
Understanding natural climatic variability 
has gained new urgency as we ponder the 
direction and magnitude of future global 
climatic change. As Schindler et at. (24) have 
shown, lake surface temperatures are likely 
to vary as a result of global warming. Evi- 
dence of past changes in lake temperature, 
such as shown here, is important for under- 
standing the response of lakes to future 
anthropogenic climatic change. 

Global Text Matching for Information Retrieval 

An approach is outlined for the retrieval of natural language texts in response to 
available search requests and for the recognition of content similarities between text 
excerpts. The proposed retrieval process is-based on flexible text matching procedures 
carried out in a number of Werent text environments and is applicable to large text 
collections covering unrestricted subject matter. For unrestricted text environments 
this system appears to outperform other currently available methods. 
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&at are based on ;he constructidn of Lowl- 
edge bases covering the detailed structure of 
particular subject areas, together with infer- 
ence rules designed to derive relationships 
between the relevant concepts, is even more 
questionable in such cases. Complete theo- 
ries of knowledge representation do not 
exist, and it is unclear what concepts, con- 
cept relationships, and inference rules may 
be needed to understand particular texts (1).  

We take advice from Wittgenstein and 
others who suggest that text understanding 
must be based on a study of how text words 
are used in the language (2). In so doing, we 
are not primarily interested in deriving de- 
tailed descriptions of text content, but in- 
stead we want to recognize text portions 
within which the text meanings are homo- 
geneous. An identification of semantically 
homogeneous text excerpts makes it possible 
to supply text links between related text 
portions, leading to the generation of struc- 
tured text representations that lend them- 
selves to selective reading and perusal of large 
texts. In addition, the recognition of related 
text portions leads to the retrieval of relevant 
texts in answer to available search requests. 

In the identification of related text por- 
tions in unrestricted text environments, the 
texts themselves must necessarily form the 
basis for the text analysis. The following text 
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mation requests) are detected by compari- 
son of the term vectors representing the texts 
at various levels of detail. For example, two 
texts may be assumed to be related when a 
sufticient global similarity between them is 
accompanied by local similarities between in- 
cluded text paragraphs or text sentences. 

The similarity measurement between two 
texts must depend on the types and weights 
of the coinciding terms in the respective 
term vectors. In retrieval, the most valuable 
terms for document content representation 
are those best able to distinguish particular 
texts from the remainder of the collection. 
Thus, the term weighting system should 
assign low weights to high-frequency terms 
that occur in many documents of a collec- 
tion and high weights to terms that are 
important in particular documents but unim- 
portant in the remainder of the collection. 
The weight of terms that occur rarely in a 
collection is of no consequence, because such 
terms contribute little to the text similarity. 

A well-known term weighting system fol- 
lowing that prescription assigns weight wik 
to term Tk in document Di in proportion to 
the frequency of occurrence of a term in Di 
and in inverse proportion to the number of 
documents to which the term is assigned 
(3) .  When the texts are represented by term 
vectors, the similarity (sim) between two 
items Di and Dj is conveniently obtained as 
the inner product between corresponding 
vectors, or sim(Di, Dj) = wik wjk. 
Thus, the similarity between two texts de- 
pends on the weights of coinciding terms 
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in the two term vectors. terms assigned to paragraphs or larger size 
In practice the document length, and hence texts is 

the number of non-zero term weights as- 
signed to a document, varies widely. The 

J k  
(0.5 + 0.5 -) (log:) 

same is true of the values of the occurrence 
Wik = 

ma& 

frequencies,_f;,, of terms Tk in Di. To give 2 (1) 

each item an equal chance of being retrieved, /$ k = l  (0.5 + 0.5 m=& l)I(loge) 
it is convenient to use an enhanced term 
weighting formula by normalizing for docu- where wik is the weight of term Tk in 
ment length. A high-quality term weight for document Di, f;, is the occurrence frequen- 

Table 1. Paragraph linking in sample text. Numbered paragraphs are taken from the sample text, 
which is the companion article (1). 

