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Abstrac t 

I n recognitio n paradigms ,  increasin g th e numbe r  o f  oc -
currence s o r  presentatio n tim e i n a  stud y lis t  o f  som e 
word s improve s performanc e o n thes e word s (th e ite m 
strengt h effect) ,  bu t  doe s no t  affec t  th e performanc e 
on othe r  word s {nul l  lis t  strengt h effect) .  I n contrast , 
addin g ne w item s result s i n a  deterioratio n o f  perfor -
mance o n th e othe r  word s {lis t  lengt h effect) .  Take n to -
gethe r  thes e result s plac e stron g constraint s o n model s 
of  recognitio n memory .  T o explai n thes e dat a a n ac -
coun t  base d o n optimisatio n t o th e environmen t  i s  pre -
sented .  A  summar y i s give n o f  environmenta l  analyse s 
whic h sugges t  tha t  (1 )  th e likelihoo d o f  recurrenc e o f  a 
wor d withi n a  contex t  increase s a s th e numbe r  o f  occur -
rence s increases ;  (2 )  th e repetitio n rate s o f  othe r  word s 
i n a  contex t  ha s n o significan t  effec t  o n th e recurrenc e 
probabilit y  o f  a  word ;  an d (3 )  th e recurrenc e probabilit y 
of  a  wor d drop s a s a  functio n o f  th e numbe r  o f  word s 
sinc e th e las t  occurrenc e o f  tha t  word .  A  trainin g se t 
whic h reflecte d thes e constraint s wa s constructe d an d 
presente d t o a n optimisin g connectionis t  networ k whic h 
was designe d t o extrac t  recurrenc e statistic s (th e Heb -
bia n Recurren t  Network) .  Th e resultan t  mode l  i s abl e 
t o mode l  al l  thre e o f  th e effect s outline d above . 

Introduction 

Th e effec t  o n m e m o r y o f  stud y list s tha t  contai n item s 
of  differen t  strength s ha s bee n o f  interes t  fo r  mor e tha n 
a centur y (Ebbinghaus ,  1964 ;  Thorndike ,  1965 ;  Tulvin g 
k Hastie ,  1972 ;  Ratcliff ,  Clark ,  &  Shiffrin ,  1990) .  T h e 
strengt h o f  a n ite m i s manipulate d eithe r  b y increasin g 
th e numbe r  o f  time s i t  occur s i n th e stud y lis t  o r  b y in -
creasin g th e lengt h o f  tim e fo r  whic h i t  i s  studied .  Item s 
of  greate r  strengt h ar e generall y retrieve d mor e accu -
ratel y tha n wea k item s (Ebbinghaus ,  1964 ;  Thorndike , 
1965) .  O f  mor e recen t  interes t  i s  wha t  happen s t o perfor -
mance o n th e wea k item s a s a  consequenc e o f  strength -
enin g othe r  item s withi n th e list .  Tabl e outline s th e 
patter n o f  accurac y result s fo r  th e wea k item s withi n 
differen t  lis t  type s fo r  recognition ,  cue d recal l  an d fre e 
recall . 

For  fre e recall ,  Tulvin g an d Hasti e (1972 )  demon -
strate d tha t  performanc e o n unstrengthene d item s 
droppe d significantl y i n compariso n t o th e A B an d A B C 
contro l  conditions .  Fo r  recognition ,  however ,  strength -
enin g a n ite m doe s no t  degrad e performanc e significantl y 
on th e non-strengthene d item s (know n a s th e nul l  lis t 
strengt h effect ,  Shiffrin ,  Ratcliff ,  fc  Clark ,  1990 ;  Rat -
clif f  e t  al. ,  1990 ;  Yonelinas ,  Hockley ,  &  Murdock ,  1992) . 

Thi s resul t  contradicte d th e majo r  mathematica l  m e m-
or y model s al l  o f  whic h predicte d tha t  performanc e o n 
A i n th e A B B conditio n shoul d b e a s poo r  i f  no t  wors e 
tha n tha t  i n th e A B C conditio n (Ratclif f  e t  al. ,  1990) . 

