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A FRAMEWORK FOR A  QUALITATIV E PHYSIC S 

John Seely Brown 
Joha n d e Klee r 

Xero x Par e 

Change is a ubiquitous characteristic of the physical world. But what 
i s it ? What  cause s it ? Ho w ca n i t  b e described ? Thousand s o f  year s o f 
investigatio n hav e produce d a  ric h an d divers e physic s whic h provide s man y 
answers .  Importan t  concept s an d distinction s underlyin g chang e i n physica l 
system s ar e state ,  cause ,  law ,  equilibrium ,  oscillation ,  momentum , 
quasistati c approximation ,  contac t  force ,  feedback ,  etc .  Notic e tha t  thes e 
term s ar e qualitativ e an d ca n b e intuitivel y understood .  Admittedl y the y 
ar e commonl y quantitativel y defined .  Th e behavio r  o f  a  physica l  syste m ca n 
be describe d b y th e exac t  value s o f  it s  variable s (forces ,  velocities , 
positions ,  pressures ,  etc. )  a t  eac h tim e instant .  Suc h a  description , 
althoug h complete ,  fail s  t o provid e muc h insigh t  int o ho w th e syste m 
functions .  Th e insightfu l  concept s an d distinction s ar e usuall y 
qualitative ,  bu t  the y ar e embedde d withi n th e muc h mor e comple x framewor k 
establishe d b y continuou s real-value d variable s an d differentia l  equations . 
Our  long-ter m goa l  i s  t o develo p a n alternat e physic s i n whic h thes e sam e 
concept s ar e derive d fro m a  fa r  simpler ,  bu t  nevertheles s formal , 
qualitativ e basis . 

The motivations for developing a qualitative physics stem from 
outstandin g problem s i n psychology ,  education ,  artificia l  intelligence ,  an d 
physics .  We wan t  t o identif y th e cor e knowledg e tha t  underlie s physica l 
intuition .  Humans appea r  t o us e a  qualitativ e causa l  calculu s i n reasonin g 
abou t  th e behavio r  o f  thei r  physica l  environment .  Judgin g fro m th e kind s o f 
explanation s human s give ,  thi s calculu s i s quit e differen t  fro m th e 
classica l  physic s taugh t  i n classrooms .  Thi s raise s question s a s t o wha t 
thi s (naive )  physic s i s like ,  an d ho w i t  help s on e t o reaso n abou t  th e 
physica l  world . 

In classical physics the crucial distinctions for characterizing 
physica l  chang e ar e define d withi n a  nonmechanisti c framewor k an d thu s the y 
ar e difficul t  t o groun d i n th e common-sens e knowledg e derive d fro m 
interactio n wit h th e world .  Qualitativ e physic s provide s a n alternat e an d 
simple r  wa y o f  arrivin g a t  th e sam e conception s an d distinction s an d thu s 
provide s a  simple r  pedagogica l  basi s fo r  educatin g student s abou t  physica l 
mechanisms . 

Artificial intelligence and (especially) its subfield of expert systems 
ar e producin g ver y sophisticate d compute r  program s capabl e o f  solvin g task s 
tha t  requir e extensiv e huma n expertise .  A  commonl y recognize d failin g o f 
suc h system s i s thei r  extremel y narro w rang e o f  expertis e an d thei r 
inabilit y  t o recogniz e whe n a  proble m pose d t o the m i s outsid e thi s rang e o f 
expertise .  I n othe r  words ,  the y hav e n o common-sense .  I n fact ,  exper t 
system s usuall y canno t  solv e simple r  version s o f  th e problem s the y ar e 
designe d t o solve .  Th e missin g common-sens e ca n b e supplied ,  i n part ,  b y 
qualitativ e reasoning . 

A qualitative causal physics provides an alternate way of describing 
physica l  phenomena .  A s compare d t o moder n physics ,  thi s qualitativ e physic s 
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i s onl y a t  it s  formativ e stage s an d doe s no t  hav e ne w explanator y value . 

However ,  th e qualitativ e physic s doe s sugges t  som e promise s o f  novelty , 
particularl y i n it s explici t  treatmen t  o f  causalit y -  somethin g moder n 
physic s provide s n o formalis m fo r  treating . 