Query paragraph Retrieved items 
(>0.120) Sentence links 

75 (second under 74, 6 
Conventional Retrieval adjacent 
Methods) "Boolean 
retrieval" 

738, 39, 40, 41 3 to 738 
(first four 7s under 4 to 739 
Retrieval Strategies) 5 to 740 
"File technologies" 2 to 741 

732 (sixth 7 under 
Linguistics- and 
Knowledge-Based 
Approaches) 
"Knowledge-based 
retrieval" 

743 (third to last 7 
under Retrieval 
Strategies) 
"On-line search, 
relevance feedback" 

733, 34, 35, 36 
(All adjacent 7's) 

Multiple 

738 (first 7 ufider 3 to 738 
Retrieval Strategies) 6 to 741 

741, 44 adjacent 4 to 744 

710 (third 7 under None to 710 
Alternative Retrieval) (short paragraph) 
"Cosine similarity" 

Table 2. Multistage and single-stage encyclopedia search [global document comparison: (R) 
relevant, (N) nonrelevant] . 

Retrieved items Retrieved items Retrieved items 
Initial query stage one stage two stage three 

(threshold 0.20) (threshold 0.25) (threshold 0.30) 

18 Abandonment 7041 Desertion (R) 11690 Husband 5994 Conjugal 
(0.3651) and Wife (R) Rights (N) 

(0.3137) (0.3463) 
7024 Derelict (R) 

(0.3646) 
20688 Separation (R) 17527 Parent 

(0.3298) and Child 
(R) (0.2559) 

20122 Salvage (R) 
(0.2210) 

4517 Caroline of 
Brunswick (N) 
(0.1652) 

5994 Conjugal 
Rights (N) 
(0.1581) 

5886 Community 
Property (N) 
(0.1552) 

cy of T, in Di, N represents the number of 
documents in the collection, nk is the num- 
ber of documents with term T,, and the 
maximization operation is extended over all 
terms in a given vector. The weights of Eq. 
1 range from 0 to 1 and include an enhanced 
term frequency factor (0.5 + 0.5f;,/ma&) 
that varies only between 0.5 for terms with 
zero frequency and 1 for the most frequent 
terms. In addition, an inverse collection 
frequency factor, log(N/n,), is used, which is 
large for terms that occur rarely in the 
collection and small for terms assigned to 
many documents in a collection. When the 
terms are weighted in accordance with Eq. 
1, the values of the corresponding inner 
product similarity function between text 
items depends on the proportion of match- 
ing terms in the two vectors (1). 

For short text excerpts, such as text 
sentences, a text similarity measure that 
depends on the proportion of matching 
terms is not indicative of coincidence in 
text meaning. For example, fragments such 
as "consider figure x" or "equation y is an 
example" may be repeated many times in 
ordinary texts, but the vocabulary coinci- 
dences in such fragments are not meaning- 
ful. Short texts are therefore compared by 
means of an unnormalized term weight, 
equivalent to the numerator of Eq. 1 with- 
out the length normalization of the de- 
nominator. The unnormalized term weight 
ranges in size from zero to log N, and the 
corresponding inner product text similarity 
depends on the number (rather than the 
proportion) of matching terms. The exper- 
imental output included in this report was 
generated by means of the normalized sim- 
ilarity measure of Eq. 1 for comparisons 
involving full documents or document 
paragraphs and unnormalized measures for 
sentence comparisons. 