Sinc e th e initia l  experimenta l  wor k o n th e nul l  lis t 
strengt h effect ,  a  numbe r  o f  researcher s hav e attempte d 
t o accoun t  fo r  th e data .  Shiffri n e t  al .  (1990 )  m a d e tw o 
modification s t o th e S A M model .  T h e first  wa s t o asser t 
tha t  whe n a n ite m wa s strengthened ,  eithe r  b y addi -
tiona l  stud y tim e o r  additiona l  stud y presentations ,  th e 
same representatio n (o r  image )  i n m e m o r y wa s affected . 
Secondly ,  strengthenin g a n ite m no t  onl y increase d it s 
context-to-ite m association ,  bu t  als o decrease d it s sim -
ilarit y t o al l  othe r  items .  Thi s proces s i s  calle d differ -
entiatio n an d provide s a n explanatio n o f  th e nul l  lis t 
strengt h effect . 

Th e mode l  b y Chappel l  an d Humphrey s (i n press) , 
whil e implemente d i n a  connectionis t  architecture ,  relie s 
i n par t  o n a  simila r  principl e t o S A M whe n explainin g 
th e nul l  lis t  strengt h effect .  W h e n a n ite m i s strength -
ened ,  context-to-centra l  weight s ar e update d (probabilis -
tically) .  Whil e th e representation s i n th e Chappel l  an d 
Humphrey s (i n press )  mode l  ar e distribute d rathe r  tha n 
local ,  th e effec t  i s  t o increas e th e context-to-ite m as -
sociation .  A t  th e sam e time ,  th e weight s o f  a  centra l 
autoassociato r  ar e increase d an d a  globa l  inhibitio n i s 
learned .  T h e ne t  effec t  o f  thes e manipulation s i s t o 
m a ke strengthene d item s mor e differentiated .  Hence , 
th e mode l  account s fo r  th e nul l  lis t  strengt h effec t  an d 
demonstrate s th e difficult y i n distinguishin g betwee n dis -
tribute d an d nondistribute d model s o f  h u m a n memory . 

Heathcot e (1994 )  ha s als o use d a  connectionis t  mode l 
calle d Episodi c A R T t o accoun t  fo r  th e lis t  strengt h ef -
fect .  T h e mode l  relie s o n separatin g th e explanator y 
mechanism s o f  th e lis t  lengt h an d lis t  strengt h t o dif -
feren t  layer s o f  th e network .  Decouplin g thes e mecha -
nism s allow s th e patter n o f  result s t o b e modelle d with -
out  alterin g th e similarit y structur e o f  th e representa -
tiona l  spac e o f  th e inpu t  words . 

Anothe r  wa y o f  eliminatin g th e lis t  strengt h effec t  i s 
t o assum e tha t  pre-experimenta l  item s ar e als o presen t 
i n memory .  Thi s approac h wa s use d b y Murdoc k an d 
Kahan a (1992 )  i n thei r  extensio n o f  th e T O D A M model . 
T h e effec t  o f  addin g additiona l  item s i s t o s w a m p wit h 
nois e an y differenc e betwee n th e m e a n familiarit y o f  a n 
ite m tha t  occurre d wit h unstrengthene d item s an d a n 
ite m tha t  occurre d wit h strengthene d items .  Whil e suc h 
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a metho d ca n decreas e th e lis t  strengt h eflfec t  t o neg -
ligibl e levels ,  i t  als o undermine s th e predictio n o f  th e 
lis t  lengt h effec t  and ,  hence ,  i s no t  sufficien t  t o explai n 
th e patter n o f  result s (Chappel l  k  Hunnphreys ,  i n press) . 
Thi s exampl e illustrate s th e importanc e o f  modellin g th e 
entir e patter n o f  recognitio n results .  I t  i s  th e buildin g o f 
a mode l  tha t  capture s th e lis t  strengt h effec t  whil e als o 
accountin g fo r  th e ite m strengt h an d lis t  lengt h effect s 
tha t  ha s prove n difficult . 

The account s outline d abov e rel y o n th e memor y 
mechanis m t o generat e eac h o f  th e effects .  Anothe r  pos -
sibilit y  i s  tha t  i t  i s  th e wa y i n whic h thes e mechanism s in -
terac t  wit h th e environmen t  whic h lead s t o th e observe d 
results .  Tha t  is ,  i n th e cours e o f  thei r  pre-experimenta l 
experienc e subject s com e i n contac t  wit h a  larg e sampl e 
of  word s bot h writte n an d spoken .  Th e distributio n o f 
thes e word s i s fa r  fro m unifor m wit h a  numbe r  o f  factor s 
includin g syntax ,  semantic s an d contex t  playin g deter -
minin g roles .  I f  th e subject s memor y syste m i s optimise d 
t o thes e statistic s w e woul d expec t  performanc e i n th e 
laborator y t o reflec t  th e predisposition s whic h th e sub -
ject s hav e acquire d fro m thei r  everyda y experience .  I n 
th e nex t  section ,  th e environmenta l  statistic s relevan t  t o 
each o f  th e phenomen a ar e characterised . 

