC� MODELLING� AND
VERIFICATION�APPROACH�DISCUSSED�HERE�
2EPRESENTING� ANALOG� SIGNALS� BY� SYMBOLIC� VECTORS� OF� �
BITS�LONG� �DIFFERENT�LENGTHS�CAN�BE�USED��DEPENDING�ON�THE
DESIRED� ACCURACY� OF� THE� REPRESENTATION� � ALLOWS� US� TO
MODEL � THE� COMPLETE� ANALOG� VOLTAGE� RANGE� BY
X
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� IS� A� "OOLEAN� VARIABLE�� I�������	�
3IMILARLY�������A���WILL�DENOTE�BOTH�THE�VOLTAGES��6�AND
�����6�� IF��6� ��6	� IS� ENCODED�AS���������� ���������	
AND�A�IS�A�"OOLEAN�VARIABLE�

���� 3YMBOLIC�MODELS�FOR�ANALOG�COMPONENTS

4HE� SYMBOLIC� MODELS� FOR� THE� ANALOG� COMPONENTS
DESCRIBE�THE�FUNCTIONAL�BEHAVIOUR�IN�TERMS�OF�THE�SYMBOLIC
REPRESENTATIONS�OF�THE�SIGNALS�INVOLVED��AND�NOT�IN�TERMS�OF
THE� PHYSICAL� ENTITIES� THEMSELVES�� � &IGURE� �� ILLUSTRATES� THE
SYMBOLIC�MODELLING�OF�ANALOG�SIGNALS�

&IGURE����SYMBOLIC�BIT
VECTORS�MODEL�THE�ANALOG
�SIGNALS�INVOLVED

4HE�NEXT�SUBSECTION�ILLUSTRATES�AN�EXAMPLE�DEALING�WITH
THE� CONSTRUCTION� OF� A� SYMBOLIC� MODEL� FOR� ONE� SPECIFIC
COMPONENT� �AN�ANALOG�COMPARATOR�

���� %XAMPLE��AN�ANALOG�COMPARATOR

4O� ILLUSTRATE� THE� SYMBOLIC� MODELLING� APPROACH�� THIS
SUBSECTION�SHOWS�HOW� THE� SYMBOLIC�MODEL� FOR�AN�ANALOG
COMPARATOR�CAN�BE�CONSTRUCTED���4HE�FUNCTIONAL�BEHAVIOUR
OF� THIS� COMPONENT� IS� QUITE� SIMPLE�� IT� ACQUIRES� AND
COMPARES � TWO� ANALOG� VOLTAGES� !� AND� "� AND� A� DIGITAL
OUTPUT�SIGNAL�IS�GENERATED��WHOSE�VALUE�INDICATES�WHICH�OF
THE���INPUTS�IS�LARGER��SEE�FIGURE��	�

&IGURE����&UNCTIONAL�BEHAVIOUR�OF�AN�ANALOG�COMPARATOR
WITH�ANALOG�INPUTS�!�AND�"�AND�A�DIGITAL�OUTPUT�/UT�

)N�ORDER�TO�MODEL�THE�ABOVE�BEHAVIOUR�SYMBOLICALLY��THE
ANALOG�SIGNALS�INVOLVED�MUST�FIRST�BE�REPRESENTED�IN�TERMS
OF� THE� SYMBOLIC� BIT
VECTOR� REPRESENTATION�� � 3UPPOSE� THAT
THE� ANALOG� INPUT� VOLTAGES� ARE� DESCRIBED� BY� SYMBOLIC� BIT

VECTORS�!