Our proposal is to reduce the quantitative precision of the behavioral 
description s bu t  retai n th e crucia l  distinctions .  Instea d o f  continuou s 
real-value d variables ,  eac h variabl e i s describe d qualitativel y -  takin g o n 
onl y a  smal l  numbe r  o f  values ,  usuall y + ,  - ,  o r  0 .  Ou r  centra l  modelin g 
too l  i s  th e qualitativ e differentia l  equation ,  calle d a  confluence .  Fo r 
example ,  th e qualitativ e behavio r  o f  a  valv e i s expresse d b y th e confluenc e 
3P+9 A -  9 Q «  0  wher e Q  i s th e flo w throug h th e valve ,  P  i s th e pressur e 
acros s th e valve ,  A  i s th e are a availabl e fo r  flow ,  an d 9Q ,  9A ,  an d a ? 
represen t  change s i n Q ,  A ,  an d P -  Th e confluenc e represent s multipl e 
competin g tendencies :  th e chang e i n are a positivel y influence s flo w rat e 
and negativel y influence s pressure ,  th e chang e i n pressur e positivel y 
influence s flo w rate ,  etc .  Th e sam e variabl e ca n appea r  i n man y confluence s 
and thu s ca n b e influence d i n man y differen t  ways .  I n a n overal l  syste m 
eac h confluenc e mus t  b e satisfie d individually .  Thu s i f  th e are a i s 
increasin g bu t  th e flo w remain s constant ,  th e pressur e mus t  decreas e n o 
matte r  wha t  th e othe r  influence s o n th e pressur e are .  A  singl e confluenc e 
ofte n canno t  characteriz e th e behavio r  o f  a  componen t  ove r  it s entir e 
operatin g range .  I n suc h case s th e rang e mus t  b e divide d int o subregions , 
eac h characterize d b y a  differen t  componen t  stat e i n whic h differen t 
confluence s apply .  Fo r  example ,  th e behavio r  o f  th e valv e whe n i t  i s 
completel y ope n i s quit e differen t  fro m tha t  whe n i t  i s  completel y closed . 
Thes e tw o concepts ,  o f  confluenc e an d o f  state ,  for m th e basi s fo r  a 
qualitativ e physics ,  a  physic s tha t  maintain s mos t  o f  th e importan t 
distinction s o f  th e usua l  physic s bu t  i s fa r  simpler -

ENVISION 

One of our central tenets of our methodology for exploring the ideas 
and technique s i s t o construc t  compute r  system s base d o n the m an d t o compar e 
thei r  result s wit h ou r  expectations .  Th e progra m ENVISIO N ha s bee n ru n 
successfull y o n hundred s o f  example s o f  variou s type s o f  device s 
(electronic ,  translational ,  hydraulic ,  acoustic ,  etc. ) .  Althoug h w e vie w 
constructin g workin g program s a s a n importan t  methodologica l  strateg y fo r 
doin g research ,  th e existenc e o f  a  workin g implementatio n contribute s littl e 
t o th e conceptua l  coherenc e o f  th e theor y -  i t  i s  a n existenc e proo f  a t 
best . 

Although the algorithms ENVISION uses are not the primary focus of 
thi s talk ,  a  brie f  descriptio n o f  it s  inputs ,  outputs ,  an d succes s criteri a 
clarifie s th e stag e fo r  th e followin g conceptua l  presentations .  ENVISION' s 
basi c tas k i s t o deriv e functio n fro m structur e fo r  a n arbitrar y device .  I t 
relie s o n a  singl e librar y o f  generi c component s an d use s th e sam e mode l 
librar y t o analyz e eac h device .  Th e inpu t  t o ENVISIO N i s a  descriptio n o f  a 
particula r  situatio n i n term s o f  (1 )  a  se t  o f  component s an d thei r  allowabl e 
path s o f  interactio n (i.e. ,  th e device' s topology) ,  (2 )  th e inpu t  force s 
applie d t o th e devic e (i f  any) ,  an d (3 )  a  se t  o f  boundar y condition s whic h 
constrai n th e device' s behavior .  ENVISIO N produce s a  descriptio n o f  th e 
behavio r  o f  th e syste m i n term s o f  it s  allowabl e states ,  th e value s o f  th e 
system' s variables ,  an d th e directio n thes e variable s ar e changing .  Mos t 
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importantly ,  i t  produce s complet e causa l  an d logica l  analyse s fo r  tha t 
behavior .  Bot h o f  thes e analyse s provid e explanation s o f  ho w th e syste m 
behave s wit h th e causa l  analysi s als o identifyin g al l  possibl e feedbac k 
paths . 

