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摘要: 基于多元统计分析中对样本完整性的要求, 为了在分析中不抛弃大量不完整的化石标

本或者不大大减少变量, 创建了一种恢复标本残缺数据的方法。本方法基于线性回归理论,

假设同类标本个体之间的区别仅仅是大小的区别,形状的区别可以忽略不计,因此,在同类标

本中, 可以用一件标本的已知测量数据预测另一件标本的残缺测量数据。在多件标本的情况

下, 对某件标本的某个残缺数据的预测结果是用其他标本分别进行预测所得值的加权平均,

加权系数的选取与每件标本的保存完好程度相关。用现生马属头骨及肢骨标本做的数据试

验证明, 该方法具有良好的稳定性,对标本的种类、数量及残缺值的多少均不敏感, 对于尺寸

较大的标本或数值较大的数据的预测效果要比对尺寸较小的标本或数值较小的数据的预测

效果要好。与传统的线性回归方法的不同之处在于, 本方法利用的是样本 (即标本 )间的线

性相关性, 传统方法利用的是变量 (即测量项 )间的线性相关性。在通常情况下, 样本间的线

性相关程度要优于变量间的线性相关程度。本方法简单实用, 在对化石标本进行统计分析,

特别是多元统计分析中具有良好的应用前景。

关键词: 线性回归,最小二乘法, 化石标本,马属

中图法分类号: Q91- 3 文献标识码: A 文章编号: 1000- 3118( 2010) 02- 0161- 08

RECOVERING THE M ISSING DATA OF DEFECT IVE FOSSIL
SPECIM ENS USING LINEAR REGRESSION M ETHOD

WANG ShiQ i DENG Tao
( Key Labora tory of Evolutionary Sy stem a tics of Vertebrates, In sti tu te of Vertebrate Pa leontology and Paleoan throp ology,

Ch in eseA cadem y of S ciences Beijing 100044 wangsh iq@i ivpp. ac. cn)

Abstract In mu ltivar iate sta tistica l analyses, intact specmi ens are essen tia lly required. In order to

he lp researchers avo id hav ing to d iscardm any defective fossil specmi ens or g reatly reduce the num ber of
va riab les in the ir analyses, we developed a m ethod based on the theory of linear reg ression fo r recove

ringm issing da ta for de fec tive fossil specmi ens. U sing thism ethod, m issing va lue of m easurem en ts can
be predicted based on o ther intact or defective equ iva lent specmi ens. Num er ica l tests have been carried

out on the head and lmi b bones o f ex tantEquus. The results show that ou rm ethod, wh ich is re la tive ly
insensitive to the quantity, preserva tiona l qua lity and type o f available specmi ens, has satisfactory sta

b ility. The pred ic tive accuracy is best for large specmi ens orm easu rem ents of largem agn itude. Further

more, ourm ethod is distinc t from trad itional linear regressionm ethods in utilizing linear co rre lations be
tw een specmi ens rather than between var iables, since the corre la tions are usua lly stronger in the case of

the form er procedure. Ourm ethod is smi p le in theory and prac tice, and shou ld be broad ly app licab le to
statistica l analyses o f fossil specmi ens, particu larly ifm ultiva riate.
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1 Introduction

Paleontologists always hope to ob tain, as far as possib le, intact fossil specim ens wh ich
could prov ide integrated and abundant in fo rmation. H ow ever, intact fossil specimens are very
rare. Co llected specimens are alw ays de fect ive in many w ays, or significan tly de formed by the
pressure exerted by overly ing strata. These defects o r deformat ions of specim ens cause the loss
of usefu l informa tion. Now adays, mu lt ivariate statist ica l analyses have been w idely used in pa l
eontological research, and in such ana lyses plenty of intact specim ens w ere essentially required
( B ignon et a.l , 2005; E isenm ann and B ay lac, 2000; E isenmann and Turlo ,t 1978) . There
fo remany defective and de fo rmed fossil spec imens had to be e lim inated from multivar iate statis
t ica l analyses ( E isenmann, 1986), o r a lternative ly the number of variables used had to be re
duced, causing the loss of usefu l inform ation.

