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ABSTRACT 

In the last few years, two major contributions to the asteroid 

database have been the eight-color survey and the thermal radiometric 

survey. The former consists of broad-band photometric measurements of 

asteroids through eight filters spanning the 0.3 to 1.1 pm wavelength 

range. The latter consists of thermal flux measurements at 10 and/or 20 

pm, and when combined with measures of the light reflected by asteroid 

surfaces, can yield reliable estimates of those surfaces' geometric 

albedos. 

Visual display of the inf~rmation in the eight-color survey can 

be simplified by reducing the dimensionality of the problem. A 

principal components analysis was performed to accomplish this task. 

The analysis shows that 95 percent of the information contained in the 

seven independent color indices is contained in two principal 

components. This result is due to the fact that most broad-band 

asteroid spectra can be explained in terms of two absorption features, 

one at ultraviolet and the other at near-infrared wavelengths. 

The photometric and radiometric data sets were also used, along 

with cluster analysis techniques, to produce an improved asteroid 

taxonomic systelli. Seven major classes of asteroid surface 

reflectivities are now recognized and are designated A, C, D, E, M, P, 

and S. Three interesting minor classes (or sub-classes) are also 

identified: B, F, and G. Marginal evidence for an eighth major class, 
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here called T, exists in the data, but the reality of this class awaits 

confirmation by further observations of potential members. Three 

asteroids, all with high-quality data, do not fall into any of the above 

classes and are assigned unique designations: 

(1862 Apollo), and V (4 Vesta). 

R (349 Dembowska), Q 

Examination of the raw distribution of the asteroid classes 

shows some interesting features of the asteroid population. Four of the 

high-albedo E-class asteroids are now known to exist in the main belt, 

yet nearly twice this number exist in or near the Hungaria region. 

Twenty eight D-class asteroids have been identified in the outer belt, 

where they represent a significant to dominant fraction of the 

population. D asteroids, ~.owever, are not totally absent from the maln 

belt; five are shown to exist in the main belt, with one lying near the 

inner edge of the main belt, which is dominated by S-class asteroids. 

Two of the interesting sub-classes are associated with particular 

dynamical families. The Nysa family, with the single exception of Nysa 

itself, consists entirely of class F asteroids, while the B asteroids 

are found almost exclusively ln the Themis family. The 

earth-approaching population is represented by at least two objects 

similar to Vesta and Dembowska, which are as mCiny as are in t:he en tire 

maln belt, although most of the earth-approachers are of class S. 



CHAPTER 1 

INTRODUCTION 

Over the last decade, our understanding of the asteroid belt has 

benefited from a tremendous growth in the number and type of physical 

observations made. As the amount of information increased, ways were 

developed to convey as much of the kno~n information with as few 

parameters as possible: asteroid taxonomy was born. 

Applications of asteroid taxonomy are numerous. Over the years, 

rese3rchers have investigated the possibilities of correlations betwee~ 

taxono~ic class and heliocentric distance, diameter, and rotation rate. 

Taxonomic classes are used in the computation of absolute magnitudes and 

diameters. Asteroid families provide a unique opportunity to probe the 

interior of a fragmented parent body; asteroid taxonomy has been us~d in 

these studies to indicate the degree of homogeneity among family 

members. Comparisons between meteorites and asteroids frequently 

involve discussion of the asteroid classification. It seems safe to say 

that most publications on the subject of asteroids either utilize 

taxonomic information directly or refer to it. 

Although compositional inferences have frequently been made by 

comparing the reflectance spectra of asteroids with those of laboratory 

meteorite samples, the present. taxonomic scheme (as were its 

predecessors) is based entirely on observed spectral parameters, not on 
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the inferred composition. This point, despite repeated commentary in 

papers on the subject, is often forgotten. Classification of an 

asteroid as a C object, for example, does not mean that the object has a 

carbonaceous chondritic surface; rather, the classification means that 

the particular object had measured parameters within limits specified 

for the C class. Although a typical C asteroid may indeed have a 

carbonaceous chondritic surface, it does not mean that all objects 

classified as C have the same inferred composition; that is, we cannot 

claim uniqueness. 

During the last few years, new and extensive spectrophotometric 

and radiometric surveys have been undertaken, and our knowledge of the 

asteroid belt has taken another leap forward. The eight-color asteroid 

survey began routine observations of asteroids in May of 1979 and 

continues to the present. Special emphasis was given to asteroids that 

fall outside of the main belt (2.2 to 3.2 AU). A radiometric survey was 

conducted in parallel with the eight-color observations, emphasizing 

many of the same objects. The data from both surveys, obtained through 

May of 19b3, are being prepared for publication and will appear in the 

near future. A number of interesting discoveries has been made, and the 

time seems right to incorporate the new data and produce an improved 

taxonomic system. This dissertation represents one of the first overall 

looks at the new data. 

Chapter 2 examines the growth of asteroid color data and traces 

the history of asteroid taxonomy. Chapter 3 takes a closer look at the 

new data sets being utilized in this work. Display of the eight-color 
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data, unlike the two-dimensional case presented by UBV photometry, 

represents a problem of unwieldy proportions. Chapter 4 presents the 

results or a principal components analysis of the eight-color data, an 

attempt to reduce the dimensionality of the problem. Asteroid taxonomy 

is the subject of Chapter 5, and cluster analysis techniques are 

investigated for purposes of providing a new, updated version of a 

taxonomic system. A quick look at the distribution of the asteroid 

classes is made in Chapter 6, along with a look at a few of the morE 

interesting populations of the asteroid belt. The results of this work 

are summarized and suggestions are made for future work in Chapter 7. 



CHAPTER 2 

THE HISTORY OF ASTEROID TAXONOMY 

The study of a set of objects will usually lead to a set of data 

which describes one or more characteristics of the population. As the 

number of studied objects increases, similarities and differences are 

often recognized between objects, and one begins to look for ways to 

label groups of objects with similar characteristics. The collective 

set of labels comprises a taxonomic system. 

A taxonomic system is one of the more useful tools of a 

scientist. Although taxonomies were initially most widely applied to 

the biological sciences, they can now be found in virtually every field. 

The physical science~ are no exception. Physicists speak of bosons and 

fermions, hadrons and leptons, etc. Steller astronomers speak of 

stellar spectral types and luminosity classes. Galactic astronomers 

divide galaxies into ellipticals, spirals, barred spirals, and 

irregulars. The attractiveness of a taxonomic system lies in its 

ability to convey an overall picture of the set of objects being 

classified based on a few readily available characteristics or 

parameters. Our understanding of the asteroid belt, in particular, has 

benefited from the creation and utilization of such a taxonomic system. 

wnat follows is a brief history of the investigation of asteroid colors, 

the development of asteroid taxonomy, subsequent modifications of and 
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improvements to the taxonomic scheme, and the rationale behind 

introducing another revision to the taxonomy at this time. 

Measurements of Asteroid Colors 

Observations of asteroid colors began shortly after the 

discovery of the first two asteroids, 1 Ceres in 1801, and 2 Pallas in 

1802. That famed observer of the heavens, Sir William Herschel, 

published many keen observations of these two objects as early as 1802 

and actually coined the term "asteroid." In those "Works he noted the 

color of Ceres to be "ruddy, but not very deep" and the color of Pallas 

to be "a dusky whitish color" (Herschel, 1802; Anonymous, 1912). 

Herschel's observations were made, of course, visually, and in 

integrated light. The next logical step, to put a prism in the beam, 

apparently wasn't taken until much later in the 19th century by Vogel 

(1874). He visually observed the solar HS absorption as well as bands 

at 0.577 and 0.518 pm in the spectrum of 4 Vesta, and inferred 

(erroneously) the existence of an atmosphere. He also attempted to 

observe the fainter object 8 Flora but could not even detect its colors. 

Another fifty years elapsed before another attempt was made to determine 

the colors of asteroid surfaces. 

Photographic Work 

Bobrovnikoff (192~) obtained photographic spectra of a dozen 

asteroids at ultraviolet and blue wavelengths, plus spectra fer 1 Ceres 

and 4 Vesta at visual wavelengths. He found the ultraviolet part of the 

spectra to be, in general, weak compared to GO stars, and determined 
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Ceres to be bluer than Vesta, conclusions in agreement with modern 

results. Johnson (1939) analyzed microphotometric tracings of the 

spectra of only three asteroids and concluded that these objects spanned 

a considerable range in spectral reflectivity. Attempts to determine 

color indices were made by several astronomers by exposing two plates, 

one sensitive to blue light and the other to yellow, and then 

differencing the photographic magnitudes. Recht (1934) determined colo~ 

indices for 34 asteroids and concluded that many had colors bluer than 

the sun. This would be a surprising result, because few terrestrial 

minerals have bluish colors. Watson (1940) measured colors for seven 

objects in an attempt to improve on Recht's results, and he found none 

of the objects to be significantly bluer than the sun. Fischer (1941) 

obtained color indices for 30 asteroids. the results of ~'lhich are only 

marginally better than his predecessors' values. In general, these 

early photographic attempts to determine color indices for asteroids 

succeeded only in showing differences between the reddest and bluest 

objects. The data were not of high enough quality to detect finer 

distinctions, which is quite understandable, considering the limitations 

of the photographic technique and the subtlety of the differences 

between the true colors of the asteroids. 

Photoelectric Work 

Photoelectric colorimetric techniques were applied to the 

asteroids beginning in the 1950's. Kitamura (1959) determined color 

indices for 42 asteroids with a pair of non-standard filters. The 
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internal consistency of his data is good, and although direct comparison 

with DBV r~sults is not possitle because of the different bandpasses 

used, the correlation b~tween the two sets of color indices is 

satisfactory. 

Standard UBV colors were measured primarily by Kuiper and 

associates during a survey of asteroid lightcurves. The results were 

reported in a lengthy series of papers; the Groeneveld and Kuiper 

(1954a, 1954b), Kuiper et al. (1958), van Houten-Groeneveld and van 

Houten (1958), Gehrels and Owings (1962), and Wood and Kuiper (1963) 

references contain the DEV data of interest, which were summarized by 

Gehrels (1970). 

The largest survey of asteroid UBV colors was carried out by 

Bowell. Although the original data were never published, the results 

were comLined another extensive set of UBV colors (Degewij, Gradie, and 

Zellner, 1978) and with smaller sets of colors determined by several 

others and published as part of the Tucson Revised Index of Asteroid 

Data (hereinafter referred to as TRIAD) by Bowell, Gehrels and Zellner 

(1979). 

Spectrophotometric Work 

Most attempts to compare asteroid colors with meteorite samples 

were frustrated by the relatively poor diagnostic value of UBV 

photometry. In order to overcome this handicap, greater wavelength 

coverage at higher resolution was employed by McCord and associates. 

The first observations were of 4 Vesta (McCord, Adams, and Johnson, 
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1970), and they revealed the presence of a strong absorption feature at 

near-infrared wavelengths, an enticing result. During the following 

decade, 277 asteroids were observed by this techn~que; McCord and 

Chapman (1975a, 1975b) represent the major publications during the 

course of the survey. The results, including an important recalibration 

of the solar colors to which the spectra are normalized, are summarized 

by Chapman and Gaffey (1979). More recently, the same narrow-band 

photometric system was u~ed for a survey of earth-approaching asteroids 

by McFadden (1983). 

Infrared Colors 

Improvements in detector technology have opened up a new 

wavelength region in which the colors or reflectance spectra of 

asteroids have been measured. Broad-band JHK measurements are slowly 

being amassed for many asteroids (Veeder, Matson, and Smith, 1978; 

Veeder, MaLson, and Kowal, 1901, 1982). A Fourier-transform 

spectrometer has been used on a small sample of bright asteroids 

(Feierberg, 1981; Feierberg, Larson, and Chapman, 1982). Newer 

instruments, such as photometers equipped with circularly variable 

filters (CVF), are being employed for asteroid studies, providing more 

detailed spectra and mineralogical interpretations (see, for example, 

Cruikshank and Hartmann, 1984). The Infrared Astronomical Satellite 

(IRAS) has just completed an all-sky survey, freed from the atmospheric 

absorptions that hamper or render impossible ground-based observations 

in infrared light. Once processed, the tremendous amounts of data 



gathered on asteroids during the satellite's lifetime will provide a 

major resource for as ceroid researchers. 

Classification of Asteroids 

The earliest classifications of asteroids were made during the 

early UBV work. van Bouten-Groeneveld and van Houten (1958) noted that 

most of the studied asteroids had colors similar to those of KO to K2 V 

stars, although 16 Psyche and 44 Nysa were more similar to G6 V stars. 

As the number of objects grew for which UBV color indices had been 

obtained, several authors noted an apparent clumping of the colors into 

groups. Chapman, Johnson, and McCord (1971) found two groups with a gap 

between them. Hapke (1971), working with essentially the same data, 

divided the asteroi~s into four groups, labeling them simply I through 

IV. 

Zellner (1973) combined the UBV colors with the available 

spectrophotometric curves and the polarization phase curves, and noted 

that most asteroids fell into two distinct groups which he tentatively 

labeled as "stony" and "carbonaceous." A more detailed examination of 

the two groups was published by Zellner, Gehrels, and Gradie (1974). 

Morrison (1974) noted the clumping of radiometric albedos for 40 objects 

into two groups, and McCord and Chapman (1975a) saw two groupings in the 

spectral reflectance curves of the 98 asteroids they had observed. 

Chapman, Morrison, and Zellner (1975) geuerated the first actual 

asteroid taxonomy, as we know it today, based on a synthesis of 

polarimetry, radiometry, and spectrophotometry for a sample of 110 
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asteroids. Only two classes were formally recogniz~d at 'the time, C and 

S, although several unusual spectra did exist in the sample, and they 

were oesignated U. The letter designations were suggested by the 

compositions of meteorite specimens with similar reflective properties. 

Some of the asteroids had neutral spectra and low albedos that matched 

carbonaceous chondrites fairly well. Because carbon is a cosmically 

abundant material capable of producing low albedos, a 

carbonaceous-chondritic composition seemed plausible for the surfaces of 

the C class. Many of the S-class asteroids showed absorption features 

at near-infrared wavelengths, which can be produced by the minerals 

pyroxene and olivine. In addition, the overall reddish continuum could 

be produced by a nickel-iron component, so a silicaceous or stony-iron 

composition was inferred. However, they emphasized that the asteroid 

classifications were based only on the measured physical parameters; 

classifications were not assigned on the basis of the inferred surface 

compositions. 

Physical observations of asteroids continued at a rapid pace ln 

the mid-1970's, and new classes of asteroid were soon recognized. A 

unique high-albedo object, 44 Nysa, was identified by the polarimetric 

method (Zellner, 1975), and an enstatite achondritic composition w~s 

suggested. This discovery led to the addition of a new class designated 

E (Zellner and Gradie, 1976; Zellner et al., 1977). At the same time, 

some of the unusual moderate-albedo objects recognized, but not 

classified, in the earlier taxonomy were given the designation N, based 

on the suggested nickel-iron (Metallic) composition. 
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A revised taxonomy was published by Zellner and Bowell (1977) in 

Which a couple of new classes were introduced. Class 0 was assigned to 

a few asteroids with upectra that resembled those of ordinary 

chondrites. The unique lo~ albedos and comparatively blue colors of the 

Trojan asteroids were formally recognized by classifying them as T 

types. In a variation on previous versions of the asteroid taxonomy, U 

was reserved for unusual objects known to fall outside the domains of 

the other classes, and I (Indeterminate) was assigned to objects with 

inadequate data to permit a choice from among the several possible 

classifications. These new classes were short-lived, however. Another 

revision was made the following year by Bowell et al. (197b). Classes 0 

and T were eliminated, and a new k class was introduced for those 

objects with the reddest UBV colors. 

The Bowell ~t al. taxonomic system was summarized and extended 

to 752 objects by Zellner (1979). To the present, this taxonomic system 

is the only one which defines all the recognized classes in terms of all 

the commonly used observational techniques. Since that time, however, 

additional classes of objects have been recognized, but they have been 

defined only in terms of the observational parameters first used at the 

time of their recognition. 

Degewij and van Houten (1979) noticed that a number of 

outer-belt asteroids have distinctly reddish colors, as measured through 

broad-band red and near-infrared filters, as well as comparatively blue 

UBV colors, and very low albedos. They gave this class the designation 

RD, which stood for Reddish and ~ark, and defined it as consisting of 
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those objects with V-I colors in excess of 0.9. Although a low albedo 

is also a requirement, no specific upper limit was set for RD status. 

Because all other classes had single-letter designations, and because 

the letter R was already in use, the RD class also became known as the D 

class. Still, both designations appear in the literature, causing some 

confusion among readers who are not familiar with the evolution of the 

taxonomic system. 

At about this time the eight-color photometric survey of 

asteroids began. As will be detailed in the next chapter, a new 

radiometric survey was initiated in parallel with the eight-color lyork. 

The two new sources of data were combined by Gradie and Tedesco (1982) 

to perform a preliminary examination of the heliocentric distributions 

of the classes. lwo new letter designations were introduced, F and P. 

The F asteroids had spectra that were either flat (hence the F) or 

slightly bluish. P asteroids had spectra indistinguishable from those 

of M asteroids, yet they had low albedos, clearly excluding them from 

the M class. Hence the name pseudo-M was used, and the P designation 

was born. The class had been introduced in 1981 as a previously 

unrecognized class "X" (Zellner, Tedesco, and Tholen, 1981) and for a 

time was also referred to as the dark M, or DM, class (Hartmann et al., 

191;1). The designation PM, for pseudo-M, also leaked into the 

literature (Hartmann, Cruikshank, and Degewij, 1982), unfortunately, 

causing a great deal of confusion regarding the designation for this 

class. 
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Veeder, Matson, and Kowal (1981) reported on their new JHK 

observations of several asteroids. Based on an apparent separation of 

objects previously classified as R, they suggested dividing the class at 

the time, but offered no new designation or designations. The same 

authors suggested the designation A the following year (Veeder, Matson, 

and Kowal, 1982), and the definition of the class was formalized by 

Veeder, Matson, and Tedesco (19b3), primarily in terms of JHK colors, 

but also in terms of the V-V color and geometric albedo. 

Inadequacies of the Present Taxonomy 

The maln inadequacy of the existing CSMERU taxonomy is that it 

does not incorporate the more recently discovered classes in the same 

parameter space. As the newer classes were introduced, they were not 

defined in terms of the parameters used for the existing taxonomy, as 

noted above, but rather in terms of the observational parameters first 

used to recognize them. 

The boundaries used to define the various classes also led to 

the designation of several objects as unusual (type U). The designation 

could be triggered by a single noisy parameter that fell slightly 

outside of the established boundaries; that is, the uncertainties of the 

measured quantities were not taken into account when generating the 

classifications. Also, the V designation served as a "wastebasket" for 

all objects with unusual colors, albedos, or spectra, whether the 

unusual results were real, based on high-quality data, or simply due to 

noisy data. In my opinion, the ~ell-observed objects with truly 
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distinct characteristics deserve unique designations and should not be 

given the same designation as poorly-observed objects with one or two 

unusual (but noisy) parameters. 

The existing taxonomic scheme works by exclusion. All classes 

are allowed at the start. Then, each parameter is t~sted in turn to see 

if it falls within the range of acceptable values for each class; if 

not, that class is rejected. Thus the algorithm does not generate 

classifications but rather excludes them. Such a technique works fairly 

well when each of the classes has a rather large population so that the 

range of values of each parameter is known fairly well. Some of the 

newly discovered classes, however, have very few members. Without 

knowing the range of values for each parameter of these new classes, one 

could underestimate or overestimate the limits to be set. Therefore, 

extending the present scheme to account for the new classes does not 

seem like the best approRch. 

In the existing taxonomy, multiple designations were made in the 

order of the most-common to least-common types. When estimated 

diameters were determined for all classified objects, the albedo for the 

first designation of a multiple-designation was assumed. This strategy 

seemed logical, when applied in a statistical sense, but we now know 

that the r21ative populations of the old CSMERU classes have changed 

substantially. As a result, albedos were underestimated for many 

objects in the belt, thus diameters were overestimated. 

For these reasons, the time seems right to introduce a revised 

asteroid taxonomy, incorporating the lew eight-color and radiometric 
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results. The next three chapters describe the taxonomic system and the 

data used to generate it. 



CHAPTER 3 

THE DATA SET 

Physical observations of asteroids have been made by a wide 

variety of techniques. UBV photometry has been used for a longer time 

than any other technique and applied to the largest number of objects; 

690 objects with both color indices available and non-zero weight are 

listed by Bowell, Gehrels, and Zellner (1979). Narrow-band 

spectrophotometry was published for 277 asteroids by Chapman and Gaffey 

(1979). The same technique has been applied to some objects in the 

earth-approaching population by McFadden (1983). 

At infrared wavelengths, the TRIAD file lidts 195 objects with 

thermal radiometry (Morrison and Zellner, 1979). This list ~as been 

supplemented primarily by Tedesco, Gradie, and Tholen (1984), and Brown 

auG Morrison (1984). The number of objects with thermal radiometry now 

exceeds 450. Broad-band JHK measuremen~s have been made for about 100 

objects (ledesco, private communication). 