The success criteria for ENVISION are also important. Our physics is 
qualitativ e an d henc e sometime s underdetermine s th e behavio r  o f  a  system . 
I n thes e case s ENVISIO N produce s a  se t  o f  behavior s (w e cal l  thes e 
interpretations) .  A t  a  minimum ,  fo r  a  predictio n t o b e correct ,  on e o f  th e 
interpretation s mus t  correspon d t o th e actua l  behavio r  o f  th e rea l  device . 
A stronge r  criterio n follow s fro m observin g tha t  a  structura l  description , 
abstracte d qualitatively ,  o f  a  particula r  devic e implicitl y  characterize s a 
wid e clas s o f  differen t  physicall y realizabl e device s wit h th e sam e devic e 
topology .  Th e stronge r  criterio n require s tha t  fo r  th e prediction s produce d 
by envisionin g t o b e correc t  the n (1 )  th e behavio r  o f  eac h devic e i n th e 
clas s i s describe d b y on e o f  th e interpretations ,  an d (2 )  ever y 
interpretatio n describe s th e behavio r  o f  som e devic e o f  th e class . 

We present a new unifying framework: the qualitative differential 
equation .  Thi s ne w researc h build s o n th e idea s o f  qualitativ e value , 
componen t  models ,  an d envisioning ,  develope d i n ou r  earlie r  investigations . 
Thes e concept s an d ou r  methodolog y ar e discusse d i n mor e detai l  i n ou r 
earlie r  papers .  Some o f  th e importan t  concept s develope d mor e recentl y 
withi n ou r  qualitativ e framewor k are : 

Quasistatic approximation; Most modeling, whether quantitative or 
qualitative ,  make s th e approximatio n tha t  behavio r  a t  som e smal l  tim e scal e 
i s unimportant .  I n moder n thermodynamic s thi s concep t  i s centra l  t o th e 
definitio n o f  equilibrium .  Unti l  no w qualitativ e physic s ha s treate d thi s 
modelin g issu e i n bot h a n a d ho c an d taci t  manner -  I n ou r  formulatio n 
quasisti c assumption s pla y a  theoreticall y motivate d an d explici t  role . 

Causality: The behavior of a device is viewed as arising from the 
interaction s o f  a  se t  o f  processors ,  on e fo r  eac h componen t  o f  th e "device. " 
The information-passin g interaction s o f  th e individua l  component s ar e th e 
cause-effec t  interaction s betwee n th e device' s components .  Withi n thi s 
framewor k causa l  account s ar e define d (a s interaction s tha t  obe y certai n 
meta-constraints )  an d thei r  limitation s explored . 

Mythical causality and mythical time: Any set of component models make 
some assumption s abou t  devic e behavio r  (i.e. ,  quasistati c assumptions )  an d 
henc e cannot ,  i n principle ,  yiel d causa l  account s fo r  th e change s tha t  mus t 
occu r  betwee n equilibriu m state s o f  a  system .  I n orde r  t o handl e thi s 
proble m w e hav e define d ne w notion s o f  causalit y an d tim e (i.e. ,  mythica l 
causalit y an d mythica l  time )  cas t  i n term s o f  information-passin g 
"negotiations "  betwee n processor s o f  neighborin g components . 

Generalized machines: Many physical situations can be viewed as some 
kin d o f  generalize d machine ,  whos e behavio r  ca n b e describe d i n term s o f 
variabl e values .  Thes e variable s includ e force ,  velocity ,  pressure ,  flow , 
current ,  an d voltage . 

Proof as explanation: Physical laws, viewed as constraints, are 
acausal .  We discus s ho w a  logica l  proo f  o f  th e solutio n o f  a  se t  o f 
constraint s i s a  kin d o f  acausa l  explanatio n o f  behavior . 
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Qualitativ e calculus ;  Qualitativ e physic s i s base d o n a  qualitativ e 

calculus ,  th e qualitativ e analo g t o th e calculu s o f  Newto n an d Leibniz .  We 
defin e qualitativ e version s o f  value ,  continuity ,  differential ,  an d 
Integral . 