Prev iously, many approaches to estim ating m issing characterist ics have been deve loped
based on the theory of linear regression, such as methods for est imating stature from ( even frag
mented) long bones ( Badkur and Nath, 1990; Form ico la and Francesch,i 1996; Hasegaw a et
a.l , 2009) or est imating age from the pub ic symphysis ( L iu et a.l , 1988). Regression equa
t ions or ratios w ere often proposed to predict sing le ob ject ivem issing data po ints in thesew orks
( L iu et a.l , 1988; Badkur and N ath 1990; Fe ldesman et a.l , 1990; Form ico la and Frances
ch,i 1996; Hasegaw a et a.l , 2009) . A lthough mature in theory and pract ice, these trad itional
methods are no t very su itab le for our c ircumstances. In our statist ica l ana lyses, fossil specim ens
are a lw ays availab le in sma ll quant ities and defective inmu ltiple respects. These complex m iss
ing data are hard to est imate using one or even several regression equations. Therefore, a new
approach is needed to so lve this problem.

In this paper w e presented a new method of linear regression to recover the comp lex m iss
ing value o fmeasurem ents of specimens that are defective inmultip le respects. In ourmethod,
linear correlat ions of specimens rather than variab les w ere ut ilized to predict the m issing data
using as m any add itional intact or defective homogeneous specimens as possible. Num erical
tests ind icate that th is method is simple and practical w ith adequate stability. A lthough the

method cou ld not actually rep lace m issing informa tion, it should prove w ide ly applicable to
statist ical analyses of fossil spec imens, particu larly multivariate ones.

2 Specim ens and measurements

A ll the raw data aremeasurements of head and limb bones ofEquus be long ing to the co llec
t ions in theM us um National dH' isto ire Naturelle (MNHN ), Paris, France. The bones include
21 skulls and 21mandibles o fEquus burchelli, asw ell as 12metacarpi III and 12 anterio r phalan
ges I o fEquus hem ionus. Sexes w ere not d istingu ished in this work because modern equids are
considered to have w eak sexua l dimorphism. A ll the specimens represent adults, w ith M3 /m3
erupted in skulls/mandib les and epiphyses comp letely fused in long bones. 31 measurements of
sku lls, 14 ofmand ib les, 15 o fmetacarpi III, and 13 o f anterior pha langes Iw ere taken ( E isen
mann et a.l , 1988).

3 The theoretica lmodel

Thema in assumpt ion o f thew ork is that thema in difference among the homogeneous spec i
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mens ism erely size. D ifferences in shape are considered to be so sm all tha t w e can neglect
them. Thus, identicalmeasurem ents o f ind iv idua l specimens in one sort are propo rtiona.l Sup
pose there are tw o intact homogeneous specimens, S1 and S2, w ith the same k measurements
hav ing been taken for each specimen. The va lues of the m easurements are designated m i, j.
Here the first subscr ipt ( i = 1, 2) identifies a particular spec imen, and the second subscript ( j
= 1 k) ident ifies a particularmeasurem en.t If themeasurements o fS1 (m 1, j ) are treated co l
lect ively as an independent variab le and themeasurements o fS2 (m 2, j ) as a dependent variab le,
the resu lting po intsP j (m 1, j, m 2, j ), j = 1 k shou ld fall close to a reg ression line ( c.f F ig. 1) .