Polarimetric techniques have been applied to 10& 0bjccts 

(Morrison and Zellner, 1979). A handful of objects have been studied by 

Fourier-transform spectroscopy (Feierberg, 1981; Feierberg, Larson, and 

Chapman, 19~2), and by CVF techniques (Cruikshank and Hartmann, 1984) at 

infrared and near-infrared wavelengths. Attempts have been made to 

extend observations into the ultraviolet region with the International 

16 
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Ultrav~olet Explorer (lUE) satellite, but without much success (Zellner, 

private communic;.tion). Radar has been bounced off the surfaces of a 

few asteroids (Ostro et al., 1979; Pettengill et al., 19bO; Ostro et 

al., 1980). 

Spacecraft data are available for the satellites of Mars, which 

are believed to be quite similar to the asteroids in many respects. 

Spacecraft data on main-belt asteroids may become available while the 

Jupiter-bound Galileo spacecraft is in transit. 

Previous asteroid taxonomies, by virtue of their statistical 

treatment, incorporated only those techniques which had been used to 

survey a substantial number of objects. Because of this, seven 

parameters, derived from four different observational techniques, were 

used to gene~ate the most recent asteroid classifications. Five of 

these parameters are derived from spectral reflectance measurements; two 

of these five are from broad-band photometry and the other three are 

from narrow-band work. Of the remaining two parameters, one is the 

geometric albedo, and the other, the minimum of the polarization phase 

function, correlates well with the albedo. So in essence, the existing 

taxonomic system is based on just two characteristics of the asteroid 

surfaces: color and albedo. 

Eight-Color Photometry 

When a new photometric system was being developed specifically 

for asteroid observations, attempts were made to incorporate as many of 

the advantages of the existing techniques as possible. The usefulness 
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of the red and near-infrared data was made quite apparent by the 

narrow-band spectrophotometric survey. Unfortunately, the system could 

be applied only to the brighter objects with satisfactory results. The 

standard UBV system, on the other hand, could be applied to virtually 

all objects, but the filters (spanning 0.3 to 0.6 pm) were not 

diagnostic of any red and near-infrared features. Therefore, the 

decision was made to use broad-band filters, to maximize the data 

acquisition rate, while retaining the wavelength coverage of the 

narrow-band system. Three of the filters were chosen to be standard 

UBV, for compatibility with the large sample of previous UBV 

measurements. TIlree more filters were chosen to be near the center and 

on either side of the 0.95 pm absorption feature seen in many asteroid 

spectra. Another filter was placed between these two sets, near the 

peak of the continuum of S-class objects. The last filter was placed in 

the ultraviolet region between Johnson U and total atmospheric cutoff. 

The bandpass designations, their effective wavelengths, and their 

full-widths at half maximum are listed in Table I. These filters 

provide the same wavelength coverage as the narrow-band 

spectrophotometric filters, with enough resolution to detect the 

relatively broad absorption features seen in asteroid spectra. 

Therefore, the eight-color system should provide essentially the same 

information contained in the five color-related parameters used in the 

existing taxonomy. 

The new photometric system was standardized using 41 stars in 

seven Selected Areas around the sky. Nine solar-type stars were also 



TABLE I 

Bandpasses Used in the 
Eight-Color Photometric Systema 

Bandpass Effective Wavelength FWHM 

s 0.337 pm 0.047 

u 0.359 0.060 

b 0.437 0.090 

v 0.550 0.057 

w 0.701 0.058 

x 0.853 (i.OBl 

P 0.948 0.080 

z 1.041 0.067 

"With respect to the solar spectrum, using 
the Varian detector. 
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standardized and the mean colors of the four best solar analogs 

(Hardorp, 1980) served as the zero point for the system. More details 

on the photometric system can be found in Tedesco, Tholen, and Zellner 

(1982). 

Between May of 1979 and May of 1983, 911 observations were 

obtained of 589 different minor planets. The author was responsible for 

86 percen~ of these observations. Of these 589, 535 were measured 

th~ough all eight filters in the photometric system; the remaining 54 

were measured, for various reasons, through either a five- or 

seven-filter subset of that system. The data are being published by 

Zellner, Tholen, and Tedesco (1984). 

Thermal Radiometry 

During the course of the earliest spectral reflectance 

measurements, several objects were found to have featureless, slightly 

reddened spectra. As the number of objects grew for which 

albedo-sensitive data hnJ been obtained, the res~rchers recognized that 

this class of asteroid spectra had a bimodal albedo distribution and 

thus represented two classes of objects (M and E). The acquisition of 

albedo-sensitive data was therefore necessary to resolve the ambiguity 

that resulted from spectral reflectance measurements alone. With the 

discovery of the P class, as noted in Chapter 2, the ambiguity became 

three-fold. Clearly, any new taxonomic system would have to incorporate 

the albedo, in addition to the spectral reflectance measurements. 
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Recognizing this fact, colleagues Ed Tedesco and Jonathan Gradie 

initiated a new radiometric survey of asteroids in order to supplement 

the small sample for which both spectral reflectance and albedo data had 

been obtained. The observations were carried out at the NASA Infrared 

Telescope Facility (IRTF) on Mauna Kea in Hawaii. Thermal measurements 

were usually made through both the 10 ~m (N) and 20 ~m (Q) filters, 

although in some cases only single-filter measurements were obtained. 

Details of the observations, reductions, and averaging of the 10- and 

20-~m micr:n data are being published by Tedesco et al. (19&4). 

The combination of their results with those in TRIAD (Morrison 

and Zellner, 1979) and those of Brown and Morrison (1983), results in a 

sample of 447 asteroids with radiometric albedos. Albedos for five 

objects not included in the set above were taken from various sources: 

1862 Apollo (Lebofsky et a1., 19&2), 1943 Anteros (Veeder ~~,._, 1981), 

2060 Chiron (Lebofsky et a1., 1~84), 1915 Quetzalcoatl (Veeder, private 

communication, quoted by Binzel and Tholen, 1983), and 1982 XB (Helin ~ 

a1., 1983). The albedo for 2100 Ra-Shalom determined by Tedesco et al. 

(1984), using the standard thermal model, was rejected in favor of the 

(preliminary) lower albedo of Lebofsky (private communication), who used 

a more appropriate thermal model for this object. 

Separating High- and Low-Quality Data 

Because of the statistical nature of this work, a large sample 

size is desired. On the other hand, more subtle, but real, differences 

between objects or classes of objects could be masked by allowing data 
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of lower quality to be included. Some limit needed to be set beyond 

which the data were rejected from the initial stages of the analyses. 

Figure 1 was prepared to help make this choice. The graph shows the 

number of asteroids which remain in the sample after rejecting those 

asteroids which have an uncertainty in any color index in excess of the 

level shown by the abscissa, which is given in units of the standard 

deviation, computed for each individual color index (see Table II for a 

summary of these and various other results from the eight-color data). 

The 54 objects observed through only a subset of the eight-color filter 

set were automatically rejected, therefore 535 represents the limit 

which the curve is approaching. lnp change in the slope of the curve 

demonstrates what might best be called the law of diminishing returns; 

as the allowed uncertainty increases, the increase in the sample size 

becomes smaller. In my opinion, the most logical, but still somewhat 

arbitrary place to choose a limit would seem to be near the top of the 

steeply ascending part of the curve. Beyond that, the gain in sp~~le 

size is outweighed by the increased noise allowed. The limit chosen was 

at 0.43 standard deviations, which allowed a sample size of 405 objects. 

The remaining 184 objects, while not used to define the taxonomic 

system, could still be classified later. 

The quality of the geometric albedos also varies tremendously. 

Fortunately, the range of albedos is quite large, so if the same 0.43 

standard-deviation limit is applied to the albedo data, all albedos with 

signal-to-noise ratios in excess of 3 would qualify! Thus the quality 

of the geometric albedo is generally not a limiting factor. 
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TABLE II 

Miscellaneous Results from Eight-Color Data 

Mean color index for 
405 high-quality 
asteroid spectra 

Standard deviation for 
405 high-quality 
asteroid spectra 

Mean uncertainty for 
405 high-quality 
asteroid spectra 

Upper limit on uncer
tainty fur inclusion 
in high-quality 
sample (0.43 sigma) 

Resolution 

Integration time 
relative to v 

Time-corrected 
resolution 

s-v u-v b-v v-w v-x v-p v-z 

0.325 0.234 0.089 0.091 0.105 0.103 0.111 

0.221 0.173 0.092 0.081 0.091 0.104 0.120 

0.028 0.019 0.017 0.018 0.022 0.023 0.027 

0.095 0.074 0.039 0.034 0.039 0.044 0.051 

7.9 9.1 5.4 4.5 4.1 4.5 4.4 

4.5 3.5 1.0 1.0 1.0 3.0 3.0 

3.7 4.9 5.4 4.5 4.1 2.6 2.6 



CHAPTER 4 

PRINCIPAL COMPONENT ANALYSIS 

One of the problems with multiple-wavelength observations is the 

visual display of the information ~~en more than two or three dimensions 

are involved. The narrow-band spectrophotometry of McCord and 

associates represents an extreme case, involving up to 24 dimensions! 

In order to handle the enormous amount of information contained in the 

spectra, five spectral parameters were derived which were thought to 

describe the gross features of the spectra (McCord and Chapman, 1975a). 

Their work essentially represented an attempt to reduce the 

dimensionality of the probl'i!. Although the eight-color system employs 

only one-third the number of filters, the seven independent color 

indices still represent a multi-dimensional problem of unwieldy 

proportions. But rather than using the approach of McCord and Chapman, 

I have employed multivariate techniques to accomplish the same thing, in 

a mathematically more sophisticated way. 

Factor Analysis Versus Principal Component Analysis 

Two multivariate techniques exist, principal component analysis 

and factor analysis, which attempt to reduce the dimensionality of a 

data set by concentrating as much information as possible into as few 

variables as possible (Chatfield and Collins, 1980). The two are 

similar to each other and are often confused. Factor analysis is 

25 
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concerned with explaining the covariance structure of the variables, 

rather than explaining the variances. Factor analysis attempts to 

reduce the dimensionality of the data by accounting for small portions 

of the variance with error terms. Several assumptions need to be made 

to establish the factor analysis model; the number of dimensions (or 

factors) is one of them. 

Principal component analysis requires no underlying assumptions. 

The technique simply finds an orthogonal transformation such that as 

much of the variance in the original variables is accounted for by the 

first principal component, the next lc3rgcst amount is accounted for b:a!.., 

the second component, and so on. The new set of axes spans the same 

parameter space as the original color indices, but they are oriented so 

that zero correlation appears between asteroid component scores measureG 

on any pair of principal component axes. Although not immediately 

obvious, no information is created and none is destroyed by a principal 

component analysis. 

The choice to use principal componenL analysis to examine the 

eight-color data set instead of factor analysis was based on the advice 

of several authors. Lawley and Maxwell (1971, p. 38) state that factor 

analysis is "useful only as an approximation to reality" and "should not 

be taken too seriously." Blackith and Reyment (1971) applied both 

techniques to a number of scientific examples and concluded that 

principal component analysis is superior to factor analysis. Hills 

(1977) went so far as to say that factor analysis was not worth the time 

to understand and perform, and Chatfield and Collins (1960) find factor 
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analysis to be useful in only a few applications. Component scores for 

each object are easily computed when using principal component analysis, 

but the factor analysis model has no such obvious inverse. Despite the 

drawbacks, there seems to be a great deal of interest in factor 

analysis, primarily in the psychological and social sciences, as 

evidenced by the large amount of literature on the subject. The 

controversy, advantages, and disadvantages involving factor analysis are 

discussed in Chapter 13 of Blackith and Reyment (1971) and by Chatfield 

and Collins (1980, pp. 88-b9). 

Analysis of Eight-Color Data 

Principal component analysis is a technique used to "rearrange" 

the information contained in a data matrix so as to "concentrate" the 

maximum amount of informati0~ into the smallest number of variables. To 

illustrate this technique qualitatively, consider the standard two-color 

UBV plot, shown in Fig. 2. Although the data points are widely 

scattered, a general trend from lower left to upper right is present. 

In other words, if the correlation coefficient between the two colol 

indices was computed, we would find some degree of positive correlation: 

some of the information in the two color indices is redundant. By 

introducing a suitable rotation of the two axes about their cross 

product, a new set of axes can be found for which the correlation 

coefficient for the data points 1S zero. The graph would look 

identical; the relative positions of the points are unchanged, but they 

are now measured with respect to a new set of axes. One of these axes 
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Fig. 2. Standard UBV two-color diagram for 563 asteroids with 
high-quality UBV color indices. 
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would be oriented from the lower left to the upper right; the other 

would be perpendicular to it. The variance of the data points, as 

measured on the first axis, would be larger than that measured on the 

second axis. So the axis running from lower left to upper right would 

be called the first principal component; the other would be the ~econd 

principal component. 

Generalizing this concept to more dimensions, we wish to find a 

rotation matrix such that the correlation between any two pairs of 

different variables is zero. The essentials of this procedure are given 

by Daultrey (1980). If we could view the data plotted in seven 

dimensions both before and after transformation, the two plots would 

look identical, if the axes were ignored. The projection of the data 

onto a plane containing just two axes would look substantially different 

when the initial axes and the principal component axes were compared. 

When a principal component analysis is applied to the seven 

incependent color indices provided by the eight-color photometry of 

asteroids, we find that 95 percent of the information contained in these 

seven independent (but correlated) variables can be concentrated into 

just two principal components. While this result was surprising at 

first, closer examination of the data and subsequent calculations showed 

the result to be quite logical. First of all, note that most asteroid 

spectra, when obtained with our eight broad-band filters, can be 

explained in terms of two absorption features, one at ultraviolet and 

the other at infrared wavelengths. This observation can be shown 

quantitatively by examining the correlation coefficients shown in Table 
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III. Note the high degree of correlation between the s-v and u-v color 

indices. Each color contains essentially the same information, and a 

plot of the two yields nearly a straight line (Fig. 3). The other 

correlation coefficients involving two blue colors (upper-left portion 

of Table III) are also quite high. The same is true of the correlation 

coefficients obtained for pairs of infrared colors (lower-right portion 

of Table llI). The smallest correlation coefficients are found for 

pairs of variables involving one blue color and one red color; the real 

information in the asteroid spectra lies here. 

By introducing a suitable rotation found by the principal 

component analysis, we can represent most of the information contained 

in the seven-dimensional color diagram with a two-dimensional principal 

component plot, sacrificing only five percent of the total amount of 

information available in doing so. Such a plot is shown in Fig. 4. The 

third component accounts for only a mere 2.5 percent of the total 

variance. The non-diagnosticity of t~is component is evident upon 

examining Fig. 5, which shows the third principal component plotted 

versus the first principal component. 

Tables IV, V, and VI summarize the calculations and results of 

the principal component analysis. Table IV presents the eigenvalues and 

eigenvectors. The percent of the total variance accounted for by each 

principal coroponent is found by dividing each eigenvalue by the total 

number of dimensions, seven in this case. The eigenvectors permit the 

conversion of normalized eight-color data to principal component scores 

by the following equation: 



s-v 

u-v 

b-v 

v-w 

v-x 

v-p 

v-z 

Table III 

Correlation Matrix for the Seven Color 
Indices of 405 High-Quality Spectra 

s-v u-v b-v v-w v-x v-p 

1.000 0.982 0.916 0.674 0.376 0.148 

0.982 1.000 0.955 0.736 0.451 0.230 

0.916 0.955 1.000 0.842 0.602 0.404 

0.674 0.736 0.842 1.000 0.820 0.661 

0.376 0.451 0.602 0.820 1.000 0.927 

0.148 0.230 0.404 0.661 0.927 1.000 

0.168 0.252 0.407 0.636 0.842 0.896 
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Table IV 

Eigenvalues and Eigenvectors fro~ th€ Principal 
Component Analysis 

Component axis 

1 2 3 4 5 6 

Eigenvalues 4.737 1. 879 0.180 0.118 0.045 0.032 

Percent of 
variance 67.67 26.84 2.57 1. 69 0.64 0.46 

Eigenvectors 

s-v 0.346 -0.463 0.231 -0.207 0.442 -0.303 

u-v 0.373 -0.416 0.207 -0.103 0.044 -0.039 

b-v 0.415 -0.289 0.028 0.028 -0.707 0.398 

v-w 0.433 0.000 -0.622 0.586 0.094 -0.271 

v-x 0.399 0.320 -0.290 -0.399 0.398 0.580 

v-p 0.336 0.475 -0.002 -0.460 -0.347 -0.574 

v-z 0.330 0.448 0.657 0.481 0.124 0.100 
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ith principal component score, C 
1 ,2, ... 

represent the normalized color indices (1 = s-v, 2 = u-v, etc.), and 

EO l 02 represent the coefficients given in Table IV. These scores, 
1 ,1 , ••• 

for the 405 asteroids in the high-quality sample, are listed in Table V 

for ease of idep.tification of the objects plotted in the various graphs, 

which will use the first two principal components frequently. Table VI 

shows the so-called "component loadings matrix." Although the name 

isn't very descriptive, these numbers are the correlation coefficients 

between each principal component and each color index. The squares of 

each of these numbers represent the amount of variance in each color 

index that is explained by each principal component. Note that after 

~quaring the elements of the matrix, each of the rows adds to unity, 

while each column adds to the eigenvalue for that component axis. 

Choosing a Two-Color Plot 

At this stage of the analysis, after having shown that only two 

component axes are needed to account for nearly all the information in 

the data, the question most frequently asked is, "Which are the two best 

cclors (requirinb three filters) one should measure?" Often implied is 

the assumption that all eight filters are not needed to describe the 

data. This assumption is not entirely valid. The scores on the 

component axes are linear combinations of all colors. All colors carry 
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TABLE V 

Scores on Principal Component Axes for 
405 High-Quality Asteroid Spectra 

Component axis 

1 2 3 4 5 6 

-1. 730 -1. 643 0.406 -0.329 0.227 -0.153 
-3.261 -1.063 -0.182 0.151 0.131 0.346 

0.270 -0.939 -0.007 0.228 0.106 -0.072 
-1. 557 -4.371 0.922 1. 957 0.231 -0.013 

0.878 -0.666 0.131 0.523 -0.124 -0.138 
0.554 -0.819 0.131 0.301 -0.186 0.079 
1. 902 -1. 375 0.203 0.089 0.194 0.049 
2.735 -1.356 -0.146 -0.110 0.209 0.012 
3.125 -0.199 0.018 -0.589 0.394 -0.158 

-2.849 -1.522 0.029 -0.266 0.159 0.093 
1.477 -1. 203 -0.466 -0.198 -0.300 -0.116 
') t:..l:n 
""eVJ:7 -0.185 0.190 -0.643 0.367 -0.200 
1. 763 -0.758 -0.731 -0.340 -0.106 0.170 
2.539 -0.545 0.415 0.018 0.406 -0.010 

-0.434 1. 937 0.009 -0.040 -0.150 -0.253 
1. 632 -0.516 -0.615 -0.256 -0.292 -0.421 
1. 990 -0.291 -0.153 -0.354 -0.205 -0.139 

-1.506 -1. 540 0.801 -0.39b -0.271 0.166 
0.651 -0.822 -0.123 -0.018 -0.136 0.010 

-1.985 0.952 -0.684 0.019 -0.308 0.125 
-1.553 1.531 -0.114 0.043 -0.161 -0.160 

1. 357 -0.496 0.158 0.426 -0.019 0.030 
-2.739 -1.031 0.254 0.025 0.040 -0.123 

3.646 -1. 230 0.194 -0.056 -0.313 0.031 
2.501 -0.391 0.586 -0.139 0.061 0.369 
1.8bO -0.741 -0.114 0.147 0.109 -0.121 
2.162 -0.649 0.088 0.571 0.224 -0.011 
1. 827 0.093 -0.110 -0.037 0.176 0.003 
2.156 -0.521 0.220 0.476 0.018 -0.277 

7 

0.005 
0.105 
0.124 
0.143 
0.029 
0.060 
0.01~ 

0.070 
-0.040 
-0.059 

0.025 
0.088 

-0.120 
0.109 
0.018 

-0.066 
0.035 
0.015 
0.001 
0.033 
0.013 

-0.006 
0.008 
0.032 

-0.071 
-0.053 

0.117 
0.004 
0.038 

1.609 -1.433 0.598 0.164 -0.005 0.007 -0.055 
-1. 906 -0.423 0.592 -0.163 -0.165 -0.135 -0.028 

1.532 -0.602 0.179 0.359 -0.112 0.035 0.046 
-1.825 -0.715 0.661 -0.665 -0.015 -0.048 -0.107 

2.758 -1. 264 0.104 -0.292 o . 012 -0. 071 0.056 
2.313 0.035 0.307 0.357 0.093 -0.046 0.049 

-1. 297 -0.478 0.568 -0.340 0.011 -0.024 -0.019 
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Ninor 
Planet 

42 
43 
44 
45 
46 
47 
50 
51 
52 
54 
56 
57 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
70 
71 
75 
76 
77 
78 
79 
80 
81 
82 
83 
85 
86 
87 

TABLE V Continued 

Scores on Principal Component Axes for 
405 High-Quality Asteroid Spectra 

Component axis 

1 2 3 4 5 6 7 

2.638 -0.858 0.109 -0.210 0.054 -0.086 0.151 
1.304 -2.052 -0.026 -0.012 0.003 -0.162 0.053 