Episodes: Episodes are used to quantize time into periods within which 
th e device' s behavio r  i s significantl y different . 

Digital physics; Each component of a physical system can be viewed as 
a simpl e informatio n processor .  Th e overal l  behavio r  o f  th e devic e i s 
produce d b y causa l  interaction s betwee n physicall y adjacen t  components . 
Physica l  law s ca n the n b e viewe d a s emergen t  propertie s o f  th e universa l 
"programs "  execute d b y th e processors .  A  ne w kin d o f  physica l  la w migh t 
thu s b e expressibl e a s constraint s o n thes e programs ,  processor s o r  th e 
Information-flo w amon g them . 

Structure to Function; We want to be able to infer the behavior of a 
physica l  devic e fro m a  descriptio n o f  it s  physica l  structure .  Th e devic e 
consist s o f  physicall y disjoin t  part s connecte d together .  Eac h componen t 
has a  type ,  whos e generi c mode l  (i.e. ,  law s governin g it s behavior )  i s 
availabl e i n th e mode l  library .  Th e structur e o f  a  devic e i s describe d i n 
term s o f  it s  component s an d Interconnections .  Th e tas k i s t o determin e th e 
behavio r  o f  a  devic e give n it s structur e an d acces s t o th e generi c mode l  a s 
specifie d i n th e mode l  library . 

No-function-ln-structure; The goal is to draw inferences about the 
behavio r  o f  th e composit e devic e solel y fro m law s governin g th e behavior s o f 
it s  parts .  Thi s vie w raise s a  difficul t  question ;  wher e d o th e law s an d 
th e description s o f  th e devic e bein g studie d com e from ? Unles s w e plac e 
some condition s o n th e law s an d th e descriptions ,  th e inference s tha t  ca n b e 
made ma y b e (implicitly )  pre-encode d i n th e structura l  descriptio n o r  th e 
model  library . 

The no-functlon-in-structure principle is central: the laws of the 
part s o f  th e devic e ma y no t  presum e th e functionin g o f  th e whole .  Tak e a s a 
simpl e exampl e a  ligh t  switch .  Th e mode l  o f  a  switc h tha t  states ,  "i f  th e 
switc h i s off ,  n o curren t  flows ;  an d I f  th e switc h i s on ,  curren t  flows, " 
violate s th e no-functlon-in-structur e principle .  Althoug h thi s mode l 
correctl y describe s th e behavio r  o f  th e switche s i n ou r  offices ,  i t  i s  fals e 
as ther e ar e man y close d switche s throug h whic h curren t  doe s no t  necessaril y 
flo w (suc h as ,  tw o switche s i n series) .  Curren t  flow s i n th e switc h onl y i f 
I t  i s  close d an d ther e i s a  potentia l  fo r  curren t  flow .  On e o f  th e reason s 
why i t  i s  surprisingl y difficul t  t o creat e a  "context-free "  descriptio n o f  a 
componen t  i s tha t  wheneve r  on e think s o f  ho w a  componen t  behaves ,  on e must , 
almos t  b y definition ,  thin k o f  i t  i n som e typ e o f  supportin g context .  Thus , 
th e propertie s o f  ho w th e componen t  function s i n tha t  particula r  supportin g 
contex t  ar e ap t  t o Influenc e subtl y ho w on e model s it . 

Locality; The principle of locality demands that the laws for a part 
canno t  specificall y refe r  t o an y othe r  part .  A  par t  ca n onl y ac t  o n o r  b e 
acte d o n b y it s immediat e neighbor s an d it s immediat e neighbor s mus t  b e 
Identifiabl e a  prior i  i n th e structure .  T o a n extent ,  localit y follow s fro m 
no-functlon-in-structure .  I f  a  la w fo r  par t  o f  typ e A  referre d t o a 
specifi c  othe r  par t  o f  typ e B  i t  woul d b e makin g a  presuppositio n tha t  ever y 
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devic e whic h containe d a  par t  o f  typ e A  als o containe d a  par t  o f  typ e B . 
The localit y principl e als o play s a  crucia l  rol e i n ou r  definitio n o f 
causality . 