Environmental Analysis 

I te m Strengt h 

Anderso n an d Schoole r  (1991 )  examine d a  numbe r  o f 
source s {Ne w Yor k Times ,  parenta l  speech ,  electroni c 
mail )  t o determin e th e probabilit y  tha t  a n ite m wil l  oc -
cur  give n it s frequency ,  recenc y an d patter n o f  prio r  ex -
posures .  The y foun d tha t  th e probabilit y  tha t  a n ite m 
wil l  recu r  i s linearl y relate d t o th e frequenc y o f  th e ite m 
(Anderso n &  Schooler ,  1991 )  an d tha t  th e constant s o f 
proportionalit y wer e nea r  on e i n al l  thre e sources .  I t 
migh t  b e expecte d the n tha t  a  mechanis m optimise d t o 
th e environmen t  woul d sho w bette r  performanc e o n fre -
quentl y presente d items ,  a s i s th e case . 

One potentia l  proble m wit h th e analysi s whic h Ander -
son an d Schoole r  (1991 )  undertoo k i s tha t  the y di d no t 
contro l  fo r  th e effec t  o f  genera l  wor d frequency .  I n th e 

Tabl e 1 :  Accurac y result s fo r  nonrepeate d item s i n dif -
feren t  lis t  types . 

Test Type AB/ABB AB/ABC ABB/ABC 
Recognitio n 
Cued Recal l 
Fre e Recal l > 

> 
> 
> 

>* 
< 

Note .  Asterisk s indicat e th e result s tha t  wer e no t  pre -
dicte d b y th e mathematica l  memor y models .  =(< ) 
means equa l  o r  perhap s slightl y worse .  =(> )  mean s equa l 
or  perhap s slightl y better .  A B i s a  shor t  lis t  withou t  re -
peate d items .  A B B i s a  lon g lis t  wit h repeate d items . 
A BC i s a  lon g lis t  withou t  repeate d items .  Thi s tabl e i s 
compile d fro m result s b y Tulvin g &  Hasti e (1972 )  an d 
Ratcliff ,  Clar k &  Shiffri n (1990) . 

laborator y i t  i s  th e frequenc y withi n th e stud y contex t 
tha t  i s  manipulated .  Th e linea r  relationshi p betwee n oc -
currenc e frequenc y an d recurrenc e rate ,  whic h Anderso n 
and Schoole r  (1991 )  found ,  ma y hav e bee n a  consequenc e 
of  th e genera l  wor d frequenc y o f  th e item .  Ye t  perfor -
mance generall y decrease s a s genera l  wor d frequenc y in -
crease s (se e Dennis ,  1993 ,  fo r  a  discussio n o f  th e wor d 
frequenc y efffect) . 

To determin e i f  frequenc y withi n th e curren t  contex t 
had a n effec t  independen t  o f  genera l  wor d frequency , 
Denni s (1993 )  too k article s fro m th e Minnesot a Dail y 
and assesse d situationa l  frequenc y independentl y o f  gen -
era l  wor d frequency .  Th e result s sugges t  tha t  th e prob -
abilit y  o f  recurrenc e doe s increas e wit h situationa l  fre -
quency . 

List Length 

In addition to frequency information, Anderson and 
Schoole r  (1991 )  studie d th e effec t  o f  retentio n interval . 
I n thi s case ,  the y plotte d th e probabilit y  o f  a n ite m re -
currin g a s a  functio n o f  th e tim e sinc e it s las t  occurrence . 
They foun d tha t  recurrenc e probabilit y  showe d a  simila r 
negativel y acceleratin g curv e a s see n i n th e laborator y 
when interva l  i s  manipulated .  Furthermore ,  whe n bot h 
axes wer e subjecte d t o a  lo g transfor m a  linea r  relation -
shi p emerge d indicatin g tha t  th e origina l  curv e wa s a 
power  functio n wit h a n exponen t  aroun d 0.75 . 