If a certain measurement ofS2 is m issing, saym 2, q, q  ( 1 k ), we w ill use o therm ea
suremen ts (m 1, j, m 2, j, j = 1 k, j ! q ) to fit the regression line using the least squaresmethod
and pred ictm 2, q bym 1, q. Suppose the regression line satisfies fo llow ing equation:

y = ax + b ( 1)

A ccord ing to the least squares method, the fitted parameters are as fo llow s:

a =
k - 1 ∀

k

j= 1, j! q

m 1, jm 2, j - ∀
k

j= 1, j! q

m 1, j ∀
k

j= 1, j! q

m 2, j

k - 1 ∀
k

j= 1, j! q

m 1, j

2
- ∀

k

j= 1, j! q

m 1, j

2

( 2)

b =
1

k - 1 ∀
k

j= 1, j! q

m 2, j -
a

k - 1 ∀
k

j= 1, j! q

m 1, j ( 3)

Accord ingly, w e can predict the value ofm2, q according to Eqs. 1- 3, .i e. m2, q = a # m1, q + b.
In the steps above, it is no t necessary that allm 1, j, m 2, j, j = 1, , k, j ! q are known,

butm 1, q is needed in order to calcu latem 2, q. Furthermore, theoretically, at least two measure
ments, j = 1, , k, j ! q, m 1, j, m 2, j for tw o different values o f j, must be ava ilab le for bo th
specimens. O therw ise the parametera in Eq. 2 w ill be equa l to 0, and itw ill not be possible to
compute a regression line. A ssum ing a reg ression line can be calculated ( w e a lw ays made th is
assumpt ion in present w ork), an arb itrary set o fm issing m easurementsm 2, q1, m 2, q2, , m2, qs

can be pred icted as outlined above providedm 1, q1, m 1, q2, , m 1, qs, 1 ∃ s ∃ k- 2 are known.
S imultaneously, forS1, the arbitrary m issing measurementsm 1, q1, m 1, q2, , m 1, qt, 1 ∃ t ∃ k
- 2 can be pred icted from m 2, q1, m 2, q2, , m 2, qt, if the latter are known.

In the case men tioned above, on ly tw o samp les are considered. In fac,t more than two
specimens are common ly availab le. For examp le, supposew e haveS1, , Sn, a total o fn spe
c imens. In order to predict anym issing measurementm p, q, p  ( 1, , n ), q  (1, , k ), the
other r spec imensS1, , S r, 1 ∃ r ∃ n - 1 among the n spec imens for w hich measurements
m i, q, i = 1, , r, i ! p are known can each be used as the basis for a separate linear regres
sion. Thus, r pairs o f parameters ( a, b) i can be obtained using r specimens. The optimum pre
d iction o f ( a, b) is thew e ighted mean of a ll ( a, b ) i as fo llow s:

( a, b ) = ∀
r

i= 1

ci ( a, b ) i ( 4)

w here ci =
L iD i

∀
r

i= 1
L iD i

( 5)

Here L i = max (m i, j ) - m in(m i, j ) , i = 1, , r, j = 1, , k, i ! p, j ! q. Note thatm i, j
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can be any measuremen t o f specimen S i, w hileD i is the number ofmeasurements ava ilable for
specimen S i, ex ceptm i, q. Thesew e igh ts ci are designedmathemat ica lly to re flect the fact that a
larger regression reg ion ( the d ifference betw een the smallest and largest values) and a larger
number o f regression po ints can g ive more reliab le resu lts.

4 R esults and discuss ion

4. 1 Validation of the theoreticalmodel
In order to verify the theoreticalmode,l w e f irst selected tw o random intact sku lls ofEquus

burchelli ( S1 and S2 ) , tak ing 31 measurem ents in each case. The measurements of S1 were
treated as an independent variable and those o fS2 as a dependent variable, and the f itted pa
rameters and regression line cou ld be resu lted according to Eqs. 1- 3 ( F ig. 1), wh ich y ielded a

= 1. 09, b = - 3. 81. The linearity is excellen,t w ith a coefficient o f determ ination ( r
2
)

of 0. 9920.