Class-Wide Assumptions; Those assumptions that are idiosyncratic to a 

particula r  devic e mus t  b e distinguishe d fro m thos e tha t  ar e generi c t o th e 
entir e clas s o f  devices .  Fo r  example ,  th e explanatio n o f  th e pressur e 
regulator' s behavio r  ignore d turbulenc e a t  th e valv e seat ,  Brownia n motio n 
of  th e flui d molecules ,  an d th e compressibilit y  o f  th e fluid ;  thes e ar e 
howeve r  al l  reasonabl e assumption s t o mak e fo r  a  wid e clas s o f  hydrauli c 
devices .  We cal l  suc h assumption s class-wid e assumption s an d the y for m a 
kin d o f  universa l  resolutio n fo r  th e "microscope "  bein g use d t o stud y th e 
physica l  device . 

Given this definition for class-wide assumptions, the no-function-in-
structur e principl e ca n b e state d mor e clearly :  th e law s fo r  th e component s 
of  a  devic e o f  a  particula r  clas s ma y no t  mak e an y othe r  assumption s abou t 
th e behavio r  o f  th e particula r  devic e tha t  ar e no t  mad e abou t  th e clas s i n 
general . 

Although as originally phrased, no-functlon-in-structure is 
unachievable ,  it s  essentia l  ide a i s preserve d throug h th e us e o f  class-wid e 
assumptions .  A n presuppositio n behin d no-function-in-structur e i s tha t  i t 
i s  possibl e t o describ e th e law s an d th e part s o f  a  particula r  devic e 
withou t  makin g an y assumption s abou t  th e behavio r  o f  interes t  o f  th e device . 
Ther e I s n o neutral ,  objective ,  assumption-fre e wa y o f  determinin g th e 
structur e o f  th e devic e an d th e law s o f  it s  components .  Th e no-function-in -
structur e demand s a n infinit e regress :  a  complet e se t  o f  engineerin g 
drawings ,  a  geometrica l  description ,  an d th e position s o f  eac h o f  it s 
molecules ,  al l  mak e som e unwarrante d assumption s fo r  som e behavio r  tha t  i s 
potentiall y  o f  interest .  Thus ,  w e admi t  tha t  assumption s i n genera l  canno t 
be avoide d i n th e identificatio n o f  th e part s an d thei r  laws ,  whic h i s wh y 
class-wid e assumption s ar e crucial . 

Class-wide assumptions play two important roles in our qualitative 
physics .  First ,  the y pla y a  definitiona l  role .  Formalizin g th e 
idealizatio n (i.e. .  qualitativ e physics )  demand s tha t  w e b e explici t  abou t 
whic h assumption s w e ar e making .  Second ,  an d a s important ,  the y ar e 
importan t  fo r  buildin g exper t  systems .  I n constructin g a n exper t  syste m t o 
design ,  operat e o r  troubleshoo t  comple x device s i t  i s  critica l  t o clearl y 
stat e wha t  assumption s ar e bein g use d i n modelin g th e give n device .  Thus , 
when th e unexpecte d situatio n o r  causalt y occurs ,  thes e assumption s ca n b e 
examine d t o determin e whethe r  th e "knowledg e base "  ca n b e relie d on . 

The most common kind of class-wide assumption is that behavior of short 
enoug h duratio n ca n b e ignored .  Unde r  thi s assumptio n th e "settling " 
behavio r  b y whic h th e devic e reache s equilibriu m afte r  a  disturbanc e nee d 
not  b e modeled .  A s "shor t  enough "  i s a  relativ e term ,  thi s assumptio n ca n 
be mad e a t  man y levels .  Thi s assumptio n play s a  majo r  rol e i n studyin g th e 
heatin g an d coolin g o f  gases .  I n classica l  physic s i t  i s  calle d th e 
quasistati c approximation .  Fo r  example ,  th e lumpe d circui t  formulatio n o f 
electronic s make s th e quasistati c assumptio n tha t  th e dimension s o f  th e 
physica l  circui t  ar e smal l  compare d t o th e wavelengt h associate d wit h th e 
highes t  frequenc y o f  interest .  Othe r  example s o f  class-wid e assumption s ar e 
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tha t  th e mea n fre e pat h o f  th e flui d particle s I s smal l  compare d t o th e 
distance s ove r  whic h th e pressur e change s appreciabl y an d tha t  th e rat e o f 
chang e o f  th e field s I s no t  to o large . 

