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Abstract 

A sample space o f  the  number o f  publ icat ions i n  polymer chemistry 
over a f i ve  year period has been subjected t o  t ime ser ies data 
analysis. The technique uses autocorre lat ion and a subsequent FFT 
( f as t  Four ier  transform). The analysis shows t h a t  the sample space 
i s  small but  the data appears t o  have chaotic behaviour. 
Recomnendations f o r  f u tu re  work and appl icat ions are i den t i f i ed .  

1. INTRODUCTION 

B ib l iomet r i c  phenomena and pr inc ip les ,  such as Bradford's law, are now we l l  
understood [!I. However, even though we understand the i n te rna l  re la t ionsh ips  
between c i t e d  authors and publ icat ions,  we s t i l l  don' t  know the underlying 
reasons f o r  our empir ica l  laws. I n  fact, ra ther  than looking a t  ind iv idua l  
subdiscipl ines, as we so often do w i t h  Bradford studies [ ? I ,  there may be 
value i n  examining an e n t i r e  body o f  published knowledge t o  f i n d  the  underlying 
mechanisms behind pub l i ca t ion  charac te r is t i cs .  However, when the en t i r e  body 
i s  viewed. oubl icat ions seem t o  aooear randomlv. That i s .  a r t i c l es .  books and 
other mater ia ls  i n  d i f f e r e n t  f ie ld;  seem to  be-published.at vary ing rates and 
i n  what appears t o  be a randan fashion. 

Recent work a t t r i bu tes  the  appearance o f  published knowledge e i t h e r  t o  chance, 
o r  Poisson processes o r  rank order  corre lat ions [31. Nevertheless, some under- 
l y i n g  mechanisms i n  pub l i ca t ion  charac te r is t i cs  o r  in format ion d i f f us i on  may 
e x i s t  and could be described quant i ta t i ve ly .  One may ask whether dynamic 
mechanisms are a t  work. Indeed, examinations o f  nonl inear dynamical systems 
suggest t ha t  seemingly random processes may ac tua l l y  be chaotic phenomena [41 
and t ha t  some k ind o f  hidden mechanisms may be a t  work 151. We have each been 
asking whether i n f o n a t i o n  production and dissemination involves o r  can be 
described by dynamic mechanisms, (AT), and whether conservative physical 
systerns can exh ib i t  chaotic behavior (JS). Together, we decided t o  apply 
accepted techniques f o r  analyzing t ime funct ion data t o  see whether i n f o n a t i o n  
production could be described as "chaotic". 

The study of chaotic behaviour i s  very new [31,  [61 and has been demonstrated 
t o  occur i n  nature [71, [BI. However, t o  the  authors'  knowledge, there are 
heretofore no s i m i l a r  studies i n  information science. 

Author t o  whom a l l  correspondence should be sent. 
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I n  t h i s  paper we demonstrate the behavior o f  data f r o m  a b ib l iograph ic  database 
search. The data was corre lated and Four ier  transformed. We draw some pa ra l l e l s  
between dynamic chaotic processes and informat ion production and dissemination 
and po in t  out some areas o f  in format ion science worth invest igat ing.  While some 
o f  the  mater ia l  presented below i s  ra ther  speculat ive i n  nature, we nevertheless 
present some prel iminary evidence t h a t  there may indeed be some nonl inear  
dynamic phenomena a t  work. 

We begin w i t h  a b r i e f  quan t i t a t i ve  discussion of chaos. 

2. CHAOS 

To begin, we define chaos as nonperiodic behavior whose measures center about 
i d e n t i f i a b l e  condit ions. I n  the  l i t e r a t u r e ,  these condit ions are ca l led  
"a t t rac to rs "  [91. As an example, the  range o f  osc i l l a t i ons  o r  the po in t  of 
r e s t  i n  pendulun behavior are a t t rac to rs .  Thus, the behavior a system converges 
toward i s  a locus of values o r  a s ing le  valued a t t r ac to r .  

A quan t i t a t i ve  descr ipt ion of a continuously time-varying system can invo lve  
d i f f e ren t i a l  equations. For example, i n  an elementary form a d i f f e r e n t i a l  
equation i s  

dx 
= f ( ~ )  ( 1 )  

dx where t i s  t ime and x i s  a var iab le  t h a t  depends on time. Thus, represents 

the s ta te  o f  change o f  x w i t h  respect t o  time, as described by the  funct ion 
f ( x ) .  Often, the so lu t i on  of the  equation appears e x p l i c i t l y  o r  i m p l i c i t l y  
i n  the equation i t s e l f .  I n  a simple case, t ha t  might imply t h a t  inpu t  and 
output are not  proport ional;  these equations are ca l l ed  "nonl inear". 