-1.774 0.594 0.063 0.562 -0.099 0.177 0.066 
-2.999 -0.290 -0.528 0.017 0.203 0.196 0.068 
-1. 398 0.907 -0.440 0.075 -0.137 0.129 0.093 
-2.897 -0.755 -0.073 -0.054 0.061 -0.020 0.045 
-0.960 0.150 0.073 0.194 -0.079 -0.196 -0.123 
-0.088 -0.911 1. 038 -0.843 0.032 -0.158 -0.070 
-3.062 -0.335 -0.007 -0.166 ..... 123 -0.322 -0.041 
-1. 745 -0.041 0.646 -0.143 0.096 -0.236 -0.005 
-0.537 1.231 -0.420 0.211 0.364 -0.075 -0.113 

1. 796 0.086 -0.012 0.465 0.177 0.081 -0.007 
-2.043 o. 285 -0. 11 7 0.014 0.060 -0.007 -0.009 

1.430 -0.745 0.283 0.712 0.120 0.152 0.148 
1. 714 -0.237 0.148 0.492 -0.149 -0.059 -0.010 

-3.503 -2.157 -0.930 -0.515 -0.274 -0.403 -0.018 
3.109 0.105 -0.209 0.169 0.200 -0.230 -0.247 

-0.284 1.185 -0.284 0.256 0.047 0.267 0.091 
-2.109 0.687 0.036 0.204 0.096 -0.039 -0.014 
- 2 . 376 - 1. 041 0.677 -0.301 -0.069 0.072 -0.015 

1.808 -0.870 -0.195 0.204 -0.126 -0.063 0.133 
1.437 -0.971 -0.122 -0.236 -0.016 -0.360 0.036 

-0.713 -0.265 0.881 0.082 0.093 -0.073 0.228 
1. 627 0.173 0.130 -0.763 0.045 -0.006 -0.113 

-0.533 1.253 0.154 0.163 -0.194 -0.092 0.090 
-0.586 0.944 0.066 -0.091 0.049 -0.119 0.070 

0.897 2.398 0.392 0.129 -0.400 -0.056 0.078 
-1.899 -0.985 0.438 -0.184 0.048 -0.214 0.233 

2.234 -0.929 -0.156 -0.148 -0.479 -0.118 -0.018 
3.158 -0.619 -0.052 0.145 0.087 -0.062 -0.100 

-2.155 -0.349 0.'284 -0.G44 -0.001 -0.058 -0.070 
1.387 -0.262 -0.074 0.536 -0.067 -0.221 -0.027 

-0.356 1. 284 -0.641 -0.023 0.048 0.096 0.029 
-3.045 -0.343 -0.426 0.011 0.129 -0.194 0.014 
-1.638 -'0.140 0.836 -0.164 -0.241 0.115 0.033 
-0.867 1. 549 0.122 -0.081 -0.117 0.095 -0.043 
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Minor 
Planet 

88 
89 
90 
92 
93 
94 
95 
97 
98 
~9 

101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
113 
114 
116 
117 
119 
l20 
121 
124 
125 
128 
130 
132 
134 
135 
137 

TABLE V Continued 

Scores on Principal Component Axes for 
405 High-Quality Asteroid Spectra 

Component axis 

2 3 4 5 6 

-3.268 -0.525 -0.087 0.077 0.198 -0.016 
3.472 -0.179 0.058 -0.095 0.028 -0.080 

-2.201 -0.691 -0.370 -0.022 0.039 -0.175 
-0.673 0.610 -0.504 -0.333 -0.331 -0.158 
-2.964 -1.119 -0.057 -0.775 -0.593 0.607 
-2.052 0.334 0.035 0.120 0.199 0.232 
-1. 932 -0.583 0.400 -0.230 0.094 -0.065 
-1. 045 1. 701 -0.346 0.155 -0.172 -0.089 
-1.444 -0.757 0.681 -0.198 -0.453 0.177 
-1. 326 -0.099 0.107 -0.406 0.205 0.039 

2.422 -0.374 0.089 0.171 0.053 -0.065 
0.467 1.779 -0.130 -0.200 0.428 -0.005 
1. 792 -0.697 0.120 0.246 -0.062 0.087 

-2.502 -0.456 0.339 -0.283 -0.055 0.009 
-2.281 -0.505 0.060 -0.206 -0.134 0.135 
-1.833 -1. 791 0.911 -0.726 0.177 0.031 
-1. 569 0.286 0.105 -0.234 -O.llO -0.032 

2.761 -0.519 -0.075 0.213 -0.020 0.018 
-1.491 -1.019 0.764 -0.578 -0.315 -0.131 
-0.348 1.700 0.220 0.278 -0.040 0.032 
-2.035 -0.640 0.527 -0.337 0.260 0.082 

3.354 -2.188 -0.405 -0.151 -0.084 0.032 
0.806 0.967 -0.029 -0.580 0.035 0.026 
1.802 -1. 593 0.542 -0.153 -0.588 0.367 

-2.105 0.490 0.236 0.303 0.002 0.016 
3.595 -1.472 0.418 -0.113 -0.304 0.283 

-1. 582 -0.553 -0.025 0.081 0.415 -0.127 
-2.109 -1.098 0.669 -0.172 0.251 0.032 

7 

-0.001 
-0.031 
0.009 
0.148 
0.199 

-0.076 
-0.038 
-0.018 
0.018 
0.050 
0.127 

-0.105 
-0.016 
-0.073 
-0.073 
-0.080 
-0.018 
-0.145 

0.009 
0.122 

-0.044 
0.076 
0.022 
0.213 

-0.103 
-0.103 
-0.041 

0.105 
1.964 0.074 0.257 0.228 -0.221 0.046 -'0.060 

-1. 882 0.796 0.123 0.188 -0.021 0.368 0.005 
-1.425 -0.161 -0.276 0.120 0.633 -0.058 0.020 
-1. 553 -1. 227 1.030 -0.576 -0.095 -0.068 -0.096 
-1.678 1. 320 -0.450 0.131 -0.230 0.116 0.094 
-2.107 0.169 0.579 -0.099 0.058 -0.118 -0.018 
-0.760 0.649 0.018 -0.160 0.167 -0.136 0.306 
-1.868 -0.147 0.061 -0.431 0.209 0.055 -0.014 
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Minor 
Planet 

142 
144 
145 
146 
152 
153 
156 
158 
159 
161 
168 
169 
171 
173 
179 
185 
186 
187 
190 
194 
195 
196 
198 
200 
201 
204 
206 
211 
213 
214 
216 
219 
221 
225 
228 
229 

TABLE V Continued 

Scores on Principal Component Axes for 
405 High-Quality Asteroid Spectra 

Component axis 

1 2 3 4 5 6 7 

-3.947 -0.267 -0.561 0.440 -0.024 0.097 0.056 
-1. 951 -0.779 0.582 -0.207 0.132 0.005 -0.003 
-1.293 -0.029 0.477 -0.103 0.455 0.070 0.127 
-2.272 -0.749 0.618 -0.098 0.201 -0.049 -0.110 

1. 376 2.766 -0.008 -0.087 0.426 0.064 0.205 
-1.464 1. 574 -0.327 0.337 0.023 0.120 -0.014 
-1. 570 0.069 0.611 -0.244 0.102 0.134 0.049 

0.437 -0.700 -0.568 -0.039 0.176 -0.250 -0.094 
-2.181 -0.815 0.645 -0.038 0.160 0.009 -0.046 
-0.963 1.143 -0.381 -0.063 -0.518 0.082 0.013 
-1.009 -0.614 0.704 -0.339 -C.034 0.105 0.068 
3.287 0.542 -0.171 -0.156 0.208 -0.103 -0.084 

-2.568 -0.724 0.110 0.178 0.034 0.080 -0.001 
-1.766 -0.294 -0.126 -0.220 -0.005 0.021 0.003 

1. 627 -0.103 0.007 0.614 0.162 -0.102 0.057 
-2.360 -0.384 0.123 0.012 0.083 -0.052 -0.018 

1.000 -1. 764 -0.805 -0.825 -0.590 0.515 -0.134 
-1. 782 -0.033 0.261 -0.141 0.041 0.121 -0.082 
-1.652 0.944 -0.033 0.039 -0.090 0.068 -0.127 
-1.850 -0.674 0.630 -0.191 -0.177 -0.064 0.038 
-2.083 -0.845 0.670 -0.142 0.310 -0 . 016 -0. 071 

3.000 -0.429 0.136 0.077 0.215 -0.078 0.039 
2.626 -0.070 0.055 0.331 -0.250 0.132 -0.058 

-2.008 -0.336 0.597 -0.125 0.249 -0.085 -0.018 
-0.945 1.170 0.042 0.143 -0.224 0.189 0.036 

1.993 0.583 0.290 0.377 0.060 -0.025 -0.027 
-2.263 -1.073 0.189 -0.056 0.083 -0.056 -0.051 
-1.990 -0.690 0.613 -0.294 -0.060 -0.062 -0.005 
-3.894 -0.041 -0.654 0.218 0.110 0.138 0.169 
-2.317 0.257 0.104 0.583 -0.210 0.320 0.069 
-0.670 1. 759 0.129 0.127 0.015 0.015 0.071 

3.052 -0.114 0.560 0.059 0.106 0.061 -0.067 
0.203 -0.565 -0.186 -0.284 0.159 -0.071 -0.037 

-3.142 -0.231 -1.032 -0.151 0.308 0.068 0.003 
3.189 -2.258 0.034 -0.568 0.329 0.115 -0.025 

-2.642 -0.772 -0.723 -0.978 -0.550 -0.292 0.192 
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Minor 
Planet 1 

TABLE V Continued 

Scores on Principal Component Axes for 
405 High-Quality Asteroid Spectra 

Component axis 

2 3 4 5 6 7 

232 -1.564 0.052 0.349 -0.190 -0.024 -0.095 0.012 
233 1.090 1.172 0.039 -0.421 -0.012 0.195 0.013 
234 3.289 0.834 0.255 -0.323 0.117 -0.089 -0.211 
236 3.017 0.915 0.454 -0.333 0.184 0.066 -0.071 
238 -1.083 -0.397 0.873 -0.579 -0.184 0.039 0.012 
240 -1.761 -0.079 0.789 -0.065 -0.005 -0.046 0.049 
243 1.366 -0.227 -0.108 0.753 0.082 0.136 -0.400 
245 1.464 -1.333 -0.429 -0.093 0.114 -0.078 -0.005 
246 5.221 -1.989 -0.602 -0.593 0.086 -0.035 0.010 
258 1.714 -0.331 0.416 0.506 -0.043 0.176 -0.080 
261 -2.860 -0.657 -0.273 0.294 -0.105 -0.185 0.161 
264 1.533 -0.292 0.102 0.645 -0.196 -0.150 -0.103 
266 -2.122 -1.022 -0.001 0.065 -0.108 -0.305 0.092 
268 -3.213 0.151 -0.083 -0.064 0.053 -0.440 0.162 
276 -0.336 0.953 -0.071 0.352 0.139 0.163 0.123 
277 1.328 -1.141 0.116 0.411 -0.150 0.222 0.125 
279 1.066 2.860 -0.074 -0.252 -0.010 0.359 0.158 
287 2.298 -0.637 0.238 0.302 -0.185 -0.076 -0.024 
288 2.347 -0.003 0.064 0.593 -0.035 -0.203 0.056 
289 4.418 -4.594 -1.283 -0.301 -0.221 -0.049 0.000 
296 2.356 -1.044 -0.063 0.161 -0.176 -0.051 -0.035 
304 -2.129 -0.333 -0.710 0.416 -0.304 0.038 -0.013 
306 2.328 -0.178 0.118 0.721 0.063 -0.313 -0.093 
308 2.509 2.051 0.535 -0.134 0.147 0.030 0.001 
313 -2.034 0.011 0.323 -0.457 -0.075 0.182 -0.095 
322 -0.017 2.115 0.229 0.274 -0.128 0.089 0.070 
323 3.149 -0.731 0.862 -0.198 0.018 -0.023 0.122 
326 -1.578 -0.332 0.377 -0.366 -0.353 0.111 -0.148 
329 -1.912 -0.102 -0.266 0.352 0.039 -0.052 -0.066 
334 -1.332 -0.424 0.137 -0.094 -0.036 0.239 -0.071 
336 1.117 3.129 -0.077 0.163 0.345 -0.087 0.144 
338 -1.102 1.081 -0.514 -0.143 -0.065 -0.180 0.096 
339 -0.336 -0.933 -0.408 -0.390 0.395 0.345 -0.047 
345 -2.095 -1.009 0.929 -0.183 0.106 0.080 -0.043 
346 1.738 -1.843 0.012 -0.020 0.011 0.017 0.012 
349 0.972 -4.237 -0.039 1.327 -0.191 -0.076 0.063 
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Minor 
Planet 

350 
352 
354 
360 
364 
365 
368 
369 
373 
374 
376 
380 
381 
382 
383 
386 
387 
389 
394 
402 
404 
405 
406 
407 
414 
419 
420 
421 
423 
431 
433 
434 
442 
443 
444 
446 

TABLE V Continued 

Scores on Principal Component Axes for 
405 High-Quality Asteroid Spectra 

Component axis 

1 2 3 4 5 6 7 

-2.170 -0.785 0.595 -0.291 0.019 -0.175 -0.093 
2.910 -1.108 -0.260 0.108 0.331 -0.029 0.038 
3.718 -1. 768 -0.626 -0.635 0.154 0.058 0.212 

-2.407 0.071 -0.095 -0.085 -0.024 0.040 -0.115 
2.523 -1.672 0.031 -0.087 0.017 -0,,056 0.003 

-0.723 0.706 0.197 -0.022 -0.039 0.073 0.053 
0.892 2.268 0.584 0.078 0.017 -0.056 0.019 

-0.499 1.702 0.466 0.077 -0.011 0.041 0.018 
-2.322 -0.521 -0.132 -0.091 0.314 0.091 -0.107 

1.831 -0.522 -0.202 0.216 -0.028 0.059 -0.042 
3.049 -0.364 -0.017 0.492 0.257 -0.196 -0.101 

-1.606 -0.300 O. 792 -0. 015 -0.124 -0.236 -0.050 
-2.695 -0.400 -0.023 -0.267 0.027 -0.190 0.016 
-0.609 1. 790 -0.052 0.062 0.044 -0.106 0.052 
-4.0bO -1. 968 -0.171 -0.453 0.037 -0.167 -0.069 
-1. 101 -0. 418 0.896 -0.478 -0.093 0.025 0.020 

3.436 0.563 0.512 -0.531 0.014 -0.074 0.006 
1. 510 0.086 0.161 0.064 -0.159 0.302 0.013 
1. 014 -0.598 -0.006 0.343 -0.223 0.021 -0.041 
1.547 0.320 0.062 -0.305 0.075 -0.089 0.108 

-2.546 0.210 -0.100 -0.036 () , '} '} . ........ , -0.425 -0.099 
-2.462 -0.702 O. 791 -0. 211 0.009 -0.104 -0.005 

0.321 1.607 -0.131 0.010 -0.068 -0.003 -0.029 
-2.408 -0.308 0.918 0.268 0.283 0.092 -0.056 
-0.978 -0.580 0.446 -0.069 -0.170 0.060 -0.137 
-3.088 0.199 -0.458 0.271 0.109 -0.002 0.058 
-0.197 2.544 -0.058 0.110 -0.096 -0.019 0.050 

0.878 -1.626 -0.007 0.511 -0.250 -0.016 -0.119 
-2.312 -0.154 -0.126 0.140 0.109 0.148 0.019 
-3.138 -0.898 -0.450 -0.317 0.261 -0.170 -0.010 

3.633 -1.370 0.068 0.157 0.105 -0.011 0.042 
-0.503 1.177 -0.091 0.187 -0.097 0.003 0.136 
-1.877 -0.108 0.276 -0.074 0.053 -0.009 -0.049 
4.433 0.579 0.265 -0.355 0.060 -0.031 -0. 034 

-2.458 -0.272 0.133 0.084 -0.059 -0.122 -0.061 
4.900 -3.375 -1.379 -0.325 -0.014 0.284 -0.162 
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Hinor 
Planet 

449 
451 
470 
471 
472 
476 
477 
480 
483 
496 
498 
499 
505 
506 
508 
509 
511 
512 
514 
519 
521 
522 
526 
529 
530 
532 
536 
548 
549 
554 
556 
558 
559 
562 
563 
566 

TABLE V Continued 

Scores on Principal Component Axes for 
405 High-Quality Asteroid Spectra 

Component axis 

1 2 3 4 5 6 

-1. 243 -0.124 0.555 -0.204 0.207 0.092 
-3.629 -1. 033 0.206 0.172 0.286 -0.017 

3.143 -0.060 0.559 -0.089 -0.174 -0.074 
1.177 -1. 553 0.300 0.073 0.192 -0.222 
1.867 -1.092 -0.157 -0.118 -0.154 -0.125 

-0.612 0.419 0.004 0.030 0.215 -0.103 
3.109 -0.670 0.314 -0.014 -0.141 0.194 
1. 578 -1.101 0.302 0.571 -0.223 0.016 
3.347 0.928 0.028 0.086 -0.073 0.007 
2.392 -1.616 -0.324 0.109 0.388 -0.235 

-0.037 0.267 -0.336 -0.206 -0.043 0.034 
-1. 643 0.667 -0.326 -0.078 0.092 0.014 
-2.440 0.161 -0.530 o. III -0. 215 0.101 
-1. 083 0.182 -0.363 -0.092 -0.144 -0.310 
-2.031 -1.048 0.484 -0.521 -0.418 -0.091 

0.927 -0.483 0.063 0.492 -0.149 -0.012 
-1. 220 -0.463 0.166 -0.164 0.047 -0.095 

7 

-0.072 
-0.076 
-0.064 
-0.035 
0.207 

-0.077 
0.002 
0.066 

-0.062 
0.137 

-0.090 
-0.084 

0.020 
-0.074 

0.206 
-0.159 
-0.018 

2.772 -2.495 -0.722 -0.545 -0.294 -0.081 -0.023 
-2.258 0.479 -0.597 0.190 0.519 -0.040 0.075 

0.290 -1.027 -0.233 o .331 -0.411 0.255 -0.002 
-1.311 0.335 0.806 -0.122 -0.030 0.004 -0.043 
-1.773 1. 231 -0. 343 0.650 -0.322 -0.414 -0.163 
-3.101 -0.922 -0.039 0.002 0.393 0.055 -0.143 

1.417 -0.359 -0.776 -0.484 0.483 0.022 -0.081 
-3.699 -0.130 -0.241 0.146 0.271 0.017 -0.158 

1.320 -0.587 -0.251 0.171 -0.161 -0.196 -0.017 
-1. 185 1.150 0.084 0.265 0.021 -0.265 0.030 

2.110 -1.616 -0.126 -0.126 -0.036 -0.002 0.015 
1.714 0.139 0.012 0.257 -0.112 -0.161 0.181 

-3.509 -0.178 0.107 -0.313 0.417 -0.006 -0.081 
2.175 0.071 0.447 0.521 -0.014 0.191 0.006 

-0.260 1.176 0.390 0.085 -0.127 -0.161 0.126 
-1. 030 -0.504 0.515 -0.341 -0.014 0.139 0.118 

0.631 -0.539 -0.092 -0.143 0.210 0.125 -0.039 
1. 908 -0.650 -0.322 -0.045 0.181 -0.228 0.133 

-1. 751 -0.177 -0.050 -0.318 -0.072 -0.094 0.056 
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Minor 
Planet 

570 
571 
579 
583 
593 
599 
(,02 
606 
613 
616 
617 
618 
622 
624 
626 
631 
635 
639 
640 
653 
654 
660 
661 
663 
664 
675 
687 
699 
702 
704 
705 
712 
713 
714 
721 
733 

TABLE V Continued 

Scores on Principal Component Axes for 
405 High-Quality Asteroid Spectra 

Component axis 

i 2 3 4 5 6 7 

1.702 0.903 -0.451 -0.792 -0.098 -0.408 -0.057 
1.558 -1.097 -0.425 0.236 -0,466 -0 . 103 -0. 193 
1.228 -1.050 -0.791 -0.739 0.278 0.267 0.074 

-2.548 -0.326 -0.300 0.050 0.139 -0.009 -0.025 
-2.540 -0.229 -0.334 0.022 0.397 0.247 -0.069 

3.511 0.566 0.026 -0.604 -0.066 0.067 -0.059 
-1. 674 -0.282 0.601 -0.206 -0.028 -0.152 0.031 

2.055 1.649 -0.098 -0.181 0.098 -0.358 -0. 173 
-1. 951 0.781 -0.145 0.006 0.249 -0.076 0.124 

2.730 -0.324 0.176 0.281 -0.261 0.233 -0.106 
-0.822 1.285 -0.792 -0.184 -0.133 0.432 0.049 
-1.942 -0.327 -0.198 -0.224 0.216 0.384 -0.028 

1.699 -0.210 0.303 0.925 0.285 0.105 ·-0.118 
2.694 3.737 0.272 -0.136 -0.717 -0.059 -0.054 

-1. 532 0.176 -0.096 0.103 -0.045 -0.041 -0.021 
2.459 -0.106 0.289 0.381 -0.224 -0.052 -0.053 

-1.968 -0.023 0.155 -0.118 0.051 0.163 -0.018 
2.402· 0.202 -0.266 -0.343 0.307 0.166 -0.156 