A sophisticated reasoning strategy concerns when and how to change the 
class-wid e assumption s whe n reasonin g abou t  a  particula r  device .  Suc h 
concern s ar e critica l  fo r  troubleshootin g wher e fault s ca n forc e device s 
Int o fundamentall y ne w mode s o f  operation .  However ,  eve n a  simpl e analysi s 
ca n sometime s requir e departure s fro m th e usua l  se t  o f  class-wid e 
assumptions .  Fo r  example .  I t  I s  sometime s Importan t  t o remov e a  class-wid e 
assumptio n fo r  som e localize d par t  o f  th e device ,  suc h a s tw o wire s runnin g 
clos e togethe r  whic h shoul d b e modele d a s a  transmissio n line . 

The Importance of the Principles; Violating the no-functlon-ln-
structur e principl e ha s n o direc t  consequence s o n th e representatio n an d 
Inferenc e scheme s presented .  Althoug h th e for m o f  th e structur e an d th e 
law s ar e chose n t o minimiz e blatan t  violation s o f  th e no-functlon-ln -
structur e principle ,  I t  I s  possibl e t o represen t  an d dra w Inference s fro m 
arbitrar y laws—I n fac t  I t  I s  to o easy . 

Without this principle our proposed naive physics would be nothing but 
a proposa l  fo r  a n architectur e fo r  buildin g hand-crafte d (an d thu s ad-hoc ) 
theorie s fo r  specifi c  device s an d situations .  I t  woul d provid e n o 
systemati c wa y o f  ensurin g tha t  a  particula r  clas s o f  law s di d o r  di d no t 
alread y hav e buil t  int o the m th e answer s t o th e question s tha t  th e law s wer e 
Intende d t o answer .  Tha t  i s no t  t o sa y tha t  th e hand-crafte d theorie s ar e 
uninteresting—quit e th e reverse ,  an d th e architectur e propose d i n thi s tal k 
may wel l  b e appropriat e fo r  thi s task .  Thi s i s especiall y tru e fo r 
constructin g a n accoun t  o f  th e knowledg e o f  an y on e individua l  abou t  th e 
give n physica l  situation .  We ar e doin g somethin g quit e different ;  w e wan t 
t o develo p a  physics—no t  a  psychologica l  account—whic h i s capabl e o f 
supportin g inference s abou t  th e world . 

Another purpose for the principles is to draw a distinction between the 
"work" :  ou r  propose d naiv e physic s doe s an d th e "work "  tha t  mus t  b e don e 
(outsid e o f  ou r  naiv e physics )  t o identif y th e part s an d laws .  Onl y afte r 
makin g suc h a  distinctio n i s evaluatio n possible .  Withou t  makin g th e 
distinction ,  a  reade r  coul d alway s ask ,  i n respons e t o som e complexit y i n a n 
example ,  "Wh y didn' t  the y mode l  i t  differently?" ;  o r  i n respons e t o som e 
cleve r  Inferenc e i n a n exampl e "The y buil t  thi s int o thei r  models. "  A s th e 
principle s defin e wha t  ca n an d wha t  canno t  b e assume d withi n th e models ,  th e 
criticism s implie d b y thes e tw o question s ar e Invalid .  Of  course ,  th e 
principle s themselve s ar e ope n t o challenge . 

Our Basic Strategic Move 

The essence of doing physics is modeling a physical situation, solving 
th e resultin g equation s an d the n Interpretin g th e result s i n physica l  terms . 
Modelin g a  physica l  situatio n require s a  descriptio n o f  it s  physica l 
structure .  Althoug h ther e doe s no t  exis t  a  genera l  methodolog y fo r 
describin g th e structur e o f  al l  physica l  situations ,  syste m dynamic s 
fortunately ,  provide s a  methodolog y fo r  describin g a  larg e an d interestin g 
collectio n o f  physica l  systems .  Thu s w e initiall y  focu s ou r  attentio n o n 
thi s clas s o f  situation s an d o n ho w behavio r  arise s fro m structure .  Thi s 
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move combine d wit h ou r  us e o f  causalit y a s a n ontologlca l  principl e result s 
I n a  ver y mechanisti c worl d view .  Ever y physica l  situatio n I s regarde d a s 
some typ e o f  physica l  devic e o r  machin e mad e u p o f  Individua l  components , 
eac h componen t  contributin g t o th e behavio r  o f  th e overal l  device . 
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