However ,  th e effect s o f  th e interva l  betwee n occur -
rence s o f  a n ite m ma y b e a  consequenc e o f  bot h th e 
number  o f  item s i n th e contex t  an d th e degre e t o whic h 
contex t  ha s change d (c.f .  Gillun d &  Shiffrin ,  1984 ,  anal -
ysi s o f  contex t  shift s an d tes t  delay s i n th e experimen -
ta l  situation) .  Th e statistic s collecte d b y Anderso n an d 
Schoole r  (1991 )  wer e amalgamate d ove r  tim e b y context . 
Thre e genera l  contexts ,  namely ,  th e Ne w Yor k Times ,  a 
databas e o f  children' s verba l  interactions ,  an d mai l  mes -
sage s receive d b y Joh n Anderso n wer e analyse d sepa -
rately .  Whil e ther e ma y stil l  hav e bee n som e contextua l 
drif t  withi n eac h broa d context ,  th e methodolog y woul d 
hav e minimise d it .  Further ,  i n eac h o f  th e analyse s inter -
val  informatio n wa s condense d usin g 10 0 ite m windows . 
Agai n thi s woul d wor k t o minimis e th e amoun t  o f  con -
textua l  drift .  Hence ,  i t  i s  assume d tha t  th e numbe r  o f 
uniqu e item s i n a  contex t  make s a  majo r  contributio n t o 
th e decreas e i n recurrenc e probabilit y  wit h delay .  Con -
sequently ,  a  memor y syste m optimise d t o thes e statistic s 
migh t  b e expecte d t o sho w a  lis t  lengt h effect . 

List Strength 

The last of the environmental statistics to be considered 
relate s directl y t o th e nul l  lis t  strengt h effect .  I n en -
vironmenta l  term s th e effec t  ca n b e translate d t o th e 
rat e o f  recurrenc e o f  a  targe t  wor d a s a  consequenc e 
of  th e rat e o f  repetitio n o f  othe r  word s i n th e context . 
Denni s (1993 )  wa s unabl e t o fin d an y suc h effec t  i n th e 
Minnesot a sampl e eve n whe n th e ite m strengt h statis -
tic s wer e significant .  Th e possibilit y  arise s the n tha t  th e 
nul l  lis t  strengt h occur s becaus e th e memor y syste m i s 
optimise d t o thes e statistics . 
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T h e Nul l  Lis t  Strengt h Effec t  an d th e Q 

Hebbia n Recurren t  Networ k 

I n th e previou s section ,  th e statistic s relevan t  t o th e ef -
fec t  wer e summarise d an d i t  wa s postulate d tha t  i n con -
junctio n wit h a n appropriat e optimisin g memor y system , 
the y coul d accoun t  fo r  th e phenomenon .  I n thi s section , 
th e Hebbia n Recurren t  Networ k ( H R N ,  Dennis ,  1993 ; 
Denni s &  Wiles ,  1993 )  i s  propose d a s suc h a  memor y 
system .  Th e H R N i s traine d wit h a  dat a se t  constraine d 
by th e environmenta l  statistic s an d it s  performanc e i s 
the n compare d agains t  tha t  foun d i n th e experimenta l 
setting . 

The condition s fo r  th e lis t  strengt h simulation s mos t 
closel y resemble d th e recognitio n condition s o f  Ratclif f 
et  al.' s  (1990 )  experimen t  six .  I n thi s experiment ,  i t  wa s 
shown tha t  th e strength ,  lengt h an d nul l  lis t  strengt h 
effect s coul d b e obtaine d unde r  th e sam e conditions .  Th e 
curren t  simulation s attemp t  t o mode l  thes e finding s b y 
constructin g a  trainin g se t  whic h embodie s th e statistic s 
outline d above ,  an d trainin g th e H R N o n thi s trainin g 
set .  Ther e ar e thre e primar y hypotheses : 

Item Strength EfTect: Items which are presented 
multipl e time s shoul d b e recognise d mor e accuratel y 
tha n item s presente d once . 

Lengt h Effect :  Item s fro m list s containin g man y 
uniqu e item s shoul d b e recognise d les s accuratel y tha n 
item s fro m list s wit h fe w uniqu e items . 