N

�N��	�AND�"
N

�N��	��WHICH�CAN�BE�WRITTEN�AS�

!CCORDINGLY�� IT� IS�POSSIBLE� TO�DEFINE� THE� SMALLER
THAN
OPERATOR�IN�FIGURE���RECURSIVELY�
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"ASED� ON� THESE� RECURSIVE� EXPRESSIONS� � AND� BASED� ON
SIMILAR�EXPRESSIONS�FOR�THE�EQUALITY�OPERATOR� �A�"OOLEAN
EQUATION�CAN�BE�DERIVED�FOR�THE�OUTPUT�/UT���7RITING�DOWN
THE� RESULTING�"OOLEAN� EQUATION� IN� TERMS� OF�� FOR� INSTANCE�
THE�SYMBOLIC�,GC
FORMALISM�OF�THE�#/3-/3�ENVIRONMENT
;����=��GIVES�US�THE�SYMBOLIC�MODEL�FOR�THE�COMPONENT�

���� 5SING� THE� SYMBOLIC� MODELS� IN� THE� 3&'

4RACING�METHODOLOGY

4HE� SYMBOLIC� MODELS� DESCRIBING� THE� FUNCTIONAL
BEHAVIOUR� OF� ANALOG� COMPONENTS� CAN� BE� EASILY
INCORPORATED�IN�EXISTING�FORMAL�VERIFICATION�METHODOLOGIES
FOR�DIGITAL�DESIGNS���!S�A�RESULT��VERIFICATION�TECHNIQUES�FOR
DIGITAL� SYSTEMS� CAN� BE� USED� TO� VERIFY� INTEGRATED� MIXED

MODE�DESIGNS�
)N� OUR� EXPERIMENTS�� THE� 3IGNAL
&LOW
'RAPH� �3&'	
4RACING��A�METHODOLOGY�INITIALLY�DEVELOPED�AT�)MEC�FOR�THE
FORMAL��SYMBOLIC	�VERIFICATION�OF�DIGITAL�6,3)�DESIGN��WAS
EMPLOYED� ;��=�� � 4HE�PRACTICAL� VALUE� OF� THE� 3&'
4RACING
HAS� ALREADY� BEEN� DEMONSTRATED� BY� FORMALLY� PROVING� THE
CORRECTNESS�OF�6,3)�DESIGNS�OF�UP� TO��������� TRANSISTORS
;��=�� � 3INCE� A� MORE� ELABORATE� DISCUSSION� ON� THE
RELATIONSHIP� BETWEEN� THE� SYMBOLIC�MODELS� AND� THE� 3&'

4RACING� IS� OUTSIDE� THE� SCOPE� OF� THIS� PAPER�� THE� INTERESTED
READER�IS�REFERRED�TO�;�=�
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���� !NALOG�MACRO�BUILDING�BLOCKS

7ITHOUT� DEMEANING� THE� GENERAL� APPLICABILITY� OF� THE
VERIFICATION� APPROACH�� A� FAR
REACHING� AUTOMATION� CAN� BE
REALIZED�BY� ONLY� ALLOWING� SYMBOLIC�MODELS� FOR� SO
CALLED
ANALOG�MACRO�BUILDING�BLOCKS��I�E��PREDEFINED�ELEMENTS�OF
AN�ANALOG�COMPONENT�LIBRARY�SUCH�AS�ANALOG�COMPARATORS�
DIGITAL
TO
ANALOG� CONVERTERS�� ANALOG
TO
DIGITAL� CONVERTERS�
OPERATIONAL�AMPLIFIERS�AND�OTHERS���2ESTRICTING�OURSELVES�IN
THIS�WAY�CAN�BE� JUSTIFIED� SINCE� THE�MAJORITY�OF� INTEGRATED
MIXED
MODE�SYSTEMS� IS�USUALLY�DESIGNED�USING�ONLY� SUCH
PRE
DEFINED�LIBRARY�COMPONENTS���!�FURTHER�JUSTIFICATION�IS
TO� BE� FOUND� IN� THE� FACT� THAT� IN� THIS� WAY� THE� VERIFICATION
PROCESS�CAN�BE�BROUGHT�CLOSER�TO� THE�PRACTICAL�EXPERIENCE
OF�THE�DESIGNER�HIMSELF�
)T� IS� IMPORTANT� TO� OBSERVE� THAT� RESTRICTING� OURSELVES� TO
LIBRARY
BASED� DESIGNS� IS� A� SELF
IMPOSED� LIMITATION�� THE
APPROACH� MAY� STILL� BE� APPLIED� FOR� INTEGRATED� MIXED
ANALOG�DIGITAL� DESIGNS� IN� WHICH� CUSTOM
DESIGNED� ANALOG
SUBSYSTEMS� ARE� USED�� PROVIDED� THAT� THE� FUNCTIONAL
BEHAVIOUR�OF�THE�ANALOG�PARTS�IS�ACCURATELY�KNOWN�AND�CAN
BE�DESCRIBED�IN�TERMS�OF�THE�SYMBOLIC�FORMALISM�AVAILABLE�
4HE�AUTOMATION�ADVANTAGE��HOWEVER��WILL�BE�LOST�FOR�SUCH
SYSTEMS�

��� !N�APPLICATION�EXAMPLE��THE�3MART0EN
DESIGN

!S� MENTIONED� BEFORE�� THE� MAIN� INCENTIVE� FOR� THE
DEVELOPMENT�OF�A�NEW�VERIFICATION�APPROACH�WAS�THE�NEED
TO�FORMALLY�VERIFY�THE�FUNCTIONAL�CORRECTNESS�OF�INTEGRATED
MIXED
MODE� SYSTEMS� SUCH� AS� THE� SMARTPEN�� � )N� THIS
SECTION�� A� CONCRETE� EXAMPLE� � AN� INTEGRATED� MIXED
ANALOG�DIGITAL� SUBSYSTEM�OF� THE� 3MART0EN� PROTOTYPE� � OF
WHAT� HAS� BEEN� VERIFIED� USING� OUR� SYMBOLIC� APPROACH� IS
PRESENTED�

&IGURE����!N�INTEGRATED�MIXED
MODE�SUBSYSTEM�OF�THE
3MART0EN4-�APPLICATION

!�SIMPLIFIED�VERSION�OF�THE�MIXED
MODE�SYSTEM�THAT�WAS
FORMALLY�VERIFIED�IS�ILLUSTRATED�IN�FIGURE����A�SENSOR�ARRAY�

A�SET�OF�STRAIN�GAUGES�IN�WHEATSTONE�BRIDGE�CONFIGURATIONS
�GENERATES�THE�ANALOG� INPUTS�OF� THE�SYSTEM�� �!LTERNATELY�
THE� DIGITAL� CONTROL� UNIT� SELECTS� ONE� OF� FOUR� AMPLIFIED
�ANALOG	� DIFFERENCE� VOLTAGES�� WHICH� IS� SUBSEQUENTLY
CONVERTED� INTO� AN� �
BIT� DIGITAL� SIGNAL�� � 4HE� �
BIT� DIGITAL
SIGNAL� IS� THEN� USED� IN� A� SPECIFIC� BIT
SEQUENTIAL� PROTOCOL�
&INALLY�� THE�BIT
SEQUENTIAL� INFORMATION�WILL�BE�TRANSMITTED
VIA�A�WIRELESS�COMMUNICATION� LINK�BETWEEN�THE�3MART0EN
AND� A� PERSONAL� COMPUTER�� WHERE� THE� INFORMATION� CAN� BE
STORED� OR� USED� BY� SPECIAL� PURPOSE� SIGNATURE� VERIFICATION
ALGORITHMS�;�=�
4HE�ACTUAL�VERIFICATION�PROCESS� STARTS� FROM�A�STRUCTURAL�
HIERARCHICAL�DESCRIPTION�OF�THE�SYSTEM�UNDER�CONSIDERATION�
)N�OTHER�WORDS��THE�MIXED
MODE�DESIGN�IS�REPRESENTED�AS�A
SPECIFIC� INTERCONNECTION� OF� ANALOG� COMPONENTS� � E�G�
COMPARATORS�� MULTIPLEXERS�� !$# S� AND� OTHERS� � AND
SEVERAL� DIGITAL� �HIERARCHICAL	� BLOCKS�� � 4HE� DIGITAL
SUBSYSTEMS�THEMSELVES�ARE�DEFINED�IN�TERMS�OF�THEIR�GATE