F ig. 1 L inear co rre lation betw een m easurem ents o f

tw o skulls ofE quus burchelli
The hor izontal and vertica l axes arem easurem entsm1, j

andm2, j, j= 1, , 31 o f specmi ens S1 and S2 respectively

Then w e e lim inated each measurement
m 2, j, j = 1, , 31 of S2 in turn, and at
tempted to pred ict its va lue. The d istribu
t ion of the absolute values o f the re lative er
rors associated w ith a ll31measurementsw as
plotted in F ig. 2. The result show s thatmost
re lative errors have abso lute values of less
than 10%, w ith only 4 erro rs ( 12. 9% of
31measurements) ex ceeding th is leve.l The
resu lt indicates that even a sing le intact
specimen can g ive re latively good predic
t ions fo r another defective spec imen.

N ex,t w e considered 21 intact sku lls of

Equus burchelli, e lim inated 10% o f the
measurements, that is, 65m i, j, i = 1, ,
21, j = 1, , 31, and pred ict them simu l
taneously. M easurements w ere random ly se

F ig. 2 The distribution ( bars) o f abso lute values of
relative erro rs, wh ich com es from the predictions o f

m easurem entsm 2, j o f specim ens S2 one by one

using presen tm ethod

lected for removal by a custom designed
M atlab 7. 0 program, although the program
was re run in the very rare cases w hen the
measurements it designated for removalw ere
concentrated in too few spec imens, or the
rema in ing m easurements were insuffic ient to
produce a ll of the regression lines. The d is
tribution o f the relat ive erro rs for a typical
set of 65 predictions is show n in Fig. 3. The
resu lt show s that the re lative errors confo rm
to a bell shaped distribution w ith the peak
value near to 0. Th is observed d istribut ion
can be fitted to a G aussian d istr ibution w ith
the fo llow ing parameters: mean va lue =
0. 0071 and standard dev iation = 0. 045.
Th is resu lt ind icates tha t our method is
practicable. The fact that is c lose to 0 in
d icates that the erro rs are smal.l The low
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value of , w h ich imp lies that 68. 27% o f a ll ca lculated error values are situated in the interval
[ - , ], show s that the method% s predictions are stab le. In the follow ing sect ion, w e used
the tw o parameters and to test the accuracy of the pred ictions.

F ig. 3 The distribution ( bars) of re lative errors of pre
d ic tions w hen sim ultaneously remov ing 65 m easurem ents

m i, j, i = 1, , 21, j = 1, , 31, o f 21 sku lls o fEquus

burchelli at one tim e
L ine show s theGaussian fit of the distribution, wh ich has

the follow ing param eters: = 0. 0071 and = 0. 045

4. 2 Stability of the m ethod
In the resu lts above, w e verified that

ourm ethod is pract icab le. W e w ould then
testw hether the method could g ive relative
ly stable pred ictions in each of 10 different

cases ( Tab le 1) . In each case w e carr ied
out 10 tests independent ly ( except case 7:
see Tab le 1) and use the ir indiv idualmeans
and standard dev iat ions to create an average
mean, & ∋, and average standard dev ia
t ion, & ∋. F irstly, the percentage o fmeas
uremen tsm i, j o f 21 skulls o fEquus burchelli
removed from the ana lysis varies from 1%
to 20%, resulting in & ∋ values vary ing
from 0. 0007 to 0. 0053 and & ∋ values va
ry ing from 0. 060 to 0. 068 ( Tab le 1, cases
1- 4) . & ∋ is very close to 0 when on ly
1% of the m easurementsm i, j are removed
( case 1). E ven when the percentage o f re
moved data is h igher ( cases 2- 4) , & ∋ is also close to 0, and its magnitude is relat ively sta
b le. Furthermore, the & ∋ values are very c lose one ano ther in all 4 cases. These resu lts ind i
cate that ourm ethod is stable when vary ing proportions ofm easured data w erem issing.