Nul l  Lis t  Strengt h EfTect :  Th e strengt h o f  lis t  item s 
othe r  tha n th e tes t  ite m shoul d no t  affec t  performanc e 
on th e tes t  item . 

Method 

Figur e 1  show s th e architectur e whic h wa s used .  Th e 
backpropagatio n algorith m wit h a  weigh t  deca y ter m 
(se e Moody ,  1992 )  wa s use d t o trai n th e feedforwar d 
weight s an d th e followin g Hebbia n rul e wa s use d o n th e 
connection s fro m th e hidde n unit s t o th e contex t  units : 

Outpu t  Unit s J  ( ^  Inpu t  Repeate d a s Ou^u t  j 

Awi j  =  aiG j  — Xwi j (1 ) 

wher e Wi j  i s  th e weigh t  fro m uni t  i  t o uni t  j ,  Awi j  i s 
tha t  chang e mad e t o thi s weight ,  a, -  i s th e activatio n o f 
uni t  i ,  Q j  i s  th e activatio n o f  uni t  j  an d A  i s th e memor y 
deca y rate .  Th e networ k wa s traine d wit h a  learnin g rat e 
of  0.05 ,  a  memor y deca y rat e o f  0. 2 an d a  weigh t  deca y 
of  0.000002 .  Initia l  weight s wer e selecte d fro m a  uni -
for m distributio n betwee n - 1 an d 1  an d the n update d af -
te r  eac h patter n presentation .  Twent y simulation s wer e 
ru n fo r  150 0 epoch s b y whic h tim e th e performanc e ha d 
reache d asymptote .  Initia l  weights ,  an d trainin g an d tes t 
set s (containin g 100 0 sequence s each )  wer e generate d fo r 
eac h simulation . 

The firs t  ste p i n constructin g eac h o f  th e trainin g se -
quence s wa s t o decid e o n th e stud y lis t  type .  Ther e wer e 
fou r  lis t  type s (i.e .  pur e weak ,  mixed ,  pur e stron g an d 
length) .  Pur e wea k list s consiste d o f  tw o item s presente d 
onc e each .  Mixe d list s consiste d o f  tw o items .  On e wa s 
presente d onc e an d th e othe r  twice .  Pur e stron g list s als o 
containe d tw o item s bot h o f  whic h wer e presente d twice . 

Hidde n Unit s 

Inpu t  Unit s Contex t  Unit s 

^ ^ ^ "  Bac k propagatio n weight s 

^^ ~ Hebbian Weights 

Figure 1: The HRN architecture for the list strength 
simulations .  Th e architectur e i s a  Hebbia n Recurren t 
Networ k ( H R N ) .  Th e inpu t  vector s consiste d o f  seven -
tee n components .  Al l  item s wer e locall y encoded .  Six -
tee n o f  th e inpu t  unit s represente d word s whil e on e wa s 
a "pause "  signa l  whic h indicate d tha t  n o inpu t  wa s bein g 
presente d a t  tha t  time .  Th e "pause "  inpu t  wa s presente d 
when th e decisio n whethe r  th e tes t  ite m wa s i n th e stud y 
lis t  wa s bein g made .  O f  th e output s 1 7 wer e th e input s 
repeate d an d th e othe r  thre e code d fo r  "blank" ,  "yes " 
and "no" .  Eithe r  "Yes "  or"No "  wa s expecte d whe n th e 
recognitio n decisio n wa s mad e an d th e "Blank "  patter n 
was expecte d a t  al l  othe r  times . 

Th e lengt h conditio n containe d eigh t  item s eac h pre -
sente d once .  Item s wer e chose n wit h equa l  probabilit y 
and th e orde r  o f  th e stud y item s wa s randomised .  Th e 
tes t  ite m wa s chose n wit h probabilitie s whic h depende d 
upo n condition .  Tabl e 2  provide s example s o f  eac h o f 
th e condition s an d Denni s (1993 )  provide s a  quantitativ e 
outlin e an d justificatio n o f  th e trainin g se t  statistics . 