Consider a brief example of the text link- 
ing system for the companion article "De- 
velopments in automatic text retrieval," ob- 
tained by text paragraph and text sentence 
linking (I). The paragraphs in that article 
are numbered from 1 to 45, and three 
paragraphs (numbers 5, 32, and 43) are 
used in Table 1 as initial query texts to be 
compared with all other text paragraphs for 
text linking purposes. The topic "knowl- 
edge-based retrieval" is reasonably self- 
contained in the original article, and Table 1 
shows that paragraph 32 is linked only to 
adjacent text paragraphs (these paragraphs 
exceed inner product similarity threshold 
0.120). When paragraphs 5 and 43 are used 
for text searching, several links again exist to 
adjacent paragraphs. However, paragraph 5 
on "Boolean retrieval" is also linked t o  a 
large section dealing with file technologies 
(paragraphs 38 to 41), and paragraph 43 is 
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Table 3. Retrieval evaluation for electronic mail 
messages (1984 messages, 180 queries; global 
text comparison). 

Average precision 

Recall Messages Messages 
with without 

quotations quotations 

20688 (Separation) produces article 17527 
(Parent and Child). Finally, query 11690 
(Husband and Wife) retrieves one more 
item with a similarity greater than 0.30 
(5994, Conjugal Rights). 

The text retrieval operations can in prin- 
ciple be evaluated by experts to assess the 
relevance or nonrelevance of each retrieved 
item with respect to the corresponding que- 
ry, followed by the computation of formal 
recall and precision measures (5). In prac- 
tice, the use of objective relevance assess- 
ments between queries and stored docu- 
ments is preferable. For the encyclopedia 
searches. the oublished cross-references be- , L 

linked to paragraph 10, dealing with the tween articles can be used as indicators of 
cosine similarity. Although the global relevance. For the sample search of Table 2, 
similarity between paragraphs 43 and 10 ex- six of the seven articles retrieved by the 
ceeds the threshold of 0.120 (in part because multistage search are properly referenced in 
paragraph 10 is quite short), no sentence article 18; hence, the retrieval precision is 
links are found for these two paragraphs. In a 617 (0.86). A seventh relevant article (7287 
practical situation, 10 i d  43 may Divorce) is not retrieved by the global text 
therefore be considered to be unrelated. comparison because of its extreme length. 

A typical search conducted in an auto- (Long articles must be subdivided into sec- 
mated encyclopedia is illustrated in Table tions to obtain proper retrieval performance 
2. In this case a specific encyclopedia article when normalized term weight similarities 
is used as a search request, and an ordered are used.) The search recall for the sample 
list directing the user to additional encyclo- search is then also 617. 
pedia articles in the same subject area is The multistage search of Table 2 may be 
wanted (4). Article 18 (Abandonment) is compared with a single-stage search in 
used as a query in Table 2. The initial which all articles are retrieved by a single 
search produces an ordered list of articles search that uses the initial query only. The 
in decreasing order of the inner product second column of Table 2 shows that when 
similarity. A similarity threshold of 0.20 is seven articles are retrieved in stage one, the 
used initially, and the newly retrieved items three documents obtained in addition to the 
above the threshold are used in turn as new original four all have a low sirnilaritv with " 
search queries to retrieve additional arti- the query, and all of them are nonrelevant. 
cles. The output of Table 2 shows three The precision and recall of the single level 
search stages, the retrieval threshold being search is therefore 417 = 0.57. 
increased from 0.20 in stage one to 0.25 Table 3 contains an evaluation of retrieval 
and 0.30 in subsequent stages. Query 7041 operations conducted with a collection of 
(Desertion) produces one additional item electronic news messages. Specifically, 180 
(11690, Husband and Wife), and query news messages were used as queries and 

Table 4. Retrieval evaluation for electronic mail collection with sentence pair comparisons (1984 
messages, 180 queries). 