-l.118 -1.597 0.566 -0.202 -0.147 -0.349 -0.183 
2.110 -0.251 -0.281 -0.351 0.130 0.066 -0.071 

-2.146 -0.152 0.130 -0.154 -0.001 -0.022 -0.022 
2.823 0.045 0.032 0.304 0.140 0.030 -0.103 
1.514 -0.157 0.030 -0.121 0.225 -0.305 0.139 

-1.881 1.027 -0.161 0.036 0.135 0.151 0.017 
-2.092 0.242 0.212 0.230 -0.173 0.413 0.095 

2.069 -0.366 0.155 -0.111 0.019 0.071 -0.020 
-1.681 1.372 -0.827 -0.076 -0.440 -0.068 -0.386 

1.102 -1.274 -0.486 0.166 -0.265 0.079 0.124 
-2.613 -0.271 -0.034 0.005 0.162 -0.079 -0.085 
-3.701 -0.479 -0.563 0.145 0.097 -0.054 0.021 
-1.595 0.843 0.177 0.134 0.087 -0.150 -0.094 
-0.914 -0.106 0.407 -0.242 -0.069 0.095 -0.099 
-2.467 -0.043 -0.235 0.542 0.102 -0.033 -0.008 

2.498 -0.618 0.183 0.476 0.368 0.527 -0.043 
1.586 2.392 -0.213 -0.276 -0.241 0.236 8.105 

-2.000 0.216 -0.595 0.020 -0.216 -0.424 -0.159 
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Planet 

739 
740 
748 
750 
751 
755 
757 
773 
775 
776 
778 
785 
786 
790 
804 
811 
821 
838 
849 
863 
864 
877 
884 
897 
907 
909 
914 
931 
937 
945 
962 
974 
980 

1001 
1019 
1021 

TABLE V Continued 

Scores on Principal Component Axes for 
405 High-Quality Asteroid Spectra 

Component axis 

1 2 3 4 5 6 

-0.488 0.567 0.157 -0.175 0.106 0.082 
-0.876 -0.141 -0.132 -0.204 -0.407 0.210 
-1. 006 1.474 -0.599 0.076 0.100 0.381 
-3.951 0.392 -0.784 0.257 0.041 -0.038 
-2.645 -0.727 0.426 -0.219 -0. 118 -0. 216 
-1.295 1.052 -0.578 -0.186 0.032 0.332 
-2.004 0.662 -1.099 -0.433 -0.145 0.043 

1.234 3.183 0.429 0.183 0.287 -0.252 
1.104 -0.134 -0.085 -0.348 0.032 -0.046 

-1.529 -0.526 0.390 -0.353 0.304 0.090 
-3.874 -0.535 -0.716 0.275 0.133 -0.143 
-2.376 1. 675 -0.275 0.078 -0.047 -0.033 
-2.525 -0.416 -0.704 0.421 -0.237 -0.022 
-1.070 1.402 -0.070 -0.048 0.257 0.271 
-1.001 -0.145 -0.241 0.092 0.169 -0.310 

0.801 -1.382 -0.636 -0.115 -0.451 -0.135 
-2.036 -0.318 0.914 0.017 -0.120 0.001 
-0.294 1.392 0.266 -0.063 0.200 0.144 
-0.801 1.497 0.125 0.278 -0.198 -0.068 

6.342 -3.272 -0.905 -0.360 -0.237 0.002 
3.473 -1.676 -0.707 -0.107 0.212 -0.018 

-3.271 0.476 -0.369 0.246 -0.055 -0.005 
1.2.28 3.177 -0.409 0.240 0.430 0.734 
1.450 -0.329 -0.187 0.021 -0.146 0.001 

-2.106 -0.158 -0.061 O. 154 -0. 322 0.026 
-1.799 0.692 0.111 0.258 -0.420 -0.319 
-0.535 0.005 0.553 -0.818 -0.169 0.086 
-1.812 1.081 -0.212 0.268 -0.187 0.126 
4.170 -0.786 -0.095 -0.007 -0.025 0.095 
0.879 -0.440 0.055 0.739 -0.051 -0.015 
1.646 0.159 -0.120 -0.052 -0.073 0.036 
3.272 -0.772 -0.117 -0.039 0.181 0.402 
5.012 0.700 0.574 -0.618 0.189 0.124 

-1. 745 0.488 -0.229 -0.102 0.010 0.141 
4.334 -0.139 -0.047 0.349 0.046 0.316 

-2.862 0.301 -0.641 0.066 0.001 0.024 
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0.013 
-0.035 

0.085 
-0.060 

0.001 
0.113 

-0.086 
-0.008 
-0.154 
-0.058 

0.013 
0.065 
0.005 
0.077 

-0.196 
0.139 
0.101 

-0.028 
0.067 
0.111 

-0.114 
-0.141 
0.039 
0.017 
0.029 

-0.141 
-0.009 

0.028 
-0.124 
-0.014 
-0.132 
0.023 

-D.l19 
-0.050 
-0.180 

0.061 



Minor 
Planet 

1025 
1036 
1078 
1088 
1103 
1108 
1124 
1144 
1146 
" l'-, ~l.VI 

1170 
1171 
1172 
1177 
1180 
1185 
1212 
1215 
1245 
1251 
1256 
1266 
1268 
1269 
1275 
1277 
1284 
1307 
1336 
1355 
1391 
1453 
1493 
1508 
1509 
1512 

TABLE V Continued 

Scores on Principal Component Axes for 
405 High-Quality Asteroid Spectra 

Component axis 

1 2 3 4 5 6 7 

0.208 1. 587 -0.302 -0.079 0.146 -0.094 -0.001 
1.405 -1. 507 0.284 1.043 -0.313 0.131 0.011 
2.446 -1. 266 0.291 -0.160 0.030 0.166 0.040 
3.090 -1. 287 0.033 -0.341 -0.148 -0.109 0.394 

-0.906 0.965 0.105 0.344 -0.327 0.044 0.073 
-1.617 0.213 -0.279 0.131 0.237 0.033 -0.010 
-0.796 1.590 0.067 0.301 -0.156 -0.051 0.120 

2.083 4.248 -0.117 0.202 0.228 -0.042 -0.128 
-1. 057 1.908 0.055 0.434 -0.008 -0.102 0.106 

1.277 3.207 -0.204 -0.150 -0.219 0.094 0.096 
1. 798 -1. 250 -0,103 0.555 -0.003 0.108 -0.023 

-1.182 1.340 -0 08!. 0.304 -0.1 :?!. -0.027 -0.041 
"!I ' "II') 
J...l.;)L L '1' .~.Ll -0.612 -0.31: -0.262 ··0.148 -0.094 

-1. 989 0.252 -1.238 -0.306 0.429 0.434 0.124 
-1.463 1. 778 -0.338 0.566 -0.716 0.318 -0.479 

3.481 -1.187 -0.081 -0.153 -0.194 -0.223 -0.027 
-0.226 2.139 -0.686 -0.108 0.009 0.162 0.074 

2.094 -0.89~ -0.260 0.645 0.040 -0.129 -0.070 
0.763 -1.177 0.199 0.320 -0.004 0.131 0.106 

-0.625 0.514 0.026 -0.120 -0.050 -0.147 0.134 
1. 713 3.560 0.133 0.056 -0.010 -0.103 0.030 

-0.778 0.677 0.394 A 'lC'7 -0.136 -0.047 -0.128 V.LVI 

-2.022 1.088 -0.444 0.363 -0.016 0.002 -0.074 
2.180 3.252 0.576 -0.153 -0.246 0.060 -0.01+3 

-0.711 0.981 -0.021 0.015 -0.022 0.137 -0.017 
-0.696 -0.273 0.174 -0.080 0.137 -0.070 -0.029 

1.136 1.115 -0.250 -0.433 0.135 0.184 -0.081 
2.970 -1.118 0.151 0.104 0.521 0.381 -0.158 
0.290 -1.292 -0.237 0.880 0.038 0.039 0.208 

-0.095 1. 651 -0.373 0.029 0.06G 0.061 0.047 
1.857 -0.561 0.038 0.157 -0.221 0.087 -0.009 
4.476 0.004 -0.200 0.357 0.347 -0.231 -0.054 

-3.113 0.154 -0.454 0.242 -0.034 0.158 0.045 
-3.386 -0.583 -0.311 0.528 0.031 -0.248 0.187 

3.003 -0.427 0.311 -0.172 0.044 0.349 -0.022 
-0.295 1.765 -0.175 -0.221 -0.178 0.401 0.064 
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TABLE V Continued 

Scores on Principal Component Axes for 
405 High-Quality Asteroid Spectra 

Component axis 

2 3 4 5 6 7 

1556 -1.750 0.677 -0.659 -0.423 -0.530 -0.136 0.141 
1564 -0.904 0.587 -0.106 -0.118 0.260 0.158 -0.089 
1578 3.457 3.541 0.398 -0.176 -0.089 -0.379 0.059 
1579 -3.124 0.245 -0.149 0.146 -0.200 0.06~ -0.328 
1583 2.135 3.533 -0.037 -0.201 0.044 -0.317 0.202 
1584 1.524 -1.154 -0.197 0.236 0.003 0.295 0.002 
1601 3.786 -1.528 -0.031 -0.210 -0.170 -0.120 0.238 
1604 -0.282 -0.189 -1.125 -0.283 0.128 -0.018 -0.186 
1606 -1.209 -0.682 0.382 -0.180 0.032 0.124 -0.085 
1615 -3.099 -1.159 -0.370 -0.069 -0.lh5 -0.273 -0.067 
1644 1.196 -1.176 0.209 0.694 -0.346 0.214 0.000 

1655 
1665 
1691 
1700 
1746 
1794 
1842 
1862 
1863 
1865 
1867 
1963 
2001 
2035 
2052 
2090 
2100 
2111 
2131 
2207 
2208 
2241 
2246 
2266 

-4.137 -0.372 -1.370 0.141 
-2.710 0.706 0.108 0.761 

1.673 -1.166 -0.106 -0.220 
-3.313 -1.609 -0.209 -0.093 
-0.993 0.249 -0.025 -0.037 

1.756 4.061 0.332 -0.070 
-2.790 -1.043 0.186 -0.187 

2.120 -1.833 -0.561 -0.210 
-0.898 -4.338 -0.362 0.204 
-0.822 -1.419 -0.424 0.672 

0.328 -0.914 0.125 0.673 
1.733 3.657 -0.391 -0.027 

-1.899 -0.610 0.783 -0.152 
-0.486 1.144 -0.052 0.248 
-0.015 0.940 -0.120 -0.095 

0.829 -1.125 0.055 0.028 
3.022 -0.785 -0.339 -0.023 

-1.571 -0.267 -0.420 -0.012 
1.479 -0.710 -0.885 -0.701 
3.243 0.550 0.420 0.213 
1.719 3.426 -0.285 -0.318 
2.842 4.253 0.219 0.153 
1.637 3.418 -0.358 -0.600 
2.393 3.967 0.118 -0.018 
2.810 4.013 0.530 0.219 

-0.104 -0.213 0.035 
-0.035 0.004 -0.172 

0.003 -0.015 -0.100 
-0.012 -0.023 0.117 

0.096 0.314 -0.070 
-0.040 -0.131 -0.020 
-0.053 0.145 0.098 
-0.037 -0.355 -0.097 

0.363 -0.042 0.294 
0.048 0.041 0.008 
0.024 -0.170 0.057 
0.252 -0.102 0.045 

-0.227 0.449 -0.034 
0.154 0.070 0.137 
0.020 0.283 0.104 

-0.138 -0.106 -0.009 
0.175 -0.233 -0.029 
0.059 0.106 -0.016 
0.299 -0.301 -0.045 

-0.102 -0.014 -0.083 
0.068 -0.006 0.021 

-0.021 -0.353 0.045 
-0.089 0.141 0.068 

0.096 0.073 0.016 
-0.043 -0.342 0.044 
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Planet 

2311 
2312 
2345 
2357 
2375 
2379 
2491 
2510 

1982 DV 

TABLE V Continued 

Scores on Principal Component Axes for 
405 High-Quality Asteroid Spectra 

Component axis 

1 2 3 4 5 6 

2.114 3.675 0.009 -0.050 -0.102 -0.041 
2.104 3.956 0.387 0.163 -0.038 -0.202 
0.386 -0.964 0.286 -0.094 -0.052 0.118 
2.115 3.938 -0.499 -0.017 0.313 -0.025 
1. 759 3.542 -0.117 -0.056 0.151 0.035 

-2.823 -0.948 -0.176 0.273 0.372 -0.269 
-0.585 0.484 -0.091 -0.173 -0.342 0.155 

2.768 -0.989 0.015 0.277 0.121 0.Ot.3 
2.201 -2.597 -0.298 0.142 -0.018 0.017 
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0.146 
-0.025 
-0.072 

0.019 
0.071 
0.076 
0.136 
0.081 
0.186 
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TABLE VI 

Component Loadings Matrix 

Component Axis 
Color 
Index 1 2 3 4 5 6 7 

s-v 0.753 -0.635 0.098 -0.071 0.094 -0.054 0.054 

u-v 0.812 -0.570 0.088 -0.035 0.009 -0.007 -0.081 

b-v 0.902 -0.397 0.012 0.009 -0.150 0.071 0.030 

v-w 0.942 0.000 -0.264 0.201 0.020 -0.048 -0.002 

v-x 0.869 0.439 -0 .123 -0.137 0.084 0.103 -0.001 

v-p 0.732 0.651 -0.001 -0.151:> -0.073 -0.102 -0.002 

v-z 0.719 0.615 0.279 0.165 0.026 0.018 0.003 
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some information, although some carry more than others, and some carry 

information redundantly. Table III shows that the sand u filters 

provide essentially identical information (high correlation 

coefficient), shown graphically in Fig. 3. One or the other filter 

could be eliminated with minimal loss of information. The choice of 

which to eliminate is clear froID Table II by looking at the row labelled 

"Resolution", which is the ratio of rows 2 and 3 in that table. The 

value of "Resolution ll is an indication of how easy color differences can 

be measured between asteroids. Although u-v does not span as large a 

range of values as does s-v (indicated by row 2), u-v can be measured, 

as a general rule, to much higher precision than s-v (indicated by row 

3), which more than compensates for u-v's smaller range of colors. 

Therefore, if the u-v color is measured, the s-v color need not be 

measured. 

So far, however, we have only managed tu eliminate one filter 

from the eight. The correlations between the other pairs of filters are 

not high enough to eliminate other filters in the same way. Clearly, in 

order to provide the same level of information as provided by the 

eight-color data, measurements must be made through the remaining seven 

filters. Reducing the filter set to three will necessarily result in a 

loss of some information. To minimize this loss of information, 

obviously one will need to use one filter longward of o. 7 ~m (to measure 

the infrared absorption feature) and one shoreward of 0.7 ~m (to measure 

the ultraviolet absorption feature). On the long wavelength side, we 

have a choice of three filters: x, p, and z. Table II shows that the 
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"resolution" of the three is roughly similar, but those results are 

misleading in the sense that the p and z filters received three times 

more integration time than the x filter; the "Time-corrected resolution" 

row provides a fairer estimate of the ease with which different asteroid 

colors can be measured. On top of that, the p and z filters require use 

of rather exotic photomultiplier technology which is n0t ~idely 

available. On the other hand, the x filter can be measured by commonly 

available photomultiplier tubes. Thus x seems to be the logical choice 

for the red color. 

On the short wavelength side, we again have a choice of three 

filters: u, b, and v. After compensating for the differences In 

integration time, each shows roughly the same "resolution." As will 

become clear later, however, each filter is not equally diagnostic of 

asteroid spectral features. In particular, I noted above that we need 

one color to measure the ultraviolet absorption feature and one to 

measure the infrared feature. Many asteroid spectra, however, do not 

show an ultraviolet absorption feature longward of about 0.4 pm. For 

these asteroids, the b and v filters are not diagnostic of the 

ultraviolet feature at all. In order to handle all the asteroid 

spectra, either the u or s filter is needed, and the choice between 

these two filters was made clear earlier. Normalizacion should ideally 

be done to the v filter, which is as close to being a "standard" filter 

as there is, and which is also useful for purposes of deriving geometric 

albedos from radiometric measurements. Therefore, I conclude by saying 

that, overall, the best pair of colors to use is u-v and v-x. A plot of 
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our asteroid data using these two colors is shown in Fig. 6. Compare 

with the first and second principal component plot shown in Fig. 4; the 

diagncsticity of u-v and v-x 1S quite good. 

I am by no means advocating the measurement of asteroid spectra 

through only three filters. One should always strive for as much 

wavelength coverage as possible. The reasons for doing the above 

exercise are: (a) not all asteroid researchers have access to equipment 

capable of performing eight-color photometry, (b) if only a sllbs~~ or 

the eight filters are used, conversion to the principal components used 

above will be impossible (although a new set of principal components can 

be generated for any chosen subset of colors), and (c) for quick 

identification of asteroid classes, two color plots are very useful, 

requiring no coordinate rotations before plotting. 

In closing, I should mention that this work does not represent 

the first principal component analysis that has been performed on 

asteroid data. Pike (1978) also performed a similar analysis, but his 

sample size was extremely small, consisting of only 22 objects with data 

available for each of eight different parameters. He noted that his 

analysis resulted in a plot that separated the C and S objects rather 

well. Clearly, the present work represents a major improvement over 

what was possible at Pike's time. 
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Fig. 6. Two-color diagram for 486 asteroids with high-quality u-v 
and v-x color indices. 



ChAPTER 5 

CLUSTER ANALYSIS 

Cluster analysis, or numerical taxonomy as it is known in the 

biological sciences, represents a number of techniques used to classify 

objects described by measurements of one or more variables. The 

techniques are most useful when applied to data sets involving more than 

two dimensions. 

A large number of clustering techniques ex~sts. Various methods 

are described by Anderberg (1973). Duda and Hart (1973), Fisher and Van 

Ness (1971), Lance and Williams (1967a, 1967b), and many others. Green 

and Tull (1970) divide these techniques in three groups: heuristic 

segmentation methods, partitioning methods involving objective 

functions, and hierarchical methods. In all cases either agglomerative 

or divisive methods can be used; that is, clusters can be created either 

by combining individual objects considered to be similar, or by 

subdividing a larger cluster into smaller clusters considered to 

represent different objects. 

A variety of meas~res can be used to characterize a set of 

objects (Spath, 1980). The simples[ measure.is called a binary 

variable, which has only two possible outcomes, such as a yes or no 

question. If more than two possible outcomes exist, the measure IS 

called a nominal variable. If these outcomes can be assigned a 

54 
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meaningful numerical order, such as good-fair-poor, the measure is 

called an ordinal variable. Note that an ordinal variable has an 

arbitrary step size. If the step sizes are not arbitrary, we have an 

interval-scaled variable. Interval-scaled variables with meaningful 

zero points are called ratio-scaled variables (e.g. 20 km/sec is twice 

as fast as 10 km/sec, therefore this measure is ratio-scaled, but 20 

decibels is not twice as loud as 10 decibels). Beth of these scaled 

variables are called metric variables. 

Similarity or dissimilarity of objects is usually measured by 

some sort of distance function. Euclidean distances are particularly 

appropriate when dealing with data sets consisting entirely of metric 

variables. Euclidean distances are generally not meaningful when 

analyzing data sets consisting of non-metric variables, or a mixture of 

metric and non-metric variables. Some of the clustering methods are 

optimized for binary, nominal, or ordinal data, and others are best 

suited for metric data. In this particular case, we are dealing 

exclusively with metric data, so methods designed to handle other kinds 

of data will not be discussed. 

Basic Problems with Cluster Analysis 

Before undertaking a cluster analysis, the user must first 

decide on which options to use in several areas: the variables to be 

used to compare objects, the scaling of these variables, the distance 

measure to determine distances between objects, the algorithm to be 

used, and, in some cases, the number of clusters to be formed. 
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The choices made for the first two of these options go 

hand-in-hand in this particular case. Originally, I had hoped to use 

all seven color indices and the geometric albedo simultaneously when 

performing the cluster analysis. Scaling, as will be detailed later, 

was a major problem to be dealt with. The first attempt used these 

eight variables without any scaling. The clusters formed were 

overwhelmingly dominated by the albedo, and only weakly dependent on 

color. Such a result is undesirable, because the Sand M asteroids, for 

example, have similar albedos yet different spectra and are believed to 

represent different surface compositions; the goal of the taxonomic 

system is to separate objects with different spectra and that are 

therefore likely to have different surface compositions. A second 

attempt in which all eight variables were normalized to have unit 

variance showed the colors to dominate over the albedo when forming the 

clusters. In this case, the E, M, and P asteroids, which have similar 

spectra but different albedos, were not separated very well. Rather 

than using some subjective weight on the albedo, the best solution 

seemed to be to consider the color and albedo separately. First, 

clusters would be formed based on their spectral characteristics. 

Afterwards, the albedo would be used to look for additional classes of 

objects, which we knew existed among at least one class of spectra. 