Results 

Figur e 2  show s th e learnin g curve s (i.e .  rf'  a s a  functio n 
of  th e trainin g epoch )  fo r  eac h o f  th e conditions .  A  tw o 
way analysi s o f  varianc e wa s conducted .  Stron g item s 
wer e foun d t o b e bette r  recognise d tha n wea k items ,  F(l , 
19)  =  238.83 ,  p  <  0.001 ,  a s illustrate d b y strong-to-wea k 
ratio s o f  1.8 8 an d 1.9 2 fo r  pur e an d mixe d list s respec -
tively .  Ther e wa s n o significan t  differenc e betwee n pur e 

Lis t  Typ e Conditio n Stud y 
Lis t 

Pur e W e a k 
Mixe d 

Pure Strong 
Lengt h 

Pur e W e a k 
Mixe d W e a k 
Mixe d Stron g 
Pur e Stron g 
Lengt h 

GB 
CFC 
G GE 
DJDJ 
HAIDBGLE 

Test 
Ite m 

~ G -
F 
G 
J 
I 

Tabl e 2 :  Exampl e targe t  list s fro m th e lis t  strengt h train -
in g set . 
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(2 ) 

Figur e 2 :  Trainin g epoc h verse s performanc e (D' )  o f  th e 
H RN fo r  eac h o f  th e lis t  strengt h conditions .  Th e stron g 
condition s sho w a  bette r  performanc e tha n th e wea k con -
dition s whic h sho w bette r  performanc e tha n th e lengt h 
condition . 

and mixe d lists ,  F(l,19 )  =  0.46 ,  p  =  0.50 .  Further ,  ther e 
was n o significan t  lis t  strengt h effec t  a s assesse d b y th e 
interactio n term ,  F(l,19 )  =  0.36 ,  p  =  0.55 . 

I n additio n t o considerin g th e interactio n o f  th e 
pure/mixe d an d strengt h factors ,  th e analysi s  o f  th e lis t 
strengt h effec t  ha s include d th e calculatio n o f  a  rati o o f 
ratio s measur e give n b y th e followin g formul a (Shiffri n 
et  al. ,  1990 ;  Ratclif f  e t  al. ,  1990) : 

d'{pur e strong)/d'{pur e w e a k ) 

I f  wea k item s ar e no t  impaire d b y strengthenin g othe r 
item s i n th e lis t  (an d conversely ,  i f  stron g item s d o no t 
improv e b y weakenin g othe r  item s i n th e list) ,  th e rati o 
of  ratio s measur e wil l  b e nea r  one . 

Figur e 3  show s th e lis t  strengt h rati o a s a  functio n 
of  trainin g epoch .  Befor e training ,  th e rati o o f  ratio s i s 
wel l  abov e one .  A t  10 0 epoch s th e lis t  strengt h rati o 
i s belo w on e sinc e th e performanc e o n pur e wea k item s 
lag s behin d tha t  o n th e mixe d wea k items .  A s trainin g 
progresse s i t  rise s t o approximatel y on e wher e i t  remain s 
unti l  150 0 epoch s wher e i t  i s  1.02 . 

Analyse s o f  varianc e comparin g th e lengt h conditio n 
agains t  th e tw o wea k condition s wer e conducted .  I n bot h 
case s th e performanc e i n th e lengt h conditio n wa s signif -
icantl y poore r  tha n i n th e wea k condition s (pur e weak , 
F(l,19 )  =  8.32 ,  p  <  0.01 ;  mixe d weak ,  F(l,19 )  =  17.14 , 
p <  0.001) . 

Discussion 

As outline d i n th e result s sectio n th e ite m strengt h an d 
lis t  lengt h result s wer e reproduce d b y th e mode l  whil e 

i...ii...̂ t . 
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Figure 3: Training epoch verses the list strength ratio of 
th e H R N .  T h e lis t  strengt h rati o rise s graduall y t o nea r 
on e indicatin g tha t  ther e i s n o lis t  strengt h effect . 

n o lis t  strengt h effec t  wa s observed .  Hence ,  th e thre e 
hypothese s wer e uphel d i n accordanc e wit h h u m a n ex -
perimenta l  dat a (Ratclif f  e t  al. ,  1990) . 

I n eac h case ,  thes e constraint s reflec t  th e findings  o f 
th e environmenta l  analysi s an d hence ,  th e suggestio n i s 
tha t  th e h u m a n m e m o r y syste m demonstrate s th e pat -
ter n o f  performanc e result s tha t  i t  doe s becaus e i t  i s op -
timise d t o th e environmenta l  frequencie s o f  recurrence . 
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