LEVEL�SCHEMATICS�
!FTER� THE�DIGITAL�DESIGN�HIERARCHY�HAS�BEEN� FLATTENED�� A
SYMBOLIC� MODEL� FOR� THE� DESIGN� CAN� BE� CONSTRUCTED� IN� A
VERY�STRAIGHTFORWARD�WAY��EACH�COMPONENT��OR�GATE	�MUST
SIMPLY�BE� REPLACED�BY� ITS� CORRESPONDING�MODEL� IN� A� PRE

DEFINED� SYMBOLIC� LIBRARY�� �/UR� SYMBOLIC� LIBRARY� INCLUDES
BEHAVIOURAL� MODELS� FOR� THE� MOST� COMMON� GATE

COMPONENTS� FOUND� IN� DIGITAL� DESIGN� LIBRARIES� �E�G�� THE
-)%4%#� ���µ� #-/3� TECHNOLOGY� LIBRARY	�� AS� WELL� AS
MODELS� FOR� THE� MOST� GENERAL� ANALOG� MACRO� BUILDING
BLOCKS�� � !N� OUTSPOKEN� ADVANTAGE� OF� THESE� LIBRARY
BASED
SYMBOLIC� MODELS� CAN� BE� FOUND� IN� THEIR� SIMPLICITY�� THE
FUNCTIONAL� CORRECTNESS� OF� THE� INDIVIDUAL� MODELS� CAN� BE
EXHAUSTIVELY�VERIFIED��WHICH�ULTIMATELY�BENEFITS�THE�OVERALL
RELIABILITY�OF�THE�VERIFICATION�APPROACH�ITSELF�
2ETAINING� THE� ORIGINAL� INTERCONNECTIONS�� A� SYMBOLIC
MODEL� FOR� THE� OVERALL� DESIGN� CAN� BE� GENERATED� STARTING
FROM�THE�INDIVIDUAL�MODELS���4HE�COMPLETE�MODEL�CAN�THEN
BE� PRESENTED� TO� SYMBOLIC� EVALUATION� OR� SIMULATION� TOOLS
SUCH� AS� #/3-/3� ;���=�� � 4HESE� TOOLS� ENABLE� US� TO
FORMALLY�CHECK�THE�CORRECTNESS�OF� THE�DESIGN�WITH�RESPECT
TO�A�FUNCTIONAL�SPECIFICATION���7HEREAS�THE�MODELLING�OF�A
�LIBRARY
BASED	�DESIGN�CAN�BE�FULLY�AUTOMATED��ACQUIRING�A
FORMAL� SPECIFICATION� OF� THAT� DESIGN� IS�� AT� PRESENT�� STILL� A
MANUAL� TASK�� � 7ITHOUT� DOUBT�� FURTHER� RESEARCH� INTO� THE
MATTER�IS�NEEDED�IF�WE�WANT�TO�ALLEVIATE�THE�VERIFIER�OF�THIS
TEDIOUS�TASK�

��� %RRORS�UNCOVERED�DURING�THE�SYMBOLIC
VERIFICATION

!PPLYING� THE� SYMBOLIC� VERIFICATION� TECHNIQUE� TO� THE
MIXED
MODE� SYSTEM� DESCRIBED� IN� THE� PREVIOUS� SECTION�
ENABLED� US� TO� IDENTIFY� OR� EXPOSE� TWO� UNDESIRED� FAULTS� IN
THE�PROTOTYPE�DESIGN���!�FIRST�DESIGN�FAULT�WAS�DETECTED�IN
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THE� PARITY� GENERATION� OF� THE� TRANSMISSION� PROTOCOL�� � !N
ODD
OR
EVEN 
PIN� ALLOWS� US� TO� GENERATE� AN� ODD� OR� EVEN
PARITY
BIT� FOR� THE� TRANSMITTED� INFORMATION�� � 3YMBOLIC
VERIFICATION�DEMONSTRATED�THAT�THE�ACTUAL�PARITY
BIT�WAS� IN
FACT� INDEPENDENT� OF� THE� ODD
OR
EVEN � PIN
VALUE�
CONTRADICTING�THE�GIVEN�SPECIFICATIONS�
)N� ADDITION� TO� THE� PARITY � ERROR�� THE� SYMBOLIC
VERIFICATION�OF�THE�SMARTPEN�ALSO�UNCOVERED�AN�UNSPECIFIED
INITIALIZATION�EFFECT� �THE�INITIALIZATION�OF�THE�PEN�APPEARED
TO� BE� �� CLOCK� CYCLE� SHORTER� THAN�WAS� FORMALLY� SPECIFIED�
#LOSER� EXAMINATION� HOWEVER� SHOWED� US� THAT� THE
INITIALIZATION�EFFECT�WAS�� IN�FACT��NOT�REALLY�A�DESIGN�ERROR�
!S� IT� TURNED� OUT�� THE� FORMAL� SPECIFICATION� USED� FOR� THE
VERIFICATION�EXPERIMENT�PROVED�TO�BE�MORE�STRICT�THAN�WAS
ACTUALLY� REQUIRED� FOR� THE� CORRECT� WORKING� OF� THE
APPLICATION���/N�THE�WHOLE��IT�TURNED�OUT�THAT�THE�SYMBOLIC
MODELLING� AND� VERIFICATION� APPROACH� EXPLAINED� ABOVE
CONTRIBUTED� TO� IMPROVING� THE� OVERALL� DESIGN� OF� THE
3MART0EN�PROTOTYPE�

��� #ONCLUSIONS�AND�FUTURE�WORK

)N�THIS�PAPER��SYMBOLIC�BIT
VECTORS�ARE�USED�TO�REPRESENT
ANALOG� VOLTAGES� AND� THE� FUNCTIONAL� BEHAVIOUR� OF� MIXED
ANALOG�DIGITAL� BUILDING� BLOCKS� IS� EXPRESSED� IN� TERMS� OF
MODELS�BASED�ON� THE� SYMBOLIC�BIT
VECTOR� REPRESENTATIONS�
7E�HAVE�SHOWN�THAT�THESE�SYMBOLIC�MODELS�CAN�BE�USED�TO
VERIFY�THE��ABSTRACT	�FUNCTIONAL�BEHAVIOUR�OF�AN�INTEGRATED
MIXED
MODE� SYSTEM�� � 4HE� SYMBOLIC� MODELLING� AND
VERIFICATION� APPROACH� HAS� BEEN� SUCCESSFULLY� APPLIED� TO
VERIFY� THE� FUNCTIONAL� CORRECTNESS� OF� A� MIXED
MODE
SUBSYSTEM� OF� THE� 3MART0EN4-�� A� REALISTIC� APPLICATION�
3OME�UNSPECIFIED�AND�UNDESIRED�DESIGN�ASPECTS�HAVE�BEEN
UNCOVERED�� RESULTING� IN� AN� OVERALL� ENHANCEMENT� OF� THE
SMARTPEN�DESIGN�
%VIDENTLY�� THE� RESEARCH� DISCUSSED� IN� THIS�MANUSCRIPT� IS
STILL� SOMEWHAT� ON� THE� PRELIMINARY� SIDE� AND� IT� SHOULD� BE
CLEAR� THAT� MORE� WORK� IS� REQUIRED� TO� FURTHER� EXAMINE� THE
FULL� POTENTIAL� OF� THE� APPROACH�� � )N� THE� NEAR� FUTURE�� THE
OBJECTIVE� IS� THEREFORE� TO� EXTEND� THE� EXISTING� LIBRARY� OF
SYMBOLIC� MODELS�� AND� TO� COVER� ALL� VIABLE� PRE
DEFINED
ANALOG�BLOCKS�� �5SING� THE� EXTENDED� SYMBOLIC� LIBRARY�� THE
PRACTICAL� FEASIBILITY� AND� LIMITATIONS� OF� OUR� VERIFICATION
APPROACH�WILL�BE�INVESTIGATED�BY�VERIFYING�OTHER�INTEGRATED
MIXED
MODE� APPLICATIONS� DEVELOPED� IN� THE� )NTEGRATED
-ICRO3YSTEMS�$ESIGN�GROUP�OF�)MEC
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