Systems t h a t  have nonl inear behavior permit s l i g h t  imbalances t o  compound over 
time. Over the  long term, r esu l t s  appear i r r e g u l a r l y  o r  randomly, and the  
f u tu re  i s  impossible t o  p red i c t  exact ly .  It has been shown t h a t  s l i g h t 1  

Such sens i t i ve  dependence leading t o  an actual condi t ion s a t i s f i e s  our 
T d i f f e r e n t  i n i t i a l  condit ions can cause dramat ical ly  a l te red  resu l t s  [ I 0  . 

d e f i n i t i o n  o f  chaos. 

While d i f f e r e n t i a l  equations describe continuous phenomena, t h e i r  d isc re te  
analogs are d i f fe rence equations [Ill. Instead o f  describing the  continuous 
changes o f  a system's state,  d i f fe rence equations model incremental changes. 
Di f ference equations are recurs ive and so feed back i n i t i a l  values t o  
ca lcu la te  subsequent states. One o f  the  simplest on which a l o t  o f  work has 
been done i s  the  l o g i s t i c  equation t h a t  describes the change o f  an animal 
populat ion x over t ime [ 7 1  : 

x ~ + ~  = kxt ( l -x t )  (0 < x 0  < 1 )  (2)  

Applied t o  a b i o l og i ca l  population, the value o f  the constant k models the 
f a t e  o f  t h a t  population. Thus, i f  k < 0 the  populat ion decreases and eventual ly  
becomes ex t i nc t ;  i f  0 < k < 1 the  populat ion grows, and i f  1 < k < 3 the 
populat ion reaches equi l ibr ium. However, as k i s  increased beyond 3 toward 4 
there i s  a dramatic change. At k = 3.2 the  populat ion s t a r t s  o s c i l l a t i n g  
between two condit ions. As the value o f  k grows la rger ,  the  o s c i l l a t i o n s  
double t o  4 points, and then t o  8, 16, and beyond, u n t i l  a t  k = 3.57 an 
i n f i n i t e  number of points i s  reached. At t h i s  leve l  the  behavior i s  
ind is t ingu ishab le  f r o m  a random process, even though the  i n i t i a l  condit ions 
were f a r  from random and xo was a f i x e d  value [ E l .  
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P l o t t i n g  xttl versus xt i n  Equation 2 reveals whether there i s  an a t t r ac to r  

and so signals whether the system i s  chaotic. For example, one of the  
charac te r is t i cs  o f  chaotic a t t r ac to r s  i s  t h a t  successive points i n  the p l o t  
can diverge exponential ly, y e t  stay w i t h i n  ce r t a i n  confines, namely the l i m i t  
cycle. Furthermore, there i s  a class of a t t r ac to r s  t h a t  del ineate the confines 
of system behavior. These are ca l l ed  strange a t t r ac to r s  171. 

The ra te  of the divergence between points can be quant i f ied  w i t h  the ca lcu la t ion  
o f  the so-cal led Lyapunov exponent. A pos i t i ve  exponent quant i f ies the  
"sensi t ive dependence on i n i t i a l  condi t ions"  and gives an estimate o f  how far 
i n t o  the fu tu re  one can pred ic t  the s ta te  of the system, whereas a negative 
Lyapunov exponent gives an estimate o f  the s t a b i l i t y  o f  the a t t r a c t o r  [121, 
1131, i .e. the more negative, the  more stable. 

3. CRITERIA FOR FINDING CHAOS 

Recent work i n  b io log ica l  and epidemiological systems has demonstrated t h a t  i t  
i s  possible t o  take t ime ser ies data and es tab l i sh  whether i t  i s  due t o  chance, 
quasiper iodical ly  o r  chaotic behavior [141, [151. 

The fo l low ing  analyses must be fol lowed t o  demonstrate successful ly chaotic 
behavior i n  a system 1161 : 

1. Four ier  transform : P lo t  the t ime h i s t o r y  o f  the data, op t i ona l l y  calculate 
the autocorre lat ion funct ion [171, and then examine i t s  Four ier  transform 
p lo t .  The output must e x h i b i t  a broad spectrun o f  e x p l i c i t  frequencies. 