Table 1 R esults of independent num erical tests in different cases

C T S B M P (% ) N & ∋ ( 10- 3 ) & ∋ ( 10- 2 )

1 10 E. burchel li Skull 31 1 21 0. 74 6. 03

2 10 E. burchel li Skull 31 5 21 4. 59 6. 75

3 10 E. burchel li Skull 31 10 21 3. 92 6. 68

4 10 E. burchel li Skull 31 20 21 5. 32 6. 81

5 10 E. burchel li Skull 31 5 13 6. 66 6. 31

6 10 E. burchel li Skull 31 5 7 6. 06 5. 28

7 31 E. burchel li Skull 31 1 2 - 13. 70 (

8 10 E. burchel li M and ib le 14 5 21 - 4. 44 6. 25

9 10 E. hem ionus MCIII 15 5 12 - 16. 24 6. 70

10 10 E. hem ionus AP I 13 5 12 16. 45 10. 81

Abbreviat ion s: C. case; T. number of independen t tests; S. species; B. type of bone; M. m easurem ents; P. p roportion

of rem oved data; N. number of spec im ens; & ∋. average ofm eans; & ∋. average of s tandard dev iations; MC III. m etacarpal
III; API. an terior phalange I.

Secondly, w e set the specimen size o f sku ll o fEquus burchelli at va lues o f 21, 13, to 7
w hile keep ing the percentage of removed data fixed at 5% , wh ich respect ive ly resu lted in & ∋
values o f 0. 0046, 0. 0067 and 0. 0061 and & ∋ values of 0. 067, 0. 063 and 0. 053 ( Table 1,
cases 2, 5 and 6) . Bo th & ∋ and & ∋ are relatively small and consistent in magnitude across
all 3 cases. Furthermore, even if only 2 spec imens rema in, our methods cou ld st ill lead to a
low & ∋ value o f - 0. 0137 prov ided that on ly 1% o f the data ( a single datum ) w as removed
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( Table 1, case 7) . Therefore, ourmethod is stab le across a range of specimen sizes.
Th irdly, w e used 21m andibles ( 14m easurements) ofEquus burchelli, asw ell as 12m eta

carp i III ( 15measurem ents) and 12 anterior pha langes I ( 13measurements) ofEquus hem ion
us, to test whether or not ourmethod cou ld be app lied to other spec imens. W e f ixed the per
centage o f removed data a t 5% ( T able 1, cases 8 - 10 ). For mand ib les o fEquus burchelli,
& ∋ = 0. 0044 and & ∋= 0. 063, va lues close to those obtained using skulls o fEquus burch
elli. A s a resu l,t themethod is clearly app licable to mandib les ofEquus. For 12m etacarpi III
ofEquus hem ionus, & ∋= 0. 067, a value close to that ob tained from skulls of Equus burch
elli. How ever, & ∋ = - 0. 0162, close to 0 but larger than the resu lt for the sku lls. The rea

sonm ay be that all o f themeasurements fo r the metacarp,i apart from m i, 1 andm i, 2, are radial
and therefore of sm allmagnitude ( E isenmann et a.l, 1988) . For a sma ll true value, a g iven
abso lu te error w ill represent a larger re lative error than w ill be obtained if the true value are lar
ger. For 12 anterior phalanges I ofEquus hem ionus, both & ∋ ( 0. 0165) and & ∋ ( 0. 108)
are substantia lly larger than those ob tained for sku lls o fEquus burchelli. M ostmeasurements are
aga in radia l in the case of the phalanges, and furthermore the largestm easurement is far less
than in e ither the sku lls o r them andibles. Th is results in a very sm all regression reg ion, wh ich
w ill tend to g ive worse regression resu lts. Thus, for sku lls andm andibles, ourmethod can g ive
better predictions than are possib le fo rm etapodia ls and pha langes. The larger the bones, the
more accurate the pred ictions that can be ob tained, a lthough the predictions even fo r sma ll
bones w ere like ly to be acceptab le in many cases.