For purposes of generating a new asteroid taxonomy, the most 

important choices are the number of clusters to be formed and the 

algorithm to be used. The number of clusters depends on how much detail 

one wishes to show within the data set. One could find enough clusters 
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to describe every significantly different spectrum in the sample. In 

the case of the asteroids, however, if every object was examined with 

infinite precision, we might find them all to be unique, due to slightly 

different proportions of the same minerals, different surface te~tures, 

etc. The goal is to create a taxonomy that recognizes gross spectral 

differences, which will almost certainly, although not necessarily, 

represent gross compositional differences. The taxonomy is intended to 

be an aid to understanding the asteroids as a whole. Finer distinctions 

are better left to discussions of smaller sets of objects. Therefore, I 

have attempted to define a few broad classes, naturally suggested by 

gaps or abrupt density changes in the distribution of objects in the 

seven-dimensional color space and the one-dimensional albedo space, 

rat her t han a t tern p tin g t 0 ass i g n a un i que c1 ass toe 3 C hob j e c t wh 0 s e 

spectrum differs from the others by significantly more than the 

experimental uncertainty. 

The choice of algorithm cannot and should not be made by simply 

looking at the results of examples frequently given by the authors of 

the various books that describe the many algorithms. Most authors 

suggest that the user try several different algorithms, choosing the one 

that gives the most easily interpreted results. This flexibility is 

perhaps one of the weak points of cluster analysis. By giving the user 

enough degrees of freedom, one can generally achieve the desired 

results. In the next section, a few algorithms will be discussed that 

seemed particularly appropriate for the problem at hand. 
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Discussion of Clustering Techniques 

Many books have been written discussing all the var10US 

clustering algorithms that have been developed. Attempting to review 

the advantages and disadvantages of these algorithms is a mammoth task 

and is really beyond the scope of this work. Let it suffice to say that 

many of these techniques were tested on the asteroid data, and most were 

rejected as unsatisfactory for this particular application. Attention 

will be limited here to four techniques which produced, in my opinion, 

the most reasonable taxonomies. 

Method 1 

This method falls among the heuristic segmentation methods and 

uses the following algorithm. The object with the largest Euclidean 

distance from all other objects is made the first member of a new 

cluster. The closest object to the center of that cluster (which at the 

moment has only one member, at the center) 1S added to the cluster if it 

is within some user-defined threshold distance. The center of the 

cluster is then recomputed and the second step repeated. Once all such 

objects have been found, a second cluster is started from among the 

remaining objects, and the process is repeated. Although the number of 

clusters formed is not directly controlled by the user, that number is 

indirectly controlled by the value of the threshold distance. 

Method 2 

This method is one of several partitioning algorithms which uses 

the sum of squared distance criterion. In particular, the sum of the 
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sum of the squared distances between the members of the cluster and 

their centroid (let's call it D for now) is the quantity which the 

method attempts to minimize. One could, in principal, find an exact 

solution to the problem, but only by enumerating all the possibilities. 

With the large data sets and/er large number of variables frequently 

analyzed with cluster algorithms, the enumeration procedure becomes an 

impossible task. The method starts with an initial partition; that is, 

all the objects are initially assigned to clusters (by Method 1, for 

example). Cluster centers are computed, and then each object, 

considered in turn, is reassigned to the cluster whose center it lies 

closest to. After all objects have been considered, the cluster centers 

lor centroids) are recomputed and the process is repeated. The 

procedure therefore guarantees that the value of D decreases. The 

iteration is ended when either a cluster becomes empty or the value of D 

does not decrease. In the latter case, all one can say is that a local 

minimum for D has been found; without enumeration, an absolute minimum 

for D cannot be guaranteed. 

Method 3 

This method is a slight variation on Method 2. The goal of 

minimizing D is the same. This time, however, ~luster centers are 

recomputed after each transfer takes place, so the results can depend on 

the order in which the objects are considered. 
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Method 4 

This method falls among the hierarchical algorithms and is known 

as the minimal-tree method. The two objects closest to each other are 

linked together. The next object is then linked with either of the 

first two objects, such that the distance is minimized. Subsequent 

objects are linked with one of the objects already linked so cnat, 

again, the distance is minimized, and, additionally, no closed loops 

appear. The final result is a "tree" with "branches" that have minimal 

total length. One of the advantages of the method is that the same 

results are obtained whether this agglomerative procedure is used or a 

divisive approach, based on division of clusters with maximum 

separation, is used. 

Application to the Asteroid Data 

Methods 2 and 3, designed to minimize the sum of the sum of the 

squared distances between cluster members and their centroid, have a 

tendency to produce clusters of similar size ana shape, ignoring gaps in 

the data. For example, if one cluster, which occupied a large volume, 

and a second cluster, which occupied a small volume, are separated by a 

real gap, a point at the edge of the large cluster and near the gap 

could fall closer to the center of the small cluster than to the center 

of the large cluster. On the other hand, one could argue that the large 

cluster, by virtue of its size, represents a rather diverse set of 

objects, and ought to be subdivided such that the subclusters are 

similar in size to the small cluster. In this case, gaps will be 



61 

preserved, but the division ot the large cluster, if uniformly 

populated, would probably be rather arbitrary. Another disadvantage of 

these methods is the need for an initial partition, which usually 

dictates the number of clusters that are formed. Thus these methods do 

not even address one of the important steps of cluster analysis. 

Method 4, the minimal-tree method, on the other hand, easily 

recognizes large gaps in the data, connecting two clusters separated by 

the gap with only a single long link. For a given data set, the minimal 

tree is unique, which makes the method particularly attractive. The 

method will suffer from non-uniqueness as objects are added to the 

sample, however. It the added objects are deeply imbedded in a cluster, 

the local linkages will change, but the links conneccing different 

clusters will be unaffected. If the added objects are between clusters, 

again local linkages will change Which mayor may not affect where the 

cluster boundary is, depending on how well separated the two clusters 

are. Even if the cluster boundaries are changed, generally only the 

fringe members of clusters will be affected. 

To summarize, method 4, unlike methods 2 and 3, requires no 

initial partition, a distinct advantage. It is also unique for a eivpn 

data set, which methods 2 and 3 cannot guarantee without performing a 

complete enumeration of all possible object/cluster-assignment 

permutations. The tree, on the other h~ .. d, does not provide cluster 

assignments by itself. One again must choose the number of clusters to 

be formed and then form them by "cutting" enough of the longest branches 

of the tree to produce the desired number of clusters. 
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The results of the minimal-tree method are usually displayed in 

the form of a dendrogram. Parallel branches are drawn until the value 

of the distance between the two objects being considered is reached, at 

which point the branches are connected by a perpendicular line. Such a 

diagram cannot be reproduced here for the 405 high-quality asteroid 

spectra because of the overwhelming size of such a diagram. The results 

can be shown in another, perhaps better, format, however. Figure 7 

shows the asteroid data on a principal component plot, with pairs of 

points connected by the branches of the tree. Remember that no closed 

loops can appear anywhere in the diagram. While this fact would be 

obvious if we could construct a seven-dimensional "tinker-toy" 

structure, when the diagram is projected onto a plane, many of the 

branches appear to intersect but are not physically connected 

(connections occur only at the dots). The advantages of such a plot are 

threefold: the plot easily fits onto a single page, the hierarchy 

suggested by the usual dendrogram is not obvious in this format, and 

there is no ambiguity in the ordering of the objects as there is in the 

standard diagram. The disadvantages are twofold: the links cannot be 

easily followed in the denser parts of the figure, and the lengths of 

the branches are not preserved by the projection process. 

Before describing my classification algorithm in detail, I 

should mention that Davies et al. (1982) also employed the minimal-tree 

technique in a cluster analysis of 82 asteroids using existing TRIAD 

data, indicating their satisfaction with that clustering approach. 
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Fig. 7. Minimal tree diagram for 405 asteroids with high-quality 
eight-color spectra. 
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A New Asteroid Taxonomy 

The first three methods discussed above have a couple of major 

disadvantages in common. First of all, they produce what I might call 

very "sterilized" results--each object is assigned to one and only one 

cluster. Secondly, uncertainties of the measurements are not 

considered. In fact, none of the clustering algorithms that I examined 

had any provision for experimental uncertainties. Because 

non-consideration of observational errors was one of the weaknesses of 

the old taxonomic system, I felt that the algorithm used to produce the 

new classifications must somehow incorporate these uncertainties. Thus, 

a custom' clustering algorithm was designed to classify the asteroids. 

This custom algorithm incorporated some aspects of the methods described 

above, so it is not a completely new approach. 

used are described below. 

Step One - Scaling 

The individual steps 

One of the major problems with any type of cluster analysis is 

the weighting or scaling of the individual variables. This problem 

became quite apparent when an attempt was made to combine the color and 

albedo G3ta, as mentioned earlier. Geometric albedos for the asteroids 

have been measured to range from as low as 0.02 to as high as 0.5, a 

factor of 25, which is 3.5 magnj,tudes. As noted in Chapter 3, the range 

in asteroid colors is only 1.2 mag in s-v, and much less for the other 

colors. Several attempts to use both the spectral and albedo data 

simultaneously showed a very strong dependence on how the albedo was 
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scaled. Because no logical choice could be made on how to scale the 

albedo, the decision was made to first use clustering techniques on only 

the eight-color data to define spectral classes, and then use the albedo 

data on each spectral class to identify any classes that were degenerate 

spectrally (which we knew to be the case). This decision had some 

beneficial side effects. Rather than using a sample of only 234 objects 

which had both high-quality eight-color and albedo data, a much larger 

sample of 405 asteroids with high quality eight-color data only could be 

used. True, a larger sample of eight-color plus albedo could have been 

used by relaxing the limit on maximum allowable uncertainty, but the 

resulting analyses would have been adversely atiected by the noisier 

data. .. 
With the albedo removed, the scaling problem becomes much less 

severe. The ranges in color extremes vary by only a factor of three 

among the seven variables, rather than the factor of 10 when the albedo 

was included. Note that these color ranges depend on which bandpass is 

used for reference purposes. If all the color ip~ices had been referred 

to the blue bandpass, for example, then the range ~n colors for s-b 

becomes only 0.7 mag. Lastly, there is a high degree of correlation 

between s-v, u-v, and b-v; the reddest object in one color is the 

reddest object in the other two colors. Therefore, giving these caloL 

indices equal weight s~ems entirely reasonable, using the same 

normalization procedure 8£ was u£ed for the principal component 

analysis. Note that this normalization procedure affects primarily the 
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s-v and u-v color indices; the other five color indices already have 

nearly equal standard deviations (see Table II). 

Step Two - Generating an Initial Partition 

An initial partition was generated by "cutting" the minimal tree 

at the largest distances between objects or groups of objects (see Fig. 

7). The major taxonomic classes were generally easy to identify. 

Starting at the bottom of Fig. 7, note that three objects (4 Vesta, 349 

Dembowska, and 1862 Apollo, not identified on Fig. 7) linked extremely 

loosely with the major classes and with each other. For this reason, 

~2L~ was assigned a separate designation. The letter R, traditionally 

associated with Dembowska, was retained for its designation. The letter 

V was assigned to Vesta, and Apollo was given the letter Q. All three 

are indeed unique objects, with their separation from the other 

asteroids based on Ligh-quality data, so lumping them together into some 

U category, as the old taxonomic scheme did or would have done, is 

simply throwing away information. Therefore I felt that unique letter 

designations should be assigned to each object. The four A objects In 

the sample also link somewhat loosely with each other, primarily due to 

the small number of known class members, which produces a fairly low 

density and therefore large distances between members (although the 

distances are less than those between Vesta, Apollo, and Dembowska). 

Even though the link to the S class is not much longer than the links to 

the other members, the distinction between the S and A classes becomes 
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much more apparent upon examination of the JHK data (see Figs. 1 and 2 

of Veeder et al., 1983). 

The S class is well-defined. Only a single fairly long link 

connects it with the large, complex region on the left side of the 

diagram, which I shall call the C region for now. The D class at the 

top of the di~gram is equally well-separated from the C region at the 

left. This remaining principal group of objects is not as easily 

divided. Here the albedo information comes into play. The albedo 

readily separates the E and M objects from the rest of the objects in 

that region. Upon performing that step, however, we note that the E and 

M objects occupy only the upper half of the C region. Thus the E and M 

objects define a sub-volume (in color space only) of the region. This 

sub-volume also includes some low-albedo objects, the P-class asteroids. 

Taken alone, the C and P asteroids are not at all well-separated 

(indicating a continuum of spectra from classical C to classical p), and 

dividing them into two clusters would be a fairly subjective matter. In 

this case, however, the sub-volume of color space has already been 

defined by the E and M asteroids. Therefore, the P asteroids are 

defined to be those that occupy the same color space as do the E and M 

asteroids. So by definition the P asteroids are spectrally degenerate 

with the E and M asteroids; the E and M asteroids are also spectrally 

degenerate, but this fact was determined empirically, not established by 

definition. The remaining region of the diagram is occupied by members 

of the previously recognized C and F classes. 
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In some cases reference to the spectrally degenerate E, M, and P 

asteroids, in the absence of albedo information, would be simplified by 

the use of a single letter. In order to avoid cluttering some of the 

following figures, I shall use the abbreviated designation X to refer to 

the EMP spectral class. 

Taking a closer look at the C-F region, note that there is a 

central, densely populated region which I call the classical C-types. 

To the left is a much lower density region, consisting of objects with 

conspicuously bluish spectra: the previo~sly recognized F class. The 

group is not well separated from the CIS j terms of color, requiring 

mUltiple links to account for all lhe members of the class, but there is 

a separation in terms of density of objects. Again we are dealing with 

a continuum of spectra from classical C to the extremely bluish F, with 

noticeably different end-member spectra. But should these objects be 

given different classifications? Should the old F class be abolished 

and recombined with the C class? I lean toward providing as much 

information as possible in a spectral classification. By analogy, the 

various forms of olivine have similar compositions, but the 

solid-solution end members, fayalite and forsterite, have noticeably 

different compositions and different names. Similarly, I prefer giving 

the end members of these spectra different classifications, the 

previously used C and F. The alternatives seem to be co either use the 

C designation with some sub- or superscript, or a separate lower- or 

uppercase letter. There would appear to be some advantage to staying 

with single-character class (or sub-class) designations. Less confusion 
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might result, too, if the previously used F designation was retained. 

For now, pending feedback from other asteroid researchers, I will use 

single-letter uppercase designations. Therefore, the letter F will be 

used to represent the low-density region on the blue side of the C 

class. However, I should state emphatically that the F class should not 

be considered a major class, such as the C's, D's, or S's, and should 

only be regarded as an end member, or sub-class, of the C population. 

Next, we note a curious branch of objects dangling to the lower 

left of the C class. Their spectra are marginally distinguished from 

the C's by their drop-off into the infrared. They are also marginally 

distinguished from the C's in albedo as well, as will be shown shortly. 

Perhaps the best known member of this group is 2 Pallas, long classified 

as unusual because of its anomalously high albedo. We now recognize a 

number of objects similar to Pallas, and the letter B is assigned to 

this class (one may use the mnemonic !right C by which to remember the 

class characteristic). Again, this class is not well separated from the 

C's and there appears to be a continuum of spectra grading from typical 

C to to typical B, but there is a definite change in the density of 

objects ln both color and albedo space, and so the B asteroids should be 

considered a sub-class like the F asteroids. 

Completing our look at the C's, another low density group of 

objects is dangling off to the lower right of the C class. These 

objects are characterized by exceptionally deep ultraviolet absorption 

features. The be~t known example is 1 Ceres, whose classification has 

oscillated between C and U in the past. The letter G is assigned to 
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this group. Again, a continuum of spectra seems to exist between C and 

G, so the G class should be thought of in much the same way as the F's. 

Lastly, note the single branch extending from the X class to the 

right, falling between the D and S classes. Only one object in the 

group has had its albedo measured. This object is 308 Polyxo and is the 

one at the very tip of the branch. The albedo is quite low, clearly 

excluding it from the S class. At the same time, the spectrum shows a 

lower reflectivity at both ultraviolet and infrared wavelengths 

compared to the typical D object; if anything, these objects 8 c 

slightly more similar to the S's spectrally. Thus we have the 

possibility of a new class of objects in this region of the diagram. 

Note that one other member of this tentative class, 114 Kassandra, has a 

value of P. (minimum value of the polarization phase function) which 
m~n 

also suggests a low albedo, strengthening the case. The letter T has 

been assigned to these objects. The class should only be regarded as 

extremely tentative, pending albedo measurements for the other suspected 

members. 

The reader may also note that the S class consists of a rather 

diverse collection of spectra as evidenced by the large space occupied 

by these asteroids in Fig. 7. Clearly this class could be subdivided as 

well. Unfortunately, these higher-contrast spectra are much more 

susceptible to reddening with phase effects (Gradie and Veverka, 1984). 

Our own measurements of 433 Eros range in phase angle from 7 to over 50 

degrees, showing a large change (0.25 mag!) in the value of the s-v 

color index (Zellner et al., 1984). Obviously, any attempt to subdivide 
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the S class must be preceded by a phase-reddening-correction procedure. 

Unfortunately, insufficient data exist for us to perform this procedure 

on all the members of the class. For now, 1 prefer to leave the S class 

alone and note that the S designation refers to a greater diversity of 

spectra than do the other class designations. 

Step Three - Iteration 

So far, an initial partition has been generated using the 405 

high-quality spectra, albedo information when necessary, and the 

minimal-tree method. Next, cluster centers were coniputed for the twelve 

spectral classes (EMP being counted as only one X spectral class), as 

well as the mean distance of all the members of a cluster to its center. 

The next step consisted of computing distances from each of the 589 

objects to the twelve cluster centers and the 405 objects on which the 

initial partition was based. 

If the minimal-tree algorithm was applied at this point, the 

object under consideration would receive the same classification as its 

nearest neighbor. One of the objections to the minimal-tree method, 

however, is the fact that all the linkages will change if the sample 

size is changed. Thus, the classification of an object depends on the 

local density of objects. Should a number of objects be either removed 

or added by changing the sample size, the possibility exists that the 

object in question could ultimately link with some other cluster. The 

more well-separated the classes are, the less of a problem this is. 

However, the subclasses, as noted above, are not well separated, so the 
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single link generated by the minimal-tree method may not satisfactorily 

classify the object. To circumvent this problem, the three nearest 

neighbors were considered instead of just one (cluster centers were 

considered as objects for this stage of the analysis). If the second or 

third object fell a significant distance further from the first object, 

they were then discarded. Only when the second and third closest 

objects were at distances within the uncertainty of the distance to the 

first object were their classifications also taken into account. If the 

classifications of the nearest neighbors were the same, then that 

unambiguous classification was also given to the object under 

consideration. If the classes differed, then multiple designat~0n8 were 

made with the classes being assigned in the order which they were 

considered. Thus the first letter of a multipl~ designation, unlike in 

the existing taxonomic scheme, represents the most likely class for the 

object, except for the triple designation EMP, which should be thought 

of as a single spectral classification. 

All objects were considered in this fashion. Once completed, 

cluster centers and mean distances were recomputed using only the 405 

asteroids in the high-quality sample that retained unambiguous spectral 

classifications. The process was repeated until the classifications did 

not change. 

Albedo data were considered, when necessary, to distinguish 

between E, M, and P asteroids, AS well as B, and C asteroids. In 

addition, when alhedos were available, they were checked for consistency 

with the albedos of other objects in the same class. Only in a few 
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cases, noted below, were significant discrepancies found. As a general 

rule, the gaps in the albedo distributions are large enough so that the 

classifications are independent of just where the line is drawn to 

separate classes of objects. The exception to the rule is the B-C 

albedo distribution. In this case the albedo distribution shows an 

abrupt change in density at an albedo of about 0.06 as well as a 

distinct shift toward lower first principal component scores. For 

purposes of classifying C-like asteroids, those with albedos higher than 

0.063 are called B and the lower-albedo objects are called C. 

Step Four - Flagging Unusual or Noisy Data 

Another objection to the clustering techniques described earlier 

was the lack of any consideration of noise in the data. Some of the 

techniques abhorred single-member clusters, and so unusual or unique 

objects were generally taken in by the nearest cluster. The adopted 

algorithm was designed to handle these cases in the following ways. 

Fi~st of all, as noted previously, the most exceptional objects, Vesta, 

Dembowska, and Apollo were assigned unique classifications at the 

outset. Other unusuel spectra were detected by testing the distance of 

the object from the cluster center to which it was assigned. If the 

distance exceeded twice the mean distance of the cluster members, the 

letter U was appended to the classification. Such objects were not 

included when recomputing the cluster centers and mean distances after 

each iteration. 
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In addition to computing the distance of an object from a 

cluster center, the uncertainty in that distance was also considered. 

The cluster center was cODsidered to have no uncertainty of its own; 

only the uncertainties in the color indices of the object being 

classified were used. If the uncertainty of the distance exceeded the 

mean distance, a colon was appended to the classification. A double 

colon was used when the uncertainty exceeded twice the mean distance. 

In three cases the uncertainty exceeded three times the mean distance. 

These objects were not classified and are indicated by ---. 

The distinction between 3D apFcn~cd U a~~ an appc~ded colon (or 

colons) must be emphasized. Colons apply only to noisy data. U's can 

be appended to the classifications of asteroids with high-quality data. 

Admittedly, these limits are arbitrarily chosen, but no 

mathematical definition of an unusual or noisy object exists. Here 

personal preference is involved. 

hope that others will too. 