2. Lyapunov exponent : Calculate the  Lyapunov exponents f o r  the data. The 
maximum exponent must be a pos i t i ve  number. 

3. ~ o i n c a r 6  section : Because systems may be multi-dimensional, and because 
o f  the nature o f  the qu ick ly  vary ing o rb i t s ,  an in te rsec t ion  i s  taken 
through the o r b i t s  of a t t r ac to r s  t o  reveal t h e i r  character. This gives a 
measure o f  t h e i r  "strangeness". The approach involves p l o t t i n g  xt+, versus 

xt and tak ing  a s l i c e  v e r t i c a l  t o  i t s  plane. I f  the so-cal led Poincald map 

repeats i t s e l f  on any scale o f  observation (i.e. possesses a f r a c t a l  nature), 
chaos i s  successful ly demonstrated. 

There i s  no room here t o  elaborate on the several ways and l im i t a t i ons  f o r  
data presentat ion and analysis. There are, however, two problems t h a t  r m a i n  
w i th  t h i s  type o f  t ime ser ies data and must be acknowledged : 

a. How do we know t h a t  we have selected an appropriate set  of var iables? 
b. What i s  the amount o f  data required t o  construct a good model? 

Since the t ime series involved i n  chaotic systems are not  pe r f ec t l y  
reproducible, i t  i s  v i t a l  t h a t  these two problems be resolved [ l a ] ,  [191. 

4. DATA COLLECTION 

To examine the p o s s i b i l i t y  o f  chaotic behavior i n  the appearance of published 
knowledge, we focused on polymer chemistry as a sample space. This i s  because 
polymer chemistry i s  an area t h a t  has shown considerable a c t i v i t y  over the  l a s t  
twenty years. Fur thenore,  dur ing a spec i f i c  period from 1984 t o  1988, there 
seemed t o  be unusuallv hioh a c t i v i t v .  On t h a t  basis. we co l lec ted  the  number 
of a r t i c l e s  publishedUon polymer ch;mistry as re f l ec ted  i n  the  biweakly updates 
of the Chemical Abstracts data base on STN. 
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The data are i l l u s t r a t e d  i n  Figure 1. An average o f  782 papers appeared each 
biweekly period between 12 May 1984 and 6 January 1989. The 12 May 1984 date 
was selected t o  coincide w i t h  the s t a r t  o f  on l ine  l i m i t i n g  capab i l i t i e s  f o r  STN 
biweekly updates. The minimum production dur ing the period was 68 papers and 
the rnaximun peaked a t  4147 publ icat ions. The data show t h a t  there are several 
weeks w i t h  unusually high numbers o f  reported publ icat ions t h a t  f a l l  below the 
maximum production. 

5. DATA ANALYSIS 

The data were analyzed using s ignal  processing techniques. The approach f i r s t  
involved preparation o f  the autocorre lat ion o f  the raw data. This was followed 
by construct ion of the fast  Four ier  transform (FFT) o f  the r e s u l t  1201. This 
approach l i m i t s  the spurious o r  random "noise" i n  the data. 

To implement the autocorre lat ion and the FFI, the data were extended t o  256 
in te rva ls  by assuming n u l l  pub l i ca t ion  data f o r  6 i n t e r va l s  p r i o r  and 124 
in te rva ls  post the per iod o f  in te res t .  

6. RESULTS 

The autocorre lat ion o f  the data i s  shown i n  Figure 2 where the ord inate i s  the 
cor re la t ion  amplitude derived from the scale i n  Figure 1. Only h a l f  o f  the 
autocorre lat ion i s  shown, since the other h a l f  i s  a r e f l ec t i on .  The lack o f  
the noise spike i n  the autocorre lat ion reveals t h a t  the data i s  inherent ly  
well-organized w i t h  few random f luctuat ions.  

The Four ier  transform resu l ts  are i l l u s t r a t e d  i n  Figure 3. L ike the auto- 
corre lat ion,  only hal f  of the Four ier  transform needs t o  be shown. The f i r s t ,  
lowest frequency spike corresponds t o  the sample period (from 12 May 1984 t o  
6 January 1989). The data general ly decay as frequency increases t o  t ha t  
associated w i t h  the biweekly appearance o f  the data. 