4. 3 Predictions for different measurements

F ig. 4 |&e
( j)

∋ | ( upper panel) and s
( j)
( lower panel) vary

accord ing to them agn itudes o f 31 ordered m easurem ents

&m ( j) ∋, j = 1, , 31, of 21 skulls ofE quus burchelli

|&e( j) ∋ | and s(j ) respective ly represent the averaged abso

lute value and standard deviation of the erro rs assoc iated

w ith predicting each ordered ( j) th m easurem ent

Above w e discussed the stability of our method across different cases. In add ition, w e
w ished to consider how the method perform s formeasurements of d ifferent magnitudes w ith in a
homogeneous co llection o f specimens. W e used the sam e 21 sku lls o fEquus burchelli to carry
out the necessary numerical tests. F irstly, w e calcu lated the average value of eachmeasurement
across all 21 sku lls &m j ∋, j = 1, , 31, and reordered these averaged measurements from
sma ll to large as follow s: &m ( 1) ∋, , &m ( j ) ∋, , &m ( 31) ∋. Then w e removed each measured
datum and pred icted it in turn. N ote tha t only 1 datum was removed at a t ime and all the data
known for a ll the specimen w ere predicted one by one. For each measured datum m i, ( j ) we

obtained a relative erro r ei, ( j ) , i = 1, ,
21, j = 1, , 31. Then we ca lculated the
m ean &e( j ) ∋ and standard dev iation s( j ) of
the error associated w ith every ordered
m easuremen.t The resu lts show that |
&e( j ) ∋ | and s( j ) are bo th strong ly depend
ent on the average va lue o f the measure
m ent&m ( j ) ∋ ( F ig. 4) , no ting that |&e( j ) ∋ |
designates the absolute va lue o f &e( j ) ∋.
The s( j ) and |&e( j) ∋ | decrease rapidly w ith
increasing &m ( j ) ∋, ex cept that |&e( j ) ∋ |
increases slightly over the two po ints at the
high end of the &m ( j) ∋ distribution. S ince
larger | &e( j ) ∋ | and s( j ) va lues imply a
worse pred iction, ourmethod perform sw e ll
when predict ing m easurements w ith larger
values, bu t m ay be less applicable w hen
predict ing measurements w ith very sma ll
values.
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4. 4 Comparisons w ith traditional linear regression methods
L inear regression me thods have been w idely used to pred ict m issing data, for examp le

w hen using long bones to pred ict ind iv idua l stature ( Form ico la and Francesch,i 1996; Hasega
w a et a.l , 2009). In a traditiona l ana lysis o f th is k ind, the pred ict ions are typically based on
linear relat ions among variables ( .i e. measurem ents) rather than ind ividua l specim ens. In the
w orks mentioned above, large numbers of spec imens w ere used to estab lish simple o rmultip le
regression equations w ith w h ich w e could predict m issing data for defective fossil specimens.
Here, trad itionalme thods w ere app lied to 21 sku lls of Equus burchelli fo r comparison w ith our
method. For one th ing, linear relationsh ips betw een pa ired variables w ere tested by ca lculat ing
their corre lation coe ff ic ients. A cross 465 pairs o f variab les ( representing a ll the possib le paired
comb inations of 31m easurements), the mean correlation coeffic ient &r∋ is only 0. 2046, and
some pa irs of variables are even nega tive ly correlation. The corre lation coeffic ient exceeds 0. 80
for only five pa irs, and in no case does the value exceed 0. 90. A cross 210 pairs of specim ens
( represent ing the 210 possible paired combinat ions o f 21 spec imens), themean correlation co
efficient &r∋ is 0. 9968, and none of the indiv idual corre lation coefficients is less than 0. 99.
Therefore, the linear correlations betw een specim ens aremuch better than those betw een varia
b les, demonstrat ing that ourmethod is more reliab le than the traditionalmethod.