I find these limits satisfac[ory and 

Step Five - Checking the Classifications with Un-normalized Data 

Some readers may still not be satisfied with the choice to 

normalize the data before computing distances. After all, unlike the 

problem of deciding on a distance measure when the variables are 

measured in different units (such as height and weight), all seven color 

indices are measured in the same units (magnitudes). Scaling the 

variables appears to destroy the equality of the measures used for each 

variable. 
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In order to appraise the effect of the choice of normalization 

on the results, the entire classification procedure was performed a 

second time, using the raw (un-normalized) color indices. Happily, the 

large majority of classifications were the same. As one might expect, 

differences show up primarily when considering the s-v and u-v colors 

indices. In a few cases the adopted classification of an asteroid was 

altered to take into account the results from this approach. These 

alterations generally involved eliminating a few appended U's and adding 

a few mUltiple designations. 

Now that the algorithm has been fully explained in great detail, 

the final adopted classitications for the 589 asteroids can be 

presented. Table VII provides the listing. In those cases in which the 

classification was changed bused on the check procedure, the 

classifications from each of the two procedures are shown in parentheses 

in the remarks column. First the classification from the normalized 

approach is given, followed by the classification from the un-normalized 

approach. 

Discussion of Individual Objects 

Because one cannot foresee all possible situations that might 

arise during the classification process, each classification was 

individually inspected to see if it made sense. A few objects did 

deserve special attention. These cases are described here. 
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TABLE. VII 

Asteroid Classifications 

Minor Planet Class Remarks 

1 Ceres G 
2 Pallas B 
3 Juno S 
4 Vesta V 
5 Astraea S 
6 Hebe S 
7 Iris S 
8 Flora S 
9 Metis S 

10 Hygiea C 
11 Parthenope S 
12 Victoria S 
13 Egeria CG (C,G) 
14 Irene S 
15 Eunomia S 
16 Psyche M 
17 Thetis S 
18 Melpomene S 
19 Fortuna G 
20 Massalia S 
21 Lutetia M 
22 Kalliope M 
23 Thalia S 
24 Themib C 
25 Phocaea S 
26 Proserpina S 
27 Euterpe S 
28 Bellona S 
29 Amphitrite S 
30 Urania S 
32 Pomona S 
33 Polyhymnia S 
34 Circe C 
35 Leukothea C 
37 Fides S 
38 Leda C 
39 Laetitia S 
40 Harmonia S 
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TABLE VII Continued 

Asteroid Classifications 

Hinor Planet Class Remarks 

41 Daphne C 
42 Isis S 
43 Ariadne S 
44 Nysa E 
45 Eugenia FC 
46 Hestia P 
47 Ag1aja C 
48 Doris CG (C,CG) 
49 Pales CG (C,CGU) 
50 Virginia EMP 
51 Nernausa CU 
52 Europa CF 
54 Alexandra C 
55 Pandora H 
56 He1ete P 
57 Hnemosyne S 
58 Concordia C 
59 Elpis CP 
60 Echo S 
61 Danae S 
62 Erato BU 
63 Ausonia S 
64 Angelina E 
65 Cybele P 
66 Haja C 
67 Asia S 
68 Leto S 
69 Hesperia H 
70 Panopaea C 
71 Niobe S 
75 Eurydike H 
76 Freia P 
77 Frigga HU See text 
78 Diana C 
79 Eurynome S 
80 Sappho S 
81 Terpsichore C 
82 A1krnene S 
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TABLE VII Continued 

Asteroid Classifications 

Minor Planet Class Remarks 

83 Beatrix EMP 
85 10 FC 
86 Semele C 
87 Sylvia P 
88 Thisbe CF 
89 Julia S 
90 Antiope C 
92 Undina EMP 
93 Minerva CU 
94 Aurora CP 
95 Arethusa C 
97 Klotho M 
98 Ianthe CG 
99 Dike C 

101 Helena S 
102 Miriam P 
103 Hera S 
104 K1ymene C 
105 Artemis C 
106 Dione G 
107 Camilla C 
108 Hecuba S 
109 Felicitas GC 
110 Lydia M 
III Ate C 
113 Amalthea S 
114 Kassandra T 
115 Thyra S (SU,S) 
116 Sirona S 
117 Lomia EMPC 
118 Feitho S 
119 Althaea S 
120 Lachesis C 
121 Hermione C 
124 Alkeste S 
125 Liberatrix M 
128 Nemesis C 
130 Elektra G 
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TABLE VII Continued 

Asteroid Classifications 

Minor Planet Class Remarks 

131 Vala SU 
132 Aethra M 
134 Sophrosyne C 
135 Hertha M 
137 Meliboea C 
142 Polana F 
144 Vibilia C 
145 Adeona C 
146 Lucina C 
147 Protogeneia C 
148 Ga1lia GU 
152 Atala D 
153 Hilda P 
156 Xanthippe C 
158 Koronis S 
159 Aemi1ia C 
161 Athor M 
167 Urda S 
168 Sibylla C 
169 Zelia S 
170 Maria S 
171 Ophelia C 
173 Ino C 
179 Klytaemnestra S 
181 Eucharis S 
184 Dejopeja El1P 
185 Eunike C 
186 Celuta S 
un L~mberta C 
188 Menippe S 
189 Phthia S 
190 Ismene P 
192 Nausikaa RS (RSU,RS) 
194 Prokne C 
195 Euryk1eia C 
196 Philomela S 
198 Ampella S 
200 Dynamene C 
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TABLE VII Continued 

Asteroid Classifications 

Minor Planet Class Remarks 

201 Penelope M 
204 Kallisto S 
206 Hersilia C 
208 Lacrimosa S 
209 Dido C 
210 Isabella CF (C,F) 
211 Iso1da C 
213 Li1aea F 
214 Aschera E (EU,E) 
216 K1eopatra M 
219 Thusne1da S 
221 Eos S 
222 Lucia BU 
223 Rosa El-1P 
225 Henrietta F 
228 Agatl-,.::; co 

~ 

229 Ade1inda BCU 
230 Athamantis S 
232 Russia C 
233 Asterope T 
234 Barbara S 
236 Honoria S 
238 Hypatia C 
240 Vanadis C 
241 Germania CP (C,CPU) 
243 Ida S 
245 Vera S 
246 Asporina A (AS,A) 
250 Bettina H 
258 Tyche S 
261 Prymno B 
264 Libussa S 
266 Aline C 
268 Adorea FC (CFU,FC) 
275 Sapientia EMP 
276 Ade1heid EMP 
277 Elvira S 
279 Thule D 
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TABLE VII Continued 

Asteroid Classifications 

Minor Planet Class Remarks 

282 Clorinde BFU: : 
287 Nephthys S 
288 Glauke S 
289 Nenetta A 
296 Phaetusa S 
302 Clarissa F 
304 Olga C 
306 Unitas S 
308 Polyxo T 
313 Chaldaea C 
317 Roxane E See text 
322 Phaeo EMP 
323 Brucia S 
326 Tamara C 
329 Svea C 
334 Chicago C 
335 Roberta FP 
336 Lacadiera D 
337 Devosa EMP 
338 Budrosa M 
339 Dorothea S (SU,S) 
344 Desiderata CSU (CU,CSU) 
345 Tercidina C 
346 Hermentaria S 
347 Pariana M 
349 Dembowska R 
350 Ornament a C 
352 Gisela S 
354 Eleonora S 
359 Georgia CEMP (ENPC,CEMP) 
360 Carlova C 
361 Bononia DP (D,DP) 
364 Isara S 
365 Corduba EMP 
368 Haidea D 
369 Aeria M 
373 Me1usina C 
374 Burgundia S 
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TABLE VII Continued 

Asteroid Classifications 

Minor Planet Class Remarks 

376 Geometria S 
379 Huenna B 
380 Fiducia C 
381 Myrrha C 
382 Dodona M 
383 Janina B 
386 Siegena C 
387 Aquitania S 
388 Charybdis C 
389 Industria S 

394 Arduina E' 
402 Chloe :3 
Lf04 Arsinoe C 
405 Thia C 
406 Erna P 
407 Arachne C 
410 Chloris C 
414 Liriope C 
416 Vaticana S 
417 Suevia EMP 
418 Alemannia M 
419 Aurelia F 
420 Bertholda P 
421 Zahringia S 
423 Diotima C 
429 Lotis C 
431 Nephele B 
433 Eros S 
434 Hungaria E 
442 E':'chsfeldia C 
443 Pl:otographica S (SO,S) 
444 Gyptis C 
446 Aeternitas A 
449 Hamburga C 
+51 Patientia CD 
459 Signe S 
462 Eriphyla S 
466 Tisiphone C 
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TABLE VII Continued 

Asteroid Classifications 

Minor Planet Class Remarks 

469 Argentina EMP 
470 Kilia S 
471 Papagena S 
472 Roma S 
475 Ocllo EMP 
476 Hedwig P 
477 ltalia S 
478 Tergeste S 
480 Hansa S 
483 Seppina S 
488 Kreusa C 
496 Gryphia S 
497 Iva N 
498 Tokio M 
499 Venusia P 
505 Cava FC 
506 Harion EdPS 
508 Princetonia C 
509 Iolanda S 
511 Davida C 
512 Tnurinensis S 
514 Armida EMPC 
515 Athalia U Spectrum, albedo incompatible 
519 Sylvania S 
521 Brixia C 
522 Helga EMP 
526 Jena B 
529 Preziosa S 
530 Turandot F 
532 Herculina S 
536 Merapi EMP 
540 Rosamunde S 
548 Kressida S 
549 Jessonda S 
551 Ortrud EMPC 
554 Peraga FC 
556 Phyllis S 
558 Carmen M 



84 

TABLE VII Continued 

Asteroid Classifications 

Ninor Planet Class Remarks 

559 Nanon C 
562 Salome S 
563 Suleika S 
566 Stereoskopia C 
570 Kythera ST (TS,ST) 
571 Dulcinea S 
579 Sidonia S 
582 Olympia S 
583 Klotilde C 
584 Semiramis S 
588 Achilles DU 
593 Titania C 
599 Luisa S 
602 Marianna C 
606 Brangane TSD 
613 Ginevra P 
616 Elly S 
617 Patroclus P 
U8 Elfriede C 
622 Esther S 
624 Hektor D 
626 Notburga CEMP 
631 Phi1ippina S 
635 Vundtia C 
639 Latona S 
640 Brambilla G 
643 Scheherezade P 
648 Pippa EMPC 
650 Amalasuntha 
651 Antikleia S 
653 Berenike S 

654 Zelinda C 
659 Nestor EMPC 
660 Crescentia S 
661 Cloelia S 
663 Gerlinde EMP 
664 Judith EMPC 
675 Ludmilla S 
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TABLE VII Continued 

Asteroid Classifications 

Minor Planet Class Remarks 

686 Gersuind S 
687 Tinette EHP 
692 Hippodamia S 
695 Bella S 
699 Hela S 
702 Alauda C 
704 Interamnia F 
705 Erminia EMP 
712 Boliviana C 
713 Luscinia C 
714 Ulula S 
721 Tabora D 
725 Amanda CSU 
733 Mocia CF 
739 Mandeville EMP 
740 Cantabia CEMP 
746 Marlu P 
748 Simeisa P 
750 Oskar F 
751 Faina C 
755 Quintilla M 
757 Portlandia EMPF (EMP,EMPF) 
761 Brendelia SC 
762 Pulcova F 
768 Struveana EMP 
771 Libera EHP 
772 Tanete C 
773 Irmintraud D 
775 Lumiere S 
776 Berbericia C 
778 Theobalda F 
785 Zwetana M 
786 Bredichina C 
790 Pretoria P 
791 Ani C 
798 Ruth M 
801 Helwerthia EMPC 
804 Hispania PC 
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TABLE VII Continued 

Asteroid Classifications 

Minor Planet Class Remarks 

805 Hormuthia CEMP 
811 Nauheima S 
821 Fanny C 
838 Seraphina P 
849 Ara M 
851 Zeissia S 
860 Ursina 1'1 
863 Benkoela A 
864 Aase S 
873 Mechthild PC (p,PC) 
877 Wa1kure F 
880 Herba F 
884 Priamus D 
£,87 Alinda S 
897 Lysistrata S 
901 Brunsia S 
907 Rhoda C 
909 UUa EMP 
914 Palisana CU 
925 Alphonsina S 
931 Whittemora M 
937 Bethgea S 
945 Barcelona S 
946 Poesia FU 
951 Gaspra S 
958 Asplinda 
962 Aslog S 
969 Leocadia FEHPU: 
974 Lioba S 
980 Anacostia SU 
996 Hilaritas B 

1001 Gaussia PC 
1012 Sarema F 
1019 Strackea S 
1021 Flammario F 
1025 Riema E 
1028 Lydina C 
1036 Ganymed S 
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TABLE VII Continued 

Asteroid Classifications 

Minor Planet Class Remarks 

1038 Tuckia DTU: (DU: ,DTU:) 
1047 Geisha S 
1061 Paeonia C 
1076 Viola F 
1078 Mentha S 
1080 Orchis F 
1087 Arabis S 
1088 Mitaka S 
1103 Sequoia E 
1105 Fragaria ST 
1108 Demeter CEHP 
1124 Stroobantia EMP 
1133 Lugduna S 
1139 Atami S 
1143 Odysseus D 
1144 Oda D 
1146 Biarmia EMP 
1148 Rarahu S 
1154 Astronomia FEMPU: 
1162 Larissa P 
1167 Dubiago D 
1170 Siva S 
1171 Rusthawelia P 
1172 Aneas D 
1173 Anchises P 
1177 Gonnessia EMPFU (EMPU,EMPFU) 
1180 Rita P 
1185 Nikko S 
1208 Troilus FCU 
1212 Francette P 
1215 Boyer S 
1236 Thais T 
1245 Calvinia S 
1249 Rutherfordia S 
1251 Hedera E 
1256 Normannia D 
1266 Tone P 
1268 Libya P 
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TABLE VII Continued 

Asteroid Classifications 

Minor Planet Class Remarks 

1269 Rollandia D 
1275 Cimbria EMP 
1277 Dolores C 
1280 Baillauda. EMP 
1284 Latvia T 
1307 CiImlJeria S 
1310 Villigera S 
1336 7.eelandia S 
1342 Brabantia EMP 
1345 Potomac EMP 
1350 Rosselia S 
1355 Nagoeba EMP 
1390 Abastumani P 
1391 Carelia S 
1418 Fayeta S 
1422 Stromgrenia S 
1434 Margot S 
1439 Vogtia EMPFU (EMPU,EMPFU) 
1442 Corvina S 
1445 Konkolya C 
1453 Fennia S (SU,S) 
1461 Jean-Jacques M 
1467 Mashona GC 
1493 Sigrid F 
1508 Kemi BCF (BC,CFU) 
1509 Esclangona S 
1512 Oulu P 
1529 Oterma P: 
1556 Wingolfia EMPC (ENP,ENPC) 
1564 Srbija EMP 
1576 Fabiola BU 
1578 Kirkwood D 
1579 Herrick F 
1581 Abanderada BCU (BCU: ,BCU) 
1583 Antilochus D 
1584 Fuji S 
1601 Patry S 
1604 Tombaugh EMPSCU (ENPSU,EMPCU) 
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TABLE VII Continued 

Asteroid Classifications 

Minor Planet Class Remarks 

1606 Jekhovsky C 
1615 Bardwell B 
1619 Ueta S 
1620 Geographos S 
1625 The NDRC C 
1627 Ivar S 
1644 Rafita S 
1650 Heckmann F 
1655 Comas Sola EMPFU (EMPU,EMPFU) 
1657 Roemera 
1665 Gaby S 
1691 Dort CU 
1693 Hertzsprung CBU (CU,CBU) 
1700 Zvezdara EMP 
1711 Sandrine S 
1724 Vladimir CFBU: : (CBU:: ,FCU::) 
1740 Paavo Nurmi F 
1746 Brouwer D 
1748 Mauderli D 
1754 Cunningham P 
1768 Appenzella F 
1794 Finsen C 
1796 Riga ENPFCU (EMPCU,EMPFU) 
1815 Beethoven F 
1842 Hynek S 
1b62 Apollo Q 
1863 Antinous SU 
1865 Cerberus S 
1867 Deiphobus D 
1902 Shaposhnikov EMP 
1911 Schubart P 
1915 Quetzalcoatl SMU (MSU: ,Sl1U) 
1919 Clemence EMP 
1920 Sarmiento EMP 
1943 Anteros S 
1963 Bezovec C 
1990 Pilcher S 
2001 Einstein EMP 
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TABLE VII Continued 

Asteroid Classifications 

Minor Planet Class Remarks 

2010 Chebyshev BU: 
2035 Stearns E 
2048 Dwornik E 
2050 Francis S (SU,S) 
2052 Tamriko S 
2060 Chiron B 
2067 Aksnes P 
2081 Sazava F 
2083 Smither EMP 
2090 Mizuho S 
2100 Ra-Shalom C 
2;11 Tselina S 
2131 Hayall S 
2139 Makharadze F 
2156 Kate S 
2196 Ellicott CFEMPU (CFU,F) 
2207 Antenor D 
2208 PU!Jhkin D 
2223 Sarpedon DU 
2241 1979 WM D 
2246 Bowell D 
2260 Neoptolemus DTU: 
2266 Tchaikovsky D 
2272 1972 FA S 
2278 1953 GE FC 
2279 Barto F 
2311 El Leoncito D 
2312 Duboshin D 
23/-+5 Fucik s 
2357 Phereclos D 
2363 Cebriones D 
2375 1975 AA D 
2379 Heiskanen C 
2405 1963 UF BCU: 
2407 1973 DH C 
2411 Zellner S 
2449 1978 GC E 
2491 1977 CB EMP 
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TABLE VIr Continued 

Asteroid Classifications 

Minor Planet Class Remarks 

2501 Lohja A 
2510 Shandong S 
2577 Litva EU See text 
2674 Pandarus D 
2735 Ellen SDU: : 
2744 Birgitta S 
2760 1980 TU6 EMP 
2809 1978 QW2 BEMPF (BEMP,BF) 
2830 Greenwich S 
'1893 1975 QD D 

1979 VA CF 
1980 WF QU 
1981 LA TS 
1981 QA QRS (QRU,QRS) 
1981 QF2 F 
1981 VB CG 
1982 DV S See text 
1982 RA S 
1982 XB S 
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77 Frigga 

This object classifies as an unambiguous D based only on its 

spectrum. The albedo is moderate, however, unlike all the other D's. 

Therefore it was assigned to the next closest spectral class: X. 

Classes E and P are eliminated by the albedo, leaving M. U is appended 

in the standard way. 

317 Roxane 

Spectrally, this object classifies as an FC, but its very high 

albedo places it among the E's. The object's distance from the center 

of the X spectral class is not excessive, however, so an unambiguous E 

survives. 

515 Athalia 

This object classifies as an unambiguous 3, based on the 

eight-color spectrum. The albedo is quite low, however, excluding it 

from the S class. In addition, the object is a member of the Themis 

family, which others have found to be a rather homogeneous family, 

consisting of C-type 00jects (Tedesco, 1979). The albedo is consistent 

with the classification suggested by the family membership. It seems 

unlikely that a field star could so closely resemble ~n S-type asteroid. 

No other numbered asteroids were within a degree of this object at the 

time it was measured, and no suggestion of a misidentification exists in 

the photometry log. Possibly the wrong name was entered into the log. 

At any rate, we have a very unusual combination of family membership, 

spectral class, and albedo here, and I recommend that the object be 
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reobserved both spectrophotometrically and radiometrically to resolve 

this problem. In the meantime, this object is classified as a U, the 

only such stand-alone U among the 589. 

2577 Litva 

Spectrally, this object classifies as a TS. The albedo is very 

high, however, which suggests the E classification. Litva is a Hungaria 

asteroid, and as will be pointed out in the next chapter, E-class 

asteroids make up a rather large fraction of the Hungaria population. 

Hence the E classification seems plausible, yet the spectrum IS 

unusually red, but otherwise featureless. The E classification is 

adopted with U appended in the standard way. 

1982 DV 

This object classifies as an unambiguous S, but the albedo is 

much higher thAn for typical S asteroids. The asteroid is a small 

earth-approaching object, with a lightcurve amplitude of one magnitude. 

The standard thermal model used to derive the albedo assumes a spherical 

shape. A thermal model more appropriate for this type of object would 

almost certainly yield an alhedo more typical of S-types. For this 

reason, the S classification is allowed to stand, and the albedo will be 

excluded from class averages. 