Type of comparison 
Retrieved Retrieved 

items relevant items Retrieval 

(number) (number) precision 

No sentence matching 2071 370 0.1787 

One matching sentence pair required 
At least 2 term matches 1420 333 0.2345 
At least 3 term matches 599 217 0.3623 
At least 4 term matches 280 128 0.4571 
At least 5 term matches 150 75 0.5000 
At least 6 term matches 94 51 0.5426 

Two matching sentence pairs required 
At least 2 term matches 888 28 1 0.3164 
At least 3 term matches 296 135 0.4561 
At least 4 term matches 109 66 0.6055 
At least 5 term matches 49 3 1 0.6327 
At least 6 term matches 27 18 0.6667 

processed against a message collection of 
1984 messages. ~lectronic messages are 
characterized by the fact that reply messages 
often contain quotations from the original 
query message. Furthermore, message head- 
ers are used that contain a subject line for 
each message and, optionally, cross-refer- 
ences to other messages. For evaluation pur- 
poses, message B may be termed relevant to 
query message A whenever A and B contain 
an identical subject description or when B 
contains a referknce to A. - 

The evaluation output of Table 3 shows 
nearly perfect results for the message col- 
lection that includes the quoted portions. 
When the recall is 0.50 (after retrieval of 
50% of the relevant items for each of the 
180 queries), the precision is 90% (90% of 
the retrieved items are relevant). When the 
messages are processed without quota- 
tions, nearly 60% of the retrieved items are 
relevant at a recall 'level of 0.50 (6). The 
output of Table 3 appears especially favor- 
able when one considers that the objective 
relevance assessments actually used are sub- 
stantially flawed. In practice, reply messag- 
es often contain subject descriptions that 
are slightly different from those used in the 
original primary messages; these differ- 
ences in the subject descriptions lead to a 
false assessment of nonrelevance for the 
reply messages, even though their early 
retrieval is perfectly in order. The result is 
a depressed search precision. The recall is 
similarly affected unfavorably by chains of 
messages in which message B replies to A, 
C replies to B, D replies to C, and so on. In 
all of these cases, the original subject de- 
scriptions may be maintained, even though 
the actual message content may shift over 
time. Hence, the rejection of the later replies 
(such as C and D) in response to query A may 
be justified even though the system treats all 
of these messages as relevant in response to A. 

The output of Table 3 was obtained by 
global text matching done. The perfor- 
mance of the additional sentence comoari- 
sons within globally matching texts is illus- 
trated in Table 4. Here a semifixed retrieval 
threshold is used for each query, consisting 
of either the top 20 items or all items 
retrieved up to the rank of the last relevant 
item for that query, whichever comes earlier. 
Because man; items must be retrieved for 
each query, even though most queries exhib- 
it one or two relevant documents only, the 
initial precision (0.1787) is relatively low. 
The lower part of Table 4 shows that the 
local text match at the sentence level acts to 
promote precision. As the number of re- 
quired sentence matches and matching 
terms in these sentences increase, fewer doc- 
uments are retrieved in response to the 
query messages, but the number of relevant 
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retrieved items grows sharply. Blackwell, Oxford, 1953). 

The text and re%eval system de- 
scribed in this report is applicable to text 
collection in arbitrary subject areas covering 
texts that vary widely in scope and length. Its 
operations depend on either the use of dis- 
cursive English language queries that provide 
good descriptions of the wanted subjects or 
the availability of relevant text excerpts that 
can serve as initial queries. When a sficient 
global text similarity exists between the avail- 
able query vectors and the vectors represent- 
ing the stored text items and local similarities 
are detected between certain paragraphs and 
sentences included in the sample texts, the 
conclusion follows that the texts are closely 
related. No other text search and retrieval 
approach currently contemplated appears to 
offer equal promise for unrestricted text envi- 
ronments and arbitrary subject matter. 
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Wright's Shifting Balance Theory: 
An Experimental Study 

Experimental con6rmation of Wrighfs shifting balance theory of evolution, one of the 
most comprehensive theories of adaptive evolution, is presented. The theory is 
regarded by many as a cornerstone of modern evolutionary thought, but there has been 
little direct empirical evidence supporting it. Some of its underlying assumptions are 
viewed as contradictory, and the existence and efficacy of the theory's fundamental 
adaptive process, interdemic selection, is the focusof controversy. Interdemic selection 
was imposed on large arrays of laboratory populations of the flour beetle Tribolium 
castaneum in the manner described by Wright: the Merential dispersion of individuals 
from demes of high fitness into demes of low fitness. A significant increase in average 
fitness was observed in the experimental arrays when compared to control populations 
with equivalent but random migration rates. The response was not proportional to the 
selection Merential: The largest response occurred with interdemic selection every 
two generations rather than every generation or every three generations. The results 
indicate that the interdemic phase of Wright's shifting balance theory can increase 
average fitness and suggest that gene interactions are involved in the observed 
response. 