Furthermore, five pa irs o f variab les hav ing corre lation coeffic ients g reater than 0. 80,
namely measurem ents 5 and 17, 6 and 24, 7 and 9, 18 and 19, and fina lly 19 and 24 ( deta ils
seen E isenmann et a.l, 1988) , w ere selected for a further num er ical test o f the trad it iona lmeth
od. For example, ifw e w anted to predictm easurement 19 o f the spec imenMNHN 1909- 069
based on measuremen t 24, w e usedmeasurement 19 ( independent variab le) and 24 ( depend
ent variable) of the o ther tw enty specimens to estab lish a simple regression equation, .i e. y =
0. 74x + 48. 29. W e then substituted measurement 24 of the spec imen ( 186 mm), in to the
equation, y ie ld ing y = 185. 42 as a predict ion of the true measurement 19 of the specim en
( 180mm). The absolute value o f the relat ive error of the predict ion is 0. 0031. By ex tension,
any measurement o f any spec imen could be pred icted on the basis o f other specimens, and their
abso lu tem ean relative errors cou ld be calculated for comparison w ith values arising from our
methods, as shown in Table 2.

Table 2 Comparisons of the two m ethods

P
Trad itionalm ethod Ourm ethod

I |&e∋ | ( 10- 3
) s ( 10

- 2
) |&e∋ | ( 10- 3 ) s ( 10

- 2
)

M19 M 24 0. 45 2. 72 0. 16 3. 22

M5 M 17 0. 96 2. 83 0. 21 3. 14

M18 M 19 1. 37 3. 12 0. 49 4. 25

M7 M 9 0. 36 3. 18 3. 50 5. 07

M6 M 24 0. 63 2. 14 4. 27 1. 57

Abbreviat ions: P. m easurem ent to be p red icted; I. independen t variable ( m easurem ent) for sim p le linear regress ion;
|&e∋ |. abso lute m ean relat ive error; s. s tandard deviation; M19. m easu rem ent 19, etc.

A s d iscussed above, smaller |&e∋ | and s values imply a better pred iction. Thus, accord
ing to Tab le 2, the traditiona lm ethod can y ie ld predict ions as good as those arising from our
method for these part icu lar 5 pa irs of variab les. Formeasurements 7 and 6, the predictions of
the traditiona lmethod are even better than those of ourmethod. How ever, these resu lts only ap
p lied to pa irs of variab les w ith high linear dependences, and did no t ex tend to variables w ith
low linear dependences. A mu lt iple regression ana lysis w as also carried out but the result is not
shown, since the mult ip le reg ression m ethod cou ld no t produce enhanced predict ions. Trad i
t iona lmethods can offer a formu la that makes the process of calcu lation very exp lici,t bu t a
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large number of specim ens is necessary and w e have to be very care fu l in the cho ice of varia
b les. M oreover, trad itionalme thods are not very su itable for mu lt ivariate statistical analyses in
pa leonto logy, since there are a lw ays large amounts o fm issing datawh ichmust be predicted from
ava ilab le specimens show ing different levels of damage.

5 Conclusions

In thisw ork, w e deve loped amethod, w h ich is very simp le in theory and practice, for pre
d icting m issing measurements of imperfect spec imens based on linear reg ression theory. The
predictions o f this method are no t strongly dependent on the quant ity or type of specimens ava il
able, or on the ir completeness. A ccording ly, th ism ethod displays satisfy ing stab ility and relia
b ility. The accuracy of the pred ictions decreases when using sma ll bones or pred ictingmeasure

ments of particu larly sma llmagn itude, so the method shou ld be applied only w ith care in such
instances. In comparison to trad itionalmethods, ourmethod is advantageous in that the linear
dependences betw een spec imens are much better than those betw een variab les, and a lso mo re
su itable formultivariate statist ical analyses of fossil spec imens. F inally, the method has so far
been verified merely w ith respect to spec imens of Equu s. Its applicability to a w ider range of
fossilmaterial w ill need to be verif ied by further stud ies.
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