There are several c lear  peaks (p,,p2,p3) t h a t  seem t o  be harmonics of one 

another. This suggests t h a t  cer ta in  papers appear a t  regular  i n t e r va l s  and 
may be associated w i t h  other  papers t h a t  appear two and three times as quick ly .  
However, there i s  a lso a c l us te r  of three peaks t h a t  do no t  appear t o  be 
associated w i t h  the  harmonic t r iad .  The three peaks, located a t  pos i t ion  c 
do not  appear t o  be associated w i t h  other  in format ion i n  the spectrun. 

The high frequency data are re la ted  t o  the  sharp cut-of f  t o  zero a t  the s t a r t  
and end o f  the  data set. 

7. CONCLUSIONS 

The Four ier  transform reveals "a broad spectrun of e x p l i c i t  frequencies". 
thereby s a t i s f y i n g  the f i r s t  c r i t e r i o n  f o r  i den t i f y i ng  chaot ic  behaviour. 
However, the small sample space l i m i t s  the confidence leve l  i n  s t a t i n g  t h a t  
the behavior i s  indeed chaotic. Nevertheless, the use o f  t ime ser ies data o f  
the  type we have considered seems appropriate t o  chaot ic  behavior analysis. 

8. FURTHER RESEARCH AND APPLICATIONS 

Future work w i l l  i nvo lve  both l a rge r  sample spaces i n  spec i f i c  subject areas, 
as we l l  as a va r i e t y  o f  subjects. At tent ion w i l l  a lso be paid t o  the  
ca lcu la t ion  o f  Lyapunov exponents i n  order t o  i den t i f y  t h e i r  signs and values. 
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I n  t h i s  context,  we have i d e n t i f i e d  three i n t e r e s t i n g  areas o f  study : 

Epidemic theory : 
I n  a se r ies  of remarkable papers i n  t h e  1960's Goffman pu t  together  a 
theory of in fonnat ion d i f f u s i o n  based on a mathematical model o f  i n f e c t i o n  
i n  a populat ion [211. Recent work suggests t h a t  the re  a re  non l inear  dynamic 
phenomena prevalent  i n  models of recur ren t  epidemics [121, 1221 and t h a t  
t h e  p a r a l l e l  can once again be extended t o  in fonna t ion  science. 

The Lotka hypothesis : 
Lotka demonstrated t h a t  the  d i s t r i b u t i o n  o f  author p r o d u c t i v i t y  i n  a g iven 
f i e l d  i s  inverse lv  ~ r o w r t i o n a l  t o  the  nunber o f  authors w r i t i n a  i n  t h a t  
f i e l d  [231. ~ h i l c t h e  bower i n  the  constant o f  h i s  r e l a t i o n  s e e k  t o  d i f f e r  
depending on authors and t h e i r  f i e l d s  [241, Radhakrishnan and Kernizan 
argued tha t ,  i n  computer science a t  least ,  i t  may be 3 [251. A comparison 
between various l i t e r a t u r e s  may indeed con f i rm the  v a r i a b i l i t y  i n  the  power 
t o  x, and t h a t  power may t u r n  ou t  t o  be a f r a c t a l  nunber ( i .e. non-integer).  
L i t e r a t u r e s  w i t h  c m o n  f r a c t a l  dimensions mav e x h i b i t  comnon c h a r a c t e r i s t i c s  
under a new c l a s s i f i c a t i o n  scheme. ~ande lb ro t ' s  f i nd ings  t h a t  a  graph o f  
rankings w i t h i n  a l i n g u i s t i c  s t r u c t u r e  e x h i b i t  f r a c t a l  slopes may a lso f i n d  
app l i ca t ions  here [261. 

Co-c i ta t ion  analys is  : 
The study o f  f r a c t a l  dimensions can be extended t o  t h e  studv o f  c o - c i t a t i o n  
maps. ~ a p s  w i t h  comnon f r a c t a l  dimensions may be grouped together  and may 
t u r n  ou t  t o  have comparable c h a r a c t e r i s t i c s  of growth and d i f fus ion.  We may 
a lso  examine whether changes i n  the  po in ts  on the  maps are due t o  random 
walk o r  whether they are d e t e r m i n i s t i c  and non- l inear .  
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