Tabulation of Class Characteristics 

Table VIII summarizes some of the spectral characteristics of 

each spectral class (E, M, and P are lumped together under the X 



TABLE VIII 

Mean Color Indices, Ranges, and Standard Deviations 
for the Twelve Spectral Classes 

Spectral Class 
No. in sample s-v u-v b-v v-w v-x v-p 

High 1.106 0.836 0.434 0.339 0.276 0.214 
A class Low 0.937 0.703 0.332 0.277 0.166 0.056 

4 Mean 1.015 0.779 0.381 0.305 0.240 0.141 
Std. Dev. 0.083 0.058 0.042 0.068 0.051 0.073 

High 0.233 0.125 0.002 0.022 -0.012 -0.029 
B class Low 0.167 0.060 -0.032 -0.060 -0.088 -0.106 

6 Mean 0.192 0.098 -0.015 -0.011 -0.038 -0.062 
Std. Dev. 0.025 0.027 0.017 0.027 0.028 0.034 

High 0.380 0.247 0.078 0.069 0.075 0.080 
C class Low 0.0% 0.062 -0.040 -0.042 -0.038 -0.070 

88 Mean 0.245 0.155 0.024 0.003 0.019 0.019 
Std. Dev. 0.064 0.044 0.025 0.025 0.029 0.033 

High 0.279 0.214 0.136 0.194 0.321 0.431 
D class Low 0.044 0.059 0.025 0.098 0.183 0.231 

26 Mean 0.128 0.103 0.067 0.153 0.273 0.340 
Std. Dev. 0.052 0.038 0.027 0.024 0.031 0.055 

High 0.088 0.050 -0.025 0.027 0.031 0.013 
F class Low -0.070 -0.073 -0.079 -0.017 -0.046 -0.074 

v-z 

0.130 
-0.083 

0.034 
0.096 

-0.045 
-0.197 
-0.100 

0.055 

0.144 
-0.093 

0.028 
0.045 

0.487 
0.226 
0.367 
0.066 

-0.006 
-0.176 

13 Mean 0.020 -0.014 -0.049 0.008 -0.013 -0.032 -0.066 
Std. Dev. 0.045 0.036 0.016 0.014 0.025 0.029 0.050 

High 0.454 0.32/ 0.098 0.021 -0.001 0.023 0.029 
G class Low 0.391 0.263 0.047 -0.052 -0.014 -0.023 -0.031 

5 Mean 0.420 0.290 0.069 -0.020 -0.005 -0.002 -0.003 
Std. Dev. 0.026 0.025 0.021 0.030 0.005 0.022 0.025 

94 



95 
TABLE VIII Continued 

Spectral Class 
No. in Sample s-v u-v b-v v-w v-x v-p v-z 

High 
Q type Low 

1 Mean 0.746 0.434 0.153 0.091 -0.042 -0.163 -0.168 
Std. Dev. 

High 
R type Low 

1 Hean 0.765 0.567 0.254 0.190 -0.042 -0.124 -0.008 
Std. Dev. 

High 0.850 0.619 0.294 0.282 0.290 0.302 0.318 
S class Low 0.365 0.279 0.085 0.077 0.054 0.003 -0.058 

144 Nean 0.552 0.419 0.188 0.169 0.159 0.138 0.160 
Std. Dev. 0.105 0.075 0.041 0.034 0.050 0.057 0.075 

High 0.353 0.271 0.123 0.146 0.254 0.290 0.357 
T class Low 0.296 0.223 0.092 0.093 0.187 0.202 0.160 

4 Mean 0.316 0.239 0.105 0.116 0.215 0.226 0.223 
Std. Dev. 0.027 0.022 0.014 0.023 0.029 0.043 0.091 

High 
V type Low 

1 Mean 0.652 0.428 0.142 0.085 -0.168 -0.268 0.004 
Std. Dev. 

High 0.270 0.216 0.085 0.113 0.200 0.220 0.257 
X class Lowa -0.067 -0.060 -0.043 0.020 0.013 -0.005 0.028 

(EMP) Hean 0.117 0.080 0.028 0.068 0.105 0.123 0.132 
73 Std. Dev. 0.082 0.051 0.025 0.022 0.039 0.042 0.050 

a
Low value for s-v is -0.160, due to the (probably) erroneous 
measurement of 1180 Rita. Second lowest value has been used ~n 

table. 
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TABLE IX 

Mean Albedos, Ranges, 
and Standard Deviations for the Fourteen Classes 8 

No. ~n 

Class Sample High Low Mean Std. Dev. 

A 3 1.345 2.285 1. 697 0.512 
0.290 0.122 0.210 0.099 

B 6 2.222 2.950 2.640 0.265 
0.129 0.066 0.088 0.021 

C 41 3.055 4.302 3.530 0.243 
0.060 0.019 0.039 0.009 

D 19 3.443 4.145 3.793 0.191 
0.042 0.022 0.030 0.005 

E 8 0.637 1.125 0.924 0.165 
1.556 0.355 0.427 0.065 

F 10 3.055 3.738 3.489 0.216 
0.060 0.032 0.040 0.008 

G 5 2.887 3.468 3.149 0.123 
0.070 0.041 0.055 0.006 

M 21 1.733 2.857 2.325 0.330 
0.203 0.072 0.117 0.036 
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TABLE IX Continued 

No. in 
Class Sample High Low Mean Std. Dev. 

p 23 3.275 4.050 3.790 0.214 
0.049 0.024 0.030 0.006 

Q 1 1. 695 
0.210 

R 1. 510 
0.249 

S 73b 1. 533 2.730 2.030 0.247 
0.244 0.081 0.154 0.035 

T 1 3.443 
0.042 

V 1 1. 510 
0.249 

aFirst line gives values in units of -2.5 log Pv· 
Second line gives value in units of Pv. 

b Albedo for 1982 DV was not included. See text. 
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designation adopted earlier}. For each class and each color index, the 

highest and lowest values of the color index are tabulated, along with 

the mean and standard deviation for the members of the class. The 

number of unambiguous members of the class is also indicated beneath 

each class designation. 

Table !X provides essentially the same type of information, but 

this time for the albedo. The E, M, and P classes are necessarily 

separated for this table; as such there are listings for fourteen 

different classes of asteroid spectral reflectivities. 

Figure 8 shows the domains of the asteroid spectral classes on a 

principal component plot. Only unambiguously classified asteroids have 

been plotted. Mean spectra for each of the spectral classes are shown 

in Figs. 9 through 12. The ordinate in all cases has units of stellar 

magnitudes, and the tic marks are drawn at intervals of 0.2 mag. Figure 

13 shows sample spectra for four different regions of the S class, 

indicating the diversity of spectra mentioned earlip.r. The double 

subscript indicates a relative measure of the first and second principal 

component scores on a scale of 1 to 5, with a larger value of the 

component score indicated by a larger subscript. Thus S13 represents a 

typical spectrum from the left center portion of the S field, and S45 

represents a typical spectrum from the upper right portion of the field. 

The albedo information is displayed graphically in Figs. 14-18 

along with the first principal component. The ordinate in all cases has 

units of stellar magnitudes again, with smaller numerical values 

representing higher albedos. 
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Fig. 8. Domains of the asteroid classes. 
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Fig. 9. Mean spectra for the B, C, F, and G asteroid cla~~e~. 
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Fig. 10. Mean spectra for the D, T, and spectrally degenerate E, 
M, and P asteroid classes. 
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Fig. 11. Mean spectra for the A and S asteroid classes. 
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Fig. 12. Mean spectra for three unique asteroids: 1862 Apollo 
(Q), 349 Dembowska (R), and 4 Vesta (V). 
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Fig. 13. Sample spectra for different asteroids in the S class. 
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Fig. 14. Albedo versus first principal component for 234 asteroids 
with high-quality eight-color spectra and radiometrically determined 
albedos. 

In this and subsequent figures showing albedos, the ordinate has 
units of -2.5 log(albedo). Hence the ordinate is in astronomical 
magnitudes, with smaller values representing higher albedos. 
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Fig. 15. Albedo versus first principal component for spectrally 
degenerate asteroids in the E, M, and P classes. 
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Fig. 16. Albedo versus first principal component for asteroids in 
the Band C classes. 
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Fig. 17. Albedo versus first principal component for asteroids 1n 
the F, G, S, and T classes. 
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Fig. 18. Albedo versus first principal component for asteroids in 
the A and D classes, plus thE: ... ;:,i'1:;.:o a:;i..ozG;.<!;:; 1862 ApcIJIG (Q), 3lf9 
Dembowska (R), and 4 Vesta (V). 
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Note the distinctive tri-modality of the E, M, and P asteroid 

albedos in Fig. 15. Figure 16 shows the Band C asteroids, and the 

horizontal line represents the only hard (and somewhat arbitrary) 

"boundary" used in this classification scheme. The lines in the 

remaining diagrams are used only for ~isual display purposes and do not 

represent any sort of boundaries. 



CHAPTER 6 

DISTRIBUTION OF ASTEROID CLASSES 

Up to this point, the eight-color and albedo data have been used 

only to perform a principal component analysis and to produce a new 

taxonomic scheme, which was subsequently used to generate 

classifications for the observed asteroids. By itself, the taxonomy 

doesn't tell us much about the asteroid belt; it does show the degree of 

variety that exists within the belt, but little else. The taxonomy 

does, however, represent a powerful tool that can be applied in several 

ways to increase our kp.owledge of the origin and evolution of the 

asteroid belt. 

The Distribution of Asteroid Classes with Heliocentric Distance 

One area of particular interest that has frequently made use of 

asteroid classifications is the distribution of asteroid classes with 

heliocentric distance. Two of the most recent examinations of asteroid 

type distributions are by Zellner (1979) and Gradie and Tedesco (198La). 

Zellner concluded that the main-belt population consisted essentially of 

75 percent C, 15 percent S, and 10 percent other classes of asteroids. 

In particular, the fraction of asteroids of type S appeared to decrease 

smoothly as a function of semimajor axis with an exponential scale 

length of 0.53 AU, and the fraction of asteroids that are neither C or S 

appeared to decrease with a scale length of 0.96 AU, leaving the C's as 

III 
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the dominant asteroid class in the outer portion of the main belt. 

Gradie and Tedesco used a preliruinary (and incomplete) version of the 

eight-color data analyzed here to reex?mine the heliocentric 

distribution of the classes, with particular attention given to the 

asteroids in the outer belt, that is, the objects beyond the strong 2:1 

resonance with Jupiter, a region of the belt that had been emphasized in 

the eight-color survey. They concluded that the asteroid belt is sorted 

into at least si~ com~ositinnally distinct regions, which argued in 

favor of the asteroids forming at or near their present locationr.. 

Again, the S asteroids were shown to be dominant at the inner edge of 

the main belt, and the C asteroids dominated at the outer edge of the 

main belt. However, beyond the 2:1 resonance, they noted that the 

fraction of C asteroids falls off rapidly, while the fraction of D 

asteroids ir.creases rapidly. 

Now that the data are no longer in preliminary form and a new 

taxonomic scheme has been developed, the analysis can be repeated. In 

fact, this work is presently underway and will be published by Tedesco, 

Gradie, and Tholen in the near future. Although the basic conclusion of 

G~3die and Tedesco remains unchapged, the details of the distribution 

will change somewhat. Before examining these details, let's look at 

where the various asteroid classes are located. 

Table X shows the raw distribution of the asteroid classes as 

found by the classification scheme presented here. The fourteen classes 

are indicated at the top and the various orbital element zones of 

Zellner, Thirunagari, and Bender (1984) are shown on the left. The 
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TABLE X 

Distribution of the Asteroid Classes 

Zone A B C D E F G M P Q R S T V 

AAA 2 11 

HU 7 5 

MC 1 4 

I 6 2 1 34 1 

FL 1 1 36 

PHD 5 7 

IIa 1 27 2 1 9 4 35 3 

IIb 1 19 2 2 5 23 

NY 1 13 2 

IlIa 1 11 1 6 3 5 

IIIb 1 28 3 4 3 6 2 7 

KDR 12 

EDS 1 17 

THE 9 6 2 

CYB 8 5 2 8 1 

HIL 1 8 12 

T 14 2 

z 2 1 
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zones are arranged roughly in order of increasing heliocentric distance. 

The abbreviations are as follows: AAA = Apollo/Amor/Aten (the 

earth-approaching population with perihelia less than 1.3 AU), HU = 

Hungaria region (semi-major axes between 1.B and 2.0 AU just inside of 

main belt), MC = Mars crossers, I = main-belt zone I, FL : Flora region 

(inside edge of main belt), PHD Phocaea region, IIa = main-belt zone 

IIa, lIb = main-belt zone lIb, NY = Nysa region (semi-major axes near 

2.4 AU), IlIa = main-belt zone IlIa, IIIb = main-belt zone IIIb, KOR = 

Koronis family (semi-major axes near 2.9 AU), EuS = Eos family 

(semi-major axes near 3.0 AU), THE = Theilli::; family (semi-major axes near 

3.1 AU), CYB = Cybele group (outer belt between 2:1 and 5:3 resonances), 

HIL = Hilda group (near 3:2 resonance), T = Trojan asteroids (L4 and L5 

Lagrangian points in Jupiter's orbit), and Z = none of the above. The 

table shows the number of asteroids in each zone with the indicated 

classifications. When tallying the numbers, only asteroids with 

unambiguous classifications were used. Those asteroids with appended 

U's or colons but otherwise unambiguous classifications were included. 

The table shows some of the grosser features of the asteroid 

belt, which can be compared with the distribution given by Gradie and 

Tedesco. Their study showed that at about 1.9 AD, 70 percen[ of the 

asteroids are of classes E and R. The principal component plots and the 

subsequent taxonomic classifications clearly show that the R class 

consists of only one member: 349 Dembowska. Thus no R asteroids exist 

in the 1.9 AU zone. The study also showed that the M and F asteroids 

represent only a small fraction of the asteroid population between abollt 
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2.3 and 3.2 AU, peaking at about 2.7 AU. We now know, however, that the 

F' asteroids really represent only an end member of the C class, and for 

purposes of examining the heliocentric distribution, the B, F, and G 

asteroids identified here should probably be reabsorbed into the C 

class. On the other hand, the A asteroids were not even considered in 

the earlier work (the class didn't even exist yet!). Table X shows that 

they are found in essentially the same region of the belt as the M 

asteroids. This coincidence is of some curiosity. The spectr.:! and 

albedos of M ~~t~roids are consistent with nickel-iron compositions, 

which could represent the high-density cores of differentiated parent 

bodies. Cruikshank and Hartmann (1984) have confirmed that the A class 

represents asteroids of relatively pure olivine surface composition. 

Differentiation of an idealized ordinary chondritic parent body can 

result in a mantle consisting of relatively pure olivine. 

Unfortunately, the family associations between A and M asteroids that 

might strengthen the argument for a common origin don't exist. Only one 

of the known A asteroids is associated with a Williams (1979) dynamical 

family; 446 Aeternitas is a member of family 67, which includes 1 Ceres 

(G-class), 39 Laetitia, 264 Libussa, and 374 Burgundia (all S-class). 

In addition, no asteroids with the tell-tale pyroxene-feldspar crust 

material have been found in that region of the belt, although they could 

be small enough to have escaped discovery or observation. 

I should emphasize that the numbers in Table X do not represent 

the actual distribution of asteroids in the belt and therefore cannot be 

compared directly to Fig. 1 of Gradie and Tedesco (1982). The results 
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in the table are biased in three ways. First, there is what I call the 

observational bias. Our selection of targets for observations was not 

made in random fashion. Second, there is the discovery bias. Our 

targets were selected from the known asteroid population. At the 

smaller diamete~s, however, our inventory is incomplete. For example, 

the known asteroid population is, for a given distance and diameter, 

biased against low albedo objects. Third, there is the family bias. If 

one large, homogeneous parent body is fragmented, the result will be a 

much larger number of smaller bodies with the same compositions. This 

type of bias is demonstrated in Table X by the Nysa family. Thirteen of 

the asteroids are F objects, which probably originated inside the same 

parent body. If the number thirteen is replaced by a one, the 

distribution of F asteroids seems much more uniform. Thus to correctly 

compute the relative populations of the asteroid classes, observational 

biases need to be corrected for. Such work is already underway and will 

be included in the aforementioned paper by Tedesco, Gradie, and Tholen. 

Interesting Regions of the Asteroid Belt 

Certain regions of the asteroid belt were felt to be interesting 

at the start of the observational phase of the project, namely the 

outer-belt population (beyond the 2:1 resonance) and the inner-belt 

population (inside of 2.2 AU), including the earth-approaching objects, 

and these regions were given special attention during the co~rse of the 

survey. As observations in the main belt progressed, occasionally we 

came across an interesting object which encouraged further observations 
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of similar objects. In this section we'll take a quick look at some of 

these interesting regions. 

Earth-approaching asteroids 

Earth-approaching asteroids are interesting objects to examine 

for several reasons. First of all, they represent some of the most 

easily accessible objects in the solar system, and thus have potential 

for serving as sources of raw materials. Second, they are almost 

certainly responsible for delivering many of the meteorites to earth. 

Third, the remnants of "dead" comets can be expected to be found among 

the populat ion. Fourth, they provide an opportunity to examine the 

small-diameter end of the asteroid population; asteroids of similar size 

in the main belt are either uncatalogued or almost always hopelessly 

faint to observe. 

Seventeen eartll-approaching asteroids were observed during the 

course of the survey. They are tabulated, along with their taxonomic 

classifications and estimated diameters, in Table XI. All except two of 

the objects are reddish. There is quite a bit of variation among these 

reddish objects in the depth of the i~frared absorption feature. Most 

have fairly shallow features and fall in the S taxonomic class. 1862 

Apollo, however, has a spectrum intermediate of Vesta and Dembowska, and 

at least one (1980 WF) and possibly a second (1981 QA) object can also 

be placed in Apollo's spectral class. This is a surprising result; 

among the several hundred main-belt asteroids observed, no other Vesta

or Dembowska-like objects have been found, yet two or three exist in the 
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TABLE XI 

Classifications of Earth-Approaching Asteroids 

Minor Planet Class Diameter Group 

2100 Ra-Shalom C 2.9 km Aten 

1620 Geographos S 1.5 km Apollo 
1862 Apollo Q 1.5 Apollo 
1863 Antinous SU 1.7 Apollo 
1865 Cerberus S 1.5 Apollo 

1979 VA CF 3.7 Apollo 

433 Eros S 23 km Amor 
887 Alinda S 4.3 Amor 

1036 Ganymed S 41 AIDor 
1627 Ivar S 7.9 Amor 
1915 Quetzalcoatl SMU 0.37 Amor 
1943 Anteros S 2.2 AIDer 

1980 WF QU 0.26 Amer 
1981 QA QRS 1.4 Amor 
1982 DV S 1.7 AIDer 
1982 RA S 3.2 Amor 
1982 XB S 0.36 Amer 
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small sample of earth-approaching asteroids! I see two possibilities: 

(1) either this enhancement of Vesta- or Dembowska-like objects is 

unique to the earth approaching population, or (2) the distribution of 

asteroid classes is different for the larger- and smaller-diameter 

populations. In theory, the latter hypothesis could be tested by 

observing a number of objects in the main belt with diameters on the 

order of a kilometer, but in practice, no main-belt asteroids that small 

are known, and i£ some were. they would be approximately blue magnitude 

22 and impossible to observe with the same equipment. 

Attempting to do a more formal bias-free distribution of classes 

is next to impossible for the earth-approaching population. The 

observational bias is not bad; at least some physical data have been 

obtained on over half the known population. The discovery bias, 

however, is not a simple function of albedo and distance, as it is for 

most mRin- an~ outer-belt objects. Discovery of these objects has 

largely been a matter of luck, aiming the telescope at the right place 

at the right time. 

Hungaria Region 

Hungaria asteroids typically have orbital semi-major axes 

between 1.B and 2.0 AU, placing them just inside the main belL, and 

inc:inatio"~ in ex~e~S of about 16 degrees. Much of the interest in the 

region was stimulated by the existence of one of the rare E-class 

asteroids in the region, 434 Hungaria, a member of Williams' dynamical 

family 190 (Williams, 1979). The region can be divided into three 
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parts: family 190, family 191, and the remainder. Families 190 and 191 

both have six known members (Williams, private communication). Five of 

the 190 members, four of the 191 members, and ten others have been 

observed. They are tabulated, along with their classifications, in 

Table XII. 

Note that the existence of a "rare" E-class asteroid in the 

Hungaria region is not quite so unusual anymore. Three of the five 190 

members are now known to be weTbers of the E-c1ass, and the remaining 

two could very well be members, pending measurement of their albedos. 

Family 190 could conceivably consist entirely of E-class asteroids. The 

E's are apparently not confined to fa~ily 190, however. A couple of 

non-family members have been identified as E's in the region, and one 

may exist in family 191. 

The apparent homogeneity of family 190 could present somewhat of 

a geochemical problem. The E spectrum has most often been believed to 

represent an enstatite achondritic composition. The iron present in the 

parent body would be removed by differentiation. If this scenario is 

the case, where is the iron? Unfortunately, the spectrum of metallic 

iron is quite similar to that found for E asteroids. In this case, the 

albedo is the key distinguishing parameter. ~learly, before any hArd 

conclusions can be reached about the Hungaria region, the objects 

classified as EMP need to have their albedos determined. 
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TABLE XII 

Classifications of Hungaria Region Asteroids 

Minor Planet Class Family 

434 Hungaria E 190 
1103 Sequoia E 190 
1919 Clemence EMP 190 
1920 Sarmiento EMP 190 
2048 Dwornik E 190 

1019 Strackea S 191 
1355 Magoeba EMP 191 
1453 Fennia S 191 
1509 Esclangona S 191 

1025 Riema E 
2001 Einstein EMP 
2083 Smither EMP 
2131 Mayall S 
2272 1972 FA S possible family 191 member 
2449 1978 GC E 
2491 1977 CB EMP 
2577 Litva EU 
2735 Ellen SDU: : 

1981 LA TS in vicinity of family 190 

2035 Stearns E Mars crosser resembling a 
Hungaria 
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Family 174 (Feronia Family) 

Unfortunately, only one member of family 174 has been observed 

in the survey: 336 Lacadiera. This object, however, represents one of 

only five asteroids identified as members of the D-class within the main 

belt, and the only one of the five associated with a dynamical family. 