-E REPORT THE RESULTS OF A 

4-year experimental investigation 
of Wright's shifting balance the- 

ory of adaptive evolution ( 1 4 ) .  Wright's 
theory, proposed 60 years ago (1, 3), is one 
of the most widely known and comprehen- 
sive theories of adaptative evolution (5 ) ,  
regarded by many as "a cornerstone of mod- 
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ern evolutionary thought" (6, p. 265) and as 
"the dominant theory of evolution in the 
20th century" (7, p. 625). However, there 
are several aspects of the theory that to date 
"have never been analyzed in detail" (8) and 
are unsupported by empirical data ( 9 ) ,  either 
at the populational or molecular level. Re- 
cent mathematical investigation~ of Wright's 
theory (10) illustrate that, under certain 
conditions, interdemic selection through 
differential dispersion, the central adaptive 
mechanism of Wright's theory, can cause 
genetic change. However, it is not known 

whether the conditions necessary in the 
model are met by populations in nature. 
Our experiments with the flour beetle Tri- 
bolium castaneum demonstrate the efficacy of 
interdemic selection by differential disper- 
sion for causing genetic change. 

Wright (3) identified three phases impor- 
tant to his theory, all of which are acting 
simultaneously: (i) random genetic drift 
when "the set of gene frequencies drifts at 
random in a multidimensional stochastic 
distribution about the equilibrium set char- 
acteristic of a particular fitness peak" (3, p. 
455); (ii) mass selection when the set of 
gene frequencies drifts far enough within 
one deme to cross over into the domain of 
attraction of a different adaptive peak-that 
is, "There ensues a period of relatively rapid 
change in this deme, dominated by selection 
among individuals (or families) . . ." (3, p. 
455); and (iii) interdemic selection when a 
deme ". . . by excess dispersion, systemati- 
cally shifts the position of equilibrium [of 
other demes] toward its own position" (3, p. 
455). 

Some phases of the shifting balance pro- 
cess appear to be in conflict with one anoth- 
er. In order for phase (i) to operate efficient- 
ly, small numbers of breeding adults and 
little migration are required, but these con- 
ditions make phase (ii), mass selection, inef- 
ficient unless selection is much stronger than 
random genetic drift. We do not know how 
much heritable variation among demes in 
local mean fitness can result from the com- 
bined action of random genetic drift and 
mass selection: "The relative importance of 
natural selection and random genetic drift 
. . . remains the most important unsolved 
problem in our understanding of the mech- 
anisms that bring about biological evolu- 
tion" (11, p. 164). We know little of the 
existence or the density of "local adaptive 
peaks" or the evolutionary role of epistasis 
for fitness (8, 12-13), but recent theory (14) 
indicates its potential importance. Little is 
known about the rate of origination of the 
genetic and phenotypic variation in average 
fitness among demes which are necessary for 
operation of the third phase: Just as individ- 
ual (mass) selection requires genetic varia- 
tion among individuals, interdemic selection 
requires genetic variation among demes 
(15). Last, the export of gene combinations 
in phase (iii) may require the dispersion of 
large numbers of adults from one deme to 
another and interfere with the first phase. In 
summary, quantitative information from the 
laboratory or field is lacking for each of the 
three phases. 

Local breeding numbers, N,, and migra- 
tion among demes, m, affect the rate of 
genetic differentiation of demes for fitness, 
and small amounts of differential migration 
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