In addition, the asteroid is located in the Flora region at the inner 

edge of the ma~n belt, about as far as one can get from the 

concentrations of D's in the outer belt, and imbedded in a region that 

is dominated by S-class asteroids. UBV photometry is available for one 

other family 174 member: 72 Feronia (Bowell et a1. ~ 1979). The 

classification for this object is ambiguous due to the limited 

wavelength coverage available, but the D class is a distinct 

possibility. Certainly family 174 is in need of further study in order 

to determine the origin of this (these) out-of-place asteroid(s). 

Family 24 (Nysa Family) 

Once again, the existence of a rare E-class astp.roid encouraged 

observations of other family members. This time, however, the E 

asteroid was 44 Nysa, and the results for its family, Williams' 

dynamical family 24, were quite different from those of family 190 (see 

Table XlIi). With the exception of Nysa itself, all other members of 

the tamily classify either as unambiguous F's or as mUltiple designation 

objects with F as the preferred class. (Even 650 Amalasuntha lies 

closer to the F class than any of the others, but due to the high noise 

level in the spectrum, the classification was rejected.) In fact, the 
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TABLE XIII 

Classifications of Nysa Family Members 

Minor Planet Class Remarks 

44 Nysa E 
142 Polana F 
650 Amalasuntha 
750 Oskar F 
877 Walkure F possible family 24 member 
969 Leocadia FEMPU 

1012 Sarema F possible family 24 member 
1076 Viola F 
1493 Sigrid F 
1650 Heckmann F 
1740 Paavo Nurmi F 
1768 Appenzella F 
2081 Sazava F 
2139 Makharadze F 
2278 1953 GE FC 
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Nysa family is the largest "supplier" of F-class asteroids, though not 

the only source. If the Nysa family was disregarded, the number of 

F-class asteroids would indeed be rather small. This family has been 

surveyed perhaps deeper than any other main-belt family, yet no other 

E-class objects have been found. Could Nysa itself be an interloper? 

Until another E is found, the doubt could linger, and in this case our 

understanding of the geochemistry of the parent body depends on knowing 

which objects are true family members. Another question to consider is 

if Nysa itself and the other family members ~ derived from the same 

parent body, why are there no F asteroids in the Hungaria region? Or 

could there be F asteroids among the Hungarias that have simply gone 

undiscovered because of their low albedos? Once again, biases in the 

data make interpretations difficult. 

Families 1 and lA (Themis Family) 

The Themis family is the largest and one of the most easily 

recognized asteroid families (Gradie, Chapman, and Williams, 1979). It 

lies in the outer part of the main belt, which is dominated by C-class 

asteroids. In the old taxonomic system, most of the objects in the 

Themis family were classified as C, which was nothing unusual. However, 

Gradie and Tedesco (1982b) noted that the model albedos were 

systematically higher for smaller family members, beginning at a 

diameter of about 50 km. In addition, Tedesco (1979) had inferred 

compositional homogeneity among Themis family asteroids, based on his 

UEV photometry of many family members. Now that more extended 
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wavelength coverage has been obtained, another look at the f~~ily can be 

made. Table XIV summarizes the classifications of the family members 

observed in the survey. Note the large number of objects classifiable 

as B. In fact, as the Nysa family was with the F asteroids, the Themis 

family is the principal supplier of B-class asteroids. As noted above, 

very few B asteroids exist outside of the Themis family. The B 

asteroids, of course, are essentially C asteroids with slightly higher 

than normal albedos, and usually, but not always, have spectra that drop 

off into the infrared. Just how much a difference in surface properties 

is necessary to account for the difference between Band C asteroids is 

not yet known. 

Of course, as pointed out in the previous chapter, the B 

asteroids are not really that different from the C's. Therefore the 

inferr~d compositional homogeneity of the Themis family essentially 

remains intact. The unusual nature of 515 Athalia has already been 

pointed out, but even if we ignore it, 223 Rosa remains to complicate 

the picture. The classification of Rosa is uncertain because its albedo 

hasn't been measured, but whatever the result, the classification 

remains unique among the Themis family members. As with Nysa, could 

Rosa be an interloper? Once again the interpretation of the origin and 

evolution of the family depends on an accurate knowledge of the true 

members. 



TABLE XIV 

Classifications of Themis Family members 

Minor Planet Class Diameter a Family 

223 Rosa EMP 20/38/74 km 1 
268 Adorea FC 123 1 
379 Huenna C 76 1 
431 Nephele B 77 1 
946 Poesia FU 33 1 
996 Hilaritas B 26 1 

1691 Oort CU 35 1 
2010 Chebyshev BU: 21 1 

2Lf Themis C 220 km 1A 
62 Erato BU 61 1A 
90 Antiope C 130 1A 

171 Ophe lia C 113 1A 
222 Lucia BU 55 1A 
383 Janina B 36 lA 
515 Athalia U 35 lA 
526 Jena B 38 lA 

1445 Konkolya C 27 1A 
1576 Fabiola BU 26 1A 
1581 Abanderada BCU 26/39 1A 
1615 Bardwell B 33 lA 

~ultiple diameters are listed for those objects whose 
albedos are unmeasured or uncertain due to ambiguous 
classifications. Diameters were estimated using albedos 
either measured or assumed based on the mean for the 
indicated taxonomic class. 
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Family 2 (Eos Family) 

Members of the Eos family and their classifications are given in 

Table XV. The family lies at 3.0 AU, a region of the main belt 

dominated by C asteroids. So the existence of nearly all S asteroids in 

the Eos family is a strong argument for the homog~neity of the parent 

body. On the other hand, we have 798 Ruth to complicate the picture as 

was the case with the previously mentio~ed families. Ruth was observed 

in only five colors, however, so a slight error in the measured slope 

through the visual portion of the spectrum could easily change the 

classification from M to S (the albedo is not a constraining factor). I 

also note that the uncertainties of Ruth's color indices are quite high, 

so in this case reobservation of Ruth is called for before the 

homogeneity of the family is questioned. 

Family 3 (Koronis Family) 

The last of the big three families is the Koronis family, whose 

13 observed members and their classifications are tabulated in Table 

XVI. The Koronio family lies between 2.8 and 2.9 AU, again in the 

C-dominated region of the asteroid belt. With the exception of 761 

Brendelia, whose classification is uncertain (although S is still 

preferred), all the observed members are S asteroids, confirming the 

homogeneity assumed on the basis of more restricted wavelength coverage 

(UBV photometry). 
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TABLE XV 

Classifications of Eos Family Members 

Minor Planet Class Remarks 

221 Eos S 
339 Dorothea S 
529 Preziosa S 
562 Salome S 
579 Sidonia S 
639 Latona S 
651 Antikleia S 
653 Berenike S 
661 Cloelia S 
775 Lumiere S 
798 Ruth 11 five-color plus albedo 

1087 Arabis S 
1l0S Fragaria ST 
1148 Rarahu S near family 
1434 Margot S 
1604 Tombaugh EMPSCU 
1711 Sandrine S 
2052 Tamriko S 
2111 Tselina S possible family member 
2345 Fucik S possible family member 
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TABLE XVI 

Classifications of Koronis Family Members 

Minor Planet Class Remarks 

158 Koronis S 
167 Urda S 
208 Lacrimosa S 
243 Ida S 
277 Elvira S 
462 Eriphyla S 
761 Brendelia SC 
811 Nauheima S 
962 Aslog S 

1245 Calvinia S 
1336 Zeelandia S 
1350 Rosselia S 
1442 Corvina S 
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hilda Region 

We have virtually complete coverage of all known Hilda-region 

asteroids (see Table XVII). The observational bias is vanishingly 

small, and because no moderate- or high-albedo objects have ever been 

found in the Hilda region or beyond, the discovery bias is a simple 

function of asteroid size. Thus the distribution shown ip Table X is 

very nearly bias-corrected. About half the population are P asteroids, 

and nearly all the remainder are D's. The fraction of the population 

that is of class C is much smaller than that indicated by the 

preliminary study of Gradie and Tedesco (1982). 

Trojan Asteroids 

The most distant concentrations of known asteroids are in the 

Lagrangian points of Jupiter's orbit. The 19 observed members and their 

classifications are given in Table XVlII. A larger number of uncertain 

classifications exists among the Trojans because they are generally 

among the fainter asteroids we observed. Nevertheless, the trends are 

clear. Nearly every object belongs to the D class. This result is 

quite surprising because not a single D object has yet been found among 

the outer Jovian satellites (Tholen and Zellner, 1984), which lie at a 

similar heliocentric distance, although at an even larger heliocentric 

distance, the dark side of Saturn's satellite Iapetus has aD-class 

spectrum (Tholen and Zellner, 1983). These results might indicate that 

the D asteroids did not, in fact, form where they are now, contrary to 

the conclusion reached by Gradie and Tedesco, but we cannot rule out the 
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TABLE XVII 

Classifications of Hilda Asteroids 

Minor Planet Class Remarks 

153 Hilda P 
190 Ismene P 
334 Chicago C 
361 Bononia DP 
499 Venusia P 
748 Simeisa P 
958 Asplinda low albedo 

1038 Tuckia DTU: 
1144 Oda D 
1162 La.:-issa P 
1180 Rita P 
1212 FrQ~"ette P 
1256 Normannia D 
1268 Libya P 
1269 Rollandia D 
1345 Potomac EMP 
1439 Vogtia. EMPFU 
1512 Oulu P 
1529 Oterma P: 
1578 Kirkwood D 
1746 Brouwer D 
17.+8 Mauderli D 
1754 Cunningham P 
1902 Shaposhnikov EMP 
1911 Schubart P 
2067 Aksnes P 
2246 Bowell D 
2312 Duboshin D 
2760 1980 TU6 EMP 
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TABLE XVIII 

Classifications of Trojan Asteroids 

Minor Planet Class Remarks 

588 Achilles DU 
617 Patroclus P 
624 Hektor D 

659 Nestor EMPC 
884 Priamus D 

1143 Odysseus D 
1172 Aneas D 
1173 Anchises P ,. 
1208 Troilus FCU" 
1583 Anti10chus D 
1867 Deiphobus D 
2207 Antenor D 
2223 Sarpedon DU 
2241 1979 WM D 
2260 Neoptolemus DTU: 
2357 Phereclos D 
2363 Cebriones D 
2674 Pandarus D 
2893 1975 QD D 
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possibility that the outer Jovian satellites were formed elsewhere and 

subsequently captured into their present orbits with the aid of a 

gaseous envelo~e around proto-Jupiter in the early stages of solar 

system formation. 



CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

This work represents one of the first looks at the new data 

obtained by the eight-color and radiomet~ic surveys of the asteroid 

belt. Much more can be done, and certainly much more will be done over 

the next several years. This chapter reviews what we have learned from 

the work presented here and provides suggestions for work that can be 

done in the immediate future. 

Principal Component Analysis 

A principal component analysis of eight-color data reveals that 

95 percent of the variance in the seven color indices is contained in 

just two princip~l components. A closer examination of the correlation 

and rotation matrices shows why the seven color indices can be reduced 

to just two p£rameters: the eight-color system is essentially providing 

information on the two absorption features found in broad-band asteroid 

spectra between 0.3 and 1.1 pm. The first principal component shows a 

strong correlation with the depth of the Lltraviolet absorption feature, 

the more dominant of the two absorption features. The ultraviolet 

feature is attributed to Fe 2+ charge-transfer absorptions, so all other 

things being equal (such as the amount of opaques present), the first 

principal component probably provides a measure of the amcunt of Fe 2+ in 

the surface composition of an asteroid. The second principal component 
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1S primarily associated with the weaker of the two absorption features. 

This feature is centered near 1.0 pm and is generally due to crystal 

field transitions 1n a combination of the minc~Q18 pyroxene and olivine. 

Of course, a major benefit of the principal component analysis 

1S that it provides an easy way to display as much spectral information 

as poss~ble for all the mtasured asteroids simultaneously, all on a 

convenient two-dimensional graph. Interestingly, this graph shows that 

the best cases for global differentiation in the asteroid belt, 4 Vesta, 

349 Dembowska, and the A asteroids, lie near the bottom and to~ard the 

right of the plot. With Vesta and the A asteroids representing 

relatively pure pyroxene/feldspar and olivine compoaitions, 

respectively, one could conclude that the remnants of a differentiated 

ordinary chondritic parent body would lie somewhere intermediate of 

these two end members. Note that the S asteroids do not lie in this 

reg10n. In addition, the albedos of S asteroids are lower than Vesta's, 

Dembowska's, and the A asteroids. All these facts are consistent with 

the presence of metallic iron on the surfaces of S asteroids, an opaque 

that would not only reduce the albedo from that of a pure silicate 

composition, but would also serve to reduce the strength of the 

absorption features, which would move the S asteroids off the V-R-A 

line. The conclusion is that the evidence is consistent with the 

hypothesis that S asteroids represent undifferentiated assemblages. 
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A New Asteroid Taxonomy 

The rapid growth of asteroid data during the last four years has 

resulted in the identification of several new asteroid spectral classes, 

rendering the existing taxonomic scheme as inadequate. A modification 

of the minimal-tree method was used to produce a new set of taxonomic 

classes and classifications for the 589 asteroids observed during the 

course of the eight-color survey. Seven major classes of asteroids are 

now recognized: A, C, D, E, M, P, and S. The additions over the 1979 

taxonomy are the A, D, and P classes; the R class has been deleted, 

although the designation was retained for 349 Dembowska, the only known 

asteroid of its kind. Similarly, V and Q are assigned to the objects 4 

Vesta and 1862 Apollo. Like Dembowska, Vesta is unique in the astEroid 

belt. Apollo, on the other hand, may not be unique; two other 

earth-approaching asteroids with lower-~uality spectra are potential 

members of the Q class. Interestingly, Apollo has a spectrum that 

places it near Vesta and Dembowska on the principal component plot, 

suggesting that the Q asteroids are fragments of a differentiated parent 

body. 

The B, F, and G asteroids essentially represent end-members of 

the C population,. They do not separate well from the C asteroids, so 

they should not be regarded as major classes but rather as sub-classes. 

They draw special attention for two reasons: (1) they fall in 

low-density regions away from the dense central core of typical C 

asteroids, and (2) they tend to belong to particular dynamical families. 

Most of the F asteroid& belong to the Nysa family, and most of the B 
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asteroids belong to the Themis family. In addition, two of the largest 

asteroids fall into these sub-classes: I Ceres classifies as a G, and 2 

Pallas classifies as a B. 

Lastly, a few asteroids have been identified as having spectra 

somewhat between those of Sand D asteroids. They have been assigned to 

the T class. Whether these objects really represent a new major class 

or just unusual members of the Sand D class depends on additional 

observations. In particular, only one member has a radiometrically 

determined albedo. If others turn out the same way, the case for a new 

class is strengthened. On the other hand, if sOille of the albedos are 

low and some are moderate, then we are clearly dealing with unusual S 

and D asteroids. 

Distribution of Asteroid Classes 

The asteroid belt does appear to be divided into several 

distinct rings of material. The distribution of S asteroid£ peaks in 

the inner part of tll~ main belt while the distribution of C asteroids 

peaks in the outer part of the main belt. The P asteroids peak in the 

Hilda region and the D asteroids peak at the Trojans' distance. Both M 

and A asteroids peak near the middle of the main belt, and E asteroids 

peak in the Hun~aria region. Such structure would be very difficult to 

produce by random transport of asteroids from their formation locations 

1n some other parts of the solar system to where they are today. Thus 

we conclude that the asteroids probably formed where they are now. 
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The distribution of asteroid classes within individual dynamical 

families can provide information about the interior of their parent 

bodies. Several families were examined in particular. The three 

largest families, Themis, Eos, and Koronis, would all appear to show 

spectral ho~ogeneity, arguing for a homogeneous (undifferentiated) 

parent body. Likewise, the Nysa and Hungaria families also show a great 

deal of spectral homogeneity. In each case, however, there would appear 

to be at least one object which clouds the conclusion. 223 Rosa, in the 

Themis family, does not fit the mold, regardless of the (unknown) 

albedo. 798 Ruth is unlike all the other Eos family members. 761 

Brendelia is a potential C asteroid in the Koronis family. 44 Nysa is 

definitely unlike all the other members of its family. Lastly, 1919 

Clemence and 1920 Sarmiento lack the crucial albedo parameter in the 

Hungaria family. All o~ these unusual asteroids that don't seem to 

belong to the the family could be explained away as interlopers. Some, 

like 798 Ruth, could be artifacts of low signal-to-noise ratio spectra. 

Certainly the first tbing to do 1S to re-observe the objects with 

uncertain or marginal results. If newer observations are consistent 

with the older ones, then either the family membership status must be 

checked, or else a geochemical explanation will be needed. 

Future Work 

Future work can proceed in a variety of directions. More 

observational work can be done at lhe telescope, more experimental work 

can be done in the laboratory, and much more data analysis can be 
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undertaken. Some of the possibilities have already been mentioned 

earlier in this work. 

Infrared Photometry 

Unfortunately, the eight-color system does not extend far enough 

into the infrared to always define the extent of the 1.0 pm absorption 

feature present in most of the moderate-albedo asteroids; how much 

variation exists among the S, A, and Q asteroids at longer wavelengths? 

Some of the D asteroids show a tendency to level off near 1.0 pm while 

others continue at the same slope; should the class be sub-divided into 

two? Do main-helt D asteroids differ from the outer-belt variety? Does 

the spectral degeneracy of the E, M, and P asteroids continue further 

into the infrared? Infrared photometry can help answer many of these 

questions. Broad-band JHK photometry can be the most widely applied 

technique. If quality data can be obtained on enough asteroids, the 

present taxonomic system could be modified to include the infrared data. 

Higher resolution instruments may be applicable to only the 

brighter asteroids, but they have already shown their value. The recent 

CVF observations confirmed the association of the A asteroids with 

relatively pure olivine. Fourier-transform spectroscopy has been used 

to study olivine/pyroxene ratios in S asteroids. ~arrow-band photometry 

has been used to look for water of hydration features in asteroid 

spectra. These techniques have yet to be applied to several interesting 

objects or classes of objects. 
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Visual Photometry 

Even though the eight-color sample size is quite large, there 

are still many solar system objects that are begging ror visual 

photometry. As pointed out 8~rlier, additional observations of family 

174 (Feronia family) are called for; just why is there a D asteroid 

lurking among the inner main-belt asteroids? Further sampling of family 

24 (Nysa family) may eventually turn up another E asteroid, which would 

virtually eliminate the possibility that Nysa itself is an interloper, 

thereby forcing us to find a plausible geochemical explanation for the 

coexistence of E and F-type material. 

Four reasons were given above for the interest in the 

earth-approaching asteroids. The opportunities to observe them are so 

rare, they should not be passed up. Along these same lines, 

low-activity comets, such as Arend-Rigaux, Tempel 2, and Encke need to 

be monitored in hope of obtaining a spectrum of the bare nucleus some 

day. 

A sample needs to be made of some of the smallest main-belt 

asteroids that are observable so that the large-diameter and 

small-diameter class distributions can be compared. Asteroids near the 

stronger resonances, which are more easily perturbed into earth-crossing 

orbits, need to be examined. 

Thermal Radiometry 

Although the sample size has increased markedly over the last 

few years, much more work can be done. Albedos are needed for the 
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family 190 members with ambiguous classifications. Albedos are needed 

for all asteroids that are potential members of the T class. Many 

asteroids still have ambiguous classifications because they lack 

albedos. 

Data Analysis 

The new data could conceivably keep researchers busy for several 

years. Our own present thrust is to determine the bias-corrected 

distribucion of asteroid classes throughout the belt in an attempt to 

understand the evolutionary history of the asteroid belt. In order to 

minimize the uncertainties of these calculations, all available physical 

data on asteroids should be utilized to determine taxonomic 

classifications for as many objects as possible. This means the new 

taxonomic scheme must be applied to those techniques used to sample 

significant numbers of asteroids, namely UBV photometry and 24-color 

spectrophotometry. The classification scheme developed here could be 

adopted without revision for asteroids with just UBV data, but the 

limited wavelength coverage will certainly lead to many ambiguous 

classifications. As a start along these lines, however, Fig. 19 was 

prepared to show the domains of the various classes in UBV space. 

Examination of the heliocentric distribution of asteroid classes 

is just one of many similar studies that can be undertaken, The 

distribution can also be examined as a function of eccentricity, 

inclination, Tisserand invariant, etc. Correlations between taxonomic 

class and rotation rate can be re-examined in light of the new data. 
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Already underway is a study of the correlation between taxonomic class 

and the 3. 0 ~m water of hydration feature (Feierberg, Lebofsky, and 

Tholen, 1984).. 

Lastly, more wJrk can be done in the area of asteroid taxonomy. 

Even though the present work represents, in my opinion, an improvement 

over the previous system, it 1S by no means perfect. In particular, a 

simultaneous cluster analysis of color and albedo should be attempted 

after additional albedos become available, and after an objective way of 

scaling the albedo information is found. 

I believe we have taken a major step forward toward 

understanding the origin and evolution of the asteroid belt. Because of 

the asteroids' location 1n the solar system, 1n the transition region 

between the terrestrial planets and the Jovian planets, we can expect to 

place constraints on the origin and evolution of the solar system as a 

whole. Nevertheless, much more remains to be done, and I hope that we 

can maintain a good balance between ob~ervational work, laboratory work, 

and data analysis. 
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